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The 2012 NNIN REU Interns at the network convocation, held August 12-15, in Washington, DC. Photograph by Melanie-Claire Mallison.

This publication reflects the hard work of the undergraduate 
researchers, as well as the dedication and commitment of 
their mentors, the NNIN site staff, REU coordinators, and the 
principal investigators.

Our summer program brings undergraduates from colleges and 
universities across the U.S. into some of the nation’s leading 
academic nanofabrication laboratories for an intensive ten-
week research experience. The participants are trained in safe 
laboratory practices, learn the essential scientific background 
for their project, and then perform independent research in 
nanotechnology, under the guidance of their mentor. For 
many of the students, the NNIN REU is their first experience 
when the answer, or even the existence of an answer, is not yet 
known. The summer experience provides the students with 
a sample of what life for them could be like as a graduate 
student in applied science and engineering, both in and 
outside the clean room. For many, the NNIN REU helps them 
to decide to pursue a career in research and development.

During the summer of 2012; 94 students participated in our 
Research Experience for Undergraduates (REU) Program. 
Returning from the previous summer’s NNIN REU Program, 
17 students were selected to participate in NNIN’s International 
Research Experience for Undergraduates (iREU) Program in 
France, Germany, Japan, and the Netherlands. In addition, 
one graduate student from Japan participated in our research 
exchange (iREG) program.

Welcome to the 2012 edition of NNIN REU Research Accomplishments! 

NNIN is committed to making all three of these programs 
a significant experience for the participants, by focusing on 
advanced research and knowledge, seeking strong mentors and 
staff support, exposing the students to a professional research 
environment, and having high expectations for the summer 
research projects, as well as for the presentations at the final 
convocation. The students’ exposure to a wider variety of 
research conducted by their peers and the other nanofab users 
across diverse disciplines of science and engineering provides 
a significant complementary experience.

I would like to thank the NNIN REU staff, graduate student 
mentors, and faculty for their contributions to the success of 
this year’s programs. Particular thanks are due to Ms. Melanie-
Claire Mallison and Dr. Lynn Rathbun for their contributions 
to organizing the logistics of these programs. In addition, I am 
grateful to them for organizing the network-wide convocation 
in Chevy Chase, Maryland.

I wish all our program participants the best for their future 
careers, whether in science, engineering, or other disciplines. 
I hope you will build on this summer’s experience and I look 
forward to hearing from you on your future successes!

Roger T. Howe
Director, NNIN
rthowe@stanford.edu
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Commonly Used Abbreviations & Their Meanings

 µl	�������������������������������microliter
 µm	�����������������������������micron, micrometer
 µN	�����������������������������micro-Newtons
<	���������������������������������is less than
>	���������������������������������is greater than
~	���������������������������������approximately
1D	�������������������������������one dimensional
2D	�������������������������������two dimensional
2DEG	�������������������������two dimensional electron gas
3D	�������������������������������three dimensional
3DOM carbon	������������three-dimensionally ordered macroporous carbon
4He	������������������������������helium-4
a-Si	�����������������������������amorphous silicon
A&M	��������������������������Agricultural & Mechanical
AC	������������������������������alternating current
AFM	���������������������������atomic force microscopy/microscope
Ag	�������������������������������silver
agLDL	������������������������aggregated low-density lipoproteins
AgNO3	������������������������silver nitrate
AgSR	��������������������������silver-alkanethiolate
AIC	�����������������������������aluminum-induced crystallization
Al	�������������������������������aluminum
Al2O3	��������������������������aluminum oxide
ALD	���������������������������atomic layer deposition
AlGaN	������������������������aluminum gallium nitride
AM	�����������������������������amplitude modulation
APD	���������������������������avalanche photodiode
APS	����������������������������advanced photon source
Ar	�������������������������������argon
ARC	���������������������������anti-reflective coating
ArF	�����������������������������argon fluoride
As	�������������������������������arsenide
AST	����������������������������aspartate transaminase
atm	������������������������������standard atmosphere (as a unit of pressure)
ATRP	��������������������������atom transfer radical polymerization
Au	�������������������������������gold
AuNPs	������������������������gold nanoparticles
BAM	��������������������������bisphenol aminomethyl
BCL3	���������������������������boron trichloride
BDM	��������������������������2,3-butanedione monoxime
BES	����������������������������bioelectrochemical system
BHJ	����������������������������bulk heterojunction
Bi	��������������������������������bismuth
BioSAXS	�������������������biological small angle x-ray scattering
BN	������������������������������boron nitride
BOE	���������������������������buffered oxide etch
BOX	���������������������������buried oxide layer
BPB	����������������������������bisphenol base
BPF	����������������������������bisphenol F
BSA	����������������������������bovine serum albumin
BST	����������������������������barium strontium titanate
BTO	����������������������������barium titanate
C	���������������������������������carbon
C	���������������������������������centigrade
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C-V	�����������������������������capacitance-voltage
C3N4	����������������������������carbon nitride
C4F8	����������������������������octafluorocyclobutane, or perfluorocyclobutane
CAD	���������������������������computer-aided design
CCS	����������������������������continuous compositional spreads
Cd	�������������������������������cadmium
CdS	�����������������������������cadmium sulfide
CdSe	���������������������������cadmium selenide
CDW	��������������������������charge-density-wave
Ce	�������������������������������cerium
CF4	�����������������������������carbon tetrafluoride or tetrafluoromethane
CFD	����������������������������computational fluid dynamics
CFMA	������������������������carbon-fiber microelectrode amperometry
CH4	�����������������������������methane
CHF3	���������������������������trifluoromethane
CIGS	��������������������������copper indium gallium diselenide
CION	��������������������������colloidal iron oxide nanoparticles
Cl	��������������������������������chlorine
Cl2	�������������������������������chlorine gas
Cl2/SF6	������������������������chlorine sulfur hexafluoride
cm	�������������������������������centimeter
CMOS	������������������������complementary metal oxide semiconductor
CMOSFET	�����������������complimentary metal oxide field effect transistor
CMP	���������������������������chemical mechanical polishing
CNL	����������������������������charge neutrality level
CNTFET	��������������������carbon nanotube field-effect transistor
Co	�������������������������������cobalt
CO2	�����������������������������carbon dioxide
COF	����������������������������covalent organic framework
CoFeAl	�����������������������cobalt iron aluminum
CoP	�����������������������������cobalt porphyrin
CPC	����������������������������colloidal photonic crystal
CPD	����������������������������contact potential difference
Cr	�������������������������������chromium
CRDS	�������������������������cavity ring-down spectrometer
CTC	����������������������������circulating tumor cell
CTC	����������������������������composite thermal capacitors
CTL	����������������������������confinement tuning layer
Cu	�������������������������������copper
Cu2ZnSnS4	������������������copper zinc tin sulfide
CVD	���������������������������cardiovascular disease
CVD	���������������������������chemical vapor deposition
CW	�����������������������������continuous wave
CXRF	�������������������������confocal x-ray fluorescence microscopy
DC	������������������������������direct current
DCB	���������������������������double cantilever beam
DCE	���������������������������1,2-dichloroethane
DCM	��������������������������dichloromethane
DEP	����������������������������dielectrophoresis
DFT	����������������������������density functional theory
DFT	����������������������������discrete Fourier transform
DH-PSF	����������������������double helix point-spread function
DI	�������������������������������de-ionized
DIC	�����������������������������differential interference contrast 
DMF	���������������������������dimethyl formamide
DNA	���������������������������deoxyribonucleic acid
DNP	����������������������������dynamic nuclear polarization
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DODAB	���������������������dimethyl dioctadecyl ammonium bromide
DPPC	�������������������������1,2-dipalmatoyl-sn-glycero-3-phosphocholine
DPPG	�������������������������1,2-dimyristoyl-sn-glycero-[phospho-rac-(1-glycerol)]
DRAM	�����������������������dynamic random access memory
DRIE 	�������������������������dry reactive ion etch
dsDNA	�����������������������double-stranded DNA
DUV	���������������������������deep ultraviolet
e-beam	������������������������electron beam lithography
E. coli	�������������������������Escherichia coli
EB	������������������������������exchange bias
EBID	��������������������������electron beam induced deposition
EBL	����������������������������electron beam lithography
ECD	���������������������������electrochemical detectors
ECM	���������������������������extracellular matrix
EDS	����������������������������energy dispersive spectroscopy
EDTA	�������������������������ethylenediaminetetraacetic acid
EELS	��������������������������electron energy loss spectroscopy
EG	������������������������������ethylene glycol
EIS	�����������������������������electrochemical impedance spectroscopy
EMCCD	���������������������electron multiplying charge coupled device
EO	������������������������������electro-optic
EOT	����������������������������equivalent oxide thickness
EPICs	�������������������������electronic photonic integrated circuits
EPR	����������������������������enhanced permeability and retention
Er	��������������������������������erbium
ErAs	���������������������������erbium arsenide
ESM	���������������������������effective screening medium
EUV	���������������������������extreme ultraviolet
ex vivo	������������������������Latin for “out of the living” -- that which  

takes place outside an organism
F	���������������������������������fluorine
FcCOOH	��������������������ferrocenecarboxylic acid
FDMA	������������������������fluorinated perfluorodecyl methacrylate
FDMNES	�������������������finite-difference method approach to predicting 

spectroscopic transitions
Fe	�������������������������������iron
FeDRAM	�������������������ferroelectric dynamic random access memory
FEM	���������������������������finite element method
FES	�����������������������������functional electrical stimulation
FESEM	�����������������������field-emission scanning electron microscopy/microscope
FET	����������������������������field-effect transistor
FFTs	���������������������������fast Fourier transforms
fg	��������������������������������femto gram
FIB	�����������������������������focused ion beam
FIR	�����������������������������far infrared
fJ	���������������������������������femto Joules
FLT	�����������������������������field-like torque
FM	������������������������������frequency modulation
FMR	���������������������������ferromagnetic resonance
FOTS	��������������������������fluorosilane, tridecafluoro- 

1,1,2,2-tetrahydrooctyltrichlorosilane
FRAP	��������������������������fluorescence recovery after photobleaching
FRET	��������������������������fluorescence resonance energy transfer
FTIR	���������������������������Fourier transform infrared spectroscopy
FWM	��������������������������four-wave mixing
Ga	�������������������������������gallium
GaAs	��������������������������gallium arsenide
GaAsN	������������������������gallium arsenide nitride



NNIN REU INTRODUCTION

xxxii 2012 NNIN REU RESEARCH ACCOMPLISHMENTS

GaInNAs	��������������������gallium indium nitride arsenide
GaN	����������������������������gallium nitride
GaP	�����������������������������gallium phosphide
GaSb	���������������������������gallium antimonide
GASP	�������������������������growth advantage in stationary phase
GB	������������������������������glass bead
GBLMA	���������������������α-gamma butyrolactone methacrylate
GC	������������������������������gas chromatograph
GC-C-IRMS	���������������gas chromatography combustion  

isotope ratio mass spectrometry
Ge	�������������������������������germanium
GEDI µdevices	�����������geometrically enhanced differential  

immunocapture microdevices
GFET	��������������������������graphene field effect transistor
GHz	����������������������������gigahertz
GI	�������������������������������gastrointestinal
GMFI	�������������������������gross mean fluorescence intensity
GMR	��������������������������giant magnetoresistance
GNR	���������������������������gold nanorod
GNR	���������������������������graphene nanoribbons
GPa	�����������������������������gigapascal
GPC	����������������������������gel permeation chromatography
GPS	����������������������������global positioning system
GRIN	��������������������������gradient refractive index
GUI	����������������������������graphical user interface
GVD	���������������������������group-velocity dispersion
h	���������������������������������hours
H	���������������������������������hydrogen
H-NMR	����������������������hydrogen-1 nuclear magnetic resonance spectroscopy
H2O2	���������������������������hydrogen peroxide
HAMA	�����������������������hydroxyl adamantyl methacrylate
HAuCl4	�����������������������chloroauric acid
hBN	����������������������������hexagonal boron nitride
hcp	������������������������������hexagonal close packing
HCP1	��������������������������Heme Carrier Protein 1
He	�������������������������������helium
HEMTs	�����������������������high electron mobility transistors
HF	������������������������������hydroflouric acid
HFEs	��������������������������hydrofluoroethers
HfO2	���������������������������hafnium dioxide
Hg	�������������������������������mercury
high-k	�������������������������high dielectric constant
HMDS	������������������������hexamethyldisilazane
HMGB	�����������������������high-mobility group box protein
HOMO-LUMO	����������highest occupied molecular orbital  

& lowest unoccupied molecular orbital
HOPG	�������������������������highly oriented pyrolytic graphite
HRS	����������������������������high resistance state
HRTEM	����������������������high-resolution transmission electron microscopy
HS-ssDNA	�����������������thiol terminated single stranded deoxyribonucleic acid
HSQ	���������������������������hydrogen silsesquioxane
HSQ/FOx	�������������������negative electron beam resist hydrogen silsesquioxane
Hz	�������������������������������hertz
I-V	������������������������������current-voltage
I/O	������������������������������input/output
IC	�������������������������������integrated circuit
ICP	�����������������������������inductively coupled plasma
ICP-MS	����������������������inductively coupled plasma mass
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ICP-RIE	���������������������inductively coupled plasma reactive ion etcher
IFVD	��������������������������impurity free vacancy diffusion
IID	������������������������������impurity induced disordering
IIEI	�����������������������������ion implant enhanced interdiffusion
In	��������������������������������indium
in situ	��������������������������Latin phrase which translated literally as ‘in position’ -- to 

examine the phenomenon exactly in place where it occurs
in vitro	������������������������Latin for “within glass” -- refers to studies in experimental 

biology that are conducted using components of an 
organism that have been isolated from their usual 
biological context in order to permit a more detailed or 
more convenient analysis than can be done with whole 
organisms.

in vivo	�������������������������Latin for “within the living” -- experimentation using a 
whole, living organism

InAlN	�������������������������indium aluminum nitride
InAs	����������������������������indium arsenide
InAs NWs	�������������������indium arsenide nanowires
InGaAsN	��������������������indium gallium arsenide nitride
InP	������������������������������indium phosphide
IPA	������������������������������isopropyl alcohol
IPE	�����������������������������ion & plasma equipment
IPT	������������������������������in-plane torque
IR	�������������������������������infrared
IRMS	��������������������������isotope ratio mass spectrometry
IrO2 or IrOx	�����������������iridium oxide
ISFET	�������������������������ion-sensitive field effect transistor
ITO	�����������������������������indium tin oxide
k	���������������������������������dielectric constant
K	���������������������������������Kelvin (a unit of measurement for temperature)
kDa	�����������������������������kilodaltons
KFM	���������������������������Kelvin force microscopy
kg	�������������������������������kilogram
kHz	�����������������������������kilohertz
KOH	���������������������������potassium hydroxide
KPFM	�������������������������Kelvin probe force microscopy
L/D	�����������������������������length-to-diameter
La	�������������������������������lanthanum
LAO	���������������������������lanthanum aluminum oxide
LED	����������������������������light-emitting diode
LER	����������������������������line edge roughness
LO	������������������������������local oscillator
low-k	��������������������������low dielectric constant
LPCVD	����������������������low pressure chemical vapor deposition
lpm	�����������������������������liter per minute
LRS	����������������������������low resistance state
LSPR	��������������������������localized surface plasmon resonance
Lu	�������������������������������lutetium
LWGs	�������������������������liquid-core/liquid-cladding waveguides
LWR	���������������������������line width roughness
M-OPTG	��������������������microring-based optical pulse-train generator
MACE	������������������������metal-assisted chemical etching
MAMA	�����������������������methyl adamantyl methacrylate
MBE	���������������������������molecular beam epitaxy
MCBJ	�������������������������mechanically controllable break junction
MD	�����������������������������molecular dynamics
ME	�����������������������������magnetoelectric
MEG	���������������������������maleimide-ethylene glycol disulfide
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MEMs	������������������������microelectromechanical systems
MFC	���������������������������microbial fuel
MFMR	�����������������������microfabricated micro-reactors
MgO	���������������������������magnesium oxide
MGs	���������������������������molecular glasses
MHz	���������������������������megahertz
micron	������������������������micrometer, aka µm
MIFIS	�������������������������metal-insulator-ferroelectric-insulator-semiconductor
min	�����������������������������minutes
ml	�������������������������������milliliter
mm	�����������������������������millimeter
mM	�����������������������������millimolar
MMA-MAA	���������������methyl-methacrylate-co-methacrylic acid
mmHg	������������������������millimeters of mercury; unit of pressure measurement
MnO2 NPs	������������������manganese oxide nanoparticles
Mo	������������������������������molybdenum
MOCVD	���������������������metal oxide chemical vapor deposition
MONOS	���������������������metal/oxide/nitride/oxide/semiconductor
MOS	���������������������������metal oxide semiconductor
MOSFET	��������������������metal oxide semiconductor field effect transistor
MOVPE	���������������������metal organic vapor phase epitaxy
MPM	��������������������������multiphoton microscopy
MQCA	������������������������magnetic quantum-dot cellular automata
MQW	�������������������������multiple quantum well
MRA	���������������������������multifunction reconfigurable antenna 
MRAM	�����������������������magnetic random access memory
MRFM	�����������������������magnetic resonance force microscopy
MRI	����������������������������magnetic resonance imaging
ms	�������������������������������microsecond
MSM	��������������������������metal-semiconductor-metal
MTJ	����������������������������magnetic tunneling junction
mTorr	��������������������������millitorr
mV	������������������������������millivolt
MVD	��������������������������molecular vapor deposition
MWNT	�����������������������multiwalled carbon nanotube
MΩ	�����������������������������megohms
N	���������������������������������nitrogen
n-type	�������������������������negative semiconductor
N2	�������������������������������nitrous oxide
nA	�������������������������������nanoAmperes
NaCl	���������������������������sodium chloride
Nb	�������������������������������niobium
NEMs	�������������������������nanoelectromechanical systems
NEXAFS	��������������������near edge x-ray absorption fine structure
NH4F	��������������������������ammonium floride
Ni	�������������������������������nickel
NIR	�����������������������������near-infrared 
nL	�������������������������������nanoliter
nm	������������������������������nanometer
NMP	���������������������������n-methyl-2-pyrrolidone
NMR	��������������������������nuclear magnetic resonance microscopy / spectroscopy
NORIS	�����������������������nanometrology optical ruler imaging system
NPR	����������������������������nonlinear polarization rotation
NPs	�����������������������������nanoparticles
NPs	�����������������������������nanopores
ns	��������������������������������nanosecond
NSF	����������������������������National Science Foundation
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NSOM	������������������������near-field scanning optical microscopy
NSSP	��������������������������nanostructured semipolar
NVM	��������������������������non-volatile memory
NW FETs	��������������������nanowire field-effect transistors
O	���������������������������������oxygen
OFET	��������������������������organic field effect transistor
OLED	�������������������������organic light-emitting diode
ONO	���������������������������oxide/nitride/oxide
OPS	����������������������������optical particle sizer
OPV	����������������������������organic photovoltaic cells
OST-MRAM	��������������orthogonal spin-transfer magnetic random access memory
OTFT	��������������������������organic thin-film transistor
p-n, p/n	�����������������������p-type & n-type semiconductors joined together
p-type	�������������������������positive semiconductor
P/E	������������������������������program/erase
Pa	�������������������������������pascals
PAB	����������������������������post-apply bake
PAE	����������������������������power-added efficiency
PAG	����������������������������photoacid generator
PAMAM	���������������������polyamidoamine
PANOMs	��������������������planarized aperatures for near-field optical microscopy
Pb	�������������������������������lead
PBG	����������������������������photonic bandgap
PBPK	�������������������������physiologically-based pharmacokinetic
PBS	����������������������������phosphate-buffered saline
PbSe	���������������������������lead selenide
PC	�������������������������������persistent current
PC	�������������������������������photocurrent
PCB	����������������������������printed circuit board
PCBM	������������������������fullerene derivative [6,6]-phenyl- 

C61-butyric acid methyl ester
PCM	���������������������������phase change material
PCN	����������������������������photonic crystal nanocavity
Pd	�������������������������������palladium
PD	������������������������������photodetector
PDMS	�������������������������polydimethylsiloxane
PE-GNR	���������������������polyelectrolyte gold nanorod
PEB	����������������������������post-exposure bake
PEC	����������������������������photoelectrochemical
PECVD	����������������������plasma enhanced chemical vapor deposition
PEDOT:PSS	���������������poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
PEG	����������������������������polyethylene glycol
PEI	�����������������������������poly(ethyl imine)
PFM	���������������������������piezo-response force microscopy
pH	�������������������������������potential of hydrogen
Ph.D.	��������������������������doctorate of philosophy
PID	�����������������������������proportional-integral-derivative
PL	�������������������������������photoluminescence
pL	�������������������������������picoliter
PLD	����������������������������pulsed laser deposition
PLGA	�������������������������poly(lactic-co-glycolic) acid
PMGI	�������������������������poly(methyl glutarimide)
PMMA	�����������������������poly(methyl methacrylate)
PmPV	�������������������������poly(m-phenylenevinylene-co-2, 

5-dioctoxy-p-phenylenevinylene)
poly-Si	������������������������polycrystalline silicon
POP	����������������������������polyolefin plastomer
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PPM	���������������������������photolithographic phase masks
PS	�������������������������������polystyrene
PSL	�����������������������������polysterene latex
PSMO	�������������������������praseodymium strontium manganite
PSµM	�������������������������phase separation micro-molding
Pt	��������������������������������platinum
Pt/Ir	����������������������������platinum/iridium
PTX	����������������������������paclitaxel
PV	������������������������������photovoltaic
PVA	����������������������������poly-vinyl alcohol 
PVC	����������������������������polyvinyl chloride
PVDF	�������������������������polyvinylidene fluoride
PVP	����������������������������polyvinylpyrrolidone
Py	�������������������������������Ni81Fe19
PZT	����������������������������lead zirconate titanate (PbZr0.52Ti0.48O3)
Q	���������������������������������high quality factor
QD	������������������������������quantum dots
QW	�����������������������������quantum well
QWI	����������������������������quantum well intermixing
RF	�������������������������������radio frequency
RF MEMS	������������������radio frequency microelectromechanical systems
RFID	��������������������������radio frequency identification
RIE	�����������������������������reactive ion etch
RMS or rms	����������������root mean square
RNA	���������������������������ribonucleic acid
ROS	����������������������������reactive oxygen species
RPEVCD	��������������������remote plasma-enhanced chemical vapor deposition
RRAM	������������������������resistive random access memory
RTA	����������������������������rapid thermal anneal
RTD	����������������������������resistance temperature device
s	����������������������������������seconds
S	���������������������������������sulfur
SA-MOVPE	���������������selective area metal organic vapor phase epitaxy
SABC	�������������������������surface active block copolymers
SAED	�������������������������selected area electron diffraction
SAMs	�������������������������self-assembled monolayers
Sb	�������������������������������antimony
SBH	����������������������������Schottky barrier height
Sc	�������������������������������scandium
SCAN	�������������������������single-chromatin analysis at the nanoscale
sccm	���������������������������standard cubic centimeters per minute
scCO2	�������������������������supercritical carbon dioxide
SCOFET	���������������������single crystal organic field effect transistor
SCORE	�����������������������SNARE Complex Reporter
SDS	����������������������������sodium dodecyl sulfate
Se	�������������������������������selenium
sec	������������������������������seconds
SECM	�������������������������scanning electrochemical microscopy
SEM	���������������������������scanning electron microscopy/microscope
SERS	��������������������������surface enhanced Raman spectroscopy
SF6	������������������������������sulfur hexafluoride
SFLS	��������������������������supercritical fluid-liquid-solid
SH	������������������������������second harmonic
Si	��������������������������������silicon
Si3N4	���������������������������silicon nitride
SiAlON	����������������������silicon aluminum oxynitride
SiC	�����������������������������silicon carbide
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SiH4	����������������������������silane
SiN	�����������������������������silicon nitride
SiNWs	������������������������silicon nanowires
SiO2	����������������������������silicon dioxide
SIROF	������������������������sputtered iridium oxide film
SLBs	���������������������������supported lipid bilayers
SLG	����������������������������single-layer graphene
SLM	���������������������������spatial light modulator 
SLUG	�������������������������superconducting low-inductance undulatory galvanometer
SMS	���������������������������single molecule spectroscopy
Sn	�������������������������������tin
SnO2	���������������������������tin oxide
SNPs	���������������������������silver nanoparticles 
SNR	����������������������������signal-to-noise ratio
SOFC	�������������������������solid oxide fuel cells
SOI	�����������������������������silicon-on-insulator
SPCM	�������������������������scanning photocurrent microscopy
SPD	����������������������������switching phase diagram
SPR	����������������������������surface plasmon resonance
Sr2RuO4	����������������������strontium ruthenate
SrTiO3	������������������������strontium titanate
ssDNA	������������������������single-stranded deoxyribonucleic acid
STEM	�������������������������scanning transmission electron microscopy/microscope
STJ	�����������������������������superconducting tunnel junction
STM	���������������������������scanning tunneling microscopy/microscope
STO	����������������������������strontium titanate
STT	����������������������������spin-transfer torques
STT-MRAM	���������������spin-transfer torque random access memory
SVA	����������������������������solvent vapor annealing
t-BOC	�������������������������tert-butoxycarbonyl
Ta	��������������������������������tantalum
Ta2O5	��������������������������tantalum pentoxide
TaN	�����������������������������tantalum nitride
TCO	���������������������������transparent conducting oxide
Te	��������������������������������crystalline tellurium
TE	�������������������������������transverse electric
TEC	����������������������������thermionic energy converter
TEM	���������������������������tunneling electron microscopy/microscope
TER	����������������������������transepithelial resistance
TFM	���������������������������traction force microscopy
TFT	����������������������������thin-film transistor
Tg	�������������������������������glass transition temperature
TH	������������������������������third harmonic
THz	����������������������������terahertz
Ti	��������������������������������titanium
TiN	�����������������������������titanium nitride
TiO2	����������������������������titanium dioxide
TLM	���������������������������transfer length measurement
TM	�����������������������������transverse magnetic
TMAH	������������������������tetramethylammonium hydroxide
TMOS	������������������������tetramethyl orthosilicate
TMR	���������������������������tunneling magnetoresistance
TO	������������������������������thermo-optic
TO	������������������������������torsional oscillator
TO	������������������������������transformation optics
TPoS	���������������������������thin-film piezoelectric-on-substrate
TRT	����������������������������thermal release tape
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TSVs	��������������������������through silicon vias
TTD	����������������������������transverse translational diversity
TTV	����������������������������total thickness variation
TXM	���������������������������transmission x-ray microscopy
UHV	���������������������������ultra-high vacuum
UV	������������������������������ultraviolet
UV-Vis	�����������������������ultraviolet-visible
V	���������������������������������vanadium
V	���������������������������������voltage
VA-CNT	���������������������vertically aligned carbon nanotube
vdW	����������������������������van der Waals
VLS	����������������������������vapor-liquid-solid
VRMs	�������������������������voltage regulator modules 
VSM	���������������������������vibrating sample magnetometry
W	��������������������������������tungsten
WDM	�������������������������wavelength-division multiplexing
We number	�����������������Weber number
WGM	�������������������������whispering gallery mode
XeF2	���������������������������xenon difluoride
XMCD	�����������������������x-ray magnetic circular dichroism
XPM	���������������������������cross-phase modulation
XPS	����������������������������x-ray photoelectron spectroscopy
XRD	���������������������������x-ray diffraction
XRR	���������������������������x-ray reflectivity
YBCO	������������������������yttrium-barium-copper-oxide
YBS	����������������������������y-branch switch
ZMW	��������������������������zero-mode waveguide
ZnO	����������������������������zinc oxide
ZnO:Al	�����������������������zinc aluminum oxide
ZnS	�����������������������������zinc sulfide or zinc-blende
Zr	��������������������������������zirconium
ZrO2	����������������������������zirconium dioxide
ZTO	����������������������������zinc tin oxide
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Introduction:
Kinesin and dynein are biomolecular motors in eukaryotic 
cells that transport intracellular cargoes along the cytoskeletal 
networks of microtubules in opposite directions. Interestingly, 
these proteins bind to the same cargo and are widely believed 
to be responsible for the bidirectional transport of cargoes 
[1, 2]. While the basic working principles of individual 
bimolecular motors are now understood in some detail, how 
multiple motors interact in the cells remains entirely unclear.

This work’s goal was to precisely pattern motors using Dip 
Pen Nanolithography (DPN) such that their interactions can 
be studied in vitro. NanoInk’s DPN 5000 was used to carry out 
the patterning process. First, however, another protein, bovine 
serum albumin (BSA), a less costly and readily available 
protein, was patterned to develop the proper methodology of 
patterning. Subsequently, the approach developed for BSA 
will be translated to patterning the motors. Patterned motors 
will be examined for ATPase activity and microtubule gliding 
to ensure functionality in in vitro motility assays.

Experimental Procedure:
First, fluorescently labeled bovine serum albumin (BSA), 
a less costly and readily available protein, was patterned to 
develop the proper methodology of patterning. Subsequently, 
the approach developed for BSA will be translated to 
patterning the motors. BSA is in solution of concentration 
2.62 g/L. A 1:10 mixture was composed of it and a mixture 
of 40% glycerol and 60% Brinkley reassociation buffer (BRB 
80). We used an A-tip type probe from Nanoink, a probe with 
a single cantilever tip, and made a ten-dot, five-second dwell 
time per dot pattern. Using the fluorescing of the fluorescently-
labeled BSA, these patterns were viewed using an Olympus 
BX-51 fluorescence microscope.

To properly examine the proper protocol for patterning, tip 
loading, bleeding, and the use of different substrates were 
examined. We experimented with loading the tip by using ink 
wells provided by NanoInk, pipetting the ink directly atop the 
tip, and manually guiding the tip into a pipetted droplet. After 
we determined which loading method to use, we examined 
whether the tip must be pre-bled by patterning multiple 
patterns under known working conditions established from 
ink that NanoInk provided and examined results under 

the microscope. Finally, we prepared clean cover glasses 
differently ensuring the substrate was solely glass. The 
substrates were prepared as follows: O2 plasma treated 
surface, 30 second hydroflouric acid (HF) bathed surface, 
supercritical CO2 sprayed surface, and a surface with the 
following recipe: 30 second HF bath, eight-minute de-ionized 
rocker bath, two-minute annealing at 300°C, Omnicoat® 
spun on surface for 10 seconds at 500 rpm and 20 seconds at  
3000 rpm, one-minute annealing at 300°C, SU-8 5 spun under 
same conditions with a three-minute annealing time at 65°C, 
two-minute SU-8 developer bath, and finally an isopropanol 
rinse of the substrate. 

We examined the preferred surface by patterning on the 
substrates and examining the surface hydrophobicity using a 
goniometer from Ramé Hart Instruments Co.

Results and Conclusions:
When placed under the fluorescence microscope, ink was 
not visible from either the ink well or pipetting method. We 
then tried manually guiding the tip into the ink and found 
an abundant amount of ink on the tip (shown in Figure 1). 
We also found that sonicating the tip in acetone helped the 

Figure 1: Microscopic image of fluorescent
ink atop tip when tip is manually guided.
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tip maintain ink. To further conclude the better method, 
patterning was conducted under each loading method and 
we found that the inkwell and pipetting method produced no 
consistent pattern while the other method did.

Using the guided tip technique, we next examined whether 
the tip had to be pre-bled. The tip not pre-bled (Figure 2A) 
resulted in a blob of ink as opposed to a proper pattern (Figure 
2B); indicating that the tip must be pre-bled so that the excess 
ink can be exhausted. 

The most effective way to bleed the tip is to use the laser 
feedback on the DPN while the tip is on the substrate. If the 
laser feedback is not steady then there is excess ink. Also, 
approaching and withdrawing the tip from the surface until 
the laser feedback is steady is necessary to provide the most 
accurate patterns.

Figure 4: Table depicting quantitative 
comparison of different substrates.

Figure 2: Microscopic image of resulting 
pattern when tip is not pre-bled.

Figure 4 shows an indirect correlation between surface 
hydrophobicity and dot size and also shows that streaking 
occurs on the really hydrophilic surfaces and not on the less 
hydrophilic surfaces. It also shows that the SU-8 developer 
treated substrate produces the most consistent dot size.

It was also noticed that the constant height mode was more 
efficient than constant force mode of the DPN 5000 since the 
tip withdrew after each dwell time, thereby further preventing 
streaking. It was important to prevent streaking in order to 
ensure molecules were only present in desired locations to 
properly analyze the motors.

Future Work:
The method established must now be translated to the 
patterning of motor proteins. If patterning is successful under 
the same protocol, the (motor) proteins must be examined for 
functionality when patterned. If the motors are functional, 
we must develop an in vitro motility assays to examine the 
interaction between motor proteins.
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Abstract: 
Electrolyte-oxide-semiconductor (EOS) capacitors were 
fabricated to elucidate; (a) the dynamics of the ionic 
double layer under field-effect modulation, (b) the effect of 
electrolyte composition on the zero-field voltage, and (c) the 
role of insulator surface groups on the differential capacitance 
of the fluidic double layer. Surface groups, owing to their 
amphoteric nature, are known to regulate charge when a 
potential is applied, which in turn sets up the double layer at 
the solid-electrolyte surface [1]. Through this study, we show 
a complex interplay between double layer dynamics, ionic 
composition and surface groups through capacitance-voltage 
measurements. Valency of the cationic species was shown 
to result in a strong hysteretic effect dependent on surface 
charge density. Varying time intervals during the cyclic sweep 
indicated the dynamics of ionic adsorption/desorption effects. 
The potential of hydrogen (pH) dependence was shown to 
exhibit near-Nernstian sensitivity. The pH response increased 
for increase in surface charge density, indicating that ionic 
adsorption might play the additional role in determining the 
zero-field potential. 

Introduction:
Electro-fluidic gating is an effect where an applied field 
imparts control over the ionic layer on an electrolyte/solid 
interface, called the electric double layer [1]. Fields emanating 

from buried electrodes in solution are usually screened by 
counterions over a characteristic length, termed the Debye 
length. Beyond this length scale, Coulomb forces exerted 
on molecules are negligible. Recently the chemical nature of 
the interface was found to play a profound effect on charge 
modulation. 

Through this study, we aimed to understand how the 
electrofluidic gating effect changed with different interface 
chemistries. We performed the study using simple EOS 
capacitors (Figure 1) with different dielectric layers.

Experimental Procedure:
The fabrication process consisted of three splits. The first split 
had 30 nm of thermally grown silicon dioxide (SiO2) deposited 
on a clean Si wafer followed by a patterning to open up the 
capacitor areas. Positive photoresist SPR 220 3.0 was used 
and exposure was done by ABM contact aligner. A descum 
was carried out for 10s in the Oxford 82 etcher. The second 
process split included various oxide layers deposited on the Si 
wafers by the atomic layer deposition (ALD) tool, including 
hafnium oxide (HfO2), tantalum oxide (Ta2O5), aluminum 
oxide (Al2O3) and SiO2 interfaces. The third process split 
included 20 nm of thermally grown SiO2 on a metal-oxide-
semiconducting (MOS) cleaned Si wafer, followed by 70 nm 
of n+ polysilicon. 

The wafers were then spun with SPR 220 (3.0) and exposed 
through the ABM contact aligner. The YES Image Reversal 
oven was employed to change the tone of the photoresist 
from positive to negative. After development, the wafers were 
CHF3/O2 etched in the Oxford 82 etcher, leaving blocks of 
polysilicon on the wafer. After stripping off the photoresist, 
200 nm layer of silicon nitride (Si3N4) was deposited on 
the wafer to serve as the passivation layer. A subsequent 
photolithography step was performed to open up the capacitor 
active area. An RIE etch was performed to remove any residual 
resist. The wafers consisted of capacitors of three different 
sizes ranging from 300 µm × 300 µm to 1000 µm × 1000 
µm. Capacitance versus voltage (CV) measurements were 
made on the devices with the Keithley 4200 semiconductor 
characterization system. 

Here we report measurements with the largest capacitor. Figure 1: The EOS capacitor device.
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Results and Conclusions:
CV measurements reported here were carried out on three 
different surfaces consisting of; (a) polysilicon, (b) Al2O3, and 
(c) thermal SiO2. Behavior of a typical MOS capacitor is shown 
in Figure 2. The inversion characteristic of a MOS capacitor 
is a strong function of applied frequency. Exceeding a cutoff 
frequency, originally mobile charges (either electrons at the 
silicon interface or ions at the electrolyte-solid interface) will 
stop responding to the AC excitation and behave like a simple 
dielectric layer, which decreases the overall capacitance. We 
chose a frequency where ions continued to respond while 
electrons at the silicon interface did not. A frequency of 5 kHz 
was used to perform our measurements. 

Comparison of pH. The capacitors were tested with  
20 mmol sodium chloride (NaCl) electrolyte of pH 3, pH 5, 
pH 7, pH 9 and pH 11. With decreasing pH, the zero-field 
voltage shift reduced, indicating a larger positive charge 
adsorption to the interface. As the pH reduced, the number 
of H+ ions increased, modulating the charge in silicon. For 
polysilicon, Al2O3 and thermal SiO2, the flat-band voltage, as 
a function of pH, showed a clear 50 mV/pH response, which 
was in line with Nernstian theory. The pH response was found 
to be higher however as the surface charge density increased. 

Concentration Comparison. We tested four different 
concentrations of NaCl (0.1 mmol, 1 mmol, 20 mmol and 
100 mmol) to evaluate how the zero-field voltage changed 
as a function of electrolyte concentration. It was observed 
that with increasing concentration, the capacitance in the 
accumulation region increased primarily due the double layer 
capacitance, but the zero-field voltage remained more or 
less constant within ± 50 mV. We attribute this to screening-
limited response where the interface acted like a buffer. 

Cation Valency Comparison. We tested EOS capacitors 
using 20 mmol NaCl, MgCl2 and Co(NH3)6Cl3 to assess 
the effect of cation valency on the behavior of the double 
layer. It was observed that with increasing valency both the 
accumulation capacitance and the zero-field voltage lowered. 

The decrease in zero-field voltage was also different for 
higher valency ions. 

A large hysteretic effect was observed on both polysilicon 
and Al2O3 capacitors. We attributed this to ion-specific 
effects, which were caused by large density of surface sites 
and roughness. The positive sweep (-2V to 2V) implied a 
large density of negative charge accumulation at the oxide 
interface, while on the return it indicated the opposite (cation 
adsorption). This excess positive charge led to a memory 
effect at the interface due to differential desorption rates. 

Future Work:
Various effects such as ion size and ion-ion correlations need 
to be included to understand the interface behavior further 
with complex electrolytes. 
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Figure 2: Typical MOS 
capacitor CV behavior.

Figure 3: Cation valency comparison on  
polysilicon capacitors performed at pH 7.
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Introduction:

The need for new innovative treatments has led to the increase 
in nanoparticle (NP) research. NPs can improve treatment 
through drug delivery, cellular imaging and gene therapy. To 
properly use NPs for treatment, it is important to understand 
how NPs interact with the cellular environment. Recent 
research was done that compared cellular binding on cationic 
and anionic polystyrene NPs [1]. The results concluded 
that the cellular binding of cationic polystyrene NPs was 
enhanced in the presence of serum proteins and inhibited in 
the absence of serum proteins. The results also entailed that 
anionic polystyrene NPs cellular binding was inhibited in the 
presence of serum proteins and enhanced in the absence of 
serum proteins [1]. Serum proteins are a mixture of multiple 
proteins that are isolated from whole blood. Serum proteins 
may influence how NPs bind to cells because they have select 
sites on the cell where they bind [2]. The purpose of this 
research was to measure quantum dot (QD) binding to cells 
in the presence and absence of serum proteins and compare to 
prior work done with polystyrene NPs and cellular binding. 

QDs are semiconductor nanocrystals that are fluorescent. 
QDs are fluorescent because they have a large band gap and 
when excited, energy is given off. QDs are used for variety 
of applications including imaging, solar cells, and LEDs [3]. 
To compare the difference between cationic and anionic QDs 
a coupling reaction was done to change the anionic QDs to 
cationic QDs. 

Experimental Procedure:
Characterization. The Nano-ZS Zetasizer (Malvern 
Instruments) was used to determine the hydrodynamic 
diameter and the zeta potential or effective surface charge 
of QDs. An 800 pM solution of QDs was used for both 
measurements, and all samples were measured in triplicate. 

Cellular Binding. Carboxylate-modified QDs (Invitrogen, 
525 nm emission) were used in cellular binding experiments 
in minimum essential medium (MEM), and MEM with 
10% fetal bovine serum (FBS). Monkey kidney epithelial 
(BS-C-1) cells were cooled for 20 minutes at 4°C followed 
by a 20-minute incubation with QDs and 4’,6-diamidino-2-
phenylindole (DAPI). DAPI is a fluorescent stain that was 
used to see the cell nucleus while imaging. The cells were 
then rinsed twice with phosphate buffer saline (PBS) and 
imaged using epi-fluoresence microscopy. 

Cationic QD Formation. To modify the anionic QDs to 
cationic QDs, a coupling reaction was done. The reaction was 
done in a borate buffer (10 mM, pH 7.4). Amine groups were 
coupled to the carboxyl groups on the QDs using ethylene 
diamine (ED, Sigma Aldrich) as the coupling group. 1[3- 
(dimethylamino)propyl]-3-ethylcarbodiimide (EDC, Thermo 
Scientific) was used as the coupling reagent. In a glass vial, 
QDs (80 nM), ED (135 mM), and EDC (1 M) were combined 
and incubated under stirring for five hours. After incubation, 
the solution was filtered using ultrafiltration (Millipore, 100K 
MWCO). To determine the final surface charge of the product, 
the zeta potential was measured. 

Results and Conclusions:
We found that cellular binding is enhanced significantly in the 
absence of serum proteins (Figure 1). In comparison, cellular 
binding of anionic QDs in the presence of serum protein is 
inhibited (Figure 2). The results of cellular binding of the 
anionic QDs were similar to the results of anionic polystyrene 
NPs. For both types of NPs, cellular binding was inhibited in 
the presence of serum proteins and enhanced in the absence of 
serum protein. This suggests that the charge of the NP not the 
composition of the NP dictates cellular binding. 



BIOLOGICAL APPLICATIONS

72012 NNIN REU RESEARCH ACCOMPLISHMENTS

When amine groups were coupled to the carboxylate groups 
the QDs became more positive (Figure 3). The cellular 
binding of these cationic QDs were measured on BS-C-1 
cells. No binding was observed. This may be due to the fact 
that the amine modified QDs were not as positive as expected. 

Future Work:
In the future, the QD coupling reaction will be optimized 
to yield more positive QDs. Cellular binding studies with 
cationic QDs will also be completed. A comparison between 
the cationic QDs results and polystyrene NP results will also 
be done. 
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Figure 1, top: Cellular binding of anionic QDs to live BS-C-1 cells in 
minimum essential medium (MEM). Epifluoresence microscopy was 
used to acquire images. Arrow 1 in the image is the nuclei, stained 
with DAPI, and Arrow 2 indicates the QDs. QDs bind to cells in the 
absence of serum proteins. 

Figure 2, middle: Cellular binding of anionic QDs to live BS-C-1 cells 
in MEM + 10% fetal bovine serum (FBS). FBS is a mixture of serum 
proteins. Epi-flouresence microscopy was used to acquire images. 
Arrow 1 in the image is the nuclei, stained with DAPI, and Arrow 2 
is the QDs. In the presence of serum proteins, QD cellular binding is 
inhibited. 

Figure 3, bottom: The graph shows the surface charge or zeta 
potential of the QDs before and after the coupling reaction. The 
anionic QDs were measured in water. The cationic QDs were 
measured in a borate buffer solution (10 mM, pH 7.4). These 
samples were measured on the Zetasizer (Nano-ZS, Malvern 
Instruments). Each sample was measured in triplicate.
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Abstract:
Microfabricated structures have been demonstrated to filter 
specific types of cells out of blood samples when incorporated 
into a parylene filter. However, the process for creating these 
parylene filters can be time consuming, and requires expensive 
equipment. Also, the fabrication process utilizes harsh 
temperatures and specific techniques that are incompatible 
with softer polymers such as polydimethylsiloxane (PDMS), 
biodegradable polymers, or other implantable biomaterials 
[1]. The focus of this project was to optimize a protocol for 
an alternative micromolding fabrication process. We found 
the optimal combination of surfactant-based release agents to 
consistently create high quality molds with a high aspect ratio 
and features as small as 1 µm. We also successfully fabricated 
a PDMS filter using this micromolding process.

Introduction:
This project tested different methods of creating a polymer 
filter from a PDMS mold. The original filter, consisting of 
parylene, was used to create the polymer mold. This mold 
then served to fabricate more filters consisting of different 
polymers. 

First, the mold material was optimized. Several types of 
PDMS as well as polyurethane were employed. The optimal 
protocol was found to be PDMS at a 5:1 base to crosslinking 
agent ratio, using a release agent of either a 0.1% SDS solution 
or 1% Triton X-100 solution with 95% ethanol as the solvent. 
Once the mold process was optimized, the next step was to 
then optimize a process of using the molds to stamp out filters 
out of PDMS which have been spun onto a silicon wafer. 
This project demonstrated in one instance that this process 
is feasible, but further optimization is necessary in order to 
make it more consistent and repeatable.

Experimental Procedure:
The first step was to determine which polymer would be most 
suitable for the mold. Polyurethane and a 1:1 ratio of 10:1 
PDMS and Blue PDMS were tested against the standard, 5:1 

PDMS. To fabricate the mold, the parylene filter was dipped 
in isopropyl alcohol (IPA) and laid flat on the bottom of a 
polystyrene container. This was then placed in a vacuum hood 
15-20 minutes. Next, a pipette was used to place two drops 
of release agent onto the filter, making sure to completely 
cover the filter. The container with the filter was then placed 
back inside the vacuum hood for 30 minutes. Then, the mold 
polymer (either polyurethane, a 1:1 ratio of 10:1 PDMS and 
Blue PDMS, or 5:1 PDMS) was then poured over another 
container with a parylene filter in it. This was then left to cure 
overnight.

PDMS 5:1 was proven to be the best option in terms of feature 
resolution. Once this was determined, different release agents 
were tested at different concentrations to find the optimal 
combination: a 0.3 g Fairy dish soap solution, Triton X-100 at 
0.1% and 1.0% concentrations by volume, and SDS solutions 
at 0.1% and 1.0% concentrations by mass were tested, 
utilizing 95% ethanol as the solvent. To test these release 
agents, The same process described above was used, and the 
5:1 clear PDMS was used as the polymer for the mold. To 
cure, the container was placed on a hot plate at 80°C for one 
hour, and then cut out of the container with a size 22 mm 
circular punch tool. Tweezers were used to peel off the filter.

In order to fabricate filters from the molds, the general 
procedure that was followed was to take the molds that were 
fabricated in stage 1, and first apply release agent to them. 
Using a pipette, 50 µl of either Triton X-100 (1.0%) solution 
or SDS (0.1%) solution were applied to each mold. These 
molds were then placed in a vacuum hood for 30 minutes to 
dry the release agent. 10:1 PDMS was prepared, and 10 ml 
of the PDMS was used to spin a 10 µm layer of PDMS onto 
a silicon wafer (Single Polished 325 µm N-type 10-20). The 
recipe for spinning was 10 seconds at 500 rpm, and 5 minutes 
at 4000 rpm. The wafer was then removed from the spinner, 
the molds were placed on the PDMS-coated wafer and placed 
in a vacuum oven to be vacuum baked at 80°C overnight. The 
molds were then removed from the wafer using tweezers. The 
wafer then contained the filters stamped out on its surface.
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Results and Conclusions:
Out of the three polymers tested, the 5:1 PDMS produced 
the best quality result, as shown in Figure 1. The 0.1% SDS 
solution and the 1% Triton X-100 solution proved to be the 
best release agents in terms of feature quality and amount of 
residue left, as seen in Table 2. In the second stage of the 
experiment, the only successful filter fabricated was in the 
first trial, with a single polished 325 µm N-type 10-20 wafer, 
a mold that was made using 1.0% Triton-X, and then treated 
with 0.1% SDS. This one filter was the only successful filter 
— even when the same conditions were repeated — and the 
reasons why are currently unknown. It is believed that there 
is an affinity issue between the PDMS and the release agent-
treated mold. It could also be a cleanliness issue; there may 

Figure 4: PDMS molds fabricated using molding process.

Figure 1: Results of mold material optimization.

Figure 2: Results of mold release agent optimization.

Figure 3: PDMS filter fabricated using molding process.

have been small contaminations. HMDS treatment did clearly 
seem to be detrimental, and the application of pressure didn’t 
help either. The affinity issue needs to be resolved in order 
to optimize this process. However, since it did work once, 
the process has been proven to be successful under the right 
conditions.
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Abstract and Introduction:
Ink-jet printing is a promising method for the low cost 
fabrication of electronics and sensing devices. Indeed, its 
ease of processing includes additive patterning, simple 
modification of device geometry, non-contact processing, and 
diverse substrate possibilities.

Commercially available as an ink for printing, poly(3,4-ethyl
ene dioxythiophene)-poly(4-styrenesulfonate) (PEDOT:PSS) 
is a degenerately-doped p-type organic semiconductor 
polymer which has been investigated extensively for the 
fabrication of organic electrochemical transistors (OECTs). 
Like other transistors, OECTs benefit from inherent signal 
amplification [1]. In contrast to traditional transistors, OECTs 
operate at biocompatible working voltages in electrolyte. 
OECTs are thus excellent candidates for biosensing and 
integration into in vitro and in vivo applications. In addition, 
a planar monolayer geometry is possible allowing simple 
fabrication by inkjet printing.

In the operation of an OECT, application of positive gate 
voltage increases cation concentration in the channel, which 
results in dedoping of the conducting polymer. The dedoped 
channel is less conductive resulting in a lower drain current. 
Thus, the change in gate voltage results in an amplified change 
in drain current.

Glucose sensing with an all-PEDOT:PSS OECT has been 
previously demonstrated with glucose oxidase (GOx) located 
in the electrolyte [2]. In this device design, electrons were 
shuttled by a mediator from the enzyme in solution to the 
PEDOT:PSS gate. Thus, the effective gate voltage and in 
result the drain current were modulated in response to changes 
in glucose concentration. Limitations of this device include 
the presence of reagents in the electrolyte. In contrast, Yun, et 
al., embedded GOx and horseradish peroxidase enzyme in a 
PEDOT:PSS electrode by inkjet printing a single bioelectronic 
ink consisting of the enzymes in an aqueous dispersion of 
PEDOT:PSS [3]. The aim of this project was to ink-jet print 
an OECT with GOx embedded in its PEDOT:PSS electrodes 
for glucose sensing. We report progress in the development of 
the fabrication of such devices.

Methods and Results:
Devices were printed with a Dimatix Materials Printer 2800 
(DMP 2800). The DMP 2800 is a piezoelectric printer with a 
disposable cartridge that dispenses 10 pL drops of ink from 
16 nozzles. Four layers were printed on glass slides coated in 
a vapor-deposited layer of Parylene-C that was treated with 
oxygen plasma just prior to printing (Figure 1).

The ink used in this project was a 1.8 wt.% dispersion of 
PEDOT:PSS in water with ethylene glycol and ethanol (Agfa 
Orgacon IJ-1005). Normal processing of this commercial 
ink entailed steps such as sonication and high-temperature 
annealing which would denature enzymes. Thus, modifications 
were necessary to preserve the activity of the enzyme while 
maintaining the desired electrical and mechanical properties 
of the conducting polymer.

PEDOT:PSS is normally annealed at temperatures exceeding 
100°C for over 60 minutes, but native GOx is significantly 
denatured after 60 minutes at 60°C [4]. An alternative 
annealing process was therefore required to minimize 
enzyme denaturation. Drying the printed devices under 
vacuum at 25°C for 48 hours resulted in electrical properties 
very similar to those of devices baked at 150°C for one hour 
(Figure 2). While less mechanically robust than the devices 
baked at higher temperatures, the vacuum dried devices were 
sufficiently robust for characterization and testing.

Enzymes are also sensitive to salt concentration and pH. To 
achieve physiological salt concentration and to mitigate the 
ink pH of 1.5, the ink was mixed with 10X phosphate buffered 
saline (PBS) in a 10:1 volume ratio and then stirred overnight. 
In addition, extended sonication can damage the structure 
of the enzyme. The PEDOT:PSS-PBS ink was sonicated 
for one minute periods alternated with cooling at 4°C in a 
refrigerator. When prepared in this way the PEDOT:PSS-
PBS ink was successfully jetted. While resistance of the final 
devices increased with addition of PBS, the modulation of the 
transistors was maintained (Figure 3).

In the next step of the project, GOx was added to the 
PEDOT:PSS-PBS ink. The enzyme was dissolved in 10X PBS 
before mixing with the PEDOT:PSS ink to result in a final 



BIOLOGICAL APPLICATIONS

112012 NNIN REU RESEARCH ACCOMPLISHMENTS

concentration of 400 U GOx/mL. The ink was mixed overnight and 
sonicated as previously described. Jetting with the bioelectronic 
ink was poor or nonexistent even if the ink was filtered. Aggregates 
most likely blocked the cartridge nozzles or otherwise interfered 
with jetting. Such aggregates could be observed by optical 
microscope in a spuncoat film of the ink with enzyme (Figure 4).

Conclusions and Future Work:
A suitable annealing condition for printing PEDOT:PSS ink with 
enzyme was found. Mixing PEDOT:PSS ink with PBS resulted in a 
jettable ink that produced devices with lower current magnitude but 
modulation similar to that of devices printed with the original ink. 
Addition of GOx to PEDOT:PSS-PBS ink resulted in aggregation 
that prevented jetting. 

Future work includes assessing the activity of the enzyme after ink 
preparation and reducing enzyme aggregation.
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Figure 1: Inkjet-printed PEDOT: PSS OECTs 
on standard glass slide (26 mm by 76 mm).

Figure 2: Normalized response for ink-jet printed OECTs 
fabricated with different annealing conditions.

Figure 3: Output curves for OECTs printed 
with PEDOT:PSS and PEDOT:PSS-PBS inks.

Figure 4: Left SEM, spincoat film of PEDOT:PSS-PBS ink. 
Right SEM, spincoat film of PEDOT:PSS-PBS-GOx ink.
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Abstract:
Confining deoxyribonucleic acid 
(DNA) in nanochannels is an 
effective method for achieving 
the elongation necessary for DNA 
barcoding. Recent simulations 
have shown that semiflexible 
polymers like DNA exhibit different 
confinement behavior than flexible 
polymers in intermediate channel 
sizes. The purpose of this study is 
to measure the fractional extension 
of lambda DNA (l-DNA) as a 
function of nanochannel width in 
a range of channel sizes and to 
compare the experimental results 
to the aforementioned simulation 
results. Several nanofluidic devices containing arrays of 
nanochannels were fabricated, and preliminary extension 
measurements were made. The results should improve 
theoretical understanding of the dynamics of single DNA 
molecules confined in nanochannels.

Introduction:
DNA barcoding has emerged as a useful technology for 
high-throughput genome mapping, but requires a method for 
elongating individual DNA molecules. The two most common 
elongation methods are molecular combing [1] and channel 
confinement [2]. Understanding DNA confinement behavior 
is critical for the accurate assessment of the locations of 
fluorescently-labeled probes along confined DNA molecules.

All polymers can be characterized by contour length (L), the 
length of a fully extended chain, persistence length (lp), a 
measure of backbone stiffness, and effective width (w). For a 
confined polymer, the channel width (D) is also an important 
parameter. Channel width has a profound effect on extension 
(X), which is the observed length of the confined polymer chain. 
For the dyed l-phage DNA used in this experiment, L ≈ 21 µm,  
lp ≈ 53 nm, and w ≈ 4.6 nm [3]. D can be replaced by the 
geometric mean of the channel depth and width [4].

The theory explaining mean fractional extension (<X>/L) 
as a function of D is well-defined for flexible polymers. 

In the weak confinement regime, 
corresponding to larger values of D, 
the scaling law is derived from de 
Gennes blob theory. In the strong 
confinement regime, corresponding 
to smaller values of D, the scaling 
law is derived from Odijk deflection 
theory [3]. However, recent Monte 
Carlo simulations have shown that 
additional confinement regimes exist 
between the de Gennes and the Odijk 
regimes for semiflexible polymers like 
DNA [3, 5]. Figure 1 illustrates how 
semiflexible polymers exhibit behavior 
different from flexible polymers in the 
shaded transition regimes. The given 

slopes correspond to the exponents for the scaling laws in the 
respective regimes.

Experimental Procedure:
Experimental measurements within the additional regimes 
were performed in nanofluidic devices fabricated on silicon 
substrates. Each device contained a nanochannel array 
between two parallel microchannels with reservoirs for 
loading. The nanochannel array was patterned by electron 
beam lithography, which controlled the widths of the 
channels, followed by reactive ion etching, which controlled 
the depth of the channels. The microchannels and reservoirs 
were patterned by contact photolithography and etched with a 
deep Bosch process. Access holes were cut into the reservoirs 
with a wet potassium hydroxide etch, while the rest of the 
device was protected by a film of silicon nitride. A silicon 
oxide layer of ~ 200 nm was thermally grown to provide 
electrical insulation. All devices were anodic-bonded to fused 
silica in order to enclose the channels. Resulting devices 
contained nanochannels with D between 50 and 500 nm. 
Nanochannel lengths were either 1 mm or 100 µm. Figure 2 
shows a nanochannel before bonding.

The device was filled with 2.2X TBE (tris, borate, 
ethylenediaminetetraacetic acid) aqueous buffer containing 
β-mercaptoethanol (5% w/w) and ascorbic acid (0.07% 
w/w) to suppress bleaching, as well as polyvinylpyrrolidone  

Figure 1: Log-log plot of fractional extension 
versus effective nanochannel width from 
simulation for a semiflexible polymer (circles) 
and a flexible polymer (squares). Adapted with 
permission from [5].
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(0.07% w/w) to prevent sticking of the DNA. It was found that 
the nanochannels with shorter lengths filled spontaneously by 
capillary action, while the nanochannels with longer lengths 
typically required pre-filling with a lower surface tension 
fluid like ethanol [6].

The l-DNA, dyed with YOYO-1, was inserted into a reservoir 
and pumped through a microchannel. Then electrophoresis 
was applied across the nanochannels to force some DNA 
molecules into nanochannels. Optical microscopy images 
were taken with a 100× oil immersion objective under 
fluorescent light.

Results and Conclusions:
Figure 3 shows a representative image of DNA successfully 
inserted into nanochannels. The figure includes fragmented 
molecules resulting from photocleavage or shear cleavage. 
Other regions contained agglomerations of stuck DNA 
molecules which did not respond to an electric field.

After the fragmented and stuck DNA molecules were 
removed as outliers, the rest of the elongated DNA molecules 
were analyzed. For each molecule, a threshold intensity value 
was established and the length of the intensity profile above 
that threshold was measured. Typically, ~ 100 measurements 
were obtained for each molecule and averaged into a mean 
extension. 

Figure 4 shows a plot of mean fractional extension versus 
effective channel width. The exponent of the power law 
regression is -0.86, which closely corresponds to previous 
research [4] and lies in between the simulation exponents of 
-1.0 and -0.701 for the two additional regimes. 

The number of experimental data points is insufficient to 
make further conclusions.

Future Work:
Additional extensions measurements will be gathered at 
many different channel sizes in order to fill more data points 
into Figure 4. In conjunction with reduced uncertainty, this 
will allow the determination of experimental scaling laws for 
fractional extension as a function of channel width as well 
as any transition points within the additional confinement 
regimes.
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Figure 2, left: SEM of the entrance of a nanochannel with dimensions of 180 nm × 160 nm.
Figure 3. middle: Optical micrograph of fluorescently dyed l-DNA molecules inserted into nanochannels.

Figure 4, right: Log-log plot of fractional extension versus effective nanochannel width from experiment for dyed l-DNA.  
Horizontal error bars represent instrument uncertainty and vertical error bars represent the standard deviation of multiple measurements.



BIOLOGICAL APPLICATIONS

14 2012 NNIN REU RESEARCH ACCOMPLISHMENTS

Biocompatible Dry Adhesives  
Mimicking Gecko Spatulae for EEG Electrodes

Jennifer Gilbertson
Chemistry, Beloit College

NNIN iREU Site: Centre Microélectronique de Provence, Ecole Nationale Supérieure des Mines de Saint Etienne, France
NNIN iREU Principal Investigator: Professor George G. Malliaras, Department of Bioelectronics,  

Centre Microélectronique de Provence, Ecole Nationale Supérieur des Mines de Saint Etienne, France
NNIN iREU Mentor: Pierre Leleux, Department of Bioelectronics, Centre Microélectronique de Provence,  

Ecole Nationale Supérieur des Mines de Saint Etienne, France
Contact: gilbert@beloit.edu, malliaras@emse.fr, leleux@emse.fr

Introduction:
Electroencephalography (EEG) electrodes record the electrical 
activity along the scalp, rendering them important tools in 
diagnosing the cerebral origins of neurological disorders such 
as epilepsy. Compared to other methods of monitoring neural 
activity, EEG is noninvasive and inexpensive, but suffers 
from a low signal-to-noise ratio and poor long-term skin 
adherence.

This project developed a polydimethylsiloxane (PDMS) 
dry adhesive which was coated in a conducting polymer, 
poly (3,4-ethylenedioxythiophene) doped with poly(styrene 
sulfonate) (PEDOT:PSS) to increase the accuracy and 
durability of the electrodes. The PDMS polymer was cast 
onto a patterned photoresist mold.

Modeled after naturally occurring adhesives such as gecko 
foot pads, the synthetic micro-pillars are reusable, less 
irritating than current adhesive pads, and can stay on the skin 
for longer periods of time. The presence of microstructures 
on the surface of the electrodes increases the effective area of 
the electrodes, increasing the conductivity and lowering the 
electrode impedance.

Figure 1: Schematic of mold fabrication and polymer casting. a) Metal 
evaporation. b) LOR 5A photoresist deposition. c) AZ 9260 photoresist 
deposition. d) UV exposure and AZ development. e) MF-26A development.  
f) PDMS casting. g) Cast removal. h) PEDOT:PSS spin-coating.

Methods:
A silicon wafer was cleaned by oxygen plasma using a reactive 
ion etcher (RIE) (Oxford Instruments PlasmaLab 80+) 
followed by UV-light treatment (Nanonex) and acetone wash. 
A layer of chrome followed by a layer of gold was evaporated 
onto the wafer using a metal evaporator (Alliance Concept 
EVA450) (Figure 1). A 1.5 µm layer of LOR 5A photoresist 
was spin-coated onto the wafer (1000 rpm/45 seconds). The 
wafer was soft-baked at 150°C for five minutes and exposed 
with UV light for 30 seconds. A layer of AZ 9260 photoresist 
was spin-coated onto the substrate (1000 rpm/30 seconds) 
resulting in a thickness of 15 to 20 µm, followed by a two 
minute soft bake at 100°C. The samples were exposed to UV 
light again for 30 seconds using a mask. 

The wafers were developed in 1:1 diluted AZ developer, 
rinsed, and underwent a second development for 40 seconds in 
MF-26A developer. An optical microscope (Nikon) was used 
to image the molds. The depth of the molds was quantified 
using an optical profilometer (Veeco-WYKO NT1100).

PDMS was mixed at a 10:1 elastome to curing agent ratio. 
After degassing, the PDMS was spin-coated onto the mold 

at 250 rpm for 30 seconds and cured in an oven at 
70°C. When cool, the PDMS was peeled off of the 
mold by hand and placed onto a glass slide with the 
microstructures facing up. The PDMS surface was 
activated with a 100 W, 30 seconds oxygen plasma 
etching. Conducting polymer PEDOT:PSS (Clevios 
PH 1000, HC Starck) was spin-coated onto the 
PDMS, soft-baked at 110°C for one minute, and 
hard-baked for 45 minutes at 145°C.

Following fabrication, the microstructures were 
imaged with a scanning electron microscope (SEM, 
Carlos Zeiss 55). A voltammeter was used to 
examine the resistivity of sections of PEDOT:PSS 
coated PDMS (0.5 × 1.5 cm). A potentiostat 
(Metrohm Autolab) was used to measure the 
impedance.
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A goniometer (Apollo OCA 200) was used to 
calculate the contact angle for structured and 
flat PDMS with four different substances (water, 
ethylene glycol, 40% ethylene glycol by volume, 
and diiodomethane).

Results:
An adhesive comprised of 40 µm pillars with a 
spacing of 20 µm was successfully fabricated. An 
optical surface profiler /profilometer was used to 
determine that the depth of the molds was 14 µm 
on average. The mold and resulting PDMS cast had 
identical topography.

SEM was used to image the PDMS cast before and following 
the deposition of PEDOT:PSS. Figure 2 demonstrates that a 
thin spin-coated layer of PEDOT:PSS does not obscure the 
form of the structures.

Surface activation by oxygen plasma rendered the PDMS 
temporarily hydrophilic due to the SiOH groups on its surface, 
allowing for the deposition of PEDOT:PSS. Following 
PEDOT:PSS deposition, electrical characterization revealed 
that the surface conductivity of the PDMS/PEDOT:PSS 
structures was higher than the flat PDMS/PEDOT:PSS 
samples.

Impedance tests demonstrated a marked difference between 
flat and structured PDMS coated with PEDOT:PSS. This 
effect lessened as the PEDOT:PSS layer thickness decreased 
(Figure 3).

The contact angle data was used to calculate the surface 
energy of structured (14.95 mN/m) and flat PDMS (19.41 
mN/m). A lower surface energy corresponds to a higher 
contact angle, indicating that the surface with the micropillars 
is more hydrophobic than the flat PDMS. The hydrophobic 
surface of PDMS allows for the adhesive to be rinsed with 
water to remove any dead skin or dust without damaging the 
microstructures. These adhesives are therefore reusable as 
well as nontoxic.

Conclusions and Future Work:
We successfully fabricated photoresist molds and PDMS 
casts with 40 µm features. The photoresist mold fabrication 
is less expensive than other methods [1] and easily adaptable 
to different feature sizes. This research has demonstrated that 
the increased surface area of the microstructures lowers the 
impedance compared with flat PDMS, and initial tests have 
also demonstrated lower electrical resistance.

Future work will focus on decreasing the size of the 
structures and increasing the aspect ratio. Previous research 
has demonstrated that increased aspect ratio will increase the 
adhesiveness of the microstructures [1]. Smaller micropillars 
would also increase the micropillars per unit area, further 
increasing adhesiveness and surface area.
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Figure 3: Impedance measurements for flat PDMS and 
microstructures coated in PEDOT:PSS.

Figure 2: SEM images of (a) PDMS microstructures and  
(b) PDMS microstructures coated with PEDOT:PSS.
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Optimizing Liposomal Drug Delivery:
Liposomes are hollow vesicles of various sizes and 
morphologies composed of a phospholipid bilayer membrane. 
They can be used to encapsulate agents in targeted drug 
delivery systems where the drug only reaches the specific 
cellular pathway or type of cell it is intended to target. The 
liposome thus acts as a protective bubble, minimizing drug 
loss and reducing side effects, which can be especially 
valuable when using cytotoxic or immunosuppressive drugs.

The model system used to study optimization of targeted 
drug delivery is glioblastoma multiforme (GBM), a highly 
malignant cancer that metastasizes easily through soft brain 
tissue. A compound called imipramine blue (IB), which 
prevents actin polymerization, effectively localized tumor 
growth in GBM cells [1]. This greatly aids surgical removal 
and creates a more defined target for chemotherapy drugs. 
However, the half life of free IB in circulation is only 11 
minutes, compared to 18 hours when packaged within 
liposomes. When treated with 160 nm liposomal IB followed 
by liposomal doxorubicin, a chemotherapy drug, rats with 
GBM had a survival rate of 100% and demonstrated no 
signs of regrowth [1]. The delivery of drugs to GBM cells 
is dependent on rapid vascularization around tumor growth 
which results in nonuniform vascular walls with pores 
measuring about 200 nm in radius. Since healthy vasculature 
only allows passive diffusion of particles about 10 nm in size, 
liposomes in circulation are only absorbed into tumorous 
regions.

Adjustments to the intrinsic properties of liposomes — size, 
phospholipids composing the membrane, the method of 
formation, and the thermodynamics of the structure — can 
significantly impact the overall drug delivery process. This 
study aims to find relationships between these variables and the 
rate of diffusion of liposomes, the rate at which they leak their 
contents, and their overall stability. This strategy preserves 
the low circulation time and diffusive potential characteristic 
of spherical liposomes without surface ornamentation, and 
doesn’t require exogenous factors, like radiation, to induce 
drug release.

Methodology:
In past studies it was observed that the 160 nm liposomes 
were accumulating around the GBM vasculature [1]. 
Reducing the size should address this by allowing the drug 
to diffuse to the periphery of the tumor thereby increasing 
overall uptake. Liposomes less than 100 nm, or small 
unilamellar vesicles (SULVs), are generally unstable due 
to membranous stress from a high surface curvature [2]. To 
relieve this tension, a short chain phospholipid, dihexanoyl 
phosphatidylcholine (DHPC) was used to attenuate the 
longer chain phospholipids, dimyristoyl phosphatidylcholine 
(DMPC) and dimyristoyl phosphatidylglycerol (DMPG). 
Temperature and concentration of phospholipids primarily 
dictated the structure, size, and stability of the liposomes [2].

Figure 1 shows how SULV formation pathways rely on 
structural (disklike and ellipsoidal) precursors in solution, and 
the parametric ranges they require. The critical temperature 
is Tc ≈ 23°C, the point at which the phospholipid chain 
melts. Lamellar sheets were formed at 45°C with 25% lipid 
wt., and diluted in one step to concentrations between 2.5% 
and 0.1% lipid wt. Initial dynamic light scattering (DLS) 
experiments indicated high polydispersity in size suggesting 
the formation of large liposomes with high thermodynamic 
stability. Extrusion through a 50 nm nuclepore membrane was 
predicted to significantly lower the yield, so this pathway was 
abandoned altogether.

The process was repeated at 4°C forming disklike bicelles 
at 1.5% to 0.75% lipid wt., and ellipsoids between 0.09% 
and 0.03% lipid wt. These solutions were heated to 45°C, 
extruded, and tested using DLS at 37.5°C. The intensity 
was measured at different angles, and 
cumulant analysis was used to determine 
the average decay rate, Γ, shown in 
Figure 2a, right, where q is the scattering 
vector and D is the diffusion coefficient. 
The Einstein-Stokes equation, Figure 
2b is used to determine the average 
hydrodynamic radius, R. Figure 2
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Radii of SULVs with  
Disklike and Ellipsoidal Precursors:
SULVs were successfully created ranging from 30-70 nm. 
Figure 3 shows that the average hydrodynamic radii of 
SULVs formed from ellipsoidal precursors range from 58.2 to  
66.4 nm. Significant variation from the trendline indicates 
greater polydispersity, both in size and structure. The average 
radius was greater than 50 nm, even after extrusion, suggesting 
that these liposomes may have collapsed or aggregated. Of the 
disklike precursors, only the 0.75% lipid wt. solution yielded 
data as more concentrated solutions exhibited multiple 
scattering effects. This solution had an average hydrodynamic 
radius of 34.3 nm, as shown in Figure 4. Additional solutions 
of this precursor with varying concentrations will have to 
be tested to conclusively demonstrate that disklike bicelles 
consistently yield stable SULVs with radii less than 50 nm.

Future Work:
Future experiments will use rhodamine conjugated to 
liposome membranes to image their diffusion through cellular 
media. Liposomes packaged with rhodamine will also be 
used to test whether leakage rate is dependent upon vesicle 
size. Differential scanning calorimetry will show how phase-
transition effects change with liposome size, phospholipids 
used, and on formation pathway. Cancer cells have greater 
cellular entropy due to a higher glycolitic rate. Lowering the 
liposomes’ phase transition entropy by varying these intrinsic 
variables could cause significant pre-transition effects in 
liposome membranes and thus increase the rate of drug 
leakage within cancer cells.
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Figure 4: Solution with an average  
hydrodynamic radius of 34.3 nm.

Figure 3: Average hydrodynamic radii of SULVs.

Figure 1: SULV formation pathways rely on structural 
(disklike and ellipsoidal) precursors in solution.
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Abstract:
Mutations in nuclear envelope proteins that connect the cell 
nucleus to the cytoskeleton cause muscular diseases [1]. 
While the exact disease mechanism remains unknown, it is 
thought that incorrect positioning of nuclei inside the muscle 
cell may play a critical role. The goal of this project was to 
develop a microfluidic device that enables imaging nuclear 
position during muscle development in cultured muscle cells 
under physiological conditions. Our device consisted of 
channels to provide culture media to the cells, channels for 
localized perfusion of agrin, and a micropatterned substrate to 
induce aligned muscle fibers. We designed several variations 
of the device based off of a recently published design [2]. 
We fabricated and tested these devices, which included 
designing systems of delivering medium and agrin to the 
cells. We conducted several pilot studies in order to validate 
the final device. The device will now be used in the Principal 
Investigator’s laboratory to observe the maturation of mutant 
and normal muscle cells.

Introduction:
Muscle biopsies of dystrophy patients show abnormal 
nuclear positioning, but the exact relevance and mechanism 
of abnormal nuclear location remains unknown. In normal 
muscle development, single-nucleated myoblasts fuse to 
form a multi-nucleated myotube. Subsequently, these nuclei 
migrate to the periphery of the cell. Biopsies provide only a 
single image of this process. The goal of our project was to 
use microfluidics and micropatterning to create a device for 
time-lapse imaging of nuclear positions during maturation of 
mutant and normal muscle cells.

The main design considerations for our microfluidic device 
were to continually provide medium to the cells and to 
deliver agrin to a sub-region of the cells. Agrin stimulates a 
subset of nuclei, known as synaptic nuclei, to migrate to the 
neuromuscular junction, where the muscle cells interact with 
the nerve cell. In the final version of the design, cells will be 
plated on a micropatterned substrate to induce formation of 
linear muscle fibers. Figure 1 shows a schematic overview of 
the device.

Experimental Procedure:
To create microfluidic features with different heights, we 
used a two-layer fabrication approach. The first layer was 
25 µm thick; the second layer 250 µm thick. Figure 2 shows 
the design of each layer. The two-layer design allowed us to 
create channels of different heights for different flow rates 
within the same device. We created separate masks for each 
wafer using the Heidelberg. 

We spin-coated the first layer of SU-8 2015 onto our wafer and 
baked it. We exposed our wafer to ultraviolet light through the 
first mask using the ABM contact aligner, followed by another 
bake. We developed only the alignment marks with SU-8 
developer and then placed a piece of tape over each mark. 
Next, we added a layer of SU-8 2075 by spin-coating. We 
removed the tape, pulling the SU-8 off the alignment marks. 
We then baked and exposed the wafer using the second mask, 
this time fully developing the entire wafer. Subsequently, we 
deposited a layer of fluoroctatrichlorosilane (FOTS) on the 
wafer using molecular vapor deposition to prevent stiction of 
polydimethylsiloxane (PDMS). We then created our devices 
by casting PDMS over the wafer. After curing, the PDMS 
devices were removed from the wafer and bonded to glass 
slides by activating both the PDMS and the glass slide with 
oxygen plasma and placing them together.

Figure 1: A schematic of the components of the device [2].
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Figure 4: Dextran and sheath fluid are perfused 
through the device using a syringe pump.

Figure 3: 3D reconstruction from confocal 
image stack of microfluidic device filled with 
fluorescently-labeled dextran to visualize the 
microfluidic system.

Results and Conclusions:
We fabricated devices using a few variations of our design with 
different widths and heights of the channels. We successfully 
created the two-layer wafers and produced PDMS replicas. 
We tested the complete connection of the channels on the 
devices by perfusing fluorescently-labeled dextran through 
the channels. Figure 3 shows a 3D rendering of this test.

We also evaluated different approaches of providing medium 
to the cells and locally delivering agrin. During our tests, a 
reservoir of food coloring (simulating medium) was placed 
approximately one foot above the device and connected to 
inlet 5 (refer to Figure 2). Hydrostatic pressure alone pushed 
medium through the device and out inlet 4. For our agrin 
system, inlet 2 was connected to a reservoir of fluoresecently-
labeled dextran (simulating an agrin suspension). 

Inlets 1 and 3 were connected to reservoirs 
of sheath fluid, which helped control 
the confined delivery of dextran. Inlet 6 
was connected to a syringe pump, which 
aspirated the dextran and sheath fluid from 
the device. Both systems were validated 
using food coloring and dextran (Figure 4). 

The technique for providing medium to the 
cells successfully supplied a sufficiently 
slow rate to prevent applying excess shear 
stress to the cells. We had the most success 
with the devices in which the second layer 
also contained the channel connected 
to the agrin outlet. This design cut down 
significantly on air bubbles. In conclusion, 
the devices performed as desired and are 
now ready for the seeding muscle cells.

Future Work:
After our successful pilot studies and 
validation, the microfluidic device will 
now be used in the Lammerding laboratory 
to study the effect of disease-causing 
mutation on nuclear positioning in muscle 
cells. The micropatterning technique will 
be optimized and then combined with the 
microfluidics device.
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Figure 2: The design for each layer of the device.
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Introduction:
Mimicking in vivo conditions in vitro is of great importance 
to a wide range of disciplines. Biologists who wish to conduct 
more accurate studies of biological processes, tissue engineers 
who aspire to reconstruct organs, and pharmacologists who 
aim to better understand the effect of drugs on biological 
systems all depend on model systems that replicate the native 
microstructure of the human body. Various approaches have 
been developed to achieve this, including soft lithography 
and microfluidic devices. Novel biosurfaces that change cell 
adhesiveness via external stimuli (heat, voltage, light, etc.) 
– labeled “dynamic substrates” – have also attracted much 
attention as a viable option [1]. This summer, we investigated 
the latter, a novel photoswitchable poly(ethylene glycol) 
(PEG) biosurface that is responsive to UV light, which has 
also been tailored towards glass- bottom, 96-well plates. The 
surface shows promise for cell migration studies and other 
biological applications.

Material and Methods:
Surface Functionalization. Three types of photocleavable 
PEG polymers were synthesized as previously described [2]. 
In short, PEG-azides with molecular weights of 2000 Da, 5000 
Da, and 11,000 Da were each combined with a photocleavable 
linker, 1-(5-methoxy-2-nitro-4-prop-2-ynyloxyphenyl)ethyl 
N-succinimidyl carbonate, in a 1 to 1.1 molar ratio under a 
copper catalyst and acetonitrile solvent. Compounds were 
purified by recrystallization and then analyzed with NMR.

Surface Functionalization. The functionalization of glass-
bottom wells in 96-well plates required three steps. After 
washing with methanol, 50 µL of a 1 mg/mL poly-d-lysine 
(PDL) solution in 0.15 M NaCl was allowed to adsorb onto the 
glass surface. Following washing with H2O, 50 µL of 1 mg/
mL photocleavable PEG in 0.1 M sodium phosphate (pH = 7) 
and 0.6 M potassium sulfate was added to induce overnight 
PEGylation of the PDL surface. For mixed-chain tethered 
surfaces, PEGylation was repeated with a photocleavable 
PEG of lower molecular weight. 

Photopatterning. A photomask was placed in the field 
diaphragm of an inverted microscope, and a mercury arc lamp 
exposed individual wells to a 10 J/cm2 dose of UV light (λ = 
365 nm) through a 10X objective. 

Cell Deposition. Madin-Darby canine kidney cells (MDCK) 
were deposited onto the photopatterned surfaces at 15,000 
cells per well. One hour later, the surfaces were washed with 
medium three times. Cells were incubated overnight before 
further studies were conducted.

Cell Migration Studies. Various concentrations of 
cytochalasin d were added to cell-patterned wells. A flood 
exposure of 10 J/cm2 initiated cell migration to previously 
uninhabited areas. Cell migration was monitored at 
approximately two-hour intervals and MetaMorph software 
was used to calculate change in cell-pattern area.

Results and Discussion:
Our project focused on the functionalization, characterization, 
and application of a novel, photoswitchable surface to glass-
bottom, 96-well plates, an inexpensive platform for high-
throughput bioassays. The platform we investigated was a 
photocleavable, mixed-chain-tethered PEG surface grafted to 
PDL (PDL-g-PEG). 

Both PEG and PDL have attracted much attention in literature. 
Because PDL is a cationic polyelectrolyte, it can easily adsorb 
onto negatively charged surfaces and is commonly used to 
enhance cell adhesion. On the other hand, PEG-tethered 
surfaces are anti-biofouling, where the effectiveness of 
repelling cells and proteins depends on the chain length and 
density of the PEG brush. However, a tradeoff exists between 
PEG length and brush density. In order to achieve both, a 
shorter PEG brush was introduced to a longer PEG-tethered 
surface. This mixed-chain-tethered PEG surface retained the 
long chain length while having increased density [3].
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To transform this surface into a dynamic platform that switched from 
cell repelling to cell adhesive, the PEG chains were grafted to the PDL 
via the photocleavable linker molecule with a 2-nitrobenzyl group. 
Upon UV exposure, the 2-nitrobenzyl linker group was cleaved, 
releasing the mixed PEG brush and exposing the underlying PDL. 
Thus, irradiated areas switched from cell repelling to cell adhesive. 
This biosurface is visualized in Figure 1. 

Three types of mixed-chain-tethered PEG surfaces grafted onto 
PDL were investigated: PDL-g-PEG (5kDa+2kDa), PDL-g-PEG 
(11kDa+2kDa), and PDL-g-PEG (11kDa+5kDa). Surface zeta potential 
measurements demonstrated the progressive functionalization of the 
glass surfaces. As shown in Figure 2, the inherently negative charge 
of the glass surface was altered to a largely positive charge upon 
adsorption of PDL. Grafting of the first PEG layer reduced the positive 
zeta potential from 66.86 mV to 2.4 mV. And the second PEGylation 
of the smaller chain brush reduced the potential further. These changes 
in zeta potential measurements suggest successful grafting of the PEG 
polymers to PDL. 

The functionalized wells were then irradiated with UV using a 
photomask with a circular pattern. MDCK cells were seeded into 
these wells and allowed to populate on the photopatterned surface. 
Once cellular patterns were grown to confluence, cell migration 
tests were conducted. High-throughput screening of cytochalasin 
d, a cell migration inhibitor, was carried out. By testing a range of 
concentrations, a window of the dose- response curve was obtained, 
from which the half maximal inhibitory concentration (IC50) could be 
derived. Figures 3 and 4 illustrate our preliminary findings. 

In conclusion, we believe we have transformed a common piece of 
lab equipment into a novel, dynamic platform. While high-throughput 
drug screening of cell migration inhibitors has been demonstrated, we 
believe this easily functionalized surface has an extensive range of 
biological applications.
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Figure 1: Visualization of PDL-g-PEG (11kDa+2kDa) biosurface.
Figure 2: Zeta potential shown for each step of PDL-g-PEG  
(11kDa+2kDa) functionalization.
Figure 3: Effect of cytochalasin d on MDCK circular-patterned areas on  
PDL-g-PEG (11kDa+2kDa) surfaces, observed 22 hours after flood exposure.
Figure 4: Cytochalasin d dose-response shown 22 hours  
after flood exposure of PDL-g-PEG (11kDa+2kDa) surfaces.
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Introduction:
The stratum corneum (SC) is the outermost layer of skin 
and the body’s first line of defense against environmental 
exposures such as ultraviolet (UV) radiation [1]. The SC 
consists of cells, called corneocytes, held together by 
corneodesmosomes and intercellular lipids [1]. Previous 
research in the Dauskardt lab has shown that medium wave 
UV (UVB) decreases the cohesion of corneocytes, quantified 
by a decrease in delamination energy, by affecting the 
properties of intercellular lipids and corneodesmosomes. 
The focus of this project was to investigate whether physical 
sunscreens, whose active ingredients are zinc oxide (ZnO) 
and titanium dioxide (TiO2), prevent UVB-induced damage 
to the mechanical properties of the SC.

Experimental Procedure: 
Experiments were conducted using cadaver SC. Each 
experiment had a control group, which consisted of SC 
samples coated with sunscreen, and an experimental group, 
which consisted of SC samples coated with an equal amount 
of sunscreen but exposed to UVB radiation. Experiments were 
performed with broadband (BB) UVB, having a wavelength 
of 280-315 nm, as well as narrowband (NB) UVB, having a 
wavelength of 311 nm [2]. Double cantilever beam (DCB) 
testing was done to determine the delamination energy, Gc, 
of the samples. The DCB sample configuration is shown in 
Figure 1. For all experiments, Gc is the amount of energy 
required to remove the top layer of the SC. 

Results:
The size of the ZnO and TiO2 particles may have had an 
effect on the mechanical properties of the SC. Currently, 
many physical sunscreens are produced with nanoparticles 
(< 100 nm in diameter) of ZnO and TiO2 [3,4]. These small 
particles do not scatter visible light and therefore, appear 
clear on the skin [3]. Little research has been done regarding 
the mechanical effects of these particles on the SC, and since 
sunscreen companies are not required to label the presence of 
nanoparticles in their products, particle size within the two 
sunscreens used was initially unknown [4]. Dynamic light 
scattering (DLS) and scanning electron microscopy (SEM) 
were performed to characterize particle size. 

The results of DLS testing showed that the TiO2 had an 
average diameter of 3 µm. SEM images showed that both 
sunscreens contained particles less than 200 nm, as well as 
larger agglomerations. However, there are limitations with 
DLS that should be taken into consideration, such as the 
risk of contamination from environmental particles, such as 
dust. Furthermore, SEM images would ideally be taken of 
the active ingredient alone, without the inactive ingredients 
present.

UV visible spectroscopy testing was done to determine any 
wavelengths of light passing through the sunscreens. In both 
cases, very little UVB penetrated the sunscreen. However, 
slightly more UVB penetrated the ZnO sunscreen.

Figure 1: DCB apparatus. The SC (sunscreen removed) was adhered 
between two pieces of polycarbonate using Krazy® glue. The sample 
was placed in tension at a rate of 2 µm per second, allowing the 
sample to slowly fracture over time.

Figure 2: Delamination energy of SC with  
21% ZnO sunscreen exposed to NB UVB.
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When samples with a sunscreen of SPF 30 and an active 
ingredient of 21% ZnO were exposed to UVB, Gc slightly 
decreased, although it was within statistical error (Figure 2). 
Based on previous data revealing a significant decrease in 
Gc with increased UVB exposure, the slight difference in Gc 
between the radiated and non-radiated samples suggests that 
the sunscreen was effective in maintaining the mechanical 
structure of the SC.

Like the zinc oxide sunscreen, the TiO2 sunscreen (SPF 
30, 9.1% TiO2) was relatively effective in maintaining the 
mechanical structure of the SC. The sunscreen appeared to be 
effective regardless of the dosage and type of radiation (BB 
versus NB).

Conclusions:
DLS and SEM testing showed that the TiO2 and ZnO sun
screens contained micron-and nano-sized particles. The 
micron-sized particles may have resulted from agglomerations 
of nanoparticles.

The two sunscreens were effective in preventing mechanical 
damage to the SC when exposed to UVB. However, the Gc of 
the control group was not identical to the Gc of the radiated 
samples. Radiated samples coated with ZnO had a slightly 
lower Gc when compared to the control, suggesting that 
slightly more UVB was penetrating the sunscreen than was 
ideal. In contrast, radiated samples coated with TiO2 had a 
slightly higher Gc when compared to the control, suggesting 
that there is a unique interaction between UVB and TiO2 that 
may slightly increase the cohesion of corneocytes.

Future Work:
We would like to perform further experiments to verify the 
slight increase in Gc observed with the radiated samples 

coated with TiO2. Additionally, particle size within more 
sunscreens should be characterized, and the UV exposure 
experiments should be repeated using sunscreens found to 
have nanoparticles to determine any mechanical effects on the 
SC caused by nanoparticles in combination with UV. Finally, 
we would like to look at the effects of UVA on the Gc of the 
SC. It is important to understand what affects the mechanical 
structure of the SC because with a loss of structure comes a 
loss of barrier function.
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Introduction:
In the poorly formed blood vessel 
networks of solid tumors, hypoxic 
regions, or areas of low oxygen 
concentration, develop due to the 
ineffective delivery of oxygen by 
the cells. These hypoxic tumors 
are often resistant to conventional 
treatment methods [1]. Therefore, 
the development of a complementary 
strategy to detect and deliver oxygen 
to hypoxic tumors would improve 
treatment response. This could 
be achieved with multifunctional 
nanoparticles that are designed to 
report hypoxia and deliver oxygen 
to the target tissue. Specifically, 
quantum dots (Qdots), nanometer 
semiconductor particles, are used 
in optical imaging because of their 
near infrared florescence properties, 
brightness, photostability and potential 
for multivalent functionalization. In 
this study, we functionalized Qdots 
with perfluorocarbons to form novel 
micelles. We chose perfluorocarbons because of their oxygen 
carrying abilities [2]. To solubilize the nanoparticle in aqueous 
solution, an amphiphilic molecule was also prepared and used 
to formulate the micelle construct [3]. Thus, we developed 
new perfluorocarbon-coated quantum dots that are capable 
of monitoring and imaging hypoxic cells. In addition, the 
materials can effectively deliver oxygen to hypoxic tissues, 
which will improve the treatment of these difficult tumors.

Materials:
PbS Quantum Evidot was acquired from Evident Technology 
(Troy, NY). Perfluorodecane-thiol, perfluoroctylbromide, 
toluene, and hexane were purchased from Sigma Aldrich  
(St. Louis, MO). Oxygen UHP was obtained from Airgas  
(St. Louis, MO) and deionized water was obtained from 
MillQ System (Billerica, MA).

Synthesis of the Micelle:
Lead sulfide quantum dots (Qdots, 
10 mg/mL) were functionalized with 
multiple perfluorocarbon surfactants. 
First, perfluorodecane (PFC) thiol 
was added to Qdots based on a 
previous research patent, resulting in 
a 0.05 volume ratio of Qdots in PFC-
thiol [4]. The trioctylphosphine oxide 
(TOPO) ligands originally coating 
the Qdots were replaced by the PFC-
thiol surfactant. Second, polyethylene 
glycol–perfluorocarbon (PFC-PEG, 
16 mg) was synthesized and added to 
20 µl of the 0.05 concentrated sample 
PFC-thiol Qdot solution, based on 
concentration calculations ensuring 
that each individual quantum dot 
would be completely coated with 
PFC-PEG instead of forming large 
aggregates. 

After centrifugation, the suspension 
of the micelle in deionized water  
(200 µL) illustrated that the PFC-PEG 

efficiently made the Qdots hydrophilic. To a new solution, 
with a similar approach, 20 µl of PFOB saturated the solution 
according to surface area calculations. The final Qdot 
construct formed is shown in Figure 1.

The novel micelle construct was then saturated in an 
oxygenated environment for two hours. Fluorescent 
quenching was observed, due to PFOB’s ligand structure, 
which effectively holds oxygen molecules. An attempt at 
restoring the fluorescence was completed by displacing the 
oxygen molecules with nitrogen, but to prove the PFOB 
containing the oxygen was the cause of the quenching, the 
Qdots and samples functionalized with each surfactant 
addition were also submitted to the oxygenated environment 
for comparison of fluorescent emission.

Figure 1: Micelle construct.
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Characterization:
The size of the initial PbS Qdots and Qdots with each 
surfactant coating addition was confirmed by transmission 
electron microscopy (TEM) images taken on the FEI Tecnai 
Spirit 120KV, and the hydrodynamic diameter measurements 
from the dynamic light scattering (DLS) information obtained 
from the Malvern Zetasizer Nano ZS. The change in size after 
each surfactant layer addition and of the final micelle (with 
and without PFOB) was compared. Fluorescence emission 
data was recorded from the Fluorolog-3 spectrophotometer 
(Horiba Jobin Yvon). An optimized concentration was 
determined via the emission efficiency comparison. The 
quenching effect was also observed via the emission 
measurement of the micelle construct.

Results and Conclusions:
The TEM images (Figure 2-A) for the PbS Qdots in toluene 
collaborated with the DLS (Figure 3) measurement of the 

hydrodynamic diameter including the TOPO ligands, proving 
the 2 nm size. As hypothesized, the replacement of the Qdot 
TOPO ligands in the addition of the relatively smaller PFC-
thiol ligand was shown by the slight decrease in the DLS size. 
The production of varying concentrations of PFC-thiol and 
Qdots showed that low amounts of PFC-thiol or high amounts 
of Qdots can cause the unsuccessful coating and Qdot 
precipitation. A temporal evolution of the florescence of the 
remaining concentrations of 0.05 and 0.2 volumes of Qdots 
in PFC-thiol proved that emission was not concentration 
dependent after 10 µl of Qdot. The 0.05 and 0.1 concentrated 
samples were observed over five days and the 0.05 sample 
had a fairly high florescence, for a less concentrated sample, 
making it the feasible choice. 

With the next surfactant addition, DLS data (Figure 3) 
showed an increase in size indicating the PFC-PEG surfactant 
successfully coated the Qdots. After centrifugation, the brown 
pellets formed were suspended in water demonstrating that 
the successful formation of hydrophilic micelle. TEM images 
of the micelle are shown in Figure 2-B. Micelles containing 
PFOB were successfully created via similar procedure and 
DLS (Figure 3) and TEM (Figure 2-C) information obtained 
showed no size increase compared to the micelle without 
PFOB. The fluorescence of the micelle containing PFOB 
showed improved emission efficiency due to the better 
coating of Qdots in this construct. 

Oxygenation of the micelle construct was successful and 
quenched fluorescence was observed. De-oxygenation with 
nitrogen and restoring the fluorescence of this construct need 
to be further investigated.

Conclusions:
Qdots were successfully functionalized with perfluorocarbons 
compounds and solubilized in an aqueous solution for 
the monitoring and imaging of hypoxic cells. The micelle 
construct was also proven capable of containing oxygen to be 
delivered to hypoxic cell regions.
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Figure 2, top: TEM images; A) Qdot in toluene, 
B) Micelle without PFOB, and C) Micelle with PFOB.

Figure 3, middle: DLS for each surfactant addition.

Figure 4, bottom: Fluorescence of micelles 
compared to surfactant additions.
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Introduction:
RAD51 is a protein in eukaryotic cells that is involved in 
the repair of double-strand breaks in deoxyribonucleic acid 
(DNA) by homologous recombination. RAD51 assembles on 
the resected single strands of the damaged region of the DNA, 
finds a homologous sequence of an intact double-stranded 
DNA (dsDNA) molecule, and promotes single-stranded DNA 
(ssDNA) invasion into this sequence [1]. Studying this protein 
can help us to understand the activity of RAD51 within the 
nucleus and properties of RAD51-dsDNA filaments during 
crucial repair processes. Magnetic tweezers provides a means 
to conduct experiments with RAD51 and dsDNA.

Magnetic tweezers are a single-molecule technique that 
allows us to apply a torque and an upward force to DNA 
molecules. The conventional magnetic tweezers setup 
consists of two cubic magnets above a flow cell, inside which 
paramagnetic beads are tethered to the bottom via a DNA 
molecule. As the magnets are rotated, raised, or lowered, 
the paramagnetic bead will rotate or experience a lesser or 
greater magnetic force, respectively. 
The magnetic torquetweezers (MTT) 
setup is similar to conventional mag
netic tweezers, however it consists 
of a cylindrical magnet that applies 
an upward force to the tethered 
bead and a small side magnet that 
applies a torque. The torsional trap 
stiffness of MTT is much weaker 
than that of conventional magnetic 
tweezers, allowing for greater angular 
fluctuations of the tethered bead and 
the measurement of torque [2]. In our 
experiment, we use MTT to calculate 
the torsional modulus of RAD51-
DNA filaments under torsional stress.

Methods:
Anti-digoxigenin (100 µg/ml, Roche) 
and bovine serum albumin (BSA; 
Sigma) were incubated to allow 
for DNA tethering and to passivate 

the surface, respectively. The 8 kB dsDNA, functionalized 
with digoxigenin on one end and with biotin on the other, 
was first bound to 1.4 µm radius paramagnetic M-270 beads 
(Invitrogen). The tethered beads were then incubated inside 
the flow cell to allow attachment of DNA to the bottom 
surface. Most tethered beads were bound to 0.5 µm radius 
biotinylated latex Fluosphere fiducial beads (Invitrogen). We 
used 1.5 µm radius nonmagnetic latex beads (Life Sciences) 
that were bound nonspecifically to the bottom surface of the 
flow cell as reference beads to correct for drift in the magnetic 
tweezers microscope.

The flow cell was placed over an oil-immersion objective 
(Olympus ACH 100X, numerical aperture = 1.25) connected 
to a CCD camera (Pulnix TM-6710CL), and illuminated 
with collimated LED. Preliminary measurements were taken 
with conventional magnetic tweezers to ensure that both 
strands of the molecule of interest were intact and that the 
paramagnetic bead was tethered by only one molecule. The 

flow cell surface was passivated with 
BSA again, and MTT were then used. 
RAD51 was incubated in the flow cell 
while the magnet was incrementally 
rotated to -300 turns to prevent loops, 
or supercoils, from forming in the 
DNA molecule while the RAD51 
assembled. To track the z-height of 
the paramagnetic bead, the diffraction 
pattern calibration profiles of one 
paramagnetic and one reference bead 
were used [3]. Angular tracking was 
made possible by the attachment of 
a small marker bead to the tethered 
bead [2] (Figure 1).

Buffer Conditions:
A TE tethering buffer (200 mM 
NaCl, 10 mM Tris-HCl (pH 7.5), 
1 mM EDTA, and 10 mM NaN3 
supplemented with 0.01-0.02% 
Triton-X during and after the bead-
DNA binding process) was used 

Figure 1: The MTT setup is shown with the 
dashed lines representing magnetic field lines.
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during flow cell preparation. Preliminary measurements were 
carried out in 100 mM NaCl buffer (100 mM NaCl, 10 mM 
Tris-HCl (pH 7.5), 1 mM EDTA, 10 mM NaN3 supplemented 
with 0.01-0.02% Triton-X). The binding of RAD51 to 
DNA and measurements with MTT were carried out in Ca2+ 
Assembly buffer (25 mM Tris-HCl (pH 7.5), 25 mM KCl, 
2 mM CaCl2, 1 mM DTT, 1 mM ATP, 0.5 mg/ml BSA, and 
0.02-0.05% Triton-X).

Results:
We derived the torsional modulus from the torque build-up of 
the RAD51-dsDNA filament after N turns, which was equal to 
2πNkBTC/LC [2]. Here, kB was the Boltzmann constant, T was 
temperature, and C and LC were the torsional modulus and 
contour lengths of the RAD51-dsDNA molecule, respectively, 
which were derived from a force-extension curve. 

Figure 2 shows the force-extension curve for bare dsDNA, 
and Figure 3 shows the force-extension curve for a RAD51-
dsDNAfilament. LC is a function of force, and from these 
figures we see that LC of the bare dsDNA was 2.88 µm and 
LC of the RAD51-dsDNA filament was 4.09 µm. Figure 4 
shows the mean angle of the filament versus N, determined 
by angular tracking of the paramagnetic bead. The torsional 
modulus was 553 ± 80.2 nm at 3.5 pN.

Discussion:
Previous studies have found that RAD51 assembly results in 
a ~ 50% increase in LC of the dsDNA filament [1]. This is 
consistent with our measurements, which showed a 42.01% 
increase in LC. Lipfert, et al. [2], measured the torsional  
modulus of bare 8 kB dsDNA and RecA-dsDNA (RecA is a 
protein in bacteria homologous to RAD51) to be ~ 95 nm and 
173 ± 5 nm at 3.5 pN, respectfully. Comparing this with our 
results, we see that RAD51 assembly increased the torsional 
modulus of bare dsDNA by ~ 580%, in contrast to a 180% 
increase caused by RecA assembly.
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Figure 4: The torsional modulus is derived 
from the mean angle of the filament versus N.

Figure 2: The force-extension curve of the 
bare dsDNA filament gives LC of that filament.

Figure 3: The force-extension curve of the 
RAD51-dsDNA filament gives LC of that filament.
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Figure 1: An outline of the fabrication process.

Abstract:
Anodized aluminum oxide nanoporous membranes show great 
potential for biological interfaces due to their controllable 
pore size, pore regularity, and biological stability. In this 
study, anodized aluminum oxide was investigated for use in 
a through silicon selective neural ion pump. A thin layer of 
aluminum and silicon nitride was suspended over a 120 µm 
by 120 µm window in a silicon wafer. The anodization of the 
aluminum layer was achieved using sulfuric or oxalic acid at 
voltages between 12.5 and 40 V at 1°C, to form pores between 
12.5 and 27.5 nm. The silicon nitride and alumina barrier 
layer formed were then etched using reactive ion etching and 
phosphoric acid etching to form a suspended aluminum oxide 
nanopore membrane.

Introduction:
Electronically interfacing with nervous systems holds 
immense potential for restoring function to damaged sensory 
organs [1]. Neural network interfacing, however, has thus 

far been limited by dangers and inefficiencies in 
electrode stimulation of neurons [2]. Implementing 
a selective neural ion pump to stimulate a neural 
response instead can stimulate neurons more safely 
and efficiently, but for this method to be practical, 
pumps would have to be small enough to reference 
individual or small groups of neurons and quickly 
deliver sufficient amounts of K+ [3]. This can be 
achieved by decreasing the path length the K+ would 
have to travel by fabricating a three dimensional 
stack device with a thin rigid membrane, in contrast 
to planar ion pumps demonstrated by Richter-
Dahlforsm et al. [4].

In this study, nanoporous anodized aluminum 
oxide (AAO) was tested as a membrane material, 
because it demonstrates controllable pore size, pore 
regularity, and biocompatibility [5]. Anodization 
is also a scalable process making the move from 
single pumps to an array of pumps relatively easy. 
For these reasons, AAO membranes were fabricated 
and suspended over through silicon (Si) windows in 
preparation for use in a selective neural ion pump.

Experimental Procedure:
Using plasma enhanced chemical vapor deposition, 100 nm 
of silicon nitride (SixNy) and 1.5 µm of silicon oxide (SiO2) 
were deposited on opposite sides of a 0.5 mm thick double-
side polished Si wafer. Then 100 to 1000 nm of aluminum 
(Al) was deposited onto the SixNy layer using electron beam 
evaporation. 
Using photo
lithography, 
a hard mask 
was etched 
into the 
SiO2 layer 
for Bosch 
etching. Four 
hours and 
thirty-seven 
m i n u t e s 
of Bosch Figure 2: A diagram of the anodization setup.



BIOLOGICAL APPLICATIONS

292012 NNIN REU RESEARCH ACCOMPLISHMENTS

etching separated the wafer into 15 by 15 mm squares with 
120 by 120 µm windows through the Si in the center. Across 
the windows a thin layer of SixNy and Al was left suspended. 
The SixNy layer was then removed using ICP etching leaving 
the Al layer. This was then anodized using the setup shown 
in Figure 2. 3M insulating tape was used to protect the SiO2 
side so that pore formation occurred only on the side exposed 
to solution. 

Anodizations took place at 1°C in 0.3 M oxalic acid or 5% (w) 
sulfuric acid using a graphite counter electrode. A constant 
voltage set between 12.5 and 40 V with a maximum current 
of 100 mA was applied for 2 to 60 minutes producing AAO 
nanopores with a thin barrier layer of alumina at the bottom 
of each pore. The 3M tape was removed and SPR220-3.0 
photoresist was applied to the opposite side protecting the 
AAO except where exposed by the Si window. This allowed 
the barrier layer to then be etched using 5% (w) o-phosphoric 
acid, keeping pores intact. The nanoporous membranes 
were then characterized by field emission scanning electron 
microscopy (FESEM) to determine pore diameter, uniformity, 
and depth.

Results:
FESEM images of the resulting pores showed a linear 
relationship between average pore diameter and applied 
anodization voltage. Pores formed at a ratio of 0.59 nm/V and 
0.68 nm/V for oxalic acid and sulfuric acid respectively, as 
shown in Figure 3. Irregularities in the Al surface during pore 
nucleation and an insufficient anodization length resulted in 
pores with lower regularity than those formed in other two-
step processes as described by Wood and O’Sullivan [6]. The 
pores did, however, form completely through the Al as seen in 
the cross sectional image in Figure 4. 

Backlit optical microscopy was used to evaluate the completed 
suspended membrane and the successful anodization of the 
Al. Unanodized Al or unremoved Si and SixNy would show 
up as shadows on the optical microscope image. The absence 
of these shadows confirmed the suspension of a thin AAO 
membrane.

Future Work:
The next step in this project is to use these membranes in 
fabricating a selective ion pump similar to the pumps 
fabricated by Richter-Dahlfors, et al., and test the ion pump’s 
ability to deliver K+.
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Figure 4: FESEM images of a cross section of AAO nanopores.
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Abstract:
Because of its role in immune-system activation, high-
mobility group box protein (HMGB) has been targeted for 
treatment of auto-immune diseases. It has been found that 
single-stranded deoxyribonucleic acid (DNA) fragments, 
oligodeoxynucleotides (ODN), can competitively bind to 
HMGB, blocking apoptotic DNA responsible for prompting 
improper immune responses leading to autoimmune diseases. 
This study examined the immune response of cells that were 
stimulated with five ODN of different backbones, sequences, 
and lengths, either free or in a NP-ODN complex to examine 
the effect of nanoparticles (NP) on the efficacy of the DNA 
drug. The NP-ODN complex was found to enhance the 
suppressive effect of the ODN on interferon alpha (IFN-α) 
production, but had no effect on the production of chemokine 
ligand 5 (CCL5). These findings suggest that ODN-HMGB 
binding mode can effect downstream signal transduction 
and, additionally, that there is promise in NP design for the 
purpose of affecting the function of DNA drugs.

Introduction:
Pattern recognition receptors (PPRs) recognize conserved 
pathogen-associated molecular patterns and activate cells of 
the innate immune system, playing an integral role in protecting 
against microbial pathogens. However, the activation of PPRs 
can also result in harmful immune responses such as in the 
case of life-threatening inflammation and autoimmunity. One 
approach to curb such inappropriate immune responses has 
shown promise: HMGB targeted therapies may suppress innate 
immune responses due to the role of HMGB in triggering all 
nucleic acid receptor-mediated innate immune responses [1]. 
Consequently, it has been suggested that nucleic acids with 
high binding affinity for HMGB may function as suppressing 
agents for HMGB-mediated diseases. Thus, competitive 
binding of ODN to HMGB may have clinical applications for 
treatment of autoimmune diseases. 

This study looks at the immune response-inhibiting effects of 
six different ODN, examining the effect of backbone, length, 
and sequence of the ODN on the inhibitory effect observed. 

Additionally, silicon nanoparticles (Si-NPs) are introduced 
as delivery agents for the ODN and examined to determine 
therapeutic effects. The inhibitory effects of each ODN in 
complexes with NPs and alone are shown and the significance 
of the findings are discussed.

Methods:
Six single-stranded ODN were used in this study: 

1.	CG PT (CG sequence, phosphorothioate backbone, 24 base length), 
2.	GC PT (GC sequence, phosphorothioate backbone, 24 base length), 
3.	 x1GC PD (GC sequence, phosphodiester backbone, 24 base length), 
4.	 x2GC PD (GC sequence, phosphodiester backbone, 48 base length), 
5.	 x3GC PD (GC sequence, phosphodiester backbone, 72 base length), 

and 
6.	 x3CG PD (CG sequence, phosphodiester backbone, 72 base length). 

These ODNs were electrostatically bound onto allylamine-
modified Si-NPs with average diameter of 3.4 nm.

Mouse fibroblast cells were treated with free ODNs or NP-
ODN conjugates for 1 h, and then B-DNA was added into 

Figure 1: Binding Capacity. 2006x3 CG PD was found to 
have a much lower binding capacity (35%) than the other 
five ODNs, of which each sported nearly 100%.
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culture medium to stimulate HMGB. After 24 h, total RNA 
was extracted to examine the expression level of IFN-α and 
CCL5 genes by using quantitative real time PCR (qRT-PCR).

Results and Discussion:
Binding capacity results showed that four of the ODN used 
featured nearly 100% binding capacity. However, 2006x3 CG 
PD that consisted of the 72 base phosphodiester backbone 
CG sequence featured a much lower binding capacity of 35% 
(Figure 1).

Results of IFN-α qRT-PCR showed that the cells stimulated 
with NP-ODN complexes produced less IFN-α relative 
mRNA expression than those stimulated with free ODN alone 
(Figure 2). The only exception to this trend was found to be 
2006x3 CG PD. The solitary nature of this result implies 

that the significantly lower binding capacity of the 
2006x3 CG PD ODN to Si-NPs affected the results.

Results of CCL5 qRT-PCR showed no significant 
differences between cells stimulated with NP-ODN 
complexes compared to those stimulated with free 
ODN (Figure 3). No significant differences in 
relative IFN-α or CCL5 mRNA expression were 
observed due to changes in backbone, sequence, or 
length of ODN in stimulation.

The effect of the NP-ODN complexes on IFN-α and 
CCL5 production is significant in its implication 
of the importance of interaction mode. Due to the 
difference in responses triggered by free ODN and 
NP-ODN complexes, there is evidence that the 
interaction mode between HMGB and ODN can 
affect the resulting downstream signal transduction. 
Thus, altering NP conformation and NP-ODN 
binding mode can be used to alter the production 
of a single cytokine. Additionally, because the 
complexes in this study affected production of only 
one of the cytokines of interest, there is evidence 
that a single stimulation method can be designed 
such that it affects the production of several different 
cytokines in predictable but dissimilar ways.

Conclusions:
Backbone, sequence, and length of the ODN 
used in stimulation were not found to affect the 
relative mRNA expression for either IFN-α or 
CCL5. However, the use of NP-ODN complexes 
in stimulation were found to increase the inhibitory 
effect of the ODN on IFN-α production while not 
clearly affecting the production of CCL5, signifying 
the importance on binding mode on downstream 
signal transduction in the HMBG-mediated 
mechanism of auto-immune disease.
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Figure 3: CCL5 Results. NP-ODN complexes were not found to significantly affect 
the results, as were differences due to backbone, sequence, and length of ODN.

Figure 2: IFN-α Results. NP-ODN complexes were found to express lower levels 
of IFN-α with the exception of 2006x3 CG PD. No significant differences due to 
backbone, sequence, or length of ODN were found.
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Abstract:
Migrating cells are inherently sensitive to a plethora of 
diffusible and immobilized cues, which are integrated to 
coordinate their directional migration in various contexts of 
organizational development, physiology and disease in vivo. 
However, the combined effects of these complex guidance 
cues on directional cell migration remains poorly understood, 
partly due to complete neglect of these combinational factors 
in most in vitro experimentation. Here, we developed a 
novel microfluidic platform with a nanostructured sur
face interface, allowing integrative stimulus delivery of 
chemoattractant factors and topographical cues to migrating 
cells. We combined nano-grooved substrates with open well 
microfluidic chambers to study the effects of chemoattractant 
factors and matrix topography on directional cell migration. 
Co-current and countercurrent flows of stromal derived 
factor-1 alpha (SDF-1α) alongside bovine serum albumin 
(BSA)-labeled with fluorescent Rhodamine were used to 
study microfluidic gradient generation and the subsequent cell 
homing response. Using this platform, in a single experiment, 
we could simultaneously characterize cell migration and 
associated cell shape changes under well-defined variations 
in chemoattractant factors and matrix topography.

Introduction:
Migrating cells are inherently sensitive to a plethora of 
diffusible and immobilized cues that are present in a 
combinatorial fashion, and are integrated by intracellular 
signal transduction machinery to coordinate their directional 
migration in various physiological and pathological contexts 
in vivo. A significant challenge faced by biomedical 
researchers is to study these factors combinatorially in vitro 
and understand their roles in determining cellular motility 
and directionality. Microfluidic chambers allow for a robust, 
high-throughput measurement technique for the study of 
chemotaxis and polarized cell movement [1]. Additionally, 
topographically amended substrates enhance sensitivity 
of migration, and allow integration of mechanical cues in 
experimental design [2]. However, the effect of combining 

these various extracellular cues and their subsequent effects on 
directed cellular homing remains vastly unexplored. Here we 
developed a novel microfluidic platform with a nanostructured 
surface interface, allowing integrative stimulus delivery of 
chemoattractant factors and topographical cues to migrating 
cells.

Experimental Procedure:
Nano-patterned polydimethylsiloxane (PDMS) was fabricated 
using soft lithography nanofabrication techniques to form 
patterns with 550 nm wide and 500 nm tall grooves, with 
a groove-to-ridge ratio of 1:1. Both flat and nano-grooved 
substrates were plasma-treated for 60 seconds at 650 mTorr 
and 60W, and then surface bound to a PDMS 4-well open-
chamber microfluidic device. Co-current and countercurrent 
gradients were characterized using fluorescently labeled 
bovine serum albumin (BSA) flowed in at 1.6 µL/min.

Results and Conclusions:
Microfluidic chambers and nanogrooved substrates were 
combined to create a device to test the effects of multiple 
extracellular factors synergistically in vitro. Figure 1 shows a 
well of the completed integrated device with the nanogrooved 
substrates along the bottom of the main cell-culture area 
shown in Figure 2. Microfluidic gradients were established, 
as shown in Figure 3, and later characterized for shape and 
linearity in Figure 4 at steady state.

In this study, we fabricated a high throughput microfluidic 
device using a nanopatterned PDMS substrate and an open-
well microfluidic chamber. Protein flow gradients were 
characterized for linearity and used to optimize the flow rate 
for a biologically relevant chemotactic gradient. Overall, an 
easy-to-use, topographically mimetic microfluidic device was 
constructed for the combined study of chemotactic gradients 
and topography on directed cell migration.
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Future Work:
Upcoming experiments utilizing the microfluidic will focus on 
the role of cooperative and competing soluble factor gradients 
on the effects of directed cellular homing atop nanopatterned 
substrates. Co-current gradients will be established for the 
study of the synergistic effects of multiple soluble factors on 
cellular migration in the presence of multiple chemotactic 
gradients and compared with the observed individual 
soluble factor effects. Similarly, countercurrent gradients 
will be established for the study of the competing effect 
of chemotactic gradients and used to better understand 
the cellular sensitivity to specific chemoattractants. Both 
these experiments will serve to better understand the cell 
migration response to soluble factor gradients on a much 
more physiologically relevant substrate and will allow for the 
understanding of basic cellular migration in a more complex 
and relevant environment of microfluidic gradients.
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Figure 1: Phase 4x objective image of PDMS microfluidic chamber.

Figure 2: SEM image of 550 nm PDMS patterns within the exposed 
cell culture well.

Figure 3: Fluorescently labeled protein flown through the right hand 
channel.

Figure 4: Intensity profile of fluorescently labeled protein along the 
width of the microfluidic chamber.
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Abstract and Introduction:
The olfactory nerve, which projects directly from the nasal 
epithelium to the brain, is the shortest and most direct route to 
the brain. It has been suggested that nanoparticles deposited 
in the nasal epithelium are capable of being uptaken into the 
neurons and transported to the central nervous system [1]. 
This olfactory route is of particular concern as it completely 
bypasses the blood-brain barrier, responsible for protecting the 
brain from foreign materials. The growing use of nanoparticles 
in consumer and industrial products also underscores the 
importance of understanding how nanoparticles may gain 
access to the central nervous system.

We expect nanoparticle transport to the brain to begin with the 
uptake of nanoparticles by either receptor mediated or non-
receptor mediated endocytosis. While the former requires 
interaction with surface proteins, the latter occurs randomly as 
the cell samples material from its extracellular environment. 
Once inside the cell, nanoparticles bind to “motor” proteins, 
which move along a microtubule system spanning the entire 
neuron [2]. While this is normally responsible for transporting 
important cellular proteins and organelles, it could also be 
used by nanoparticles to quickly travel to the brain. 

It is unknown what impact nanoparticles may have on neuron 
activity once they reach the brain. To characterize this, we used 

Figure 1: Experimental setup.

electrophysiology tests to measure what effect a nanoparticle 
injection in a sample’s brain had on its ability to perceive 
odors. We also used transmission electron microscopy (TEM) 
to determine the cellular localization of nanoparticles.

Experimental Procedure:
Due to its relatively simple nervous system and established 
role in olfaction studies [3], locust (Schistocerca americana) 
was chosen as the experimental organism. It was prepared for 
a nanoparticle injection by exposing the brain and carefully 
removing excess tissue. A controlled air/hexanol mixture 
was passed over one of the locust’s antennae and its nervous 
response was measured by a gold-plated recording electrode 
placed in its antenna lobe as shown in Figure 1. 

A gold nanoparticle (5 nm) suspension previously produced 
by the reduction of HAuCl4 with NaBH4 (Figure 2) was 
injected into the antenna lobe by a glass injection pipette. 
This was controlled by a pneumatic picopump to ensure 
consistent delivery of the odorant and injection of the 
nanoparticle suspension. A total of five trials were run before 
the nanoparticle injection, two were taken during the injection 
and five more were taken after the injection.

Figure 2: TEM of gold nanoparticles.
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At the conclusion of the electrophysiology experiment, 
the brain was recovered and immediately fixed using 
glutaraldehyde to preserve the sample. A secondary fixative 
of osmium tetroxide was used to prevent lipid degradation 
as well as to add contrast to TEM images. After drying with 
ethanol and propylene oxide, the sample was embedded using 
Eponate 12. Thin (75 nm) sections were then cut using a 
diamond knife to prepare the sample for TEM.

Results and Conclusions:
Simplified results for the electrophysiology experiment are 
presented in Figure 3. Two pre-exposure trials, two injection 
trials (highlighted) and two post-exposure trials are shown 
after the odorant was discontinued. Each is a function of 
voltage versus time, with spikes corresponding to neurons 
firing. Interestingly, some gold nanoparticles themselves 
appeared to cause a nervous response as spikes can be seen 
after their injection. There was also a clear drop in neuron 
activity after these injections, as the frequency of neuron 
firing was diminished. Pending a control experiment with a 
saline injection, this supports our claim that nanoparticles can 
affect neuron activity.

Figure 4 shows highly contrasted, spherical particles of 
diameter ~ 5 nm, which is consistent with the characteristics 
of our gold nanoparticles. TEM appears to have verified the 
presence of gold nanoparticles inside brain cells and suggests 
that they are capable of crossing the synapse, shown running 
from the bottom left to the middle top of the image. Since this 
is where electrical signals are converted to chemical signals, 
this may be where interference is produced.

Future Work:
Our results suggest that nanoparticles are able to interfere with 
normal neuron firing when injected into the brain. However, 

this is an unlikely exposure route. To better model realistic 
exposure methods, this experiment should be repeated with 
nanoparticles delivered via an aerosol route. This could be 
accomplished by using an electrospray system to deliver 
nanoparticles to the locust’s antennae.

Since surface charge is primarily responsible for nanoparticle 
interaction with proteins, repeating these trials with varying 
charged nanoparticles would allow for better characterization 
of relevant factors for nanoparticle interference with neuron 
activity. Other relevant properties worth studying include size 
and crystal phase.
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Figure 3, above: Electrophysiology results.

Figure 4, right: TEM of locust brain.
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Abstract and Introduction:
The conjunction of biology and nanolithography has allowed 
for the development of many unusual devices—unique 
hybrids of biological cells and man-made structures. Here, 
we describe the development of one such device, designed 
to characterize the contraction force of a skeletal muscle cell. 
Shimizu, et al. [1] measured the force of a single C2C12 
myotube by anchoring it to a silicon cantilever and base, 
electrically stimulating the cell, observing the cantilever 
movement using an optical microscope, and calculating the 
resulting force of contraction. Building upon their work, we 
fabricated micron-scale cantilevers made of the non-cytotoxic 
photoresist SU-8 3050. In addition to developing the 
fabrication process for the SU-8 cantilevers, we characterized 
them using optical microscopy and profilometry. Currently, 
we are investigating optical frequency domain reflectometry 
(OFDR) as a method for more accurately measuring the 
movement of the cantilevers. Accurate characterization of 
cantilever movement as the cell contracts will allow for a more 
precise measurement of the force exerted by an individual 
skeletal muscle cell.

Fabrication:
We used photolithography to fabricate SU-8 cantilevers onto 
glass slides. Following several cleaning steps, we spun on 
OmniCoat™ first for five seconds at a speed of 500 rpm and 
an acceleration of 100 rpm/s, and then 30 seconds at 3000 rpm 
and 255 rpm/s. We baked the OmniCoat™ for one minute 
at 200°C. Next, we spun on SU-8 3050 using the same spin 
parameters at the OmniCoat. Subsequently, we soft-baked the 
SU-8 on a hotplate at 95°C for 25 minutes. Using the MJB-4 
mask aligner, we exposed the SU-8 through a chrome-coated 
glass mask for 31-34 seconds. We did a post-exposure bake 
(PEB) on the hotplate at 95°C for 3-5 minutes. Then, we 
developed the SU-8 while agitating the developer by hand for 
~ 6 minutes. We cured the SU-8 on a hotplate at 200°C for 
five minutes and consequently developed the OmniCoat for 
~ 30 seconds. We descumed for 600 seconds before etching 
the slides in agitated buffered oxide etchant (BOE). This step 
released the cantilevers. After each step requiring rinsing, we 
rinsed the glass slides in a water bath and dried them on a 
hotplate at 100°C.

Characterization:
Profilometry. Although the data is not shown here, we 
determined the height of the cantilevers to be 40-50 µm prior 
to etching using profilometry. Additionally, we measured the 
etch rate of the BOE to be ~ 0.46 µm/min.

Optical Microscopy. We used optical microscopy to 
examine the quality of the cantilevers. After development, the 
cantilevers, shown in the bright field image in Figure 1, Panel 
A, were straight and totally developed. The dark field image 
in Panel B reveals that the cantilevers were adhered to the 
glass slide and the sidewalls were vertical. Conversely, the 
dark field image in Panel C reveals that the cantilever was no 
longer adhered to the slide after development. After etching, 
there was an unknown residue on the cantilever as shown in 
Panel D, which we were able to remove using a combination 
of solvents.

Optical Frequency Domain Reflectometry (OFDR). 
OFDR works on the following principle: a tunable laser 
couples light into SMF-28 optical fibers set up as a Mach-
Zehnder interferometer, where at one end the fiber points at 
structures on the sample. Due to the Fresnel reflections off 
these structures, a frequency is detected and then Fourier 
transformed so that it corresponds to the round trip times of 
the light from the fiber tip to structures on the sample.

In order to detect a 15 µm wide cantilever, we etched channels 
into the glass using a commercial glass-etching cream so that 
the center of the fiber tip points at the cantilever, as shown 
in Figure 2. Figure 3 shows what we believe to be peaks 
from the fiber tip and the cantilever. The black curve is the 
raw data. Using Igor Pro for data analysis, we mirrored the 
data to the left of the fiber peak and plotted it to the right of 
the fiber peak. We then subtracted the light-grey “mirrored 
data” from the black raw data to obtain the dark-grey curve 
for the cantilever peak only. Data analysis revealed that the 
cantilever was located ~ 0.885 mm away from the fiber, which 
is plausible given that the fiber was attached to the glass slide 
by hand using a stereoscope.
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Conclusions:
As a result of optical microscopy, we were able to 
determine which cantilever dimensions allowed 
for better adhesion to the glass before etching, and 
the proper exposure and development times. In 
general, wider cantilevers (~ 15 µm) with lengths 
of 500 to 900 µm adhered better to the glass. OFDR 
has been successful so far at detecting a stationary 
cantilever, although a more precise setup will 
be required in order to test a moving cantilever. 
Particular attention should be paid to the noise, 
which affects OFDR measurements.
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Figure 3: OFDR determined that the stationary 15 µm wide 
cantilever is located ~ 0.885 mm away from the fiber tip.

Figure 1: A) Bright field image of a good cantilever after development. B) Dark 
field image of a good cantilever after development. C) Dark field image of a bad 
cantilever after development. D) Bright field image of a good cantilever after 
etching with BOE.

Figure 2: An optical fiber to be used with the OFDR system is 
glued to the glass slide so that it points at the cantilever.
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Introduction:
Silicon photonic microring resonators are label-free 
biosensors that are able to detect very small changes in 
bound mass on the surface of a nanophotonic waveguide in 
real-time, while requiring only a few microliters of sample. 
However, to realize the full potential of this biosensing 
technology, it’s necessary to address the challenge of surface 
fouling and biocompatibility when performing diagnostic 
assays in complex biological matrices (e.g. blood, plasma, 
serum). Due to high interfacial energy at the surface, proteins 
irreversibly adsorb to the microrings upon contact. This non-
specific fouling of the sensor surface leads to false positives 
and reduces the device’s ability to detect specific binding 
interactions.

One strategy used to reduce non-specific adsorption is to grow 
a thin zwitterionic polymer layer from the silicon substrate 
of the sensor, producing a hydrophilic, non-fouling coating. 
In this study, carboxybetaine acrylamide (CBAA) was 
polymerized from microring resonators using atom transfer 
radical polymerization (ATRP). Sensors were then exposed 
to undiluted human blood plasma to determine the extent of 

fouling. The polymer film was characterized using atomic 
force microscopy (AFM) and scanning electron microscopy 
(SEM). 

AFM, SEM, and plasma fouling data were used to refine 
the ATRP process in order to establish a polymerization 
procedure that enables a microring resonator biosensor to be 
used in real-world diagnostic applications.

Methods:
Polymerization. First, trichlorosilane initiators were 
covalently bound to a surface by soaking in a toluene solution 
or by vapor deposition. Next, a CBAA polymer layer was 
grown via ATRP using a monomer/catalyst solution. After 
the reaction completed, the polymerized surface was tested 
for non-fouling properties. The initiator deposition procedure 
(liquid and vapor) and the reaction time (17- and 24-hour) 
were varied in order to determine optimal ATRP conditions.

Non-Fouling Test on Silicon Microring Resonators. Each 
silicon microring resonator biosensor chip contained 272 
microring resonators (see Figure 1). An increase in resonance 
wavelength of a microring indicated an increase in mass 
density of the regions surrounding the ring.

Polymer-coated chips were tested for non-fouling properties 
by flowing undiluted human blood plasma over the chips for 
15 minutes at a rate of 20 µL/minute. Prior to and after being 
exposed to plasma, the chips were washed with phosphate 
buffered saline (PBS) at the same flow rate for 20 minutes.

Results and Conclusions:
The first attribute of ATRP optimized in this study was the 
method of initiator deposition (liquid or vapor). For chips 
using liquid initiator deposition, high variance in signal 
attenuation indicated that the polymer growth was non-
uniform (see Figures 2 and 3). The “liquid deposited” chip 
showed a fouling level of 92 ± 123 ng/cm2. Although this chip 
achieved a lower fouling level than many others, the high 
standard deviation indicated non-uniform polymer growth. 

Figure 1: An SEM image of a microring resonator. Light 
is directed down a waveguide that runs adjacent to each 
microring (bottom). Resonance wavelengths are coupled 
into the microring, causing a decrease in output power.
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The “vapor deposited” chip showed a fouling level of 265 
± 13ng/cm2. Although this is much higher than the ultra-low 
fouling goal of 5 ng/cm2 [2], the small standard deviation 
showed that vapor deposition created a much more uniform 
polymer layer and a more robust biosensor.

The ATRP reaction time was also optimized in this study. 
Average fouling levels were compared for 17- and 24-hour 
vapor deposited chips. The 17- and 24-hour chips showed 
fouling levels of approximately 265 ng/cm2 and 147 ng/cm2 

respectively (see Figure 4). Lower fouling levels on the 24-
hour chips indicated that longer reaction time produced a 
denser polymer film, yielding a lower fouling surface.

Although the “ultra-low fouling” levels described previously 
[2] have not yet been reached, the results of this study support 
using a 24-hour ATRP reaction using vapor deposition of 
initiators. The 24-hour fouling levels were consistently 
lower than 17-hour levels. Liquid deposition of initiators 
showed greatly varied levels of polymerization, indicating 
varied thicknesses on sensor arrays. SEM and AFM images 
confirmed that polymer coatings had varied thicknesses 
among microring arrays and that each ring layer was non-
uniform. 

These data suggest that initiators should be bound using vapor 
deposition and that a 24-hour ATRP reaction should be used 
in future experiments.

Future Work:
Literature suggests that higher methanol percentage creates a 
denser film and a lower-fouling surface [1]. More manipulation 
of the solvent ratio could be experimented with to further 
decrease protein fouling levels. In addition, functionalization 
procedures (binding a capture element to the surface) will be 
tested for the non-fouling surface to enable specific analyte 
detection.
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[4]	 W. Norde, 2008. Colloids and Surfaces B 61.1, 1-9.Figure 4: Microring resonator sensorgrams for 17-hour (black) and 

24-hour (gray) ATRP reacted chips. These data showed fouling levels 
of 265 and 147 ng/cm2 respectively.

Figure 2: Microring resonator sensorgrams for vapor deposited 
(black) and liquid deposited (gray) chips. The liquid deposited chip 
is less uniform (as is apparent by examining the spread in each 
chip). The standard deviations are 13 ng/cm2 and 123 ng/cm2 
respectively.

Figure 3: An SEM image of a microring resonator polymerized 
using liquid initiator deposition. Non-uniform polymer growth was 
confirmed using this (and other) SEM images.
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Abstract:
Functional in vitro models of neural networks are essential 
for uncovering the underlying cellular mechanisms by 
which mechanical stress induces traumatic brain injury. 
However, current models do not capture the connectivity and 
organization of the brain’s axonal tracts, limiting our ability to 
study how cellular dysfunction may be transmitted between 
distant regions of the brain. These models are inadequate 
due to insufficient fabrication techniques for consistently and 
accurately placing neurons in a network. Here, we propose a 
novel method for neural network fabrication that incorporates 
microfluidic cell placement onto micropatterned substrates. 
We fabricated a microfluidic device featuring cell traps that 
capture cells in an organized array, placing them in contact 
with a fibronectin-coated surface that provides guidance cues 
for network self-organization. As proof of concept, we used 
3T3 fibroblasts to assess the efficiency of this technique. 
Compared to standard microcontact printing, microfluidic 
delivery of cells resulted in more consistent, uniform 
adherence of cells to patterned substrates. Development 
of this technique may allow fabrication of more authentic 
neural networks and provide a platform by which we may 
further investigate the role of diffuse axonal injury in the 
pathophysiological response to traumatic brain injury.

Introduction:
Blast-induced traumatic brain injury (bTBI) is the most 
frequent injury suffered by American soldiers in Iraq and 
Afghanistan; however, the mechanism by which blast 
waves transduce brain injury remains poorly understood [1]. 
Although in vivo studies are the current focus of research, in 
vitro TBI models display the capability of providing unique 
insight into the cellular mechanisms that underlie bTBI [2].

These studies often involve synthetic biological tissues 
fabricated via microcontact printing, a technique used to 
pattern a substrate with extracellular-matrix guidance cues 
that promote cell and tissue self-organization. However, 
standard micropatterning techniques cannot consistently 
fabricate high fidelity neural networks due to lack of control 
over cell placement on extracellular-matrix features.

Here, we present a method for precise alignment of cells on 
a micropatterned substrate using a microfluidic device. Our 

device isolates and immobilizes cells in a uniform array, 
allowing for the adhesion of single cells to a micropatterned 
substrate with precise control over their relative positions. We 
utilized this technique to seed 3T3 fibroblasts on a network 
pattern of fibronectin, resulting in consistent cell connections 
resembling that of neural circuits.

Experimental Procedure:
A polydimethylsiloxane (PDMS) microfluidic device (Figure 
1) was designed in reference to a device used in [3]. Masters 
were fabricated from SU-8 3025 photoresist spun on silicon 
wafers using standard photolithography techniques. Masters 
were coated with Sylgard 184 PDMS (10:1 base:curing 
agent), degassed, and baked at 90°C for four hours.

A neural network pattern shown to most effectively promote 
polarized neural connections was adapted from [4]. PDMS 
stamps for this pattern were fabricated similarly to the micro
fluidic device. Stamps were coated with fibronectin (50 mg/
mL in H2O) and incubated for one hour. Fibronectin was 
transferred to PDMS-coated glass coverslips following the 
procedure in [5].

A microfluidic device was aligned and temporarily sealed to a 
micropatterned coverslip using visual cues added to stamping 
patterns. Channels were rinsed with phosphate-buffered saline 
(PBS). A 3T3 fibroblast suspension (100 µL; 120,000 cells/
mL) was drawn through the device using a house vacuum.

Figure 1: Microfluidic device featuring cell traps to immobilize cells. 



BIOLOGICAL APPLICATIONS

412012 NNIN REU RESEARCH ACCOMPLISHMENTS

Immobilized cells were rinsed with culture media and 
incubated for two hours at 37°C and 5% CO2 to allow network 
formation (Figure 2), followed by device removal.

Cells were fixed and permeabilized with 4% paraformaldehyde 
and 0.05% Triton-100 respectively (in PBS at 37°C). 
Cells were stained with AlexaFluor 488 Phalloidin and 
4’,6-diamidino-2-phenylindole (DAPI) in PBS, and imaged 
using an Olympus IX81ZDC inverted confocal microscope.

Results and Discussion:
To assess the accuracy of cell transfer, fibroblasts were seeded 
on uniform fibronectin using microfluidic delivery. Adhered 
cells retained their orientation while immobilized in the 
capture cups, resulting in a highly organized array of cells 
compared to that obtained using standard techniques. The 
radial distribution function of fluorescently labeled nuclei 
displays areas of high cell density corresponding to known 
distances between capture cups (Figure 3), confirming the 
ability of this technique to influence the relative position of 
cells adhered to a substrate.

To investigate a potential application of this technique, 
fibroblasts were seeded on a fibronectin pattern resembling 
a neural network. Cells were accurately delivered to circular 
features, and extended radially to form physical contacts with 
neighboring cells (Figure 4). The linear nature of fibroblast 
nuclei affirms the success of this technique. When we extend 
this technique to primary neuronal cell lines, accurate soma 
placement may promote polarized neural connections and 
therefore a functional network.

Improved alignment of cells on a substrate as shown here can 
benefit tissue fabrication beyond neural systems. Countless 
distributions of cells, and therefore tissue models, can be 
obtained from adjusting the array of cell traps. For example, 
endothelial and smooth muscle cells captured in an array of 
concentric circles could be transferred to ring of extracellular-
matrix to form structures resembling arterial cross sections. 
Models such as these could be employed in studies of 
vasospasm and other diseases characterized by blood-vessel 
hypercontractility such as bTBI.
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Figure 4: Fibroblasts seeded on a network pattern of fibronectin.

Figure 2: Cells seeded on a network pattern 
after two hours of incubation. 

Figure 3: A radial distribution function 
of fluorescently labeled nuclei.



CHEMISTRY

42 2012 NNIN REU RESEARCH ACCOMPLISHMENTS

Interaction of Engineered Nanoparticles  
with Artificial Cell Membranes

Rachel Benton
Chemical Engineering, North Carolina State University

NNIN REU Site: NanoTech User Facility, University of Washington, Seattle, WA 
NNIN REU Principal Investigator: Jonathan D. Posner, Mechanical and Chemical Engineering, University of Washington
NNIN REU Mentor: Charles Corredor, Chemical Engineering, University of Washington
Contact: rabento2@ncsu.edu, jposner@uw.edu, corredor@uw.edu

Abstract:
Understanding the potential toxicity of engineered 
nanoparticles (ENPs) is vital due to their presence in over 
1300 commercial products (e.g. toothpaste, sunscreen, and 
anti-bacterial coating on blankets). To further evaluate the 
potential consequences of ENPs, research must be performed 
to examine the interaction and mechanistic behavior between 
these particles and biological systems. This study seeks to 
understand these interactions by characterizing the effects 
of ENPs on artificial cell membranes. Understanding the 
interaction of engineered nanoparticles with lipid bilayers is an 
important step toward predicting subsequent biological effects 
and facilitates the design of safe nanoproducts. We believe 
that under some conditions ENPs can passively translocate 
across, and cause nanoscale defects in, lipid membranes. In 
this work, we quantify the disruption of liposomes induced 
by ENPs using a dye leakage assay. We measure dye leakage 
from lipid vesicles loaded with carboxy-fluorescein dye that 
are exposed to a diverse selection of ENPs. The amount of 
dye released correlated directly to the level of interaction 
between nanoparticles and the lipid vesicles.

Introduction:
Engineered nanoparticles (ENPs) are being utilized in various 
commercial ventures and research studies. Because of the 
rapid growth in the field of nanotechnology, there is a high 
potential that at some point in these particles’ lifespan, they 
will come in to contact with the environment and humans [1, 
2]. As of yet, the effects of these particles on health and the 
environment are not sufficiently well known. While ENPs 
hold a great deal of promise, before reaping the benefits of 
nanotechnology, more extensive research must be done in the 
field of nanotoxicity to understand their potential risks.

Membrane permeability is a vital component of toxicity 
studies as the membrane controls what enters and exits a cell. 
Lipid bilayers serve as viable artificial cell membranes in that 
natural cell membranes are comprised of over 80% lipids 
[3]. These same lipids, due to their hydrophilic head and 
hydrophobic tail, will self-assemble into spherical liposomes. 

This study seeks to understand the interaction of nanoparticles 
with artificial cell membranes by characterizing the effects of 
ENPs on liposome permeability using a dye leakage assay of 
liposomes exposed to ENPs.

Preparation:
Phospholipids were suspended in carboxyfluorescein 
(fluorescent dye), forming lipid bilayers, then passed through 
a 100 nm polycarbonate membrane in the process of extrusion. 
This caused a homogenous population of liposomes to form. As 
the liposomes formed, they encapsulated carboxyfluorescein 
inside them. The resulting solution was washed using 
unltracentrifugation by forcing it through a 3kDa membrane 
to remove the excess dye from outside the liposomes. This 
left just the liposomes (diameter approximately 100 nm) 
loaded with carboxyfluorescein.

This liposome, with the entrapped fluorescent dye, was then 
exposed to target ENPs. These experiments focused on two 
types of silver (Ag) ENPs, each with a 20 nm core diameter; 
one coated with polyvinylpyrrolidone (PVP), and the other 
with sodium citrate (NaCT). If the nanoparticles caused a 
disruption in the lipid bilayer, then the dye encapsulated 
inside the liposome would leak out. This amount of leakage 
was measured using fluorescent spectroscopy.

The carboxyfluorescein was excited at 480 nm and emitted at 
520 nm. Because of this, the intensity measurements from the 
spectrometer were taken at 517.5 nm. The percent of leaked 
dye was found using the following formula:

where I is the intensity after liposomes are exposed to ENPs,  
Imin is the intensity of the liposomes without any ENP 
exposure, and Imax is the intensity after the liposomes are 
treated with Triton-X, which is known to cause total leakage 
from the nanoparticles.
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The percent leakage was measured for three different 
conditions: liposomes without nanoparticle exposure, lipo
somes exposed to Ag NPs coated with PVP, and liposomes 
exposed to Ag NPs coated with NaCT.

Results:
Figure 1 and 2 show the percent leakage induced by Ag NPs 
as a function of time for 112 and 5600 PPB, respectively. 
The average percent leakage of fluorescent dye from 
the liposomes exposed to Ag NPs for both coatings was 
consistently higher than the liposomes without exposure for 
all tests. This showed a clear interaction between the ENPs 
and liposomes. In Figure 2, at approximately 1500 minutes, 
a greater percent leakage for liposomes exposed to sodium 
citrate coated Ag NPs was evident. The leakage also increased 
with increasing concentration. These results suggest that the 
surface functionality is a critical parameter in governing the 
disruption of bilayers induced by ENPs.

Summary:
These results show that ENPs disrupt bilayers and induce 
leakage of their internal contents. However, it cannot be 
inferred from this experiment whether or not these ENPs are 
toxic. Showing an interaction between ENPs and liposomes 
is an evidence that these ENPs are causing a disruption in 
the lipid bilayer and thus potentially in cell membranes, 
but the biomechanics of this interaction remain unknown. 
Understanding the interaction of ENPs with lipid bilayers is 
an important step toward predicting subsequent biological 
effects and facilitates the design of safe nanoproducts.
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Figure 2: Kinetic measurements of 
liposomes after exposure to Ag NPs.

Figure 1: Kinetic measurements of 
liposomes after exposure to Ag NPs.
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Abstract:
Flexible transistors with semi
conducting carbon nanotubes offer 
better mobility and stability than 
current organic material transistors 
for applications in flexible display 
and sensor devices. With carbon 
nanotubes as the semiconducting 
material, the transistors offer a higher 
performance due to the extraordinary 
electrical properties of single-
walled carbon nanotubes (SWNTs). 
However, conventional metal shadow 
masks can only create flexible device 
transistors with a channel length of 
50 µm or greater. Parylene-C shadow 
masks can be used instead of metal 
masks because of their flexibility, 
adaptability for patterning, and 
their ability to fabricate transistors 
with much smaller channel lengths. 
Previously it has been shown that 
Parylene-C masks allow for a fine 
resolution with a smallest feature size 
of 4 µm. We fabricated masks with 
features as small as 2 µm wide, and additionally used our 
masks to create short-channel transistors. We successfully 
constructed short-channel top-contact SWNT network 
inflexible and flexible transistors on silicon (Si) and polyamide 
substrates with a mobility of 0.1 to 2 cm2/V-s and on/off ratios 
on the magnitude of 102 to 103.

Introduction:
Parylene-C is a polymer that is flexible, transparent, 
biocompatible, and relatively inexpensive. Its characteristics 
allow for Parylene-C shadow masks to have the potential for 
various micropatterning applications [1]. Unlike conventional 
hard masks, parylene masks adhere to the surface of the 
substrate for better contact between the substrate and the 
stencil. While conventional hard masks can create features 
as small as 50 µm wide, parylene masks have been used to 
make features as small as 4 µm wide. Previously, flexible 

transistors have been fabricated with 
semiconducting carbon nanotube 
networks [2]. Short-channel inflexible 
transistors have also been fabricated, 
using Parylene-C shadow masks 
[3]. To optimize the performance 
of our flexible transistors, we 
combined features of both previously 
fabricated devices. We aimed to make 
Parylene-C shadow masks for use 
in the fabrication of short-channel 
flexible transistors with solution-
sorted semiconducting carbon 
nanotube networks.

Experimental Procedure:
To fabricate the parylene masks, 
we adopted a previously developed 
procedure to fit the capabilities of the 
Stanford Nanofabrication Facility and 
Bao lab equipment [1]. We exposed 
4-inch silicon wafers coated with  
15 µm of parylene to oxygen plasma at 

150 W RF power and at 150 mTorr to roughen the parylene to 
enhance aluminum adhesion. Then we evaporated 200 nm of 
aluminum onto the parylene and created a hard mask through 
conventional optical lithography. We patterned the aluminum 
through a wet etch (72% phosphoric acid, 3% nitric acid,  
3% acetic acid, 22% water). Then we etched the parylene with 
oxygen plasma for one hour at the same parameters previously 
used to roughen the parylene, and finally, we etched away the 
aluminum hard mask with the same wet etchant (Figure 1).

To fabricate transistors with the parylene mask, we prepared 
substrate samples by soaking them in purified semiconducting 
SWNT solutions. To purify semiconducting SWNTs from 
metallic SWNTs, we used the Bao group’s previously 
developed sorting process [4]. We peeled the mask off of the 
silicon wafer and placed it on the new substrate with carbon 
nanotubes, and then evaporated 40 nm of gold over the mask 
to fabricate the transistors (Figure 2 and 3). 

Figure 1: 2, 5, and 10 µm features 
etched into parylene on Si substrate.



CHEMISTRY

452012 NNIN REU RESEARCH ACCOMPLISHMENTS

After the gold evaporation, we peeled the mask off and tested 
the transistors for their performance.

Results and Discussion:
We consistently fabricated Parylene-C shadow masks with 
etched features ranging from 2 µm to 50 µm wide. The 
process was optimized and scaled-up to full wafer scale 
production of shadow masks. We fabricated inflexible and 
flexible transistors with the parylene masks and then tested the 
performance by measuring the current flow across transistors 
at various applied gate voltages. Both types of devices had a 
mobility of 0.1 to 2 cm2/V-s and on/off ratios on the magnitude 
of 102 to 103 for channel widths of 20 µm (Figure 4).

Although we fabricated transistors as small as 2 µm wide, it 
was difficult to test these transistors with the equipment we 
had. Therefore we only tested features 5, 10, 20 and 30 µm 
wide. From testing the inflexible and flexible transistors, the 
data indicated that we had fabricated functioning devices with 
good on/off ratios and mobilities. Furthermore, the parylene 
masks allowed for consistent transistor fabrication within a 
sample and between samples as well. The on/off ratios and 
mobility results for flexible transistors were similar to that of 

inflexible transistors, indicating that the flexible substrate did 
not hinder the performance of the device.

Future Work:
We aim to continue fabricating short-channel top-contact 
carbon nanotube flexible transistors to optimize their 
performance. Furthermore, bending tests will be conducted 
on the flexible transistors to assess their performance during 
and after strain. We also aim to optimize the purification 
process of the semiconducting carbon nanotubes using 
various solvents and polymers.
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Figure 4: Keithley-generated flexible transistor curve.
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Abstract:
Self-assembled multilayers (SAM) are a product of the 
bottom-up fabrication method, a technique in which 
substances are built from the molecular level through chemical 
reactions. With thoughtful manipulation, such fabrications 
could perform as numerous components in molecular 
devices. This project utilized the bottom-up method to 
produce multilayers of the 4,’4 dimercaptobiphenyl (DMBP)  
attached to the group (II) B metal mercury (Hg). The focus 
was to analyze its electrochemical properties by cyclic 
voltammetry to determine if the structure could successfully 
conduct electrons. A current of potential energy was ramped 
up and inverted through the sample and the oxidation state of 
the mercury was analyzed. This reading concluded if mercury 
was being reduced. Currently a peak occurred around the 
potential 0.4 V when a monolayer of DMBP was capped 
with mercury, but the peak did not occur when bonded with 
a second DMBP. Trials are being conducted for confirmation 
of current data, to determine if multiple oxidation states of 
mercury are present, and provide understanding of other 
chemical properties of the substance.

Figure 1: Research setup.

Preparation of Multilayers:
The initial monolayer was prepared by introducing 
a gold working electrode to a 1 µM DMBP solution 
with 200 proof ethanol. The gold working electrode, 
with a disk diameter of 1.6 mm, was placed into 
the monolayer solution in a nitrogen atmosphere 
for three hours, as seen in the setup in Figure 1. 
The electrode was then rinsed off with ethanol 
and dried with a nitrogen jet gun. Mercury was 
introduced to the monolayer via a dilute solution of 
0.008M mercury perchlorate (Hg(ClO4)2·(6H2O)) 
and 200 proof ethanol. The electrode was again 
positioned in the solution for three hours with 
nitrogen, thoroughly washed with distilled water 
and ethanol, and then dried off with nitrogen. The 
gold electrode was alternatively introduced to the 
monolayer and mercury solution, creating DMBP 
and mercury multilayer. A cartoon of the assembled 
structure is shown in Figure 2. After every layer, 
cyclic voltammetry was performed to measure the 
sample’s electrochemistry.

Cyclic Voltammetry:
Cyclic voltammetry determines the electrochemical 
properties of a sample through a series of cathodic and anodic 
measurements. For this experiment, our general setup included 
three electrodes enclosed in a glass cell partially filled with 
a 0.1 M sodium perchlorate electrolyte solution. The gold 
electrode served as the substrate for the various monolayers 
formed. Its potential energy was ramped up to a maximum 
current of 600 mV, then inverted to a set minimum of  
-600 mV, scanning the sample for two sweeps and six sweeps. 
The known electrochemical behavior of the silver/silver 
chloride electrode was used as a reference to measure the 
potential energy of the working electrode. A platinum counter 
electrode maintained a stable environment for oxidation and 
reduction.

Results:
Two attempts were completed. In the first attempt, five layers 
were made, three being the DMBP monolayer and two being 
Hg. Cyclic voltammetry of the first layer showed few peaks, 
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however as we continued building layers, a gradual increase 
in cathodic and anodic peaks occurred. Unfortunately, in 
the first attempt, we failed to eliminate oxygen as a factor 
in the experiment. We noticed this because of some peaks 
that were present that we could not attribute solely to the 
expected chemical reaction. We alleviated this problem in our 
second attempt by degassing the entire cell for 10 minutes 
prior to measuring the electrochemistry of the sample. During 
the second trial, we grew a total of three layers, two DMBP 
monolayers amid one layer of Hg. The sample with just the 
DMBP layer had very little peaks, similar to the results in the 
previous trial. The trial pertaining to the DMBP monolayer 
capped with a layer of Hg had two cathodic peaks, appearing 
around potential values of 500 mV and -200 mV. The same 
sample also had one anodic peak at an approximate potential 
value of -130 mV. Once another layer of DMBP was assembled 
on top of the DMBP and Hg layers, the cyclic voltammetry 
showed similar occurrences of very little peaks. Graphs of 
both attempts are depicted in Figure 1 and Figure 3.

Conclusions:
The occurrence of the anodic and cathodic peaks discussed 
previously indicates a significant change in the chemical 
behavior of the sample, suggesting successful formations 
of the DMBP and Hg multilayers. The sample capped 
with DMBP showed very few peaks, correlating with our 
expectations. At this state, Hg is not exposed to the electrolyte 
solution and there is no free electron available to react with 
the Hg. Future works would include continuing further trials 
on DMBP and Hg multilayers, and replacing DMBP with 
other organic molecules.
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Abstract:
For certain metals that support localized surface plasmon 
resonances, the resonant frequency of the material’s electrons 
falls within the realm of visible light. We can use light to 
collectively and coherently oscillate the surface electrons 
in nanoparticles made up of these metals, magnifying the 
light in intensity. Such an environment could potentially 
be used to catalyze reactions occurring near these particles. 
Interactions between the molecules and the nanoparticle may 
alter the molecular electronic landscape into a configuration 
that is favorable to the reaction. This interaction occurs in 
part through the image effect. The goal of this project was 
to develop a computationally feasible process in which to 
determine the molecule’s electronic structure after it has been 
image-dressed by a nanoparticle of arbitrary shape. In order 
to make larger molecules more tractable, we implemented 
Gaussian quadrature instead of the trapezoidal rule to 
calculate the contour integral describing the electron density 
of the molecule. This change resulted in the code running 
approximately 100 times faster than before. 

Introduction:
When a localized surface plasmon resonance (LSPR)-
supporting metal nanoparticle is excited with light, its surface 
electrons oscillate collectively and coherently. When multiple 
LSPR nanoparticles are brought together, hot spots form, 
localized regions of high electric field intensity. These hot 
spots could be used in catalytic applications [1, 2]. Subjecting 
the molecules to these electric fields will alter the electronic 
landscape of the molecules into something that is hopefully 
more favorable for the desired reaction. 

The nanoparticle and the molecule interact through the image 
effect [3, 4]. The electric field from the plasmon pushes the 
electrons in the molecule, inducing a dipole moment. This 
dipole gives off its own electric field, pushing the electrons in 
the nanoparticle into an “image” dipole, thus reducing the net 
electric field inside the metal to zero. However, rearranging 
the electrons affects the plasmon, altering the resulting 
electric field. This altered electric field induces a new dipole 
in the molecule (see Figure 1). In this way, the nanoparticle 
and the molecule interact with each other an infinite number 
of times until the system converges to some configuration. 

Figure 1: The molecule and nanoparticle repeatedly 
perturb each other through the image effect. 

It was the goal of this project to develop a computationally 
feasible process to determine the electronic structure of this 
image-dressed molecule. 

Methodology:
We started by calculating the interacting Green’s function, G, 
for a molecule interacting with a nanoparticle [4]. We can use 
the Dyson expansion to write G as an infinite geometric series 
as shown in Figure 2, where G is the noninteracting Green’s 
function for the molecule in vacuum and Σ is the self-energy 
[5]. Σ takes into account a single perturbation experienced by 
the molecule. Thus by calculating this infinite series, we took 
into account the infinite number of perturbations experienced 
by the molecule. 

Figure 2: The Dyson expansion of the interacting Green’s function. 
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We then took the integral of G with respect to z, the frequency 
of interaction between the nanoparticle and the molecule. We 
integrated along a contour that encapsulated all singularities 
associated with occupied orbitals (see Figure 3). By computing 
this contour integral, we obtained the interacting one-matrix 
[6, 7]. Thus we were able to gain information on the electronic 
structure of the molecule in the form of an electron density. 

To increase the speed of the code, Gaussian quadrature was 
implemented to numerically calculate the contour integral. 
Gaussian quadrature approximates the function as a 2n-1 
degree Taylor polynomial, where n is the number of points 
taken. It does this by intelligently sampling the function as 
seen in Figure 4, where the xi’s are the locations at which 
the function is sampled, and the wi’s are the corresponding 
weights. These values are calculated independently from the 
function by a nonlinear system of 2n equations. 

By switching from the trapezoidal rule to Gaussian quadrature, 
we reduced the number of times we needed to sample the 
function from 100,000 to 1000. Thus, this change made the 

code approximately 
100 times faster than 
before. This made 
larger molecules, such 
as azulene, become 
more tractable as 
input molecules. 

Future Work:
In its current state, the code only performs calculations for 
the alteration of one electron. We hope to further develop 
this process to consider the configuration of all electrons 
at the same time. This will allow us to make predictions 
in experimental spectroscopies as well as begin to model 
catalytic applications of plasmonics. 
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Abstract:
The production of fullerene materials (C60, C70, etc.) has 
recently become a matter of increasing commercial interest 
and environmental concern. Although fullerene toxicity 
remains poorly defined, some forms have been shown to have 
cytotoxic effects, particularly when exposed to microbial 
communities. Therefore, the identification of (potential) 
fullerene sources is an important first step towards an accurate 
environmental exposure assessment. In this work, we tested 
the hypothesis that fullerenes (as C60 and C70) are formed in 
burning cigarettes by analyzing ash from several scenarios, 
including mimicked smoking events.

Introduction:
Since the discovery of fullerene in 1985 by Kroto, et al., many 
synthetic methods have been proposed. Of particular interest 
is the synthesis of fullerene via pyrolysis of naphthalene [1]. 
This low molecular weight polycyclic aromatic hydrocarbon 
(PAH) can be found in environmentally significant quantities 
in coal tar, hydrocarbon fuels, and cigarette smoke [2, 3]. 
Pyrolysis has often been shown to occur in oxygen deficient 
environments inside a burning cigarette. Temperatures 
typically range between 700 and 920°C, but occasional 
microenvironments can reach up to 1200°C [4]. Previous 
studies have found the formation of fullerene via pyrolysis of 
PAHs to occur in the 1000-1100°C range [1, 5]. In this work, 
we demonstrate fullerene production via pyrolysis of high-tar 
cigarette tobacco.

Concern over the potential environmental impact of fullerenes 
has risen sharply in recent years. Although pristine C60 has 
been considered to show minimal cytotoxicity to rat lungs and 
microbial communities, functionalized C60 has been found to 
show some level of cytotoxic effects [6, 7]. Fullerene water 
suspensions have been demonstrated to show pronounced 
cytotoxic effects when exposed to E. coli, P. aeruginosa, and 
B. subtilis [8, 9]. Additionally, fullerene exposure to ozone 
can also result in increased levels of toxicity. Ozone will add 
to a fullerene 6,6-double bond to form a 1,2,3-trioxolane 
which spontaneously converts to the fullerene epoxide, C60O, 
producing singlet oxygen, a reactive oxygen species known 
for lipid peroxidation and membrane degradation [10]. Thus, 

inhalation of fullerene and exposure to even minimal amounts 
of ozone could lead to compromised membrane integrity in 
human lungs.

Therefore, considering the potential environmental impacts of 
C60, our study sought to shed light on a (potentially) prevalent 
but previously unknown source of fullerenes.

Experimental Procedure:
Six samples of domestic cigarette tobacco and a control 
of untreated whole leaf Burley tobacco were pyrolyzed at 
various temperature maximums over a range of pressure 
profiles using a Thermcraft Protégé split tube furnace. Trials 
were performed under 100% argon flow with linear flow rates 
between 0.242 and 2.55 liters per minute. Smoke particulates 
were collected using PTFE 0.2 µm particulate filters and 
soluble ash and particulates were extracted into toluene using 
a Soxhlet apparatus. Two ash samples were also produced 
using custom-made smoking machines and extracted using 
the Soxhlet apparatus. Analysis on all samples was performed 
using a MALDI-TOF mass spectrometer.

Results and Conclusions:
MALDI-TOF analysis is believed to indicate fullerene 
content in the majority of ash samples. Seven of the nine 
samples displayed a possible C60 m/z (mass-to-charge ratio) 
peak of 720 and/or C70 m/z peak of 840. The remaining two 
samples displayed peaks that could correspond to hydroxyl 
and epoxy group additions to C60 or C70. Of particular interest 
was evidence of C70, but no clear amount of C60, in M1, a 
sample run under high pressure and temperature. The most 
abundant amount of C60 appeared in M100-8, a sample run at 
lower temperature under near atmospheric pressure. Sample 
conditions are shown in Table 1. Overall, the spectral data 
provided compelling evidence for the formation of the C60 
and C70 fullerenes during cigarette smoking events. 

Based upon these results, we make the following 
recommendations to the scientific community: 1) Cigarettes 
should be viewed as potential sources of fullerene 
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environmental exposure, 2) Increased effort should be 
given to proper cigarette containment and ash disposal 
until the environmental effects of fullerenes are 
more fully understood, 3) Further research should be 
conducted in this area. Ultimately, the evidence shown 
in this work should be used to promote healthier and 
safer environmental conditions.

Future Work:
Further analysis is needed to confirm the presence 
of C60 and C70 in current samples. High performance 
liquid chromatography (HPLC) could be used to verify 
molecular UV-Vis spectra and retention times. In the 
future, additional high-carbon pyrolysis events should 
be investigated as potential fullerene sources. Cigar 
smoking is a natural candidate for such studies, as are 
forest fires and lean hydrocarbon fuel combustion.
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Abstract:
Materials with mechnoresponses are a new discipline 
in organic soft matter synthesis. One mechanoresponse, 
thixotropy, is the tendency of a material to become less 
viscous upon the addition of mechanical stress such as 
shaking. Separately in other gels, a visible color change 
during the gel-to-solution transition has been observed. 
While gels with either thixotropic or color-change 
qualities have been reported, the molecular structure of a 
thixotropic gel with mechanoresponsive colors has not yet 
been confirmed. In this work, we investigate molecular 
structures of gels. Synthesized platinum-terpyridine (Pt-
terpy) complexes bearing an amino acid moiety were 
manipulated by changing solvent, counter anion and 
molecular structure. Pt-terpy gels and corresponding 
solution samples were analyzed through stable-by-
inversion tests and emission spectroscopy. A thixotropic 
Pt-terpy gel without (fluoro-9-yl)methoxylcarbonyl 
(Fmoc) moiety exhibited a 648 nm emission peak, 
which indicated the presence of Pt-Pt interactions. 
Thixotropic gels that display mechanoresponsive colors 
may be applicable as oscillation sensors for buildings and 
earthquakes.

Reticular Materials Group has previously synthesized a Pt-
terpy thixotropic gel. The monomer for the thixotropic gel 
incorporates the Pt-terpy moiety and a functionalized tyrosine, 
shown in Scheme 1. The hydrogen bonding between the 
amino acid units are thought to cause the gelation capabilities 
of this complex. In addition, Pt-terpy possesses many spectral 
properties; specifically, emission at approximately 650 nm 
indicates Pt-Pt interactions [4]. However, the previously 
synthesized Pt-terpy thixotropic gel showed no absorption or 
emission that indicated the presence of Pt-Pt interactions.

A gel that exhibits both properties of thixotropy and color 
change upon phase transition has yet to be reported. In this 
study, we employed traditional organic synthesis procedures 
to manipulate the Pt-terpy complex structure in order to create 
a thixotropic gel with mechanoresponsive colors.

Experimental Procedure:
A series of Pt-terpy complexes of analogous forms were 
synthesized and tested for their gelation potential and color 
change ability. The basic structure is shown in Scheme 2. 
Counter anion salts in 10x molar excess were dissolved in 
Pt-terpy solutions for anion exchange. Alteration to the 

Scheme 1:  
Molecular structure 

of Pt-terpy thixotropic gel.

Scheme 2: Basic molecular structure  
for synthesized Pt-terpy  

complex analogs.

Introduction:
Polymers with mechanoresponsive colors display a change 
in color when stretched due to the presence of mechanically 
sensitive chemical groups in the polymer linkages [1]. 
However, other soft matters may be able to exhibit responses 
to mechanical stimuli. Thixotropy is the property of a material 
to become less viscous upon added shear stress. By shaking 
a thixotropic gel, the inherent network structure will break 
down, and the gel will undergo a phase change from gel 
to solution [2]. After standing, the material will return to 
its original state as the gel network reforms. In a separate 
phenomenon, some gels visibly change color during the gel-
to-solution transition [3]. The color modification is related to 
the different metal interactions of the metal centers in the gel 
phase relative to the solution phase.

The National Institute for Materials Science International 
Center for Materials Nanoarchitectonics (NIMS MANA) 
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original Pt-terpy complex was accomplished primarily 
through the metalation of Pt to a functionalized multidentate 
ligand followed by deprotection of Fmoc. Matrix-assisted 
laser desorption/ionizaton time-of-flight mass spectrometry 
(MALDI-TOF MS) was completed to ensure successful 
synthesis.

For gelation, the Pt-terpy complex was completely dissolved 
in solvent. Water was added to the solution to trigger gelation, 
followed by mixing of the reaction vial and standing. The 
presence of gel qualities was analyzed through the stable-by-
inversion test.

Emission spectroscopy was employed on gel and solution 
samples of the synthesized Pt-terpy forms. Absorption 
spectroscopy was used to determine the necessary wavelength 
of excitation for emission measurements. Emission peaks 
were examined to determine the presence of Pt-Pt interactions.

Results and Conclusions:
The Pt-terpy complexes showed limited solubility in the 
water-miscible solvents (i.e. MeOH, CH3CN), and dimethyl 
sulfoxide was selected as the best solvent for the water-
triggered gelation protocol. Pt-terpy complexes with a 
trifluoroacetate (CF3COO-) counter anion increased the 
solubility of the complexes and formed gels. The Pt-terpy 
complex must be reasonably soluble in the solvent in order 
for the gelation test to be valid. The Pt-terpy complex with 
X = CF3COO- and R1 = H was successfully synthesized 
(Scheme 2), and a thixotropic gel formed. Comparison of 
emission spectra between gel and solution samples of Pt-terpy 
complex (X = CF3COO-, R1 = H) showed that only the gel 
state emitted at 648 nm, as seen in Figure 1. Comparison of 
emission spectra between complexes where R1 = H or Fmoc 
demonstrated that only Fmoc deprotected Pt-terpy complexes 
emitted at 650 nm, as seen in Figure 2. It is hypothesized that 
deprotection of Fmoc reduced π-stacking and emphasized 
interaction between metal centers. Therefore, we synthesized 
a Pt-terpy thixotropy gel that contained Pt-Pt interactions.

Future Work:
Future work will analyze the gel characteristics and emission 
spectral properties of a Pt-terpy complex capped with a 
phenylacetylene ligand. It is thought that the presence of 
the phenylacetylene ligand will emphasize Pt-Pt interactions 
through π-orbital stacking of the ligand near the metal center. 
Later studies will synthetically alter the Pt-terpy structure 
further in order to achieve mechanoresponsive colors.
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Figure 1, top: Emission spectra of [tBuO2C-Pt-NH2]
[Cl][CF3COO] gel and solution in DMSO/H2O.

Figure 2, bottom: Emission spectra of [tBuO2C-Pt-
NH2][Cl][CF3COO] and [tBuO2C-Pt-NHFmoc][Cl]
[CF3COO] gels in DMSO/H2O. 
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Introduction:

Figure 1: Experimental approach. Graft PEG to 
membrane surface to help reduce fouling of 
hydrophobic solutes [3].

Desalination can be used as a means 
to replenish freshwater supplies of 
communities with growing pop
ulation needs. Reverse osmosis (RO) 
is a pressure-driven process that 
requires a semi-permeable membrane 
to selectively remove salts and other 
particulate matter from brackish 
water or seawater. Common RO 
membranes are thin-film composites 
(TFCs), which are composed of a 
thin polyamide layer supported by a 
porous polysulfone layer. Although 
membrane desalination is an efficient 
method, a persistent problem is that 
the membrane is highly susceptible 
to fouling—accumulation of particles 
onto the membrane surface over time that can clog or 
otherwise compromise the efficiency or performance of 
the membrane [1]. The main cause of fouling appears to be 
a hydrophobic interaction between the membrane surface 
and the solutes in the water [2]. In our approach, we grafted 
polyethylene glycol (PEG), a hydrophilic monomer, to help 
disrupt hydrophobic interactions with calcium carbonate 
(CaCO3), a common hydrophobic fouling agent (Figure 1). 
After membrane characterization, we analyzed the interaction 
between CaCO3 and the membrane surface.

Experimental Procedures:
Monomer Grafting. Commercially available BW30 TFC 
membranes were purchased from Dow-Filmtec in flat sheet 
form. Grafting materials purchased from Sigma-Aldrich 
included potassium disulfite (PD) and potassium persulfate 
(PP) to initiate the reaction, polyethylene glycol (PEG) as 
the hydrophilic monomer, and ethyleneglycol dimethacrylate 
(EGDMA) as the crosslinker. Various concentrations and 
grafting times were tested. The final conditions chosen were 
a graft time of one hour with a solution that consisted of 0.1 
M PEG, 0.01 M EGDMA, and a 0.025 M equimolar PP and 
PD solution.

Contact Angle. To determine 
the wettability of the membrane, 
we measured contact angles of 
samples with and without surface 
modification. Twenty microliters of 
de-ionized (DI) water was pipetted 
onto the membrane surface, where 
images were then captured using a 
Motic digital microscope and the 
Motic Image Plus 2.0 software.

CaCO3 Nucleation and Salinity 
Testing. Various concentrations of 
sodium bicarbonate (NaHCO3) and 
calcium chloride dihydrite (CaCl2) 
were used to form CaCO3, which 
could be deposited onto the membrane 
surface. To mimic brackish water 

conditions, we replaced double-filtered water in the original 
solution with a background solution of sodium chloride 
(NaCl). Concentrations of 0.1, 0.5, and 1 M NaCl were added 
to observe the effect of increasing NaCl on CaCO3 formation. 

Because the CaCO3 saturation index (SI) changes with ionic 
strength, the Geochemist’s Workbench software was used to 
calculate the adjusted CaCl2 and NaHCO3 concentrations to 
maintain an SI of 2.16 for calcite formation for all experiments. 

Thus, a final solution with concentrations of 0.025 M NaHCO3 
and 0.025 M CaCl2 was used.

Results and Discussion:
Characterization of the membrane before and after grafting 
included scanning electron microscopy (SEM) and measuring 
contact angles. In order to see whether grafting was successful, 
contact angle measurements were determined to observe 
whether grafting made the membrane more hydrophilic. The 
best concentration, 0.1 M PEG for one hour, was chosen 
because it had a smaller contact angle than the unmodified 
membrane.
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SEM proved to be a powerful 
tool for analyzing both the 
unmodified and grafted 
membranes after CaCO3 was 
deposited onto the surface. 
As the NaCl concentration 
increased, there was a definite 
increase in CaCO3 nucleation 
for both the unmodified 
and grafted membranes. An 
increase in nucleation as ionic 
strength increases has been 
reported in literature [4]. There 
was also a distinct decrease 
in the amount of nucleation 
between the unmodified and 
grafted membranes at each 
respective concentration of 
NaCl. For example, this can be 
seen in Figures 2 and 3. 

A final observed trend was a difference in CaCO3 morph
ologies. In the unmodified membrane, amorphous CaCO3 
(spherical), calcite (rhombohedral), and aragonite (fibrous-
shaped) were identified. While in the grafted membrane, 
mostly calcite was observed. This could be due to the 
differences in binding sites after grafting with PEG.

Conclusions and Future Work:
In this project, PEG was successfully grafted onto the 
TFC membrane surface. From the SEM images of both the 
unmodified and grafted membranes, there was clearly a 
decrease in the degree of CaCO3 nucleation as the surface 
became more hydrophilic. This was what was expected 
when a hydrophilic component was added to the membrane. 
After analyzing the interaction between the membranes and 
the CaCO3 particles, it was determined that hydrophilic/
hydrophobic interactions govern nucleation.

In the future, a working laboratory-scale RO system is desired 
to test grafted membrane efficiency in salt rejection. There 
are implications for this grafting procedure to be a viable 
modification that could help to reduce water pretreatment 
costs, extend the lifetime of TFC membranes, and improve 

Figure 3: PEG-grafted membrane with CaCO3 
nucleation and a background solution of  
0.5 M NaCl. There is less nucleation around and 
on dense areas of PEG. Inset in upper left corner 
is magnified with a scale of 50 µm.

Figure 2: Unmodified membrane with CaCO3 
nucleation and a background solution of 0.5 M 
NaCl. Inset in the upper left corner is magnified 
with a scale of 40 µm.

the overall membrane desalination process. Thus, it is 
extremely important to test and compare the efficiency of the 
unmodified and grafted membranes.
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Abstract:
Thin layers of lamellar-forming polystyrene-block-poly 
(methyl-methacrylate) (PS-b-PMMA) provide the templates 
for fabricating nanowires with a “fingerprint” morphology. 
The electrical characteristics of the nanowires were measured, 
and largely deviated from simulated devices due to high 
defect density. Their highly curved conformation makes the 
nanowires strong candidates for electrical testing on flexible 
substrates under compression and elongation. The wires’ 
high transmittance on glass substrates reveals that they can 
function as transparent metal electrodes for use in electronic 
devices.

Introduction:
Diblock copolymers are macromolecules composed of 
two chemically distinct blocks, each a linear repetition of 
a particular monomer, that self-assemble to create periodic 
microdomains, each of which exclusively contains one of the 
polymers that make up the copolymer [1]. Varying volume 
fractions of the blocks generates different morphologies. 
When the volume fractions of the two blocks are similar, 
block copolymers self-assemble into the lamellar morphology 
[1], where the block with the higher volume fraction shows 
greater connectivity [2]. 

Figure 1 illustrates different continuous networks, each a 
different color, of PMMA, when the volume fraction of 
PMMA, fPMMA, is 0.55 (see the cover of this publication for 
the full color rendition of this image). A single dominant 
network exists (blue) among small isolated networks. The 
high-connectivity, which offers redundant pathways from 
one point in the network to another, and the tortuous network 
conformation make block copolymers attractive for the 
fabrication of nanowires (NWs) [2-4]. Removing one block 
while preserving and using the other for patterning by thin-
layer metal deposition allow for the formation of NWs. On 
transparent and stretchable substrates, these NWs should 
possess useful electrical properties, have high transmittance 
[5], and continue to perform well under mechanical strain.

Experimental Procedure:
Neutral brush solution was spin-coated and annealed onto 
cleaned glass slides or silicon wafers, allowing the block 
copolymer to orient perpendicular to the substrate [3]. Block 
copolymer blends were spun onto the neutral substrates and 
annealed to produce self-assembled thin films. The samples 
were exposed to ultraviolet light to break down the PMMA 
and developed using acetic acid, creating a polystyrene 
template. After five seconds of oxygen plasma to remove the 
brush, 1 nm of chromium (Cr) and 5 nm of gold (Au) were 
evaporated into the vacancies left by PMMA. Sonication in 
toluene removed the polystyrene, leaving the NWs on the 
substrate.

Figure 1: Color-coding for each PMMA backbone 
under a volume fraction fPMMA of 0.55. 

(See cover for full color version.)
Figure 2: Nanowire network between micro-extensions from 
contact pads. Ideally, current must pass through these NWs.
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Negative photoresist NR71 was spin-coated onto the 
nanowire samples for 40 seconds at 4000 RPM and exposed 
for 55 seconds using a mask-aligner and prepared mask 
containing contact pads with varying microwire features. The 
exposed samples were heated before development in RD6 for 
eight seconds, creating the pattern for the contact pads. After 
plasma treatment of 30 seconds, 10 nm of Cr followed by 
100 nm of Au were evaporated, creating contact pads upon 
removing the remaining photoresist by sonication in acetone. 
Figure 2 illustrates the result of applying contact pads onto the 
nanowire samples, with a small gap between the microwire 
connectors to force current to pass through the NWs.

Current was measured using two probes from the probe station 
pressed onto the contact pads with potentials ranging from 
-10 millivolts to 10 millivolts applied across the samples.

Extinction coefficients for the NWs across the visible 
spectrum were measured on glass substrates using an Ocean 
Optics spectrometer and used to calculate transmittance.

Results and Discussion:
Figure 3 demonstrates the electrical characteristics of the NWs 
with fPMMA = 0.55. A linear relationship between current and 
voltage exists for systems with continuous nanowire pathways 
between contacts, indicating a constant resistance. Increasing 
contact width increases sheet resistance because out-of-plane 
transport constitutes a larger fraction of the current for thin 
contacts. Simulations predicted that increased contact width 
would cause decreased sheet resistance, but defects in the 
fabricated NWs led to comparatively large resistances.

Figure 4 is a graph of the transmittance of two NW samples 
with fPMMA = 0.55. The similar spectra indicate consistency 
in the transparency of these devices. Approximately 90-95% 
of light across the visible spectrum passes through the glass 
samples, demonstrating high transparency in these thin films.

Block copolymers are a useful template for fabricating NWs. 
The electrical characteristics of these NWs show potential 
for electronic devices while the transmittance through these 
samples displays the possibility for these NWs to become 
incorporated into devices requiring high transparency. These 
block-copolymer templated NWs are competitive with state-
of-the-art materials in many solid-state devices. The high 
curvature of these NWs predicts that they will continue to 
function under strain and compression.

Future Work:
Improvements include producing defect-free samples for 
consistent device performance. A transfer process must be 
developed to test device performance under compression 
and strain. If the nanowires perform well under strain and 
compression, they can be incorporated into flexible solid-state 
devices.
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Abstract:
Fabricating semiconductor devices is very expensive and time consuming, 
but most importantly, can be wasted if there is no clear understanding of 
what to look for. Computer simulations can accurately predict the fabrication 
process and device behavior, and can show how a device can be improved for 
better performance. Metal-oxide-semiconductor (MOS) capacitors are the 
basic components of MOS transistors, which can store or amplify charges 
and are the building blocks of integrated circuits. Using the simulation of an 
MOS capacitor, we wanted to develop silicon carbide (SiC) as a profitable 
semiconductor so that production of higher quality SiC can become a 
common process. With the simulation software Silvaco, we simulated 
an MOS capacitor using molybdenum (Mo) for the metal or gate, silicon 
carbide (4H-SiC) for the semiconductor and silicon dioxide (SiO2) for the 
oxide. Then we measured different device parameters, including interface 
charge, oxide charge, and compared our results to a measured capacitance-
voltage (C-V) curve of an MOS capacitor. Our purpose was to introduce SiC 
for more use in devices by; (a) simulating SiC MOS capacitors, (b) measure 
the C-V curve of the MOS capacitor with different characteristics, and (c) 
compare simulated with experimental data.

Experimental Procedure:
We first set up two MOS capacitors for Silvaco. Each had different oxide 
thicknesses and were named n-SiC (Figure 1) and p-SiC (Figure 2). We 
ran different simulations on each capacitor to gather information on their 
C-V curves. Each simulation was developed using five groups. Structure 
specification contained the mesh, region, electrode, and doping sections. 
Material models specification contained material, models, contact, and 
interface sections. Numerical method selection contained the method 
section. Solution specification contained log, solve, load, and save sections. 
Results analysis contained extract and tonyplot sections.

We exported the data from Silvaco (see Table 1, at right) and then; imported 
the data into Excel, normalized the data, refitted plots using Origin, and 
finally, compared the shifts and degradation between cases and ideal curve.

Results:
Our simulations of n-SiC and p-SiC devices showed a slight voltage shift 
and some degradation. In Figure 3, the ideal curve reaches depletion around 
2 V. The interface state curve reaches depletion at 0 V, while oxide charges 
shift the depletion region to -2 V. In Figure 4, the ideal curve reaches 
depletion around 3.2 V. The interface state curve reaches depletion around  
5 V and oxide charges shift the depletion region to 0 V. 

Figure 2: P-SiC MOS capacitor.

Figure 1: N-SiC MOS capacitor.
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Our results show how the SiC MOS capacitor is stable and efficient even 
with oxide charges and interface states.

Conclusions:
SiC is a potentially important high-temperature semiconductor for power 
device applications and it can operate at temperatures much higher than Si. 
Using Silvaco, we simulated the effect of SiC oxide charges and interface 
traps on the behavior of MOS capacitors. The simulation software uses 
Poisson’s, Carrier Continuity, and many other equations in Atlas to solve 
and gather data to generate the C-V curves. P-type MOS capacitors were 
able to retain the shape of the ideal C-V curve with only slight inversion due 
to the oxide charge. N-type MOS capacitors were also able to retain the CV 
curve shape, but with degradation due to interface states and lateral curve 
shift due to the oxide charge.

Future Work:
In the future, we hope to replace Si with SiC or take the technology to 
another level by building high-power devices using SiC. Even with defects, 
we have proven that SiC can still provide power and efficiency in devices. 
We will continue to research and simulate SiC and further prepare it for 
high-power use.
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Abstract and Introduction:
This project focused on the preparation of high electron 
mobility transistors (HEMTs) and the design of a HEMT-
based, single-lithography-layer oscillator with active 
integrated antenna circuit with target oscillation frequencies 
up to 100 GHz. HEMT devices are well known for their 
suitability in high frequency microwave circuits, possibly for 
two reasons. Firstly, HEMTs offer high electron densities, 
high breakdown voltages and superior drain currents as 
well as transconductance, making the devices suitable for 
high power, high frequency application. Secondly, because 
of reduction in columbic scattering and collisions, HEMT 
devices are known to display low-noise characteristics. These 
two factors combine make HEMTs amenable to nano-scale 
microwave oscillator design. Focus on reduction in device 
size is a growing demand and the prevalence of cellular 
phones, WiFi and other radio devices is increasing. Thus, 
the design of a low-cost, nano-scale microwave oscillating 
circuit is desirable. In this project, AlGaN/GaN HEMTs were 
fabricated with recessed gates in order to enhance aspect ratio, 
transconductance, cutoff frequency and maximum frequency 
of oscillation [1].

Methods:
This project can be divided into two main categories: HEMT 
fabrication and single-lithography-layer oscillator circuit 
design. In the former, AlGaN/GaN HEMTS, consisting of 
undoped GaN buffer layer, AlN spacer layer and AlGaN 
barrier layer, were grown on sapphire substrate. The 
device then underwent mesa isolation via argon sputtering 
techniques. Source/drain ohmic contacts were then patterned 
through a multilayered evaporation process in a Ti/Al/Ni/
Au sequence [2]. After rapid thermal annealing, Schottky 
barrier Ni/Au gate contacts were placed using electron-beam 
lithography. Several series of HEMTs were fabricated with 
different gate lengths (100 nm, 300 nm, 500 nm) and source 
to drain spacings (3 µm, 3.5 µm, 4 µm, 4.5 µm, 5 µm). Argon 
dry etching was then used to create the recessed gate under 
the gate contact with recess depth of approximately 10 nm. 
For the oscillator design, the HEMT was the central device 
of interest. Thus, focus was given to HEMT fabrication and 
optimization regarding high frequency performance. 

Figure 1: SEM micrograph of HEMT structure with gate recess. 
Insert shows SEM micrograph of gate recess.

Figure 1 shows a scanning electron microscope (SEM) 
image depicting an example of the HEMT structure without 
gate metallization: the mesa, patterned source/drain ohmic 
contacts, and the recessed gate structure. The inserted image 
shows an up-close SEM micrograph of the gate recess with 
gate metallization.

The second part of the project focused on the design of an 
oscillator and active integrated antenna with an oscillation 
frequency up to 100 GHz. A single-lithography-layer design 
is attractive because it can reduce manufacturing costs. To 
that end, a common gate oscillator circuit was selected for its 
simplicity and use of a voltage controlled transistor. 

Figure 2: Common-gate oscillator circuit schematic.
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Figure 2 shows the oscillator circuit schematic [3]. A 
circuit following this schematic was fabricated and tested 
successfully by Xu, et al., with gate-source bias of -5.3 V and 
drain bias of 20 V [3]. The remaining discrete circuit elements 
in the oscillator schematic include inductors and capacitors 
that comprise the LC tank subcircuit, DC blocking and a bias 
tee. Meanderline and interdigital geometries were selected to 
achieve single-lithography-layer realization of inductors and 
capacitors respectively. First, the capacitors were designed 
based on previously obtained empirical results. C1 and C2 in 
Figure 2 were designed as interdigital capacitors with eight 
structural fingers, finger spacing of 1 µm, finger width of 
200 nm and overlap length of 8 µm. This design yielded a 
capacitance of roughly 2.7 fF. 

a better means to probe and inject signals. Figure 4 shows an 
example oscillator layout [3].
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Figure 4: Example oscillator layout.

Figure 3: Meanderline inductor 
with characteristic dimensions.

Figure 3 shows a meanderline inductor with characteristic 
dimensions [4]. A five-turn meanderline inductor with a =  
140 µm, b = 160 µm, d = 80 µm, and h = 320 µm and thick
ness of 8 µm would yield an inductance of approximately  
1.5 nH [5]. With these inductor and capacitor values, the tank 
circuit was calculated to oscillate at around 111 GHz.

The DC blocking capacitor was designed to achieve a 
capacitance approximately ten times that of C1, C2. To that 
end, the number of finger structures was increased to 24, and the 
overlap length was approximately 24 µm, while maintaining 
the same finger spacing and finger width as C1 and C2, or  
1 µm and 200 nm respectively. The source bias tee structure 
was realized using a planar radial stub. More specifically, 
an oscillation frequency of 111GHz of an electromagnetic 
wave yielded a wavelength, λ, of approximately 2.68 mm. A 
transmission stripline, orthogonal to the RF signal stripline, 
of length λ/4 led to the radial stub. The stub angle was 90° 
with radius of λ/4. 

Finally, for its wide-band characteristics, a simple bowtie 
antenna will be used as the integrated antenna element.

Future Work:
Future work includes arranging the described circuit elements 
for single-lithography-layer fabrication. 

Furthermore, integration of coplanar waveguides for signal 
transmission is needed to improve signal quality and provide 
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Abstract:
Phase change materials are a class of compounds that can 
alter states between crystalline and amorphous when specific 
heating conditions are applied to them. Due to fast switching 
speed, long life cycles, and potential for high-density 
integration, these materials are currently being investigated 
for use in non-volatile memory applications [1, 2]. The focus 
of this project was to characterize a specific phase change 
material, Ge50Te50, to determine its possible capabilities 
for radio frequency (RF) applications. This material was 
chosen for use in RF switches due to its low crystalline state 
resistance and a high OFF/ON resistance ratio. The method of 
characterization was to fabricate simple ohmic switches and 
then apply voltages or currents with different pulse shapes and 
durations in order to obtain the phase transitions. The goals of 
this project were to optimize the switch design and fabrication 
method to achieve a low ON resistance and high OFF/ON 
resistance ratio, and to optimize the biasing conditions to 
obtain repeatable and reliable phase transitions. An extension 
of the project was investigating the effects of direct heating 
versus indirect heating. If the switches are successful, this 
material can be incorporated to design more advanced passive 
elements such as filters, phase shifters, and antennas.

Figure 1: Cross-sectional schematic of device structure.

Figure 2: SEM image of a device with five 2 × 2 µm2 vias.

Introduction:
Previous work has been reported on the use of phase change 
materials from GeSbTe (GST) compounds in non-volatile 
memory applications. There has been a recent report on the 
application of Ge50Te50 in switchable inductors [3].

The larger scope of this project included characterizing the 
Ge50Te50 material using simple ohmic switches, then moving 
on to the characterization of more complicated designs, such 
as filters, to determine the overall use of the material in radio 
frequency applications.

The goals of this internship were to develop fabrication 
processes for implementing phase change switches (aka 
phase change vias). Materials in the stack were deliberately 
chosen, the specific thickness for the different layers was 
determined, and the etch times and recipes were optimized 
through fabrication of several test wafers and characterization 
steps. Once the optimal design was determined, the devices 
were fabricated and direct heating measurement techniques 
were employed to transition the vias.
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Experimental Procedure:
The switches were fabricated on 
silicon wafers. All liftoff molds 
and etch guides were created using 
photolithography. In order to isolate 
the devices from the silicon, wafers 
were passivated with a 2 µm thick 
silicon dioxide layer deposited by 
plasma-enhanced chemical vapor 
deposition (PECVD). Then the 
bottom electrode was deposited in 
an evaporator. The bottom electrode 
consisted of three layers, 300 Å 
NiCr, 5000 Å Cu, and 300 Å NiCr. 
After liftoff, 3000 Å of oxide was 
deposited using PECVD, and then 
etched to form an insulation layer 
on top of the tips of the electrodes, 
with a via directly over the electrode. 
The 100 nm Ge50Te50 layer, with  
50 Å Ti adhesion layer and 100 Å 
Ti overcoat layer, was deposited on 
this via by sputtering. Ge50Te50 liftoff 
was completed, and then a heater 
layer of 2500 Å of W was deposited 
using sputtering. Liftoff of the heater 
layer was completed, and then the top 
electrode was deposited. The top electrode also consisted of 
three layers, 200 Å NiCr, 3000 Å Cu, and 200 Å NiCr. After 
liftoff of the top electrode, the devices were complete.

Characterization results reported here were obtained using 
phase change vias with a tungsten layer in the stack, as 
discussed earlier. Repeatable phase transitions were obtained. 
The crystallization pulse was 200 µs with a rise and fall time 
of 200 µs, and amplitude of 1 V. The crystalline resistance was 
100-300 Ω; however, the resistance of the electrodes alone 
was measured to be around 75 Ω, yielding an ON resistance 
of ~30 Ω for the phase change layer (see Figure 3). The pulse 
to amorphize was 2 µs with a rise and fall time of 5 ns and 
amplitude of 2.5 V. However, the amorphization was easily 
obtained with several different pulses of different durations 
with amplitudes of 1.5 V or higher. The amorphous resistance 
was 800 kΩ -1 MΩ (see Figure 4). 

While this OFF resistance is higher than previous work [1], 
and the OFF/ON resistance ratio is between 104 and 105, the 
ON resistance could still be improved upon. 

Given these results, Ge50Te50 has good 
potential for use in RF applications.

Future Work:
While basic characterization of 
the material was completed during 
this internship, there remain many 
variations to be explored.

Further investigation could be 
conducted into the effect of various 
sputter pressures and powers on 
the Ge50Te50 material. Different 
thicknesses of Ge50Te50 for the via 
could have effects on the phase change 
conditions and should be further 
characterized. Also, the variations 
between direct and indirect heating 
should be examined.

This summer research has shown that 
Ge50Te50 is a promising candidate for 
RF switching applications and can be 
used in tunable inductors, capacitors, 
and advanced devices such as 
antennas, phase shifters, and filters.
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the device shown in Figure 2.
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Introduction:
Schottky (rectifying metal-semiconductor) contacts 
have widespread use, particularly in high frequency 
[1] and high power electronic devices [2]. It is 
important that Schottky diodes be miniaturized 
to preserve their functionality as devices shrink 
to the nanoscale [3], for applications such as 
voltage clamping, rectification in switched-mode 
power supplies, and reverse current protection 
in photovoltaic systems [4]. Standing upright, 
nanopillars can access vertical dimension in device 
fabrication, which is recognized as an important 
step in maintaining and/or surpassing Moore’s law 
[5]. Here, we present a low temperature (no thermal 
oxide required), top-down process for fabricating 
arrays of vertical n-type silicon nanopillar 
Schottky diodes that can be incorporated into 
planar complementary metal oxide semiconductor 
(CMOS)-integrated circuits. We also characterize 
our metal-semiconductor (nickel-silicon) contacts 
and note that they differ from planar diodes.

Experimental Procedure:
A schematic representation of the fabrication process is 
shown in Figure 1. First, a hard mask of square-shaped SiO2 
islands (side lengths of 40 to 100 nm) was formed in arrays 
with a 4 µm pitch on an n-type (~ 2 × 1015 cm-3) silicon (Si) 
substrate. This was done using electron beam lithography to 
expose arrays on a spin-coated 200 nm thick layer of 950K 
poly(methyl methacrylate) (PMMA). After developing the 
pattern at room temperature, roughly 50 nm of SiO2 was 
deposited with electron-beam evaporation. The excess resist 
was dissolved in acetone, lifting off the oxide layer except for 
the SiO2 islands.

Figure 1: Schematic representation of fabrication process (not to scale).

Figure 2: (a) SEM image of a 500 nm pitch array of 100 nm nanopillars 
after Bosch process using 4 sec etch, 2.5 sec deposition cycle. 
(b) Close-up of a 100 nm nanopillar in (a). (c) 4-micron pitch array 
of 100 nm diameter nanopillars obtained from using 8 sec etch, 5 sec 
deposition cycle. (d)-(g) Single nanopillars sized 40 nm, 60 nm, 80 nm, 
and 100 nm processed as in (c).
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An unexpected outcome that differentiates these diodes from 
planar diodes was non-ideal current scaling with respect to 
both number of diodes and radius. For the former, a linear 
relation was expected since the diodes are probed in parallel, 
but not observed: current ratios between the 40, 160, 240 
to the 400 pillar array were roughly 1%, 10%, and 15%, 
respectively, compared to the expected 10%, 40%, and 60%. 
For the latter, dependence on area (radius squared) was 
expected because the heights of the nanopillars are consistent, 
but the power was found to be about 1.2 instead of 2. This 
indicates a dependence on perimeter size, and hence the 
increased importance of surface states due to a higher surface 
area to volume ratio.

Future Work:
Further research is needed to minimize scalloping to optimize 
nanopillar quality. The main parameter to be altered in this 
work should be the etch rate, in order to minimize the isotropy 
of the etching mode. Additionally, the non-ideal current 
scaling must be researched to be fully understood. One theory 
to account for this with respect to number of diodes is that a 
combination of inconsistent numbers of unintended “stray” 
nanopillars and faulty nanopillars are contacted with nickel, 
varying the actual amount probed from the assumed. Electron 
beam induced current (EBIC) is a method that could test this 
theory by illuminating the functioning diodes.
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Figure 3: I-V characteristics of an array of 400 
nanopillars of different diameters.

With this hard mask, nanopillars were formed with deep 
reactive-ion etching (RIE) making use of a Surface Technology 
Systems inductively coupled plasma (STS ICP) system. 
Employing what is known as the Bosch process, alternating 
modes of nearly anisotropic etching (using sulfur hexafluoride) 
and polymer deposition (using octafluorocyclobutane) 
produced vertical nanopillars approximately 1 µm tall. 

Due to a small, unavoidable isotropic component in the 
etching mode, the nanopillar sidewalls were considerably 
scalloped. We were able to reduce the extent of scalloping by 
modifying the etching and deposition times during RIE. The 
resulting nanopillars are shown in Figure 2.

Finally, for support and electrical insulation, a conformal 
layer of SiO2 was deposited using remote plasma chemical 
vapor deposition (RP-CVD). Chemical-mechanical polishing 
(CMP) then partially removed this layer, revealing the Si 
tips. 100 nm of nickel was sputtered after another electron 
beam lithography step patterned the contact windows. Excess 
nickel was lifted-off by ultrasonic agitation in an acetone bath, 
and rapid thermal annealing (RTA) formed a nickel silicide-
silicon contact, creating the Schottky effect.

Results and Conclusions:
The resulting diodes’ current-voltage characteristics (Figure 
3) were analyzed to extract the barrier height, ΦB; the ideality 
factor, n; and the series resistance, rs in the thermionic current-
voltage expressions (1) and (2):

Where q = 1.6 × 10-19C, k = 1.381 × 10-23J/K, T = 294K, A is  
the diode contact area (assumed circular), and A* is 
Richardson’s constant, 112A/cm2K2 [6]. Typical values were 
0.6 to 0.7eV for ΦB, 1.5 to 2.5 for n, and 10 to 100 kΩ for rs. 
These results confirm Schottky behavior.
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Introduction:
Each new generation of electronic products uses high-
speed microchips that squeeze more transistors/power and 
performance into even smaller packages. This leads to excess 
heat generation within the semiconductor components, which 
causes the chip to fail over time. Heat sinks were added to 
help cool these chips. Heat sinks allow for the heat to dissipate 
from the chip to the heat sink to a cooler ambient, like air. 
When the heat sink and microchip were first put together, it 
was found that the two surfaces formed contact points and air 
gaps. Contact points are areas where the chip and the sink are 
connected together and heat can travel successfully from the 
chip to the sink. Air gaps are all the areas between the contact 
points where heat has trouble crossing from chip to sink. 
Since air is an insulator, the heat builds up on the chip at these 
air gaps and become hot spots, which lead to device failure.

Thermal interface materials (TIMs) were used to eliminate 
the air gaps within the component and consequently provide 
a path of heat removal from the component package surface 
through the heat sink and heat spreader. Therefore, TIMs 
are integral part of overall electronic product design. An 
ideal TIM will have both high thermal conductivity and the 
ability to conform to the surfaces well. These are two major 
characteristics that determine the total thermal interface 
resistance of different surfaces. In order to improve the life 
and performance of electronic devices, TIMs with improved 
thermal resistance are in urgent need.

Carbon nanotubes (CNTs) are being researched as a favorable 
TIM because of their high thermal conductivity. CNTs allow 
for vertically aligned columns to transfer the heat from the 
chip to the sink [1-4]. However, the poor adhesion of CNTs to 
the substrate limits their use as TIMs for high power devices. 
In order to improve the performance of CNT based TIMs, the 
problem of adhesion has to be addressed.

The goal of this current research was to develop a hybrid 
material that combined the high thermal conductivity of 
carbon nanotubes (CNTs) and exceptional mechanical 
compliance of polythiophene (Pth). We selected Pth as the 
polymer of choice as it is an electroactive polymer and can 
be deposited electrochemically. Additionally, Pth is thermally 
stable up to the device operating temperature.

Experimental Procedure:
In a typical fabrication process, diced 2 × 3 cm silicon wafers 
were cleaned extensively. Two different catalyst seed layers — 
100 nm titanium (Ti) / 10 nm aluminum (Al) / 3 nm iron (Fe), 
and 40 nm silicon oxide (SiO2) / 10 nm nickel (Ni) — were 
deposited using a Denton Explorer e-beam evaporator. We 
used three minutes of low pressure chemical vapor deposition 
on the Ti/Al/Fe samples and 15 minutes of plasma-enhanced 
chemical vapor deposition on the SiO2/Ni samples to induce 
CNT growth on the wafers using acetylene as precursor gas in 
a Black Magic PECVD reactor.

Finally, the CNT arrays were coated with Pth using three 
electrodes electrochemical deposition. The current was 
sent from the working electrode, the silicon wafer, to the 

Figure 1: Fabrication process. (a) Silicon wafers. 
(b) Deposition of catalyst layer. (c) CVD for CNT growth. 
(d) Pth electrodeposition.
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counter electrode, which was immersed in Pth solution, with 
the reference electrode measuring current. We used cyclic 
voltammetry to be able to control the amount of Pth coated on 
the CNTs and ran samples using 5, 10, and 15 cycles. 

To evaluate the orientation, thickness, height, and density 
of the CNTs and Pth coating on CNTs, we used a scanning 
electron microscope (SEM). A typical fabrication procedure 
is outlined in Figure 1.

Results and Conclusions:
After CVD, we found that the Ti/Al/Fe catalyst layer produced 
the desired CNT arrays, and we used this catalyst layer for 
further experiments. As shown in Figure 2, the vertically 
aligned arrays measuring about 10-12 µm tall and a density 
of about 2 × 10-7cm2 was obtained in a typical LPCVD recipe 
with a three minute growth time.

The CNT arrays were successfully coated with Pth through 
electrochemical deposition using cyclic voltammetery (Figure 
3). However, we were only able to coat a thick layer of Pth on 
top of the CNTs and further modification of electrochemical 
process is required to achieve a conformable coating.

Future Work:
Future research will involve quantifying how much Pth is 
deposited per cycle during deposition. This will allow us to 
control coating with the amount of cycles. In addition, we 
need to determine how to coat the individual CNTs and not 
just the whole array. Using a photoacoustic technique, we plan 

Figure 3: SEM image of Pth coating CNT arrays.Figure 2: SEM image of Ti/Al/Fe CNT growth.

to measure the thermal resistance for our hybrid structures to 
compare to other TIMs. Additionally, we will run adhesion 
and electrical/thermal conductivity tests in order to ensure our 
TIM will adhere to the surfaces as predicted, without affecting 
the thermal performance. The long-term plan is to develop 
this material into an effective Thermal Interface Material that 
can be used in electronics to improve current technology and 
increase the life-span of electronics.
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Figure 1: Contact resistance for varying 
pentacene thickness in TC OFETs (inset).

Figure 2: Contact resistance for varying 
contact thicknesses in BC OFETs (inset).

Introduction:
Organic field-effect transistors (OFET) are critical components 
of many prospective organic electronic products [1], but their 
performance is limited by poor charge injection and weak 
charge transport, manifesting as high contact resistance 
and low mobility. The goal of this work was to understand 
performance limitations in pentacene-based OFETs by 
varying device architecture and processing to empirically 
demonstrate optimal design parameters.

Experimental Methods:
Pentacene OFETs of top/bottom-contact (TC/BC) and 
bottom-gate (BG) configuration were fabricated (Figures 
1 and 2). BC devices suffer from contact effects because 
molecular self-organization is disrupted, resulting in poor film 
morphology near the contacts. Small charge injection area  
(~ contact thickness) is also believed to limit performance in 
BC OFETs. In this study, BC devices with various contact 
thicknesses were fabricated to explore both issues. Compared 
to BC OFETs, TC OFETs perform better, demonstrating 
lower contact resistance and higher mobility. The OSC film 
is not disturbed by contact deposition and, furthermore, TC 
OFETs have larger charge injection area as the entire contact 
surface contributes to injection. However, in TC OFETs, 
charge carriers must cross the entire OSC film to reach the 
channel, causing high access resistance. Meanwhile, large 
numbers of traps limit charge transport. So, TC devices with 

different pentacene film thicknesses and diverse dielectric 
treatments were fabricated to understand contact resistance 
and trap origins.

Current-voltage (I-V) characterization and low-frequency 
noise (LFN) measurements were performed in ambient 
conditions. The contact resistance (Rsd) was evaluated by 
the modified transfer length method [3] with devices having 
different channel lengths. Intrinsic low-field mobility (µ0) was 
extracted via the Y-Function method [4]. Normalized power 
spectral density of drain current fluctuations at f = 20 Hz were 
plotted against drain current to identify noise mechanisms. 
The normalized noise spectra were accurately modeled by 
carrier number fluctuations induced by charge trapping/
detrapping and, thus, a surface equivalent trap density (NST) 
was extracted.

Results and Discussions:
The Rsd of BC OFETs is depicted in Figure 1 as a function 
of gate voltage (VG). Surprisingly, Rsd increased with contact 
thickness, contrary to the expectation that charge injection 
should be enhanced by greater charge injection area. Our 
results indicated this enhancement was negligible and the 
small grain contact region played a dominant role. Thicker 
contacts produced a steeper edge profile, causing poorer 
molecular packing. Charge injection was limited by this 
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highly resistive zone, yielding high contact resistance and 
reduced mobility.

Figure 2 illustrates the Rsd in TC OFETS with various 
pentacene film thicknesses (tSC). Simulations showed that Rsd 
increased drastically with tSC as VG dependence weakened 
[2]. The former was due to longer vertical transport required 
in thicker films, and the latter was from weaker charge 
concentration modulation by VG. 

The present results qualitatively match simulations, but the 
range of magnitudes spanned is much smaller. This non-
ideality is likely because of contact metal (Au) diffusion into 
the pentacene film, which may make the actual tSC smaller 
than the nominal thickness. Future experiments will address 
this by alternative fabrication techniques such as contact 
lamination.

Besides determining charge injection, tSC affects charge 
transport in the channel. In Figure 3, mobility µ0 decreased 
with tSC. To understand this, the trap density (NST) by LFN 
was plotted against tSC in Figure 3, showing an inverse 
trend to that of mobility. High NST in the film might be due 
to poor film quality and interfacial traps. This agreed with 
the understanding that thicker grain boundaries will produce 
more deep traps. Indeed, the nearly proportional dependence 
of NST on tSC implied uniformly distributed traps within the 
OSC bulk. 

It appears mobility variation was not strictly due to charge 
trapping. One possible interpretation is limited charge 
injection in thicker films, as charge must traverse the contact 
region mainly by hopping. Since the contact provided 
insufficient charge to the channel, the apparent mobility was 
limited.

The OSC/dielectric interface is crucial to transport. Figure 
4 illustrates the mobility and the surface state density (NSS, 
deduced by sub-threshold swing) in TC devices with different 
treatments of the SiO2 dielectric. PMMA and PhTS-SAM gave 
the comparably highest mobility and untreated SiO2 had lower 

mobility, as expected. The small NSS for polymer treatments 
(Cytop, PMMA, and polystyrene) showed high interface 
quality, probably due to the similar material properties 
between pentacene and polymeric dielectric treatments. 
Strikingly, a high NSS was obtained for PhTS-SAM treatment 
though SAM layers typically improved mobility. Untreated 
SiO2 showed the largest NSS, presumably from charge trapping 
hydroxyl groups. 

The NST by LFN indicates pentacene film quality also strongly 
depends on dielectric, providing additional explanation for 
the mobility variation. The NST in untreated SiO2 was the 
largest, followed by PhTS-SAM. Approximately an order 
of magnitude lower NST obtained in PMMA treated devices 
indicated a higher quality pentacene film.

Conclusions:
Fabrication and measurement of pentacene-based OFETs with 
varying device architectures and processing methods enabled 
deeper understanding of OFET performance limitations. 
Choosing a proper contact thickness that preserves the film 
morphology is critical to optimizing charge injection in BC 
OFETs. For TC OFETs, a thin but a high quality OSC film 
is key to strong charge injection in the contact and efficient 
charge transport in the channel. In addition, polymeric 
dielectrics improved OSC film quality and reduced the 
interface traps. Future efforts will examine a larger parametric 
range of device parameters to better understand trends in trap 
density and contact resistance as well as define changes in the 
film morphology.
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Figure 3: Intrinsic mobility (left axis) and trap density 
(right axis) for several pentacene thicknesses. Figure 4: Intrinsic mobility and surface-state 

density for several dielectric treatments.
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Abstract:
The goal of this REU project was to 
measure the film thickness dependence of 
spin-torque ferromagnetic resonance (ST-
FMR) induced by the spin Hall effect. The 
spin Hall effect occurs when a current is 
sent through a conducting, nonmagnetic 
material, and spin-up and spin-down 
electrons are separated on either side of 
the material. This creates what is called 
a spin current, transverse to the electron 
current. In this research, the spin Hall 
effect was used as a source for spin 
injection in a nonmagnetic, conducting 
metal to create magnetic precession in 
an adjacent ferromagnetic film. The 
purpose of these experiments was to help 
achieve a better understanding of the 
spin Hall effect in various materials and 
the dynamics of spin Hall induced ST-
FMR. Photolithography, ion milling and 
sputter deposition were used to define 
bilayer structures with contact pads. With these devices, we 
measured the ferromagnetic resonance signal to quantitatively 
determine the spin current injection and spin Hall angle.

Introduction:
Spin transfer by the spin Hall effect 
has already been demonstrated in 
research performed by both the Ralph 
and Buhrman groups at Cornell. 
Past experiments in the area of spin 
manipulation have used magnetic 
materials in order to create spin 
current and to inject spin angular 
momentum into ferromagnetic mat
erials. What is unique about this 
project is that we used the spin Hall 
effect in a nonmagnetic material to 

create this spin current, which is more 
energy efficient and a novel way of doing 
spin manipulation.

Experimental Procedure:
There were several steps to the fabrication 
process for the spin torque device. The 
first step involved sputtering different 
thicknesses of permalloy (Py) for each 
device made (varying from about 4 nm to 
7 nm for four different devices) and then 
3 nm of platinum (Pt). We did our first 
lithography step to define the basic device 
structure with ion milling. After this, a 
second lithography step is done to deposit 
the contact metals of Ti, Cu and Au onto 
the surface using e-beam evaporation.

Figure 1 shows an actual device upon 
which we did our measurements. Figure 

2 demonstrates what was happening in the device during 
the measurement process. The incoming radio frequency 
current is indicated by IRF. The colored arrows indicate two 

different torque vectors that were 
acting on the magnetic moment of 
the Py; the blue vector represents the 
torque associated with the Oersted 
field of the IRF, and the red represents 
the torque associated with the spin 
transfer from the SHE. The result of 
these two torques was an oscillation 
of the magnetic moment of the Py. 

For the ferromagnetic resonance 
(FMR) measurement set up of our 
device, a signal generator created a 
radio frequency voltage across the 
spin Hall metal. The output was a DC 
voltage that gave the resonance signal. 

Figure 2: An illustration of what is happening in 
the device during the measurement process [1].

Figure 1: An image of the bilayer device 
between to copper contacts.
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We exposed the sample to a scanning 
magnetic field. A resonance peak was 
then induced at a certain magnetic 
field, which was read via the DC 
voltage signal out, as shown in Figure 
3. This process was performed for 
only three out of four of the different 
device thicknesses, as the 7 nm sample 
returned high resistivity readings and 
very noisy resonance data. This could 
have been due to any number of errors 
in the fabrication process, including 
particulates or resist residue being on 
the sample before depositing contacts. 

The curve was fit to an equation (3) 
from Liu, et al. [2].

Results and Conclusions:
We calculated the spin Hall angle 
for each device fabricated by 
decomposing the resonance signal we 
found from ferromagnetic resonance 
measurements. Using non-linear 
graph fitting with the aforementioned 
equation, we split the resonance 
signal into its asymmetric component, 
which represented Spin Transfer, and 
its anti-symmetric component, which 
represented the Oersted field from 
the current. We then took the ratio 
of these two separate signals to find 
the spin Hall angle of each device for different thicknesses. 
Figure 4 represents the correlated data that we found.

Ultimately a positive correlation between spin Hall angle 
and ferromagnetic layer thickness was found, as shown in 
Figure 4. There were a couple of issues with the data collected 
however. The first problem was that the spin Hall angle found 
for every device was much lower than expected, with the 
highest value recorded at 0.034, whereas previous spin Hall 
measurements have shown a spin Hall angle for platinum 

as large as 0.07 [2]. This was likely 
due to the fact the demagnetization 
constant Meff was not measured for 
each device. 

It is believed that this correction could 
eliminate the positive correlation in 
the data and return no change in the 
spin Hall angle for varying thickness. 
Further measurements are necessary 
to determine these values.

Future Work:
If this positive correlation between 
ferromagnetic thickness and the 
spin Hall angle remains correct after 
parameter corrections, it will likely 
motivate further investigation into 
thickness dependence of the spin Hall 
angle.
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Abstract and Introduction:
Ink-jet printing allows for cost efficient roll-to-roll manu
facture of thin-film transistors (TFTs) over large areas, 
enabling next-generation transparent displays, touch panels, 
opto-electronics, and radio frequency identification [1-4]. 

TFT conductance and cutoff frequency scale inversely 
with gate length. However sub-micron gate lengths are 
incompatible with traditional printing techniques, which have 
~ 20 µm resolution [5]. New methods have been investigated 
to make sub-micron gate length organic TFTs without 
advanced photolithography [4]. 

Here, we expanded that approach to treat inkjet-printed 
indium tin oxide (ITO) electrodes with hydrophobic 
octadecyltrichlorosilane (OTS) self-assembled monolayers 
(SAMs) to repel away a second printed ITO electrode, yielding 
sub-micron electrode gaps. By combining this process with 
a solution-processed semiconductor, a cost-effective short 
channel TFT can be made. In this project, we refined inkjet 
printing of ITO nanoparticle ink to obtain uniform printed ITO 
patterns, which erre annealed to minimize sheet resistance. 
We used OTS to selectively manipulate the wettability of 
printed ITO versus various substrates. The effect of SAMs 
was quantified by contact angle measurements. 

Preliminary experiments show that it may be possible to use 
this process to fabricate narrow gaps between ITO electrodes.

Experimental Procedure:
A carbon-water ink was used to optimize printing parameters 
on a DMP-2800 Series Dimatix Inkjet printer (Fujifilm, Santa 
Clara, CA). An aqueous ITO nanoparticle (NP) dispersion 
with 18% wt ITO (In2O3 and SnO2) and an average particle 
size of 18 nm (US Research Nanomaterials, Houston, TX) 
was printed on sodalime glass, SiO2, Si3N4, and Parylene-C 
substrates. To optimize printed ITO resistance, 2 mm ×  
0.1 mm one-layer printed ITO patterns on glass were rapid 
thermal annealed (RTA) on a JetFirst 150 RTP for four 
minutes at temperatures of 400-600°C in O2, N2, or N2:O2 
4:1. Resistance measurements were performed using applied 
voltages from -5V to 5V.

Selected samples were treated with a 0.2% OTS/toluene 
solution for 20-25 minutes followed by sequential rinsing in 
toluene, acetone and isopropanol. Measurements of advancing 
contact angle were made with a VCA Optima series contact 
angle instrument (AST Products, Inc., Billerica, MA).

Results and Discussion:
The printing waveform was optimized to obtain uniform 
ITO lines with 150 nm thickness per printed layer by tuning 

Figure 1: Printed ITO sheet resistance vs. temperature of 
4-min RTA in various ambient environments. 

Figure 2: Contact angle of water on ITO and other 
substrates before and after OTS-SAM treatment.
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the following parameters: firing voltages of 16-25V, firing 
frequency of 1-2 kHz, drop spacing of 18-20 µm and printing 
height of 0.5-0.75 mm. Post-printing RTA was optimized to 
minimize ITO resistance: four minutes at 600°C in 4:1 N2:O2 
(air) yielded the lowest average sheet resistance of 6.1 kΩ/ 
for one-layer printed patterns (Figure 1).

Advancing contact angles of water on various substrates with 
and without OTS treatment were measured (Figure 2). For 
SiO2 and ITO samples, contact angle increased upon OTS 
treatment due to OTS reaction with surface hydroxyl groups. 
ITO’s change from relatively hydrophilic (52.77°) to notably 
hydrophobic (106.26°), indicates that OTS forms a SAM on 
ITO. The contact angle changed least for Parylene-C (88.9° 
before and 81.73° after OTS treatment), due its lack of a 
hydroxyl-terminated surface. 

Selective wetting was observed between dropcast ITO and 
parylene after OTS treatment: the parylene could still be 
wetted, while the ITO film was so hydrophobic that water 
droplets would not leave a dispensing syringe when in 
contact with the ITO (Figure 3). In contrast to parylene, OTS-
treatment of nitride increased its hydrophobicity, but it still 
remained more hydrophilic than OTS-treated ITO. Therefore, 
selective wetting similar to that on parylene was observed on 
OTS-coated ITO on nitride.

To explore the ability of OTS to define small gaps between ITO 
electrodes, we printed ITO patterns onto nitride substrates, 
annealed at 600°C for 4 min in 4:1 N2:O2, treated with OTS, 
and dropcast ITO ink. In some areas, dropcast ITO preferred 
nitride surfaces, however other ITO drops overlapped with 
OTS-treated printed ITO (Figure 4). 

It is likely that the ITO drops were too large in volume to 
allow for very small-scale hydrophobic interactions to 
dominate. More investigation is needed to refine the selective 
wetting process.

Conclusions:
Inkjet printing and annealing of aqueous ITO NP inks was 
refined to obtain neatly patterned ITO films of thickness  
~ 150 nm/layer, with minimum sheet resistance of 6.1 kΩ/. 
Contact angle measurements before and after OTS-SAM 
treatment show greater increase in hydrophobicity of printed 
ITO lines compared to substrates such as parylene and silicon 
nitride. We use this effect to achieve selective de-wetting of 
secondary ITO ink drops off previously printed ITO lines 
onto parylene or nitride surfaces. Preliminary results indicate 
that it may be possible to use such selective wetting processes 
to achieve sub-micron scale ITO electrode gaps, for high-
performance thin film transistors fabricated by inkjet printing.
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Abstract:
Gallium arsenide (GaAs), a III-V semiconductor, has recently 
gained attention due to promising applications in wireless 
technologies that include power amplifiers and integration of 
switches for use of different frequency bands. The relatively 
high electron mobility, lower high frequency noise, and lower 
parasitic capacitances of GaAs in comparison to silicon make 
GaAs a suitable choice for high frequency integrated circuits.

This project focused on the creation of three GaAs integrated 
circuit (GaAs-IC) devices — specifically the: 1) Metal-
semiconductor field effect transistor (MESFET), 2) Logic 
Inverter, and 3) Ring Oscillator — with each subsequent 
device employing the previous device as a base component. 
The Schottky barrier intrinsic to the MESFET made it 
difficult to achieve the necessary positive threshold voltage 
for creating a functional ring oscillator. Using industrial level 
design, fabrication, characterization, and analysis techniques, 
all three devices were ultimately created and the functional 
ring oscillator achieved an operating frequency of 19.9 MHz 
— a value comparable to predicted values.

Approach:
One cycle of the project involved the computer automated 
design of a new sample (including several devices), followed 
by fabrication in a cleanroom environment. The devices were 
then characterized using the manual prober system. Data was 
analyzed using MATLAB.

Methods:
Preparation of GaAs Substrate. The GaAs substrate used; 
1) an n-type GaAs active layer (ND = 3 × 1016) with an initial 
thickness of 500 nm on, 2) a semi-insulating GaAs. The GaAs 
wafer was first cut to the appropriate size. Thinner active 
layers correspond to higher threshold voltages, so the sample 
was then etched with H3PO4 : H2O2 : H2O = 1 : 1 : 50 to 
achieve a depth ranging from 100 nm to 500 nm.

Mesa Fabrication. The sample was coated with primer 
(HMDS), then photoresist (AZP4620 : PGMEA = 3 : 1). 
Samples were exposed to the Mesa pattern using the DL-
1000 laser lithography system and hand developed in 2.38% 

tetramethylammonium hydroxide (TMAH). A postbake 
at 140°C prepared the sample for a second etching process 
that electrically isolated the samples. The photoresist was 
removed with N-methyl-2-pyrrolidone (NMP).

Source and Drain Electrode Fabrication. The sample was 
coated with primer (HMDS), then two photoresists (PGMI 
and TSMR8800). Samples were then exposed and developed. 
Au-Ge/Ni/Au = 1500A/100A/1500A was deposited by the 
R-DEC e-gun evaporation system. The resist and excess 
metal was lifted off with NMP. The sample was then annealed 
at 400°C to prepare the sample for a second etching process 
that electrically isolated the samples. The photoresist was 
removed with N-methyl-2-pyrrolidone (NMP).

Gate Electrode Fabrication. The sample was coated 
with primer (HMDS), then two photoresists (LOR5A and 
AZ5214E). Samples were then exposed and developed.  
Ti/Au = 2000A/2000A was deposited by the ULVAC jsputter 
sputtering system. The resist and excess metal was lifted off 
with NMP.

A completed ring oscillator device is shown in Figure 1.

Figure 1: Completed ring oscillator device.

Results:
Positive Gate Threshold Voltage Achieved Through 
T-Gate Design. An active layer thickness of below 174 nm 
is needed to achieve a positive threshold voltage. However, 
functional devices with this thickness are difficult to create 
due to increased defects at the interface of the active layer 
and semi-insulating GaAs; effective mobility is determined 
to drop significantly as active layer thickness is decreased. 
Initial MESFET fabrication resulted in a maximum threshold 
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voltage of -0.22V determined from drain current as a function 
of gate voltage data measured using a manual prober system 
for each device.

The T-gate design (Figure 2) involved using the gate width of 
10 µm employed in earlier designs while etching a portion of 
the active layer ranging in width from 2 µm to 10 µm centered 
below the gate metal. By etching the active layer at only this 
area to 141.3 nm and 172.4 nm, positive threshold voltages of 
0.15V and 0.3V were achieved, respectively (Figure 3). The 
most successful T-gate variation had a 2 µm base width.

MESFET and Inverter Performance. Devices across 
MESFET and inverter samples were found to be consistent. 
Strong gate dependences were observed and inverter devices 
exhibited sensitive input and full-scale output.

Ring Oscillator Performance. Functional ring oscillators 
were fabricated using the T-gate design on the 174.2 nm 
active layer sample. Oscillation frequencies of 19.9 MHz  
were observed for load resistances of 3.2 kΩ and  
1.7 kΩ corresponding to applied voltages of 1.3V and 0.9V, 
respectively.

Conclusions and Future Work:
The importance of achieving a positive threshold voltage 
was realized during early iterations. The resulting design and 
fabrication of the T-gate overcame the decrease in effective 
mobility for thinner active layers and contributed to the 
successful fabrication of all three target devices. The ring 
oscillator output oscillation frequencies of 19.9 MHz were 
comparable to calculated values.

However, the ring oscillator design can be improved in 
future iterations. A T-gate base width below 2 µm may 
increase effective mobility and produce stronger inverting 
characteristics at lower load resistances, producing higher 
oscillation frequencies. In addition, it has been observed that 
full sized 200 µm by 200 µm source/drain electrodes have 
a higher effective mobility and corresponding drain current 
than the compacted 100 µm by 200 µm electrodes used for 
later samples. Use of full sized versions in future designs may 
yield similar performance improvements.
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Figure 4: Functional ring oscillator 
output for R = 3.2 kΩ and VDD = 1.3V.

Figure 2: Schematic of T-gate (bottom) 
with original gate for reference (top).

Figure 3: Average threshold voltage as a function of active layer 
thickness. Values for thicknesses over 200 nm correspond to MESFET 
data while values for thicknesses below 200 nm correspond to 
T-gate data.
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Introduction:
The isolation and study of circulating tumor cells (CTCs) is of great interest 
to researchers and clinicians in the medical field [1]. Current approaches 
involve labeling the cells, which negatively affects their viability [2]. 
We envision a label-free microfluidic device capable of isolating and 
transporting single cells while preserving the viability of the cells. Cells will 
be encapsulated by aqueous emulsions in an oil-based ferrofluid microfluidic 
system. A magnetic field will be generated in the system by an electrode 
array embedded in the device; this will transport the emulsions in a process 
called negative magnetophoresis. 

Our project focused on the design and fabrication of a microfluidic channel 
to be used in the study, optimization of water-in-ferrofluid emulsions, and 
the stabilization and characterization of the emulsions generated.

Design, Fabrication, and Experimental Setup:
A microfluidic system was designed to create and study emulsions of water 
in oil and of water in ferrofluid. As shown in Figure 1, our system had two 
emulsion generators with width as a design parameter; ranging from 40, 
60, 80, to 100 µm. There were two input ports for oil and one input port for 
water. The channels symmetrically merged to form two emulsion generators, 
which then met and rejoined into an outlet channel. Symmetry was used to 
allow for the study of both emulsion generation and convergence.

A standard multi-step photolithography process was employed to fabricate 
the chips (see Figure 2). We chose SU-8 50 to form the channel walls 
and bottom as it is hydrophobic and does not swell in the presence of a 
hydrocarbon-based oil. The base layer was a quartz wafer, which allowed 
for imaging from both sides. Good adhesion in bonding the glass cover slip 
to the top SU-8 layer was difficult with a two-part epoxy. We ultimately used 
a double-sided cleanroom Kapton® tape as the bonding layer and achieved 
good adhesion (see Figure 3). Ports were attached on top of the cover slip 
using a standard two-part biocompatible epoxy, and tubing connected the 
ports to a computer-operated LabSmith pump/valve system.

Emulsion Generation:
By changing the width of the emulsion generators on our chips, we 
successfully modulated the size of emulsions. We fabricated chips of 
generator width 60, 80, and 100 µm and found that the emulsions generated 
by the 40 µm channels were significantly smaller in diameter than those 
generated by the 60, 80, and 100 µm channels. This held true regardless of 

Figure 1: The layout of our 
microfluidic chip. The enlarged 
area is where the two liquids 
merge and emulsions are 
generated.
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the flow rate. We also saw that an increase in the oil flow rate 
led to a decrease in the emulsion diameter. Figure 4 shows 
emulsions generated on our chips.

The size and shape of emulsions can be controlled by altering 
the flow rates of the components [3]. We modulated droplet 
size by varying the oil flow rate (Qo), the water flow rate 
(Qw), and the ratio of the water to oil flow rates (Qw/Qo). 
We found a non-linear relationship between the emulsion 
diameter versus the oil flow rate when plotting different Qw/
Qo values. We analyzed Qw/Ao values of 1/2, 1/4, 1/20, and 
1/100 and found all to have a similar non-linear trend. Further 
data points are needed to fully explain this phenomenon.

We used mineral oil in testing and characterizing the emulsions 
as it has similar chemical properties to the hydrocarbon-based 
ferrofluid while being more economical. A surfactant, 1% 
Span 80, was added to the oil phase to stabilize the emulsions. 
Without the surfactant, we saw droplets coalesce and Ostwald 
ripening occur [4].

Water-in-ferrofluid emulsions were generated using our chip. 
As expected, we found them to be unstable without a sur
factant.

Conclusions and Future Work:
In this work, a microfluidic device was designed and fabricated 
to study and optimize water-in-oil emulsions. We controlled 
the size of the emulsions by varying the channel size and input 
flow rates, and we stabilized the emulsions with a surfactant. 
We then were able to create water-in-ferrofluid emulsions. The 
results of these studies will be used in the creation of a label-
free microfluidic device capable of isolating and transporting 
CTCs on a single-cell basis. This second-generation device 
will be used to further study water-in-ferrofluid emulsions. 
Cells will be introduced to the system. Magnetic actuation 
will be used to study the negative magnetophoresis process. 
Ultimately, a device will be created with the ability to isolate 
and transfer CTCs.
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Figure 2: A side view of the multi-step fabrication process. SU-8 and 
the bonding-layer material were chosen for being hydrophobic and 
for not swelling in the presence of a hydrocarbon-based oil. Width, 
a design parameter of SU-8 layer 2, is set to 50, 80, or 100 µm.

Figure 3: (a) Poor adhesion by epoxy. 
(b) Good adhesion by double-sided Kapton tape.

Figure 4: (a) Generation of water-in-mineral oil emulsions, 
stabilized with a surfactant. (b) Water-in-ferrofluid emulsions 
coalesce without a surfactant.
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Abstract and Introduction:
Tin dioxide (SnO2) is well known for its use as a gas sensor 
and transparent conducting oxide. It has a rutile-type crystal 
structure, room temperature band gap of 3.6 eV, and it is 
a native n-type semiconductor. The source of its n-type 
conductivity is not well known. Typically, the source is 
assumed to be oxygen vacancies. As shown in Figure 1, the 
removal of an oxygen ion causes a charge imbalance, and, 
to return to charge neutrality, electrons are injected into the 
material. However, recent density functional theory (DFT) 
calculations have shown that these oxygen vacancies are 
actually deep-level donors that are about 1 eV below the 
conduction band [1]. The electrons contributed by these 
vacancies are too deep to be activated at room temperature 
by thermal energy. Therefore, it is unlikely these oxygen 
vacancies are the source of the native n-type conductivity.

However, DFT calculations also predict that hydrogen acts 
as a shallow donor in SnO2 [1, 2]. Hydrogen (H) impurities 
can inject electrons by nesting H atoms at interstitials in the 
crystal lattice, directly adding an electron to compensate the 
addition of a positively charged impurity, or the atoms can 
replace oxygen atoms within the crystal lattice as hydride 
ions. The replacement results in electron injection, as seen 
in Figure 1.

Figure 1: Chemical equations showing the production 
of electrons due to either oxygen vacancies (top) or 
hydrogen impurities (bottom).

It is clear that understanding the role and effects of H within 
SnO2 is very important. As such, the goal of this project 
was to deposit samples with plasma laser deposition (PLD) 
and correlate their H concentration with other physical 
properties. By using PLD, it was possible to ensure the SnO2 
composition and control the thickness, surface morphology, 
and homogeneity of the resulting films.

Experimental Procedure:
Initially, fused silica substrates were prepped, loaded into 
the main PLD chamber, heated to 500°C, and held at that 
temperature for 40 minutes during which deposition took 
place. As shown in Figure 1, during deposition a SnO2 ceramic 
pellet of purity greater than 99.99% was contained within a 
chamber with a background oxygen partial pressure of 1.4 × 
10-5 Torr and an oxygen radical gun aimed at the substrate. 
Then, a laser ablated the surface of the target, creating a 
plasma that deposited SnO2 onto the substrate.

After deposition, the sample thickness was measured in a 
Dektak contact profilometer, the surface morophology was 
characterized with dynamic force microscopy (DFM), the 
defect states were determined with photoluminescence (PL), 
and the crystal structure was checked with x-ray diffraction 
(XRD) to ensure SnO2 was deposited. Then, aluminum 
electrodes were evaporated onto the sample and its Hall effect 
was measured. Finally, secondary ion mass spectrometry 
(SIMS) measurements of the samples were taken to observe 
the concentration of H within the samples.

Results and Conclusions:
After compiling, plotting, and comparing characterization 
results, it became clear that samples’ H concentrations were 
very sensitive to changes in deposition conditions. A sample 
deposited after many runs had an order of magnitude lower 
H contained than did one deposited right after opening the 
chamber. Comparing these results to the corresponding Hall 
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effect data, Figure 2 shows that the carrier concentration 
cannot be correlated to the H concentration in these samples. 
As H was expected to be the source of the carriers, this was 
quite unexpected. Further, from Figure 2 it was clear that 
large amounts of H were already introduced into the samples 
during deposition. 

These two observations call into question whether or not H is 
actually acting as a shallow donor. Were the sample to have 
no defects, the H atoms would be incorporated into the crystal 
lattice as interstitials — thereby injecting electrons and acting 
as a shallow donor. However, if there are some defects, such 
as deep acceptors, the acceptor, which is usually tied to a 
positive hole, will preferentially bond to any introduced H 
instead and the electron that would have been injected with 
this addition of H will be compensated by the hole that was 
originally tied to the acceptor.

Therefore, all deep acceptors would need to be compensated 
before H could begin to provide more charge carriers. As it 
is, PL measurements, represented in Figure 3, indicate three 
different defect states that luminesce in the visible light range.

Clearly, hydrogen does not seem to affect SnO2 as expected. 
Further studies must be done to better understand the role of 
hydrogen, if there is one.

Future Work:
In order to see if additional hydrogen might better illuminate 
hydrogen’s effects on the tin dioxide’s physical properties, 
annealing studies were also performed. These studies are 
still ongoing at the National Institute for Materials Science 
(NIMS), and the results obtained for the annealed samples 
will be published elsewhere by NIMS researchers.
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Abstract:
Most of modern electronics are composed of a silicon (Si) 
metal-oxide semiconductor field-effect-transistor (MOSFET). 
The rate at which we can improve the Si MOSFET is 
decreasing due to leakage current and power dissipation from 
quantum tunneling effects as we make the MOSFET dielectric 
thinner. Changing the channel material in the MOSFET can 
provide a resolution to this problem. Indium gallium antimony 
(InGaSb) grown by molecular beam epitaxy (MBE) serves 
as a candidate for outperforming Si as a channel material by 
providing multiple conducting energy states when grown in 
the <111> orientation. However, crystal defects occur when 
growing InGaSb on gallium arsenide (GaAs) <111> substrates 
because of their lattice mismatch. In this work, we studied 
aluminum gallium arsenide (AlGaAs) and GaAs grown on 
GaAs <111> substrates, in order to understand future growth 
of InGaSb materials. Experiments that involved varying V:III 
beam equivalent pressure (BEP) ratios of GaAs grown on 
GaAs <111> substrates could assist the process of increasing 
surface quality in the growth of InGaSb material systems. 
Experiments that involved varying Si dopant temperatures 
of AlGaAs on GaAs <111> substrates were also performed 
to identify similar methods we can incorporate to control the 
electrical and growth properties of InGaSb.

Figure 1: Plot of mobility and carrier concentration as the V:III 
ratio of GaAs increases, mobility drops and carrier concentration 
increases.

Introduction:
This project observed the surface characterization and 
electrical properties of AlGaAs and GaAs individually grown 
on GaAs <111> substrates. Successful growth of InGaSb 
material systems was the ultimate goal, however this could 
be very difficult. Relative to InGaSb, growth of AlGaAs 
and GaAs on GaAs substrates were more straight forward 
and simply easier to utilize. Optimized processes could be 
achieved that ideally can be applied to future growths of 
InGaSb.

Experimental Procedures:
The main characterization techniques used in this project 
were atomic force microscopy (AFM) and Hall measurement. 
AFM uses a cantilever that runs across the surface of the 
sample detecting any changes in surface morphology. The 
Hall measurement system analyzes the carrier concentration 
and Hall mobility of the sample. It was desired to know Hall 
mobility and the surface characterization, so we could attempt 
to provide a correlation between them. AFM scans of 20 ×  
20 µm2, 5 × 5 µm2, and 2 × 2 µm2 areas of the samples were 
taken and analyzed.

The Hall measurements were conducted with a magnetic 
field generator, four contact probes that would be measuring 
Hall voltage as well as the power source used to flow current 
perpendicular to the measured Hall voltage. From the Hall 
voltage, we calculated the number of charge carriers flowing 
through the sample.

Results and Conclusions:
Experiments consisted of varying ratios of elemental 
components Ga and As which determined the surface quality 
of GaAs. Initial growths consisted of BEP ratios of 10, 25 and 
50. Varying BEP ratios lead to changes in electron mobility as 
well as electron concentrations. Refer to Figure 1. 
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Low BEP ratios contributed to smoother surfaces as well as more 
relatively controlled growth. Refer to Figure 3 for a sample with 
close-to-ideal surface properties. High BEP ratios led to pyramidal 
stacking faults and higher carrier concentrations as well as low 
mobility, which was undesirable. Figure 2 shows this scenario. 
Results showed no direct correlation between surface morphology 
and Hall mobility. It was inconclusive to assume whether the Hall 
mobility became dependent on the actual surface morphology or 
the amount of transport carriers. 

In conclusion, Hall mobility can depend solely on the amount 
of electrons present for transport, surface morphology or a 
combination of both.

Future Work:
Future work consists of continued experiments of AlGaAs and 
GaAs with measurements being done at lower temperatures to 
eliminate the possibility of having the number electrons effect the 
mobility and isolate the correlation between surface morphology 
and Hall mobility. Other potential experiments consist of growing 
InGaSb materials to identify sources of undesired properties. From 
these results, we hope to determine better processes that can be 
implemented into the close-to-perfect material growths of InGaSb.
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Figure 3: AFM image of GaAs sample with BEP ratio of 50. 
The surface contains stacking faults or a rougher surface.

Figure 2: AFM image of GaAs sample with BEP ratio of 10. 
The surface is smooth relative to higher BEP samples.
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Abstract and Introduction:
Tin monosulfide (SnS) thin films have generated much 
interest in recent years due to their potential application as 
an absorber layer in thin film photovoltaic cells [1]. Thus, 
the goal of this project was to improve the quality of SnS 
films through various methods of heat-treatment by means 
of grain growth, a reduction in bulk defects, and increased 
carrier mobility, which can increase the probability of charge 
collection and thus potentially improve cell efficiency. The 
effects of the annealing atmosphere (inert nitrogen (N2) versus 
hydrogen sulfide (H2S) gas), temperature (250-540°C), and 
annealing time (10 s versus 60 min) on the film’s electrical 
properties were investigated. Scanning electron microscopy 
(SEM) and Hall measurement results revealed that annealing 
the films in H2S atmosphere produced larger, columnar, and 
uniform grains with greater mobility as compared to the as-
deposited and N2 annealed SnS. While the heat-treatment of 
SnS films in H2S for 10 s and 60 min both produced films of 
comparable mobility, the film that underwent the 10 s process 
had a relatively lower carrier concentration, which is an 
indicator of the amount of bulk defects present. Therefore, the 
most desirable SnS films were found to be produced through 
annealing in a H2S atmosphere at 400°C for 10 s.

Experimental Procedure:
SnS films were deposited using atomic layer deposition 
(ALD), and annealed at various atmospheres (N2 or H2S), 
temperatures (between 250-540°C) and times (10 s or  
60 min). These films were heated at an average ramp rate 
of 0.17°C/s before being held at the annealing temperature 
for the specified time. The heat-treated films were then 
studied using the SEM and x-ray diffraction (XRD). Square 
Hall samples of the heat-treated films 1 cm wide were then 
prepared through deposition of 200 nm of gold, and removal 
of excess film using a reactive ion etching (RIE). The various 
electrical properties of each film were then calculated from 
the measured Hall voltage of each prepared sample.

Figure 1: SEM comparison of SnS grains of (a) as-deposited 
and (b) heat-treated in H2S for 60 min.

Results and Conclusions:
Cross-sectional SEM images of the heat-treated films 
demonstrated that when all other conditions were held 
constant, larger, more columnar grains were produced by 
annealing in H2S as compared to N2 and as-deposited films. 
Increasing the annealing temperature also produced an 
increased grain size. 

Figure 1 demonstrates the significant change in grain size 
produced by such an annealing process, with the as-deposited 
film shown on the left in (a) and heat-treated film in H2S at 
400°C on the right in (b). Such grain growth is beneficial in 
the development of SnS films for use in photovoltaic devices, 
since it reduces the probability of charge scattering at the 
grain boundaries, potentially allowing for more efficient 
charge collection.

The results of characterization of the electrical properties are 
shown in Figure 2 and Figure 3 respectively. The as-deposited 
films are indicated in both graphs by the point at 200°C, which 
is the deposition temperature.
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Figure 2 demonstrates that consistently high mobility can be 
achieved for films annealed in H2S between 250-400°C at 
annealing times of 10 s and 60 min. However, mobility drops 
sharply above 250°C when annealed in N2. Since annealing 
in high temperatures is favorable in order to achieve larger 
grains, annealing in H2S is preferred over N2 because it 
produces significantly greater mobility at temperatures 
between 300-400°C. At temperatures above 400°C however, 
mobility drops significantly, although imaging under the SEM 
revealed that the grains continue to be significantly larger. 
Thus the drop in mobility could be a result of increasing 
amounts of point defects present at higher temperatures.

Carrier concentration is an important parameter because 
while the film must have sufficient carriers to conduct charge, 
an excess of carriers could serve as point defects causing 
unwanted recombination. Two distinct trends in the data shown 
in Figure 3 can be observed: when annealing was carrying out 
for 60 min, regardless of the annealing atmosphere, increasing 
the temperature generally produced an increase in the carrier 
concentration. For the annealing done for 10 s above 300°C 
however, increasing the temperature appeared to lower the 
carrier concentration to a value close to the as-deposited 
carrier concentration. In particular, a comparison of the two 
annealing times for H2S at 400°C reveals that annealing for 10 
s produced a lower carrier concentration, and thus is the more 
favorable process.

XRD analysis of the heat-treated SnS films, shown in Figure 
4, revealed that annealing in N2 at higher temperatures 
produced a greater dominance of the <040> peak over the 
<111> crystal orientation. At 400°C in N2, the <040> peak 
had the greatest intensity, replacing <111> as the dominant 
crystal orientation. When the film was annealed in H2S at 
400°C however, no growth of the <040> peak relative to 
the <111> was observed. This could be due to the fact that 
annealing in N2 results in a loss of sulfur from the film, 
causing the crystallites to rearrange in the most stable <040> 
orientation in order to accommodate the new sulfur defects 
formed. On the other hand, since H2S is a source of sulfur, 
annealing in an atmosphere of H2S would suppress the loss 
of sulfur, rendering reorientation unnecessary. Thus, these 
changes in crystallite orientation could be a further reason for 
the demonstrated difference in mobility and grain size when 
annealed in N2 as compared to H2S.
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Abstract and Introduction:
Membranes for ionic separation in fluids have a promising 
future in applications ranging from the environment to 
biotechnology. The mechanical robustness and atomic 
thinness of graphene make it an ideal candidate for such 
technology. Graphene, a single atomic layer of sp2-bonded 
carbon atoms, has the potential to achieve high levels of 
permeability and selectivity at low pressures, therefore 
making it an inexpensive alternative to current state of the 
art membranes. The focus of the project was to fabricate and 
characterize a device allowing for the electrostatic control of 
ions through pores in a graphene membrane. 

Device Design:
The device consists of a graphene membrane suspended 
over a well that has been etched into a silicon/silicon dioxide 
substrate. The graphene is in contact with a gold electrode 
and supported by a post in the well. A drop of ionic solution 
is strategically placed so as to simultaneously cover the 
suspended graphene and contact the electrode (Figure 1). 
Slight imperfections in the graphene, attributed to induced 
tears and defects from the transfer process and voids between 
grain boundaries, should allow the ionic solution to pass 
through the graphene and fill the well. 

Figure 1: Side view of a completed device schematic. 

A voltage applied to the ionic solution serves as a 
driving current for ions passing through pores in 
the graphene membrane [1]. An additional level of 
control may be introduced by applying a voltage 
to the electrically contacted graphene. Such a 
design may allow one to alter the electric field at 
the membrane interface, and therefore selectively 
control the flow of ions in solution. 

Fabrication:
The device was fabricated using a bilayer 
photolithography process. A 500 µm Si wafer with a 
90 nm silicon dioxide layer served as the substrate. 
Gold electrodes were first patterned onto the wafer 

using evaporation (10 nm chromium, 50 nm gold) and lift off 
techniques. Circular wells containing structural post supports 
were then patterned onto the wafer and etched using standard 
lithography methods and reactive ion etching. An optical 
image showing a completed device is shown in Figure 2. 
The etched annular ring is shown next to the gold electrode 
(Figure 2, lower). Atomic force microscopy was used to 
ensure that the wells were etched sufficiently deep into the 
silicon layer of the wafer. Graphene grown through chemical 
vapor deposition was then transferred onto the wafer using a 
dry transfer technique [2], and atomic force microscopy was 
used to check for suspended graphene. 

Results and Conclusions:
A device without graphene was characterized to ensure that 
a current was capable of passing through an ionic solution 
to the silicon back gate. A drop of ionic solution was first 
placed onto the device using a micropipette. The drop was 
positioned in a way such that the solution could fill the well 
and contact the underlying silicon layer. It was also necessary 
for the drop to contact an adjacent electrode (Figure 3). A 
two point probe test was used to sweep the voltage applied 
to the electrode, and the current associated with the silicon 
back gate was recorded (Figure 4). The voltages applied to 
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the electrodes varied between -200 mV and 200 mV and the 
associated currents were in the ~ -10 to 30 nA range. The 
hysteresis in the graph may be attributed to a capacitance in 
the solution created by an uneven distribution of ions when 
the voltage is flipped from negative to positive. The diode 
like behavior is attributed to the silicon-ionic solution contact. 
This characterization process will be used in future electrical 
testing in which a graphene membrane has been incorporated 
into the device. 

Future Work:
Future work will include two point probe tests in which a 
graphene membrane has been suspended over the well. Three 
point probe testing in which a constant voltage is applied 
to the ionic solution and a gated voltage is applied to the 
graphene will also be conducted. 

Figure 2, left: Optical image of a device before graphene transfer. 
(1) Patterned gold electrode. (2) Etched annular ring. 

Figure 3, top: Schematic of a two point probe test used to 
characterize the device before graphene transfer. 

Figure 4, bottom: IV curve for a two point probe test  
characterizing the device before graphene transfer. 
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Abstract:
Many ferroelectrics used in today’s devices are lead-based 
materials, because they exhibit high piezoelectric and 
dielectric properties. Due to the volatility and toxicity of 
lead, these materials pose environmental and health concerns. 
For the past decade, many scientists have began working 
towards lead-free alternatives. This allows the material to 
be integrated on bio-related devices. One of these promising 
materials is potassium sodium niobate (KNN). This material 
shows higher piezoelectric and ferroelectric properties than 
its lead-free competitors. Thus the main goal of this project 
was to design a solution, which could be laid as a thin-film to 
be utilized for microelectromechanical devices. We created an 
array of solutions with different concentration and additives 
such as chelating agents, stabilizers, and dopants. Currently 
nine solutions have been deposited via a chemical solution 
deposition technique. The crystal structure of the films was 
characterized by x-ray diffraction (XRD). The microstructure 
of the films was also investigated through the use of a field-
emission scanning electron microscope (FESEM). They are 
now ready for further electrical testing.

Introduction:
Potassium sodium niobate is a lead-free material known 
to show high ferroelectric and piezoelectric properties. Its 
crystal structure develops a spontaneous dipole, which can be 
reoriented under an applied electric field or mechanical stress. 
This allows it to transform mechanical energy into electrical 
energy and vice versa. Its properties allow it to store large 
amount of charge and release it when needed without having 
a large charge leak. However, since this is a new material, 
various ways of improving its properties are still being 
discovered. Using several different synthesis methods, a set 
of KNN films was created; each had different additive and its 
varying concentration.

Experimental Procedure:
There are several different ways to fabricate KNN. The 
process chosen involved two alkali precursors: sodium and 
potassium acetate. The precursors were mixed in 2-methoxy 

ethanol, which is a polar organic solvent. The next precursor 
added was niobium ethoxide. These chemicals were mixed 
inside a nitrogen glove box and then were set to reflux for 
four hours at 115°C. Since this solution was very reactive 
with moisture, the synthesis was conducted in a low humidity 
environment. After the reflux, the solution was distilled at 
130°C until the needed molarity was attained.

For modification of the solution, acetyl acetone was used as a 
chelating agent. It was introduced to limit the alkali volatility. 
Varying concentrations of acetic acid were used as a stabilizing 
agent to prevent moisture reactivity. Finally copper was used 
as a doping agent to limit the oxygen vacancies and increase 
ferroelectric properties.

The solution was then deposited on a platinum-coated 
silicon wafer. The film was spun onto a wafer at 3000 rpm 
for 30 seconds. After spinning, it was dried at 200°C for five 
minutes, followed by a pyrolysis at 400°C for five minutes. 
Then the film was placed into a rapid thermal annealer and 
was annealed at 550°C for five minutes. This procedure was 
repeated until there were 7-10 layers of film on the wafer. 
Then the wafer was annealed for 30 minutes at 700°C in a 
furnace.

Following the annealing, the solution was first characterized 
using FESEM in order see the microstructure and the 
approximate thickness of the film. The film was then subjected 
to XRD testing to see if all the proper KNN perovskite phases 
were present. After the XRD testing, the height of the film 
was verified with contact profilometry. For electrical testing, 
platinum electrodes were placed on the surface. The film was 
then etched with KOH all the way to the bottom electrode and 
was tested for its electric properties.

Results:
The first solution that was fabricated was 0.2 M. As seen in 
Figure 1, when deposited, it showed a good microstructure 
with a uniform grain size. The XRD confirmed the KNN 
peaks, and subsequent profilometry tests showed that the film 
was 400 nm thick. Primary electrical tests showed a fairly 
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high permittivity of 786 at 10 kHz. In addition to that, the 
loss tangent, at the same frequency, was a low 1.2% as seen 
in Figure 2. However, when the solution was tested for its 
ferroelectric properties, the polarization was not able to be 
switched due to the sample breaking down at low fields. The 
hysteresis loop was not formed and the solution was deemed 
dielectric. This was attributed to its small thickness.

The following solutions that were fabricated were 0.4 M. 
The solution without additives showed an uneven grain 
size distribution in its microstructure. To counter that acetyl 
acetone was initially added. However, a low concentration of 
acetyl acetone did not improve the microstructure. In addition 
to that, as shown in Figure 3, a higher concentration of acetyl 
acetone introduced porosity into the films, and thus was 
deemed unusable. Solutions containing acetic acid showed 
improved microstructure as the amount of acid increased. The 
most promising were 33% and 50% by volume. The XRD 
showed all KNN peaks with an additional peak as seen in 
Figure 4, which was a potassium deficient secondary phase 
due to the volatilization of the potassium upon crystallization. 
The final set of solutions, containing copper acetate, showed 
that if acetic acid was added, then the combination of the two 
gave a good microstructure and improved electrical results.

Future Work:
In the future, we are trying to eliminate porosity from the 
microstructure of the film. Most of the focus will be geared 
towards improving the ferroelectric properties of KNN and 
making it comparable to its lead-based competitors. The 
final goal is to integrate this novel material into biomedical 
devices.

Conclusions:
After synthesis and characterization of KNN, it has been found 
that the solution shows high variability in microstructure based 
on the different additives. Both films with additives such as 
acetic acid and acetyl acetone, and films without additives 
have been fabricated and characterized using FESEM, XRD 
and profilometry. The last step of characterization is the 
electric testing, which is still in progress. If the tests show 
positive results then these films/solutions will be incorporated 
into an ingestible sensor device.
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Figure 4: X-ray diffraction plot for films with acetic acid.

Figure 1: 0.2 M KNN film, 400 nm thickness.

Figure 2: Permittivity and loss tangent of the 0.2 M KNN.

Figure 3: 2:1 KNN:acetylacetone film exhibiting high porosity.
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Abstract:
III-V compound semiconductors such as indium gallium 
arsenide (InGaAs) are being studied for use in nanoscale 
transistors as faster, more energy-efficient alternatives to 
silicon. In order to make use of an InGaAs channel, it must 
have low-resistance contacts to its source and drain regions. 
To facilitate the development of appropriate source-drain 
contacts, phase transformations between InGaAs nanowires 
and nickel (Ni) and palladium (Pd) metals were studied. 
Nanowires were etched from an InGaAs film on an indium 
phosphide substrate, and a metal layer was sputtered onto the 
sample. Analysis of scanning electron microscopy images 
and energy dispersive x-ray spectroscopy data collected 
from annealed samples showed no lateral diffusion of either 
metal into the nanowires. Pd-sputtered samples showed wire 
roughening under and close to the pads, suggesting that 
the presence of the metal catalyzed decomposition of the 
wires. Furthermore, roughening was more pronounced in 
samples annealed at lower temperatures, suggesting multiple 
mechanisms for the decomposition of InGaAs wires in the 
presence of Pd.

Introduction:
Past research in computational electronics has been focused 
on maximizing the number of silicon transistors able to fit on 
a substrate. However, as these devices enter the nanoscale and 
short channel effects become significant, it becomes difficult 
to increase the density of silicon transistors. Researchers are 
now looking at increasing the speed and energy-efficiency of 
transistors. III-V compound semiconductors, such as InGaAs, 
have higher carrier mobility and faster frequency response 
than silicon [1]; using these materials as the channel material 
allows transistors to operate at higher speeds and at lower 
voltages.

In order to fully utilize such transistors, low-resistance 
contacts to the source and drain must be realized. Research in 
thin film InGaAs have shown that both nickel and palladium, 
when annealed in temperatures at or above 200°C, diffuse into 
InGaAs to form an intermediate, low-resistance phase [2, 3]. 
In this project, reactions between nickel and palladium with 
InGaAs nanowires were studied to better understand phase 
formations at the nanoscale.

Experimental Procedure:
Nanowires were fabricated from a film of 50 nm of n-type 
In0.53Ga0.47As on an indium phosphide substrate. Nanowires of 
varying widths (150 to 700 nm) were defined using electron 
beam lithography, and then wet-etched using a solution of 
citric acid and hydrogen peroxide. Then, 75 nm of the contact 
metal was sputtered onto the samples and lifted off to reveal 
metal pads at the ends of the nanowires, as shown in Figure 1.

The sample sputtered with Ni was annealed at 375°C for two 
minutes, characterized, and then annealed further for three 
minutes for a total of five minutes. The samples sputtered 
with palladium were treated in the same way, but with one 
sample annealed at 375°C and another at 200°C. A control 
sample of nanowires without metal pads was also annealed at 
200°C for two minutes. All annealing was done in an argon 
atmosphere.

Figure 1: An SEM of a sample with Pd pads after annealing at 200°C 
for two minutes. The metal pads are deposited on the ends of the 
nanowires to facilitate analysis of wires in contact with the pads.
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Results and Conclusions:
In the control sample, no wire degradation was seen in 
scanning electron microscopy (SEM), showing the thermal 
stability of the nanowires. SEM images of Ni-sputtered 
sample annealed for two minutes showed no sign of phase 
formation in the nanowires outside the Ni pads. Energy 
dispersive x-ray spectroscopy (EDS) elemental maps also 
showed no signal of nickel diffusing laterally into the wires. 
No significant degradation of nanowires below or outside of 
the pads could be seen. SEM images and EDS maps taken of 
the same sample after further annealing showed no differences 
from data taken after two minutes of annealing.

Figure 3a shows an SEM image of the Pd-sputtered sample 
annealed at 375°C. Unlike the Ni-sputtered samples, these 
wires show roughening of edges under the pads, near the 
ends of the wires. The sample annealed at 200°C shows even 
more decomposition of the wires. Under the Pd pads, the 
wires are disintegrating and breaking into pieces, while wires 
edges are significantly roughening immediately outside of the 
pads. EDS maps for either samples show no significant Pd 
signal from outside the contact pads. Again, the data obtained 
from the samples at annealing times of two minutes and five 
minutes were the same in terms of wire roughness and EDS 
signals. The SEM images suggest that the presence of Pd is 
affecting the nanowires, but no Pd can be detected in them. 
It is possible that the decomposition of InGaAs in the vapor 
phase is catalyzed by the presence of Pd.

In summary, neither the Ni-sputtered sample nor the Pd-
sputtered sample showed signs of metal diffusing into the 
InGaAs wires to form intermediate phases. In the case of 
the Pd-sputtered samples, the wires under and close to the 
contact pads decomposed. This phenomenon is not seen 
in the Ni-sputtered sample and suggests that the presence 
of the palladium is the cause for the wire disintegration. 
Furthermore, this effect was more prominent in the sample 
annealed at 200°C than in the sample annealed at 375°C.

Future Work:
In order to confirm the data obtained, the fabrication, 
treatment, and analysis of nanowires with palladium pads 
must be repeated and the SEM and EDS images compared to 
pre-annealing data. To determine the identity of new phases 
formed in the palladium case, sample cross sections should be 
studied in transmission electron microscopy.
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Figure 2, top: InGaAs wires with Ni metal pad after annealing at 
375°C for two minutes. a) A close up SEM of the sample. b) The 
electron image and the corresponding EDS map for Ni signal.

Figure 3, middle: InGaAs wires with Pd metal pad after annealing 
at 375°C for two minutes. a) An SEM image of the sample. b) The 
electron image and the corresponding EDS map for Pd signal.

Figure 4, bottom: InGaAs wires with Pd metal pad after annealing 
at 200°C for two minutes. a) An SEM image of the sample. b) The 
electron image and the corresponding EDS map for Ni signal.
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Abstract:
The objective of this project was to use a horizontal chemical 
vapor deposition (CVD) reactor to grow boron nitride 
nanowires on a silicon (Si) substrate using a metal catalyst. 
Boron nitride is shown to have properties that are compatible 
with complementary metal oxide semiconductors (CMOS) 
chips allowing it to be easily incorporated into current and 
future technologies. Efforts to grow boron nitride nanowires 
on <111> silicon substrates, <111> silicon with silicon 
dioxide (SiO2) and <100> silicon with a 7 nm metal catalyst 
of aluminum, cobalt, iron and nickel have not produced 
nanowires. Boron nanowires however were grown on <100> 
silicon substrate using a gold catalyst. All experiments were 
carried out in a CVD system at a pressure of 200 torr, at 
temperatures of 900-1200°C and flow rates of diborane at 100 
standard cubic centimeters per minute (sccm) and ammonia 
at 250-800 sccm.

Introduction:
Nanowires, a future technology, hold a lot of promise for use 
in powerful and versatile circuits. Nanowires are on the order 
of 100 nm or less, with the electrons being quantum-confined 
laterally, and thereby occupying energy levels that are 
different from the traditional continuum of energy levels or 
bands found in three dimensional materials. We used the vapor 
liquid solid (VLS) growth method, which is a mechanism for 
the growth of one-dimensional structures such as nanowires. 
This method uses chemical vapor deposition (CVD), which 
is a chemical process used in the semiconductor industry to 
produce thin film deposition. In CVD, a substrate is exposed 
to one or more precursors, in our case ammonia (NH3) and 
diborane (B2H6), which react on the substrate surface to 
produce the desired material boron nitride (BN).

BN is a wide band gap semiconductor, thus making it 
applicable in high power and high temperature applications. 
BN has one of the lowest densities of all the ceramic elements 
and has excellent machinability, which also makes it ideal for 
light components for aerospace applications.

Experimental Procedure:
Si <100>, Si <111> and Si <111> with SiO2 wafers were cut 
into one-inch by 0.5-inch pieces, brushed with a soap solution, 

rinsed with deionized (DI) water then dried with nitrogen. 
The samples were then sonicated in trichloroethylene, 
acetone, and methanol for three minutes before being rinsed 
in DI water and dried with nitrogen. Each substrate was then 
coated with either 7 nm of aluminum (Al), cobalt (Co), iron 
(Fe) or nickel (Ni) by electron beam evaporation or gold (Au) 
by thermal evaporation.

The substrates were placed on a graphite susceptor on a 
quartz holder and inside of a quartz inner tube of the CVD 
reactor. Flow rates of the precursors, NH3 and B2H6, were 
set before being injected into the CVD chamber. Using a 
radio frequency generator, the substrate was ramped up to 
the growth temperature and the growth was conducted for a 
set time. The substrate was then analyzed using a scanning 
electron microscope (SEM) for nanowire growth, and the 
energy-dispersive x-ray spectroscopy (EDS) attachment was 
then used to determine the composition.

Results and Conclusions:
Growth of BN nanowires proved to be very difficult to 
accomplish, even after many runs with various changes to 
growth conditions. Figure 1 is an SEM image of an initial 
approach with 7 nm of Co on Si <100>, but it did not produce 

Figure 1: SEM image of Si <100> 
with 7 nm Co after initial approach.
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any nanowire growth. There were droplet formations on the 
surface of the substrate, which would suggest that the gases at 
least reacted with the metal on the surface.

Figure 2 shows an SEM image of nanowire growth on the 
surface of Si <100> with 7 nm of Au. These nanowires were 
grown for 60 minutes at a temperature of 900°C, 200 torr 
pressure, with flow rates of NH3 at 150 sccm and B2H6 at  
100 sccm. Upon doing EDS analysis of this sample, the wire 
was found to contain 38.38% of boron, 61.62% of silicon, but 
no nitrogen.

Figure 3 is an SEM image showing BN wire growth on 
<100> silicon with 7 nm of Au. These BN wires could not be 

Table 1: Growth parameters for BN wire growth.

Figure 2: SEM image of Si <100> 
with 7 nm of Au with Si NW.

classified as nanowires since their diameter was not less than 
100 nm. Table 1 shows the growth parameters used for this 
sample. First, Si wires grown with silane (SiH4), the Si wires 
were then doped with B2H6 for 30 minutes, and with both 
B2H6 and NH3 for another 30 minutes. After performing EDS 
on this sample, the tip of the wire showed there was 34.38% 
of boron, 60.67% of nitrogen and 4.94% of Au.

After weeks of manipulating growth conditions for BN 
nanowires, the deposition of BN wires was a major 
accomplishment. Even though BN nanowires were not 
successfully grown on the silicon substrates with the catalysts 
used, further efforts to grow BN nanowire and the testing 
of different thicknesses of Au in dots or films should be 
attempted.
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Abstract:
Previous research found that amidine-functionalized 
polystyrene latex (APSL) adsorbed to a silicon substrate 
and heated produces nanowells whose sizes are dependent 
on the size of APSL particles. These surface features have 
applications to mechanical, optical, and electrical devices as 
well as many procedures in which mask-less fabrication is 
desirable. This study focused on understanding what effect 
a highly dense particle packing would have on the etching 
process and the observable features. A dense monolayer 
was achieved through spin-coating APSL directly onto the 
silicon. After heating and toluene cleaning to remove the 
layer of glassed polystyrene that formed, there was observed 
an assumed silicon re-deposition covering the nanowells and 
appearing to coat favorably to particles resting within the 
nanowells. Preliminary results showed the surface to become 
more hydrophilic with the presence of the deposited material. 
Further research aims to confirm the identity of this re-
deposition as well as control the formation and removal of the 
deposited material through an understanding of the formation 
mechanism. Research will also be conducted examining the 
effect of the deposited material on the physical properties, 
such as the hydrophobicity and reflectance, of the sample.

Introduction:
Nanofabrication of materials is important to the creation of 
many mechanical, optical, and electrical devices. Traditional 
fabrication techniques, such as lithography, require expensive, 
harmful materials and must be carried out in expensive, well-
maintained cleanrooms. In contrast, the mask-less fabrication 
method described by Chaturvedi uses inexpensive, harmless 
materials and can be performed under desktop conditions [1]. 
This technique uses an amidine-functionalized polystyrene 
latex (APSL) adsorbed to the surface of a silicon substrate 
and heated to 150°C to produce a hydroxide particle, a known 
etchant of silicon. The hydroxide is produced locally beneath 
the polystyrene bead, and the etched area is therefore, for 
silicon <100>, in the shape of an inverted square pyramid 
the size of the polystyrene bead. Normal fabrication using 
this technique sets the inter-particle distance based off the 

particles’ Debye length. This experiment aimed to decrease 
the inter-particle distance through spin-coating and observe 
the changes to the etching pattern seen previously.

Experimental Procedure:
To a plasma-cleaned silicon <100> wafer was spin-coated a 
solution of 4% wt/v 500 nm APSL at 400 RPM. The sample 
was then placed in a 23 mL Parr bomb containing 15 mL of 
DI water. The bomb was then placed in an oven pre-heated to 
150°C and cooked for three hours. The sample was allowed 
to cool inside the bomb, and then placed in toluene for 30 
minutes, three times. Imaging of samples was performed with 
field-emission scanning electron microscopy (FESEM).

Results and Conclusions:
Though the etching formation process — the creation of an 
inverted square pyramid — remained the same, the high-
density array caused a variation from the expected result. 
Because of the close proximity of one bead to the next and 
because the sample was heated above the glass-transition 
temperature, the polystyrene glassed, forming a hydrophobic 
layer over the silicon surface. Although the glassed 
polystyrene did affect and possibly hinder the etching, it did 
not halt it. Some areas, termed under-etched and shown in 
Figure 1, had etching formations similar to that of 50 minutes 
of heating rather than three hours. Other areas, termed over-
etched and shown in Figure 2, appeared to have fully etched 
with the etchings overlapping. In areas where etching was 
formed fully and correctly, a re-deposition was observed, as 
seen in Figure 3. 

The re-deposition favored, but was not limited to, the etched 
areas. It appeared similar to the polystyrene bead expected 
to still be present in the nanowell, giving the appearance that 
formation was coating the polystyrene. Repeated toluene 
cleaning did not remove this deposition, shown in Figure 4, 
and sample surface was found to be more hydrophilic than 
an un-etched silicon surface. This seemed to suggest that 
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the formation was due to a re-deposition of etched silicon. 
Before the toluene cleaning, most of the deposition appeared 
to be smaller particles with a small number of larger beads. 
As the number of toluene cleanings increased, the frequency 
of the larger beads, seen in Figure 4, increased. This seems to 
indicate the deposition, while inorganic, was interacting with 
organic matter. As more of the organic matter was removed 
through toluene cleaning, the deposited material was left to 
interact with itself, creating larger beads.

Future Work:
It is assumed that the areas of over-etching are due to multi- 
layering. As such, the spin-coating method needs to be 
adjusted to ensure the polystyrene layer is indeed a monolayer. 
The identity of the deposited material needs to be identified, 
possibly through x-ray diffraction could also help determine 
the structure of the deposited material before and after toluene 
cleaning. In addition, FESEM imaging does not reveal clearly 
whether the deposition is occurring as a coating of the 

Figure 4: Thrice toluene-cleaned sample with 500 nm nanowells.

Figure 1: Under-etched 500 nm nanowells. Figure 2: Over-etched 500 nm nanowells.

Figure 3: Re-deposited material on top of 500 nm nanowells.

remaining polystyrene or if the material is a residue within 
the nanowell that has replaced the particle.
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Abstract:
Microcapsules are currently employed for a number of applications ranging 
from drug delivery vehicles to capsules contained in cosmetic products. In 
these applications, it is desirable that the microcapsules be able to control the 
timing of the release of their contents with external stimuli such as temperature 
changes or light illumination. The focus of this research was to design thermo-
responsive microcapsules. Microcapsules were assembled as double emulsions 
using microfluidic polydimethylsiloxane (PDMS) devices. By varying the flow 
rates of the inner and middle phases, and by varying the composition of the 
middle phase that, after it has been polymerized, yielded the capsule shell, it was 
possible to control the thickness and thermo-response of the capsules.

Background:
Microcapsules having shells composed of polymers having a lower critical 
solution temperature (LCST) are well known [1]. Capsules, consisting of a shell 
that has a LCST, are shriveled at a temperature above the LCST of the polymer 
and are impermeable to hydrophilic molecules. When the capsules are brought 
to a temperature below the LCST, they swell, the shells become hydrated, and 
the capsules become permeable to hydrophilic molecules, thereby releasing their 
encapsulants.

Conversely, microcapsules having shells composed of polymers having an upper 
critical solution temperature (UCST) are much less researched. Contrary to 
polymers that have an LCST, capsules containing a polymer having a UCST 
would swell and release their encapsulants at temperatures above the UCST. 
These have numerous possible biomedical, cosmetic, and chemical applications 
not accessible using capsules with an LCST or no thermo-response. 

In this research, we used microfluidic PDMS devices to fabricate double 
emulsion templates (Figure 1) for microcapsules containing a polymer (poly[2-
(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide]) 
(PMEDSAH) having a UCST [2]. Additionally, we studied the thermo-response 
of PMEDSAH in bulk as a function of the amount of triacrylate crosslinker 
added to the PMEDSAH hydrogel at different temperatures.

Experimental Procedure:
First, the solutions used for the inner, middle, and outer phases of the drops 
were prepared. The inner phase was 20% DEXTRAN with a molecular 
weight of 70 kDa, while the outer phase was HFE 7500 with 1% by weight 
of a fluorinated surfactant. Three different middle phases containing a solution 
of 2-(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide 
(MEDSAH) and the photo initiator Irgacure 2959 with varied concentrations 
of cross linker were prepared. One-third parts ethanol was added to increase 
solubility of the triacrylate crosslinker. 

Figure 1: Water/water/oil double emulsion used 
as template for manufacture of microcapsules.

Figure 2: Diagram of microfluidic device used 
for manufacture of microcapsules.
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Figure 4: Confocal image of microcapsules assembled at 
inner and middle flow rates of 50 µl/hr.

The three solutions were then injected into a poly
dimethylsiloxane (PDMS) microfluidic device (Figure 
2) with a channel width of 40 µm, using volume flow rate 
controlled pumps at flow rates varying between 0 and  
100 µl/hr for the inner and middle phases, and 1000 µl/hr  
for the outer phase. The resulting emulsion containing mono
disperse microcapsules was collected in vials and placed into 
a vacuum chamber for 12 hours to remove oxygen. After air 
bubbles were removed, the samples were irradiated with UV 
light for 15 minutes to initiate polymerization of the shell 
(creating pMEDSAH), and heated in an oven at 40°C for 24 
hours in order to allow complete polymerization of the shell.

Additionally, samples of the middle phase were synthesized in 
bulk so as to measure the thermo-response of the PMEDSAH. 
Cylindrical molds were created by cutting the top off of 
½-inch Falcon© tubes and affixing them to Petri® dishes using 
vacuum grease as an adhesive. Solutions of the middle phase 
containing no triacrylate crosslinker, 25 mg/mL crosslinker, 
and 250 mg/mL crosslinker were pipetted into the molds. As 
above, these samples were placed in a vacuum for a minimum 
of 30 minutes in order to remove oxygen, and then exposed 
to ultraviolet radiation to initiate polymerization. The samples 
were again rested for at least 24 hours in order to ensure that 
polymerization had completed.

The samples were removed from their molds, their 
dimensions measured, and placed into individual Petri dishes. 
Each dish was filled with water and sealed with strips of 
Parafilm to prevent evaporation. Samples of each crosslinker 
concentration were placed at 24, 40, and 65°C and their 
dimensions measured every hour.

Results and Conclusions:
Microcapsules were successfully assembled using water/
water/oil double emulsions as templates. The 100% 
encapsulation efficiency and high degree of monodispersity 
make assembly of capsules using microfluidic devices 
advantageous.

The results of the thermo-response of the bulk samples of the 
middle phase are shown in Figure 3. One conclusion of this 
experiment is that crosslinker is necessary to create a thermo-
responsive polymer in water, as all samples containing no 
crosslinker dissolved within two hours of placement in 
water. However, while some crosslinker is necessary, lower 
concentrations of crosslinker seem to yield a greater thermo-
response. Additionally, the samples stored at 65°C seem to 
exhibit a greater thermo-response than those stored at lower 
temperatures. These results matched the expected outcome.

Future Work:
The microcapsules need to be quantitatively analyzed to 
determine if varying the rates of infusion for the inner and 
middle phases during assembly can control the shell thickness. 
More data needs to be collected for the middle phase in bulk 
to confirm a correlation between concentrations of cross 
linker, temperatures, and thermo-response.

Figure 3: Average volume change of middle phase over time 
at varying cross linker concentrations and temperature.
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Abstract:
Inert nanoparticles of titanium 
dioxide and ultra-fine limestone 
are used as fillers in Portland 
cement, because of their potential 
to reduce the amount of required 
cement without compromising 
early age properties. The 
effect of these fillers on early 
age hydration of cement was 
investigated using isothermal calorimetry and specific surface 
area analysis. Isothermal calorimetry measurements, in the 
presence of different concentrations of nanoparticles and at 
different temperatures, were used to determine the apparent 
activation energy of cement hydration according to the 
Arrhenius equation. Inert nanoparticles of titanium dioxide 
and limestone were shown to alter the apparent activation 
energy and specific surface area of the cement depending on 
their size and rate of use.

Introduction:
Cement is one of the most common materials used throughout 
the world. However, cement production is energy intensive 
and produces significant amounts of carbon dioxide [1]. The 
use of fillers in cement is an effective method for reducing 
cement consumption. The introduction of fillers such as 
titanium dioxide and limestone could also improve concrete 
properties including increased workability, strength, or 
durability. Photocatalytic nanoparticulate itanium dioxide in 
particular is known to have self-cleaning, pollution reducing, 
and biocidal capabilities that make it desirable for use as a 
cement replacement.

The complex series of simultaneous chemical reactions that 
occur when cement reacts with water is known as cement 
hydration. Cement hydration results in the formation of 
calcium silicate hydrate (C-S-H), the main strength-giving 
phase of hydrated cement, as well as other hydration products. 
The presence of fine fillers acts as sites for heterogeneous 
nucleation for hydration that could increase the rate of 
product formation [2]. The cement hydration reaction follows 
the Arrhenius equation with the apparent activation energy 
of cement hydration representing the overall temperature 

dependence of the reactions [3]. The specific surface area can 
be used as an indication of the progress of hydration, as the 
addition of fillers could increase the surface area over time 
due to increased product formation.

Experimental Procedure:
In order to calculate the apparent activation energy of the 
cement-filler mixtures, the heat of hydration was measured 
using an isothermal calorimeter at 15, 25, 35, 45, and 55°C. 
The water to solids ratio (w/s) was kept constant at 0.5, and 
the fillers were added at 5 and 10% mass replacement of 
cement. Samples were run at least in duplicate to measure 
the effect of the following fillers: PC50, PC105, P25 titanium 
dioxide, and ultrafine limestone (UFLS). Table 1 lists the 
crystal and agglomerate size of the fillers compared to 
cement. Measurements were obtained from 44 to 84 hours 
depending on the sample temperature. A specific surface area 
analyzer was used to measure the 1-day and 3-day sample 
surface areas.

Results and Conclusions:
From the heat of hydration data, it was observed that the 
addition of fine fillers increased both the total energy released 
as well as the rate of heat released compared to the control. 
P25, the finest filler used in these experiments, exaggerated 
the effects the most. When comparing the cumulative heat of 
hydration data, it was observed that the fillers also increased 
the total heat released. The increase in heat release could be 
attributed to the fillers acting as heterogeneous nucleation 
sites and increasing the rate of C-S-H formation.

Table 1: Size and specific surface area of raw materials.
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Heterogeneous nucleation 
and the increased rate of 
hydration in the presence of 
fillers also altered the degree 
of hydration. The degree of 
hydration is the fraction of 
cement that has reacted with 
the water to form hydration products. Because the cement 
hydration is temperature sensitive, the degree of hydration 
could dramatically increase at higher temperatures.

The degree of hydration curve was modeled according to 
Equation 1 [4] and the apparent activation energy of each 
sample was calculated. Table 2 lists the apparent activation 
energy of each sample mixture up to 50% degree of hydration. 
All additions of fillers increased the apparent activation energy 
compared to the control. Yet again, the finest filler P25 had the 
most prominent effect on the activation energy. The change 
in apparent activation energy represents the temperature 
sensitivity of the overall reaction with an increase in activation 
energy corresponding to a decrease in temperature sensitivity.

The BET surface area and corresponding degree of hydration 
are listed in Table 3. The specific surface area is a quantitative 
measure of C-S-H formation and microstructure development. 
As hydration proceeds, the C-S-H formation continues and 
the surface area increases. The specific surface area for all 
filler-cement samples was higher than the control after both 
one and three days.

Table 3: Specific surface area for early age samples.

Eq. 1: Three-parameter model 
for degree of hydration [3].

This data correlates well with the degree of cement hydration 
that increased when fillers were added.

In conclusion, it was observed that the different fine filler 
cement replacements increase all of the measured properties 
of cement paste. The increase in rate of heat release, total 
heat of hydration, surface area evolution, and decrease in 
temperature sensitivity, suggests that inert fine fillers have the 
potential to replace cement without compromising the early 
age properties.
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Abstract:
To meet the growing demands of thinner and larger display 
panels, an improved and reliable semiconducting channel 
material must be used. Indium-gallium-zinc oxide (IGZO)-
based thin-film transistors (TFTs) have presented themselves 
as a viable option to achieve better carrier mobility, optical 
transparency and robustness under optical stress conditions. 
However, the instability of IGZO TFTs remains a problem 
that must be resolved. In particular, there is deterioration in the 
threshold voltage (Vth) during continued operation because of 
continuous optical stress. In this investigation, we performed 
illumination stress on TFTs in an attempt to elucidate the root 
cause of the Vth shift, and several post fabrication anneals to 
reduce defects due to low temperature fabrication process. 
The as-fabricated TFTs displayed a Vth shift of -17 V under 
optical stress, but demonstrated high stability with post-
fabrication anneals in different ambients.

Introduction:
As the ability to scale the dimensions of transistors down to 
nanometers has improved, the computing powers relative to 
the sizes of the devices have increased substantially. Thus, 
consumers have come to expect a level of sophistication and 
proficiency in everyday electronics that seemed unattainable 
until a decade ago. From high-resolution smartphones to liquid 

Figure 1: The structure of an IGZO TFT.

crystal and light emitting diode displays, the vast majority of 
electronic devices all rely on circuitry that is implemented 
in silicon. Although it is the most effective technology 
available, single-crystal silicon lacks optical transparency and 
flexibility. In addition, single-crystal silicon-based fabrication 
is expensive and unobtainable for large area electronics. 
Amorphous oxide semiconductors (e.g., IGZO) present a 
potential solution for applications that require transparency 
or flexibility.

Experimental Procedure:
The structure of the IGZO TFT is shown in Figure 1. The 
gate metal was 150 nm thick molybdenum deposited using 
DC sputtering. After patterning the gate layer, a stack of 
silicon oxide (SiOx), IGZO, and SiOx was deposited through 
a series of steps. A 200 nm silicon oxide formed the gate 
dielectric. The 50 nm thick channel material IGZO, with 
99.99% pure InGaZnO4, was deposited at an RF power of  
100 W and a chamber pressure of 10 mTorr at 80°C, and a 
100 nm intermetal dielectric SiOx is deposited at 180°C. The 
IGZO was patterned and the source-drain metal (Mo) was 
sputtered to form the source and drain contacts of the TFT. A 
final step involved deposition of silicon nitride to serve as a 
passivation layer.

The IGZO TFT samples were annealed in one of four 
ambients (oxygen, vacuum, forming gas, and air) for 12 hours 
at 150°C to improve optical and electrical characteristics. 
Current-voltage characteristics were acquired using a HP 
4155B semiconductor parameter analyzer. The TFTs were 
illumination-stressed for 25,000 seconds in a dark, light-
tight setup, and the transfer characteristics were obtained by 
sweeping the gate voltage, with the drain biased at 10 V and 
the source grounded. To perform illumination testing, a Dolan 
Jenner Fiber Lite Illuminator with a light source of intensity 
0.5 W/cm2 and a dual gooseneck optical cable attachment was 
used. A 410 nm wavelength filter allowed violet light from the 
source to be used for the illumination tests, and was chosen 
due to previous reports on illumination stress testing [1] that 
revealed increasing amounts of photo-induced defects with 
decreasing wavelengths of light.
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Results and Conclusions:
In Figure 2, during as-fabrication stress testing there was a 
considerable threshold voltage shift, making the turn-on 
voltage smaller, and leakage and off currents higher, along 
with a slight increase in mobility. The Vth change was -17 V 
during the seven hours of light stressing. In post-fabrication 
annealed testing, there was great improvement in the 
transistor performance seen as reduced Vth shift as Figure 
3 demonstrates. In Figure 3, the oxygen-annealed sample 
showed the least deterioration with low off current and steep 
subthreshold swing. This can be explained by the annihilation 
of oxygen vacancies by annealing, which otherwise ionize 

to contribute as excess carriers due to photonic stresses [2]. 
Figure 4 displays the Vth shift of each sample after seven hours 
of light stress with respect to each device’s own unstressed 
condition (e.g., ΔVth for oxygen-annealed TFT is calculated 
by finding the difference between Vth after seven hours and 
Vth unstressed, but annealed in oxygen).

In conclusion, the results obtained emphasize the importance 
of post-fabrication annealing of IGZO TFTs whilst the as-
fabricated TFT device was driven to near failure under stand-
alone illumination stress. Annealing reduces the Vth shift due 
to annihilation of defects created during low temperature 
fabrication. The TFTs demonstrate highest stability after 
annealing in oxygen ambient due to annihilation of oxygen 
vacancies that contribute most towards excess carriers.

Future Work:
Future work will involve investigating the effects of electro
mechanical and mechanical strain on IGZO TFTs fabricated 
on flexible substrates. In addition, the findings of the current 
report will be presented at the TMS 2013 Conference.
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Abstract:
Field-induced domain wall motion through the free magnetic 
layer of a spin valve nanowire has been observed both 
electrically and with Bitter Method on a scanning electron 
microscope. The giant magnetoresistance effect was used 
to determine the position of the domain wall. Change in 
depinning field strength due to the presence of magnetic 
nanoparticles (MNPs) was observed. This work served as 
preparation to extend to the sensing of biological molecules 
tagged with MNPs.

Introduction:
Some diseases increase the concentration of certain proteins in 
the blood, while others release proteins that would otherwise 
not be present. Giant magnetoresistive (GMR) sensors have 
shown the ability to detect target proteins with high sensitivity 
using MNPs as tags [1]. The device is sensitive to the presence 
of the MNP stray field, which shields the free layer of the 
sensor from an externally applied field, requiring more field 
strength to coerce the free layer magnetization in regions with 
MNPs present. GMR devices have been observed to detect 
proteins with a limit of detection in the hundreds of MNPs (< 
100 nm diameter), which may miss a very low concentration 
detection.

To increase detection resolution, investigations were 
performed in order to manipulate and study the usefulness 
of magnetic domain walls (DW), which are native 
to the free layer of sensors with larger detection 
areas. The advantages of using magnetic DWs 
in this study were that GMR measurements have 
shown the location of DWs in the free layer of a 
GMR nanowire [2], and DWs have been shown to 
attract MNPs [3]. A smaller, curved sensor area has 
been studied here and has shown the possibility for 
increasing resolution to tens of particles.

Experimental Procedure:
Fabrication. The substrate consisted of a silicon 
<100> wafer with 100 nm of silicon dioxide (SiO2) 
coating. The GMR metal stack was placed using a 
Shamrock RF sputtering device, placing thicknesses 

Ta 30Å / IrMn 80Å / CoFe 25Å / Cu 40Å / CoFe 20Å /  
NiFe 55Å / Ta 50Å.

Sensor areas were designed to have curved shapes in order to 
easily place magnetic domain walls [4].

Devices were patterned using electron beam lithography with 
negative resist. The developed resist pattern shielded the 
sensors from ion-milling employed to remove surrounding 
metals. Removal of the patterned resist left only the devices 
on the substrate. Contacts were placed using electron beam 
lithography followed by an electron beam evaporated metal 
deposition of 800Å Cu.

Testing. A constant current of 10 µA was passed through 
a device and the voltage across the device measured to 
calculate device resistance. Data from each device was 
actively recorded using LabVIEW software reading from a 
Keithley 2400 SourceMeter during various external magnetic 
field conditions.

DW depinning strengths were observed multiple times for 
several nanowires in order to confirm repeatability. Nanowire 
depinning measurements for the forward and reverse 
directions were recorded. Domain walls were induced near the 
center of a device by applying and then removing a magnetic 
field as shown in Figure 1A. During this step, the free layer 
aligned to the external field, and, when the field was removed, 

Figure 1: A) Device top view showing domain wall pinning schematic. 
B) and C) Top and side view of device in three resistance stages. 

White is parallel, and dark is antiparallel.
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the magnetic direction of the free layer relaxed and aligned 
with the shape-anisotropic direction of the device — leaving 
a head-to-head domain wall near the middle of the sensing 
area. The nanowires were then exposed to a diluted solution 
of 35 nm superparamagnetic iron oxide particles and allowed 
to incubate for three hours before washing.

Results and Conclusions:
Resistance measurements before and after DW creation 
showed an intermediate state, approximately half way 
between the high and low states. DW depinning field strengths 
were measured from the central pinning site.

DW depinning field strength was measured by placing a DW 
near the center of a device using the previously stated method 
and monitoring resistance as the field was slowly increased 
from zero in a horizontal direction. DW pinning sites result 
from fabrication roughness at edges and defects in the wire 
(contaminant particles, layer unevenness, etc.). Depinning 
strengths were measured for 200 nm wide nanostripes with 
and without designed notches of 60 nm. The depinning 
strengths were ~ 50 Oe, noticeably higher than those with 
no obvious fabrication roughness < 40 Oe. Also, there were 
no observable secondary pinning sites for the sensors with 
notches.

MNP presence was verified using scanning electron microscopy 
(SEM) before depinning field strength measurements were 
retaken. By observing the field depinning strength of a device 
before and after particle application, one could see a shift in 
the field. A sensor with 8 MNPs on its sensing surface showed 
a depinning field strength increase of approximately 8 ± 2 Oe, 
see Figure 4. This is a promising result for progressing the 
diagnostic capability of GMR biosensors to include detection 
of target molecules with low concentrations.
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Abstract:
Atomic layer deposition (ALD) of tantalum nitride (TaNx) 
has been performed on copper (Cu) and silicon dioxide (SiO2) 
substrates with the goal of selective area deposition using self-
assembled monolayers (SAMs) as an ALD blocking layer. 
The films have been analyzed using spectroscopic ellips
ometry (SE), contact angle, x-ray photoelectron spectroscopy 
(XPS), and low energy ion scattering spectroscopy (LEISS). 
The molecules (heptadecafluro -1,1,2,2-tetrahydrodecyl) 
triethoxysilane (HDFTEOS) and 1H,1H,2H,2H-perfluoro
octyltrichlorosilane (FOTS) were deposited onto both 
substrates before ALD. We found that both molecules 
impeded growth on SiO2 for the first 20 ALD cycles, shown 
with SE as well as XPS. After the initial growth impedance, 
TaNx appears to grow on itself with a growth rate similar to 
the surfaces without SAMs.

Introduction:
Atomic layer deposition (ALD) is a method for depositing 
thin films characterized by precision thickness control through 
a series of self-terminating reactions. The technique is similar 
to chemical vapor deposition (CVD), except that ALD breaks 
the reaction down into half cycles. In addition to the ability to 
lay thin films accurately by varying the number of cycles, the 
gas phase and self-limiting nature of ALD makes it ideal for 
high aspect ratio depositions. The goal of this project was to 
study methods for selectively depositing the desired material, 
tantalum nitride, only onto one substrate and not another.

The ability to deposit material only where it is wanted would 
be a powerful tool. One place where selective ALD could be 
beneficial is in the semiconductor industry. Currently copper 
(Cu) is used as the interconnect metal in devices. However, 
copper has been shown to diffuse into the dielectric layers 
creating shorts and heat dissipation problems, limiting the 
effectiveness of the device [1]. One fix would be to use a thin 
layer of TaNx between the Cu and dielectric as a diffusion 
barrier layer [2]. Depositing the film would require a method 
of selectively depositing TaNx on different areas.

Experimental Procedure:
Two different substrates were studied: copper and chemical 
oxide (silicon dioxide, or chem ox). Three different scenarios 
were examined: 1) plain substrates (no SAMs), 2) with 
HDFTEOS, or 3) with FOTS. The SAMs were deposited onto 
both surfaces using a molecular vapor deposition method 
before the ALD depositions. The large number of fluorine 
atoms on the SAM molecules could create an unreactive 
surface that would stop ALD growth. ALD of TaNx at a heater 
temperature of 300°C was subsequently performed on the 
samples. The ALD precursors used for this procedure were 
pentakis(dimethlyamino) tantalum (PDMAT) and ammonia 
(NH3). 

After depositions, the surfaces were then analyzed using 
contact angle, spectroscopic elipsometry, XPS, and LEISS.

Results:
From contact angle measurements, information was 
determined about the samples. Figure 1 shows that changes 
in contact angle occurred after depositing HDFTEOS and 
after heating the sample to an ALD temperature of 300°C. 
This seems to indicate that HDFTEOS was deposited onto 
the surface, but was not thermally stable on Cu. The change 
in angle after heating was not observed on chem ox. From 
spectroscopic ellipsometry, we saw that the long term growth 
rate of TaNx is 0.4Å per cycle with no SAMs and 0.38Å per 
cycle with HDFTEOS. This corroborated theoretical TaNx 
growth rates as well. Figure 2 is a close up of ultrathin film 
thickness from spectroscopic ellipsometry. Here we saw 
that for low ALD cycles, the HDFTEOS made a significant 
difference in the film thickness. Figure 3 shows XPS areas 
of the tantalum (4d5/2) peak corroborating the difference in 
tantalum deposition for low TaNx ALD cycles on chem ox. 
There did not appear to be a difference in the amount of Ta 
on Cu, as shown in Figure 4. FOTS results were also included 
in the XPS data, which followed a similar trend as the 
HDTFEOS surfaces. 
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LEISS is a surface sensitive technique and is helpful in obtaining 
information in regards to what is on the topmost layer of our films. 
Although we predicted that the SAMs formed a uniform monolayer right 
above the substrate, fluorine was observed with LEISS after as many as 
80 TaNx ALD cycles on copper with HDFTEOS.

Conclusions and Future Work:
The SAMs HDFTEOS and FOTS have been demonstrated to act as a 
blocking layer for ultrathin films. Both impeded growth on SiO2, but 
on copper, the HDFTEOS was not thermally stable and FOTS did not 
significantly affect TaNx growth. As the number of cycles increased, the 
blocking layer was less effective because the film began to grow on itself. 

The first molecules on the surface likely bound to defects in the SAMs 
and grew upwards from those points. A more uniform SAM layer could 
increase the effectiveness of the blocking layer. If tantalum nitride 
was binding to defects, it would mean that some FOTS or HDFTEOS 
should still be on the surface until the TaNx completely covered it. This 
hypothesis was supported by the fact that fluorine was observed with 
LEISS after 80 ALD cycles. Another possible explanation is that fluorine 
atoms diffused through the film and were being observed on the surface. 
In the future, we will conduct angle resolved XPS to determine where in 
the film the fluorine is. 

A similar method of applying SAMs to different surfaces and testing 
the effectiveness as blocking layer could be applied to other films and 
substrates.
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Figure 2: Spectroscopic ellipsometry model dependent film thickness.
Figure 3: XPS Ta (4d5/2) peak area as a function of TaNx ALD cycles.
Figure 4: XPS Ta (4d5/2) peak area as a function of TaNx ALD cycles.
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Introduction:
In recent years, the environmental impact of petroleum-
based transportation has led to greater interest in alternatively 
powered transportation. Electric vehicles (EVs) and plug-
in hybrid electric vehicles (PHEVs) are fast becoming a 
viable alternative, because they are capable of being fueled 
by electricity from sustainable power sources. In order for 
EVs to compete with current gas-powered cars, they must 
provide comparable performance, so their batteries need 
large capacity and good capacity retention. In our study, we 
used spray pyrolysis to synthesize cathode materials. The 
desired product is a layered-layered composite material of 
the form xLi2MnO3(1-x)Li(MnNiCo)1/3O2, where x = 0.5.  
We focused on identifying the optimal spray pyrolysis 
furnace temperatures that yielded the best electrochemical 
performance.

Experimental Procedure:
Precursor Preparation. In order to obtain the desired powder, 
a precursor solution was prepared by dissolving specific 
amounts of metal nitrates to obtain the 
correct stoichiometry. The product is 
a layered-layered material of the form 
xLi2MnO3(1-x)Li(MnNiCo)1/3O2, where 
x = 0.5, or Li1.2Mn0.53Ni0.13Co0.13O2.

Spray Pyrolysis. Spray pyrolysis is the 
process by which precursor droplets 
thermally decompose to create solid 
particles. The precursor solution, 
containing the aqueous metal nitrates, 
was aerosolized with an ultrasonic 
nebulizer. The aerosolized droplets were 
then introduced to a carrier gas, saturated 
with air. The air carried the droplet 
towards the preheater, which was heated 
to 200°C. The preheater dried the layer 
of water surrounding the droplets before 
they entered the furnace. The furnace 
temperature was set at 350°C, 450°C, 

550°C, 575°C, and 650°C, respectively. The dry precursor 
droplets thermally decomposed, removing the aqueous 
portion of the precursor droplet, leaving a dry metal oxide. 
The powder was collected downstream via vacuum filtration.

Battery Fabrication and Testing. The powder obtained 
from the spray pyrolysis process was annealed at 900°C for 
two hours in a box furnace, to improve crystalline structure 
and remove any residual moisture. A slurry was prepared by 
mixing the annealed powder with a 7% binder solution, and 
then cast upon an aluminum current collector to create our 
film. The binder solution consisted of 3.5% carbon black, 
3.5% polyvinylidene fluoride (PVDF), and 93% N-Methyl-
2-pyrrolidone (NMP). The carbon black assisted in electron 
transportation from the metal oxides to the aluminum current 
collector, the PVDF adhered the powder to the aluminum, and 
the NMP was the solvent. 

After the film was made, it was allowed to dry overnight at 
room temperature and then another night in a vacuum oven 
to allow the NMP to evaporate. After drying, cathode disks, 

13 mm in diameter, were prepared for 
battery fabrication. The batteries were 
assembled in an argon-filled glove box. 
Pure lithium disks were used as the anode 
to study the performance of the cathode 
material without side effects arising from 
the anode. The batteries were subjected 
to cycle and rate tests on MTI battery 
testers.

Results and Discussion:
We recorded x-ray diffraction (XRD) 
spectra of the products synthesized at 
different temperatures (Figure 1). The 
exact distances separating the peaks and 
the ratios of peak intensities indicated 
a lack of contaminants, and showed the 
superlattice layered-layered structure 

Figure 1: XRD spectra.
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characteristic of xLi2MnO3(1-x)Li(MnNiCo)1/3O2. We pro
duced exclusively our desired product at all temperatures.

The cycle test results (Figure 2) indicated that the battery 
produced at 575°C yielded the highest reversible charge and 
discharge capacity. In Figure 2, the x-axis is the cycle number 
and the y-axis is specific capacity in mAh/g. C/10 and C/3 are 
the current densities of charge and discharge of each cycle, 
where C = 200 mA/g. Since the practical capacity of batteries 
made from layered-layered materials is 200 mAh/g, a battery 
would be fully charged if charged at a rate of 1C for one hour. 

We ran the majority of the cycle test at a rate of C/3 
considering that three hours was a reasonable amount of time 
to recharge a PHEV battery. Each cycle consisted of charging 
and discharging the battery; and the 575°C battery displayed 
slightly higher capacity than the other batteries, remaining 
above 200 mAh/g after 100 cycles.

Rate capability tests (Figure 3) determined how flexibly the 
material may be discharged at various current rates. The 
battery began by charging and discharging at a rate of C/10. 

We then began charging and discharging at higher rates, to 
simulate acceleration and deceleration of EVs. As expected, 
the capacity of the battery diminished as it was cycled at 
a higher rate. The 450°C and 575°C batteries had the best 
performance with capacities above 170 mAh/g at a rate of 1C.

Figure 4 shows voltage profile evolution over time. We 
observed that with increasing synthesis temperatures, the 
change in the voltage plateau indicated by the arrows became 
smaller, showing better voltage profile retention. The x-axis 
displays specific capacity, while the y-axis displays voltage. 
The 650°C battery had a much lower voltage drop when 
compared to the 575°C battery. This is favorable because the 
voltage output from a certain specific capacity diminishes 
less over time for the 650°C battery, suggesting higher 
performance. Not only is it important to have high specific 
capacity, it is also important to have high output voltages 
corresponding to those capacities.

Conclusions and Future Research:
Layered-layered materials deliver very high reversible 
capacities. The highest capacity was achieved when the 
reactor temperature was 575°C. Increasing the reactor 
synthesis temperature improved the voltage profile without 
compromising the electrochemical performance. The 
relationship between increased reactor temperature and 
decreased voltage decay must still be studied. Future work 
will continue with higher synthesis temperatures as well as 
doping and variation of lithium concentration. The results 
will be discussed in an upcoming publication of the group.

Acknowledgements:
I would like to thank Miklós Lengyel, Gal Atlas, and 
Dr. Richard Axelbaum for their help with my research.  
I would also like to thank Dee Stewart, Kate Nelson, and 
Nathan Reed of the Nano Research Facility, the National 
Nanotechnology Infrastructure Network Research Experience 
for Undergraduates (NNIN REU) Program, and the National 
Science Foundation for this research opportunity.

Figure 4: Voltage profile evolutions.

Figure 2: Cycle tests.

Figure 3: Rate tests.
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Abstract and Introduction:
Quantum dots (QD) are three-dimensional structures that 
have electronic properties between those of molecules and 
bulk materials. They can be self-assembled through molecular 
beam epitaxial growth or fabricated using lithography. In this 
work, QDs were self-assembled by molecular beam epitaxy 
(MBE). Growth rates for gallium arsenide (GaAs) and 
indium arsenide (InAs) were calibrated by reflection high-
energy electron diffraction (RHEED). Doping profiles were 
determined for GaAs using silicon (Si) as the n-type dopant. 
QD devices were fabricated and compared to quantum well 
(QW) and quantum free devices. 

Quantum dot devices had ideality factors and series resistance 
values of 1.34 and 61 Ω, respectively, and had enhanced 
currents at higher voltages when compared to quantum well 
and quantum free devices.

Methodology:
To characterize the MBE tool, growth rates for GaAs and InAs 
were calibrated, followed by doping profiles for Si. RHEED 

Figure 1: InAs quantum dot structure.

oscillations were taken at various Ga furnace temperatures. 
The oscillations were used to calculate the growth rate 
in monolayers/sec by dividing the number of oscillations 
(monolayers) by the elapsed time. A semi logarithmic graph 
was used to plot growth rates versus furnace temperature.

The doping profiles for Si were acquired by first growing 
a GaAs buffer layer followed by an Si-doped GaAs layer 
at a particular silicon furnace temperature. The process 
was repeated for other samples at different silicon furnace 
temperatures. Hall measurements were taken to calculate the 
carrier concentrations of the Si. A semi-logarithmic graph was 
used to plot carrier concentrations versus furnace temperature.

Three devices were fabricated to examine current changes 
versus voltage: one with only GaAs, one with a monolayer 
of InAs (QW device), and one with three monolayers of InAs 
(QD device, see Figure 1). The samples were grown on n+ 
GaAs. The GaAs was grown at 580°C and at 400°C while 
the InAs was grown at 460°C. The Schottky contacts used in 
the measurements had an effective diameter of diameter of 
237 µm. An I-V curve trace was used to measure the ideality 

Figure 2: RHEED pattern of three 
monolayers of InAs on GaAs.

Figure 3: AFM image of InAs 
quantum dots on GaAs.
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factor and the series resistance. A curve trace was also used to 
acquire current versus voltage data for the three different device 
structures.

Results:
RHEED images verified that the InAs structures were not two 
dimensional and AFM images verified that InAs QD were grown 
(see Figures 2 and 3, respectively). The ideality factor values for 
the reference, QW, and QD samples were 1.85, 2.439, and 1.134, 
respectively. The series resistance values were 77, 145.5, and 61 Ω, 
respectively. 

Testing revealed that the current in the QD sample was greater than 
the reference sample (see Figure 4). This result was consistent with 
what others have found [5]. The current in the QW sample was 
also less than the QD sample at higher voltages. However at lower 
voltages the current in the QW device was higher.

Conclusions:
Growth rates for GaAs and InAs were calibrated up to 1 ML/s 
and 0.2 ML/s, respectively. Doping profiles for Si in GaAs were 
obtained up to 1e18cm-3. Quantum dot and well samples were 
grown and devices were tested which revealed excess current in 
the QD sample relative to the QW and reference samples.
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Abstract:
Near-surface two-dimensional (2D) electron gases are 
enabling platforms for controlling single electrons in quantum 
dots and using electron spin as a quantum bit in quantum 
computation. The requirements for the material system that 
forms the 2D electron gas are low levels of disorder to reduce 
scattering, the 2D electron gas be as close to the surface as 
possible to lead to abrupt confinement potentials created 
by depletion top gates, and spacer layers between the 2D 
electron gas and surface have low leakage currents under an 
applied gate bias. The design of a sub-50 nm deep modulation 
doped AlGaAs/GaAs heterostructure that forms a 2D electron 
gas at the AlGaAs/GaAs interface is presented. Magneto-
transport measurements in a sub-50 nm deep 2D electron 
gas formed at the interface of a modulation doped AlGaAs/
GaAs heterostructure grown by molecular beam epitaxy 
are presented. The addition of a high-k dielectric layer was 
implemented with the purpose of decreasing gate leakage. 
Characterization of the dielectric and processing techniques 
are presented and discussed.

Background:
Our project had two primary goals and we approached these 
independently. First we wanted to grow and characterize a 
sub-50 nm deep two-dimensional electron gas or 2DEG. 
Second we wanted to explore deposition techniques for 
high-k dielectrics on top of III-V heterostructures. Motivation 
for this project included a previously successful qubit, created 
via a double quantum dot design in the same material system. 
This design by Weperen, et al., was at a depth of 110 nm. This 
deeper 2DEG functioned well, but needed to be shallower in 
order to improve scalability.

Experimental Procedures:
Samples were grown by molecular beam epitaxy. This process 
uses high purity elemental sources under ultrahigh vacuum to 
grow precise monolayers of material on a substrate. Reactive 
high energy electron diffraction or RHEED was used to 
calibrate the growth rate for each layer as RHEED can identify 
specific surface interaction effects which exist for the various 
surface states. This process works by real time analysis of the 
surface of the substrate as growth occurs.

Photolithography was then used to pattern the surface of the 
samples with our Hall bar design. This technique was effective 
as it is relatively easy to etch through the 40 nm of material 
above the 2DEG, thus controlling the conduction pathways in 
the sample. This type of experiment was useful as it told us 
how effectively and efficiently our 2DEG was functioning.

Transport Measurements on 40 nm Deep 2DEG:
We primarily measured 40 nm deep 2DEG’s and used a Hall 
bar setup in order to perform measurements. Measurements 
included basic transport such as sheet resistance and mobility 
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as well as an analysis of Shubnikov de Haas oscillations and 
Hall plateaus. The schematic above shows how the Hall bar 
design was used to take basic voltage measurements which 
can be used to calculate sheet resistance, carrier density, and 
mobility.

Before taking these measurements however, we used 
theoretical modeling with the purpose of improving the 
2DEG’s design, and recognizing likely problems within the 
system. We used a 1D self consistent Schrodinger-Poisson 
solver developed by Greg Snider. Results of this modeling 
indicated that a parallel conduction pathway might form in 
the delta-doping layer, hindering performance. However, 
further analysis showed that an applied gate voltage would 
quickly eliminate the problem.

Our first set of measurements was a sheet resistance vs. 
temperature analysis. This measurement showed that the 
2DEG had truly metallic character, with resistance falling 
close to 0 at low temperature (lowest of ~ 3K) as was expected 
in a functioning 2DEG. Further data analysis showed that 
low temperature carrier density and mobility were both in 
the ranges expected at 3.4 × 1011 (cm-2) and 239,000 (cm2/
V×s) respectively. These results matched with the previously 
mentioned theoretical modeling quite well and indicated a 
high quality 2DEG.

Lastly, an analysis of the measured voltages under a varying 
magnetic field from 0 up to 7 Tesla was performed at 1.8 K. As 
expected, our 2DEG showed Shubnikov de Haas oscillations 
and Hall plateaus. 

Results such as these further confirm the high quality of the 
system and its design.

Characterizing High-k Dielectric Deposition:
For the second part of the project, we needed to deposit a 
thin layer (~ 10 nm) layer of our chosen dielectric. We used 
aluminum oxide and deposited by atomic layer deposition. 
This technique was used due to its high precision in depth 
and high quality thin films. Using the trimethylaluminum 
precursor and H2O purge gas, we deposited our 10 nm layer. 
Characterization of this surface was done by ellipsometry and 

x-ray photoelectron spectroscopy (XPS). The ellipsometer 
showed that we had successfully deposited 10.5 nm. Ad
ditionally XPS analysis showed that our surface was 64% 
oxygen and 36% aluminum. Obviously this was not the 3 to 
2 ratio that we would expect, so further work is necessary in 
this area.

Summary:
In conclusion, we successful grew a 40 nm deep 2DEG 
and characterized the transport properties. Additionally we 
developed and studied dielectric depositions over near surface 
2DEG’s in III-V heterostructures.

Short term future work will include exploring an anneal step 
as a solution to the oxygen rich dielectric layer, taking low 
temperature gated magneto-transport measurements, and 
comparing hafnium oxide over aluminum oxide in place of 
the aluminum oxide alone.

Long term efforts will include measuring leakage and noise 
using a quantum point contact and measuring the level of 
screening caused by the dielectric using a quantum point 
contact in proximity to a quantum dot.
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Abstract:
Silicon (Si) and germanium (Ge) semiconductor nanowires 
can be utilized in next generation electronic, photonic, and 
energy conversion devices. Si, Ge, and Si1-xGex materials 
are also well studied and currently used in industry. 
Optoelectronic properties, such as the band gap, can be 
tuned by modulating the alloy composition, thus allowing 
for a wider range of uses. The focus of this project was to 
create arrays of Si1-xGexalloy nanowires with varying, but 
simultaneously uniform, compositions. This goal has been 
difficult to achieve to date. Nanowires were grown with the 
gold catalyzed, bottom-up, vapor-liquid-solid mechanism 
throughout the compositional range. Using scanning electron 
microscopy (SEM), energy-dispersive x-ray spectroscopy 
(EDX), and Raman spectroscopy, we demonstrated control 
of Si1-xGex alloy composition, but struggled to achieve highly 
aligned arrays. Nanowires frequently kinked to the <112> 
directions and underwent conformal deposition, which 
resulted in tapered structures. Therefore, we employed a side
wall species, methylgermane, in an attempt to overcome this.

Introduction:
Semiconductor nanowires have many promising applications 
in next generation electronic, photonic, and energy conversion 
devices. Silicon (Si) and germanium (Ge) are superb choices 
for these semiconductor devices because there is already an 

extensive knowledge base of Si and Ge materials. By growing 
different concentrations of Si1-xGex nanowires, it was possible 
to tune optoelectronic properties such as the band gap [1]. 
While alloy nanowire growth has been achieved, growing 
highly uniform arrays of Si1-xGex nanowires with varying, 
but simultaneously uniform compositions has been difficult 
to date [2, 3].

Experimental Procedure:
Si1-xGex nanowires were grown using the gold catalyzed, 
bottom-up, vapor-liquid-solid growth method as seen in 
Figure 1. Fifty nanometer (nm) gold nanoparticles were 
deposited on a Si <111> wafer. The sample was heated in a 
cold-wall vapor deposition furnace to 375°C and GeH4 partial 
pressure was raised to 0.44 Torr to grow short Ge stubs. 
Finally, GeH4 partial pressure was dropped to 0.025 Torr 
and SiH4 partial pressure was raised to 0.050-1.000 Torr. By 
varying the partial pressure of SiH4, the concentration of the 
wires could be varied.

To determine the growth conditions, we used the Arrhenius 
equation, which allowed us to calculate the theoretical Ge 
concentration of the nanowires from the ratio of GeH4 partial 
pressure to SiH4 [4]. The nanowires were characterized using 
an SEM, leading to discovery of issues in the nanowire arrays 
such as kinking or tapering of wires. 

Uncontrollably kinking and compositional gradients caused 
by tapering limits the usability of nanowire arrays in device 
applications. In order to increase the uniformity of the arrays, 
GeH3CH3 was used in place of GeH4 during the growth step 
in order to introduce a methyl group as a sidewall species. 
As a result, the temperature of the growth step had to be 
raised to 475°C to prevent kinking caused by GeH3CH3 [5]. 
The concentrations of the wires were measured using EDX. 
Because the Si substrate would affect the EDX measurement, 
the nanowires were transferred to carbon tape.

Results and Conclusions:
Raman spectroscopy was used to confirm the nanowires 
were alloys and not another type of superstructure. As seen 
in Figure 2, the Raman spectrum of the nanowires showed a 

Figure 1: (a) Schematic of the VLS growth method and 
schematic of wire growth (b) with and (c) without GeH3CH3.
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distinct shift in the Si-Si peak and the Ge-Ge peak as well as a 
strong intensity Si-Ge peak, which confirmed the existence of  
Si1-xGex alloys [6]. EDX was used to determine the 
concentration of the nanowires. As the fraction of GeH3CH3 
increased, the Ge concentration in the nanowires also 
increased, as seen in Figure3. By comparing SEM images 
of nanowires grown with and without GeH3CH3 (Figure 4), 
it can be seen that GeH3CH3 eliminated tapering at high Ge 
concentrations; however, kinking remains an issue at lower 
Ge, higher Si concentrations.

Future Work:
By tuning process conditions, it will be possible to grow 
nanowires over a wider range of Ge concentrations. Further 
research into surface chemistry will result in better control of 
nanowire sidewalls and increase the uniformity of nanowire 

Figure 4: SEM images of Si1-xGex nanowires. 

(a) Wires grown with GeH4 (375°C, PSiH4
 = 0.214 Torr, PGeH4

 = 0.105 Torr). 

(b) Wires grown with GeH3CH3 (475°C, PSiH4
 = 0.025 Torr, PGeH3CH3

 = 0.050 Torr).

Figure 2: Raman spectrum of Si1-xGex nanowires and 
pure Ge and Si wafers. Intensity scale is adjusted.

Figure 3: Percent Ge concentration as 
determined by EDX vs. the fraction of 

the GeH3CH3 partial pressure.

arrays. Finally, once uniform arrays of Si1-xGex nanowires 
are perfected, they can be used in many next generation 
electronic, photonic, and energy conversion devices.
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Introduction:
Electron leakage and heat generation due to the increasingly 
small scale and dense packing of device components are 
major limitations to further downscaling modern electronics. 
Optoelectronics, devices that utilize a combination of optical 
and electronic components, represent a potential solution to 
these problems by taking advantage of the fact that optical 
signals do not suffer from the issues of tunneling or Joule 
heating while also being more energy efficient and faster than 
electronic signals. In pursuit of these ideal characteristics, the 
goal of this project was to produce a suitable light source for 
optoelectronic applications. 

Specifically, our goal was to produce a laser using indium 
arsenide (InAs) quantum dots (QDs) as the active region. InAs 
QDs are excellent candidates for data transfer applications 
due to their three-dimensional confinement, which leads to 
discrete energy levels dependent on the quantum dot size. 
This means not only that the emission wavelength of the 
laser can be tuned by changing the dot size, but also that the 
necessary threshold current densities are lower than those 
of quantum wells and bulk material because fewer carriers 
are needed for population inversion. Additionally, the large 
gap between energy levels gives quantum dot lasers (QDLs) 
essentially temperature invariant operation. 

Material Design and Growth:
Molecular beam epitaxy (MBE) was used as the method 
of growing the laser materials. MBE is a technique that 
uses ultrahigh vacuum and careful control of material flux 
during deposition to ensure that materials form epitaxially 
on the surface. Due to the extreme vacuum, MBE is able 
to grow materials with remarkably low contamination 
levels. Meanwhile, the slow, epitaxial deposition means that 
the thickness of a deposited layer can be controlled with 
monolayer precision while—through controlling the flux of 
multiple materials at a time—the composition of a single 
layer can also be controlled with extreme precision. 

The structure of our QDL is shown in Figure 1, while the 
band diagram for the material is shown in Figure 2. From the 
band structure, it can be seen that under an applied voltage 
conduction electrons will travel down the conduction band 
and be confined in the potential wells of the quantum dots, 

Figure 1: A schematic of the laser material. 

while holes will travel up the valence band and do the same. 
The result of this process was a large number of holes and 
electrons confined in the low bandgap region, where they 
could easily recombine producing photons, which in turn 
stimulate further radiative recombination. 

Material Characterization:
Before actual laser devices were grown, the MBE growth 
conditions had to be calibrated. For this purpose, special 
calibration samples were grown that were similar to the 
actual laser structure, but with greatly thinned waveguiding 

Figure 2: The band diagram of the laser material. 



MATERIALS

1132012 NNIN REU RESEARCH ACCOMPLISHMENTS

regions and an additional layer of QDs grown on the top 
surface at identical growth conditions to the centrally located 
QDs. These samples were characterized using atomic force 
microscopy (AFM) and photoluminescence (PL) to determine 
the morphological and optical properties of the quantum dots. 

Atomic force microscopy was used to obtain an image of the 
quantum dots on the top surface of the material. These images 
were used to assess the uniformity and density of quantum 
dots on the surface, which were assumed to be similar to those 
that would be found in the identically grown active region. 
Calibration samples corresponding to the growth conditions 
of successful laser devices had estimated dot densities of 
3.2*1010 cm-2. Higher dot densities were considered better 
because it meant there were more recombination centers to 
generate photons. 

Photoluminescence was used to characterize the optical 
properties of the calibration sample. This technique uses a laser 
to optically excite the quantum dots and then measures the 
light produced upon relaxation. PL measurements indicated 
that optical emissions occurred at a wavelength of 1220 nm 
in the central region of the sample, which corresponds to 
the region used in device production. The full width at half 
maximum was found to be very uniform across the sample 
surface with a value of 40 nm. 

Device Processing:
Once the laser material was grown, a series of processing steps 
had to be performed to create a functioning laser. The process 
is summarized in Figure 3. A combination of photolithography 
and electron beam (e-beam) metal deposition was used to 
deposit the top electrode for the device in a series of bars. 
Reactive ion etching was then used to turn the bulk laser 
material into a series of laser bars by etching through the 

Figure 3: Laser processing procedure. 

laser active region. Next, e-beam metal deposition was used 
to deposit the bottom electrode. To complete the process, 
a section of the sample was cleaved from the rest with the 
cleaved edges, becoming the laser facets. 

Results:
InAs QDLs were successfully fabricated and found to lase at 
threshold current densities as low as 260 A/cm2. The photo
luminescence measurements suggest that this lasing occurs at 
a wavelength of 1220 nm, but the actual spectral profile of the 
light output has not yet been measured. 

Future Work:
Future work is planned to refine the laser growth and 
processing procedures to achieve lower threshold currents. 
Once satisfactory devices are being produced, attempts will 
be made to grow the laser material on a silicon substrate—a 
necessary step to be able to integrate the lasers in current 
technology. 
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Abstract:
Use of amorphous tantalum tungsten silicon carbide 
(TaWSiC) metal gates has the potential to reduce gate work 
function variation, but for application in integrated circuits, 
their work function should also be tunable. In this work, the 
ratio of W/Ta in TaWSiC gates was varied in order to tune 
the work function. While the results indicate a partial trend 
of increasing work function as the ratio of W/Ta is increased, 
data inconsistencies suggest that oxygen contamination 
during processing may have caused unreliable work function 
measurements.

Introduction:
As transistors continue to scale down in size to allow faster, 
denser, and more efficient integrated circuits, polycrystalline 
silicon, traditionally used as the transistor gate material, has 
been replaced by polycrystalline metal. For optimal circuit and 
device performance, the work function of this gate material 
should exhibit minimal variation and be tunable to specific 
values for different applications. However, the work function 
of polycrystalline metal has been shown to vary with grain 
orientation [1]. As gates are scaled down to sizes comparable 
to those of individual grains, the gate work function can vary 
significantly between devices, as illustrated in Figure 1 [2]. 
An amorphous metal, in contrast, avoids this work function 
variation because it lacks grains (Figure 1). 

Figure 1: Illustration of gates on polycrystalline vs. amorphous 
metal. Different shades represent different grain orientations.

Tantalum tungsten silicon carbide (TaWSiC) is an amorphous 
alloy that is thermally stable, making it potentially compatible 
with integrated circuit processing [3]. However, additional 
work is needed to determine whether the work function of 
amorphous TaWSiC gates can be tuned to desired values for 
integrated circuit applications. The work function of an alloy 
depends on the work functions of the constituent metals. Thus, 
it is expected that varying the ratio of W/Ta in TaWSiC would 
allow tuning of its work function. A previous (unpublished) 
investigation by Ouyang suggested a trend of increasing work 
function with increasing tungsten percentage. Here, we report 
on a reinvestigation and extension of that previous study of 
work function tuning in TaWSiC.

Experimental Procedure:
Metal-oxide-semiconductor capacitors were fabricated to 
determine the work function of amorphous TaWSiC gates 
with various W/Ta ratios. Silicon oxide was thermally grown 
on n-doped silicon wafers and wet-etched to form a terrace of 
oxide with thicknesses ranging from 2 nm to 10 nm, followed 
by a 2 nm deposition of hafnium oxide using atomic layer 
deposition. TaWSiC gates 30 nm thick were deposited by co-
sputtering with tantalum, tungsten and silicon carbide targets, 
and the ratio of W/Ta was varied by varying the power to the 
tungsten and tantalum targets. Capacitors 200 µm in diameter 
were patterned using photolithography and annealed in 
forming gas for 30 minutes at 300°C.

The effective work functions of the different gate compositions 
were extracted using the simplified equation in Figure 2, where 
VFB is the flatband voltage, Φms is the difference between the 
work functions of the metal gate and silicon, Q is the fixed 
charge in the oxide, ε is the permittivity of the oxide, and EOT 
is the effective oxide thickness. In order to model a linear 
relationship between VFB and EOT, charges in the oxide were 
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Figure 4: Work functions for various compositions of TaWSiC 
in this work compared with work function values found in 
the previous investigation by Ouyang.

Figure 3: Example plot of VFB vs. EOT; the y-intercept is Φms.

assumed to be constant and evenly distributed. The flatband 
voltages for capacitors of various effective oxide thicknesses 
were determined from capacitance-voltage measurements. 

A graph of VFB vs. EOT was plotted for each composition, 
and a linear fit was used to extract Φms from the y-intercept 
for each graph (Figure 3). The gate work function was then 
calculated from Φms and the work function of the silicon wafer.

Results and Discussion:
Figure 4 displays the work functions for various compositions 
of TaWSiC in this work as well as a comparison with the 
previous investigation by Ouyang. We note that data was 
unable to be obtained for some of the compositions in this 
work due to time constraints.

Both data sets exhibited a partial trend of increasing work 
function as the ratio of W/Ta increased, but this trend was 

inconclusive due to inconsistencies in the data. Both data sets 
contained points that deviated from the trend. Additionally, 
the work function values of this work were shifted down 
from those found in the previous investigation for the same 
compositions. An examination of the calculations behind this 
data suggests that oxygen contamination in the metal gate 
may have contributed to these inconsistencies. Because Q and 
ε from the equation in Figure 2 were held to be constant, we 
expected the slopes of the VFB vs. EOT graphs to be similar for 
all samples, but instead observed significant variation. Work 
by Grubbs has shown that oxygen contamination in tungsten 
gates shifts both the slope of the VFB vs. EOT graph and the 
work function value, suggesting that oxygen contamination 
may explain similar shifts in this work [4].

Future Work:
Future work will focus on the development of simpler 
amorphous gate metals. Amorphous metal gates with fewer 
component elements would potentially be less susceptible 
to the inconsistent work function measurements discussed 
above and more compatible with other integrated circuit 
processing techniques, facilitating eventual implementation 
of amorphous metal gates to reduce work function variation 
in integrated circuits.

Acknowledgements:
Thank you to the following for their guidance and support: 
Prof. Yoshio Nishi, Prof. Bruce Clemens, Dr. Michael Deal, 
Jiaomin Ouyang, Ranida Wongpiya, Stanford Nanofabrication 
Facility staff, National Nanotechnology Infrastructure 
Network REU Program, National Science Foundation, and 
the Center for Integrated Systems at Stanford University.

References:
[1]	 Fall, C. J., et al. Physical Review B, 65(4), 045401-1 2001.
[2]	 Zhang, X., et al. IEDM, 2009.
[3]	 Grubbs, M. E., et al. Appl. Phys. Lett. 97, 223505, 2010.
[4]	 Grubbs, M. E., et al. Electron Device Letters, 30(9), p. 925, 2009.



MATERIALS

116 2012 NNIN REU RESEARCH ACCOMPLISHMENTS

Formation of Quantum Dots by Aerosol Reactor

Adam Roberge
Chemical Engineering, Waynesburg University

NNIN REU Site: Nano Research Facility, Washington University in St. Louis, St. Louis, MO
NNIN REU Principal Investigator: Dr. Da-Ren Chen, Department of Energy,  

Environmental, and Chemical Engineering, Washington University of St. Louis
NNIN REU Mentor: He Jing, Department of Energy, Environmental,  

and Chemical Engineering, Washington University of St. Louis
Contact: rob0746@student.waynesburg.edu, chen@seas.wustl.edu, jingh04@gmail.com

Abstract:
Nanometer sized semiconductors, or quantum dots (QDs) 
are sought after for their size-dependent photoluminescent 
properties. The synthesis of QDs in the past has been by the 
hot solvent injection approach. An alternative to hot solvent 
injection is aerosol route formation, which has the potential 
to be a continuous and large scale QD production method. 
This study focused on; (a) the aerosol route formation of QDs, 
and (b) examination of the effects of the ratio between the 
cadmium (Cd) and selenium (Se) precursors. The first part of 
the study was primarily to create QDs of various sizes with 
emission wavelengths ranging from blue (465 nm) to red (608 
nm) using an aerosol-based synthesis. The second part of the 
study explored the effects of the molar ratio of cadmium 
acetate to Se on particle growing rate and the photoluminescent 
properties. Various molar ratios were tested, 1:5, 1:2, 1:1, 2:1, 
and 5:1, of cadmium acetate to selenium.

Introduction:
Quantum dots (QDs) are desired for their photoluminescent 
properties. By tuning the size of the QDs, the band gap can 
be altered. The specific size of the band gap contributes to a 
certain wavelength of emission. Researches have been able 
to use the very specific emission wavelengths in devices 
such a light emitting diodes as well as in bio-imaging. QDs 
have been attached to certain proteins that attach to tumors 
and then fluoresce under ultra-violet light, which makes the 
tumors visible. 

The most common method used to produce QDs is hot-
solvent injection method. This method injects hot solvent into 
a heated precursor and the amount of time the solvents are 
left in the reaction mixture determines the size of the QD. 
This method is difficult to operate on a large scale. Another 
method for producing QDs is aerosol furnace formation. In 
this method, the precursors are combined into an atomizer 
and sprayed into a tube furnace, which cooks the QDs at a 
specific temperature. The QDs are then collected in a bubbler. 
This method allows for continuous QD production as well as 
scaled-up production. The purpose of this study is to further 
explore the aerosol furnace formation of QDs as well as the 
effect of the molar ratio of Cd to Se.

Experimental Procedure: 
Our procedure was modified from Didenko, et al. [1]. All 
reagents were used as received from Sigma Aldrich. We 
weighed 0.104 grams cadmium acetate dihydrate (Cd(Ac)2) 
reagent grade 98% assay and placed it into 1.92 ml oleic acid 
technical grade 90% assay. Then we heated the solution with 
a heater set to 140°C until the Cd(Ac)2 totally dissolved. A  
10 mL toluene chromasolv reagent 99.9% assay was added 
into the solution, which was then cooled to 40°C with the 
heater set to 30°C. In another container, we weighed 0.192 g  
Se 100 mesh 99.5+% into 1.6 ml trioctylphosphine (TOP) 
technical grade 90% assay. The solution was mixed until the 
Se totally dissolved. 

Once the oleic acid and Cd(Ac)2 solution was cooled, the 
second solution containing Se and TOP was added. The solution 
was shaken well to mix and was added to the atomizer, which 
had a spray with a mean diameter size of ≈ 0.33 µm. Finally,  
15 ml toluene was placed into each bubbler. The temperature 
of the Lindberg/Blue tube furnace was set (see Figure 1). Once 
the furnace reached the desired temperature, the nitrogen gas 
tank was turned on. The pressure before the atomizer was 
set to 40 psi. The vacuum was turned on, and the valve was 
adjusted on the Magnahelic laminar flow meter so the flow 
rate was 0.75 lpm. The reaction was allowed to take place for 
two hours. The vacuum was turned off and then the nitrogen 
gas tank was turned off also. The sample was then collected 
from the bubblers. 

For the second part of the study, the same procedure was 
followed, but the molar ratio of the precursors was altered. 
Four different molar ratios of Cd(Ac) to Se were tested: 1:2, 
1:1, 2:1, and 5:1.

Results and Conclusions: 
From our testing, various-sized QDs were produced by  
aerosol reactor; see Figure 2 (note the full color version on the 
cover). The emission wavelengths of these dots ranged from 
450-608 nm (see Figure 3). QDs with the Cd-to-Se ratio of  
1:1 had minimum reduction in emission intensity and 
wavelength as compared to those with the ratio of 1:5 (see 
Figure 4). 
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The 1:1 ratio may prove to be a viable option for future 
synthesis. The reduced amount of precursor could eliminate 
the need for “washing” of product, which would reduce waste.

Future Work: 
More development is needed to test and improve the QD 
collection efficiency of the system. Further testing is also 
needed to find environmental-friendly solvent(s) for the 
synthesis. At last, testing is necessary to improve the 
purification process to remove excess un-reacted precursors.
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Figure 4: Normalized emission spectra of molar ratio testing.

Figure 1: Experimental set-up as modified from Didenko [1].

Figure 2: Samples ranging in temperature from 220-350 
under UV light (note the full color version on the cover).

Figure 3: Normalized emission spectra of temperature testing.

in St. Louis Nano Research Facility (NRF). In addition, the 
author would like to thank Principal Investigator Dr. Da-Ren 
Chen and mentor He Jing.

References:
[1]	 Didenko, Yuri T., and Kenneth S. Suslick. “Chemical Aerosol Flow 

Synthesis of Semiconductor Nanoparticles.” Journal of the American 
Chemical Society 127.35 (2005): 12196-12197

[2]	 Su, Huaipeng, John D. Dixon, Andrew Y. Wang, Jeremy Low, Jian Xu, 
and Jingkang Wang. “Study on Growth Kinetics of CdSe Nanocrystals 
with a New Model.” NanoScale Research Letter 5 (2010): 823-28. 
Springer, 25 Mar. 2010.

[3]	 Rosenthal, Sandra, James Mcbride, Stephen Pennycook, and Leonard 
Feldman. “Synthesis, Surface Studies, Composition and Structural 
Characterization of CdSe, Core/shell and Biologically Active 
Nanocrystals.” Surface Science Reports 62.4 (2007): 111-57.



MATERIALS

118 2012 NNIN REU RESEARCH ACCOMPLISHMENTS

Etch Study of Zirconium Oxide Nanoparticle Photoresist

Andrew Sanville
Engineering Physics and Mathematics, University of Wisconsin-Madison

NNIN REU Site: Cornell NanoScale Science and Technology Facility, Cornell University, Ithaca, NY
NNIN REU Principal Investigator: Christopher K. Ober, Department of Materials Science and Engineering, Cornell University
NNIN REU Mentor: Christine Ouyang, Department of Materials Science and Engineering, Cornell University
Contact: asanville@wisc.edu, cko3@cornell.edu, cyo3@cornell.edu

Abstract:
As feature sizes continue to decrease, the need for high 
etch-resistance photoresist becomes more apparent. Using 
thin films creates lower aspect ratio patterns and effectively 
prevents pattern collapse. However, due to poor etch-
resistance, achieving deep trenches on thin films can be 
difficult, as one will often etch through the photoresist before 
etching the substrate as desired. A promising potential solution 
lies in inorganic resists. This study looked at one such resist, 
a zirconium oxide (ZrO2) nanoparticle-based resist. These 
zirconium oxide nanoparticles are surrounded by methacrylic 
acid ligands, where the inorganic core has high etch-resistance 
and the photochemical reactions can occur at the organic 
ligands. This project looked at the effects of different lengths 
of oxygen plasma cleaning before etching to see its effects 
on etch-resistance of the nanoparticles in tetraflouromethane 
(CF4) and sulfur hexafluoride (SF6) gases. The oxygen clean 
appears to have little effect on the etch-resistance of the film.

Introduction:
Many processes today implement photolithography to create 
features. This process involves exposing a photo-active 
coating to light in order to create a pattern [1]. The coating 
acts as a protective layer, allowing for etching of the pattern 
into the substrate. These photo-active compounds are the 
source of much research as they can continue to be improved.

One such material is an inorganic complex consisting of 
zirconium-based nanoparticles. These nanoparticles have high 
etch-resistance, a desirable trait when making small features. 
High etch-resistance allows for one to use thinner films, as 
one needs less photoresist (the photoactive compound) during 
the etch phase [2]. Thinner films prevent the patterns from 
failing by avoiding tall and narrow structures that would be 
prone to defects.

This study examined the properties of this complex process. 
In particular, it sought to optimize the etch step of the resist 
by looking at the effects of various oxygen plasma clean times 
on the etch properties of thin films of the particles in CF4 or 
SF6 plasma etches.

Procedure:
The nanoparticles were synthesized and processed according 
to literature [2]. The wafer was exposed to light using the 
ABM contact aligner at the Cornell NanoScale Science and 
Technology Facility (CNF). The wafer was exposed under 
254 nm light using contact lithography.

The wafer was then cut into fragments and exposed to either 
CF4 or SF6 plasmas in the Oxford 81 and PlasmaTherm PT72 
respectively (also at the CNF). The samples were exposed 
for thirty second intervals, up to two and a half minutes. The 
thickness of the remaining films was then measured using 
spectroscopic ellipsometry.

Results and Conclusions:
Figure 1 shows the change in thickness due to the oxygen 
clean. The thickness decreased at an exponential rate. The 
decrease in etch time could represent the oxygen consuming 
all of the organic compounds on the surface of the film and 
then its inability to etch into the zirconium oxide. Further 
study should be done to confirm this theory, looking at the 
composition of the film before and after the etch.

Figure 1: The change in thickness 
as a result of the oxygen clean.
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Figure 2 shows the effects on the film in a CF4 plasma etch. 
Overall, other than a thickness decrease, not much change 
was seen in the etch resistance of the film. Figure 3 shows 
the effects on the film in a SF6 plasma etch. Although, the 
30s etch appeared to have a much faster etch rate, this could 
just be due to artifacts in the data. It does not appear that the 
oxygen clean step had a significant effect on the etch rate. In 
the end, further study should be done to confirm these results 
and help further optimize etching.

Overall, the research proved that the photoresist is for the 
most part unaffected by the oxygen clean in these processes. 
In neither process was a noticeable difference apparent in the 
etch step. The photoresist held up well in both plasma etches, 
giving fairly consistent etch rates. These positive results lend 
evidence to the durability and strength of the resist.
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Figure 2: The results of etch study performed 
in CF4 gas with various O2 clean times.

Figure 3: The results of etch study performed 
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Abstract:
Anatase-type titanium dioxide (TiO2) thin films were 
investigated for their application in three dimensional (3D) 
integrated circuit (IC) designs. The TiO2 films were deposited 
using atomic layer deposition (ALD) over other types of 
deposition because it offers both angstrom-order thickness 
resolution and the unique conformal deposition required for 
3D fabrication. TiO2 was deposited with four differing cycles 
resulting in four different thicknesses ranging from 3-7 nm. 
These samples were separately annealed at 300, 400, and 
500°C. Electrical characterization revealed that only the 
500°C fabrication process produced TiO2 usable for effective 
3D integrated circuits.

Introduction:
The nominal feature size of components in integrated circuit 
(IC) technology has decreased drastically over the last several 
decades producing electronics that are increasingly more 
advanced. However, scientists have come to realize that this 
nominal feature size of the components is quickly approaching 
both physical and quantum mechanical limits. The quantum 
mechanical limits arise from electrons tunneling through the 
thin silicon dioxide (SiO2) insulator layer resulting in low 
current. The physical limits arise because the technology 
is approaching thin films that are a single molecule thick. 
To circumvent these limitations, scientists have begun 
researching both materials with a higher dielectric constant 
than SiO2 to limit quantum tunneling, and new IC designs 
involving 3D fabrication of the 
IC components.

One promising 3D fabrication 
technique is the Gate-Last 
process which, as the name 
indicates, deposits the gate on the 
IC component last. This process 
requires that the fabrication 
temperature be less than 500°C 
and have an insulating layer with 
dielectric constant, k, greater than 
30. One material that has been 
investigated by many researchers 

for applications in future IC technology is TiO2, because in its 
rutile phase its dielectric constant is over 20 times larger than 
SiO2. However rutile-type TiO2 only forms at temperatures 
higher than 600°C [1]. The other major polymorph of TiO2 
is the anatase structure, which forms at lower temperatures 
and has a dielectric constant of approximately 30 — making 
it an ideal material for the insulating layer of the Gate-Last 
process. We investigated anatase-type TiO2 as a possible 
high-k insulator for the Gate-Last process by determining its 
dielectric constant at three fabrication temperatures; 300, 400, 
and 500°C. The 500°C case was carried out previously by M. 
Kimura, but the results will be shown here.

We prepared TiO2 films on SiO2/Si samples by ALD, using 
tetrakis(dimethylamino)titanium (TDMAT) and water gas. 
These films were used to construct capacitors with structure 
TaC/TiO2/SiO2/Si with fabrication temperatures of 300, 400, 
and 500°C. Using these capacitors, we studied the relationship 
between TiO2 thickness and fabrication temperature to 
determine how the fabrication temperature affected the 
dielectric constant of TiO2.

Experimental:
TiO2 thin films were deposited onto a SiO2/Si substrate 
using ALD. The ALD process consisted of 50, 66, 83, and 
100 cycles, where one cycle consisted of inflow of TDMAT, 
then argon (Ar) gas, then H2O, and again Ar gas to purge the 

Figure 1: Fabrication specifications and thickness results.
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system before the next cycle. The substrate temperature was 200°C 
and the TDMAT precursor was kept at 100°C for the deposition. Post 
deposition annealing was done under O2 atmosphere with flow rate of 
50 sccm. The temperature was ramped at 10°C up to 300, or 400°C 
and held there for 30 s. The top TaC electrode of the capacitor was 
deposited by sputtering to a thickness of 150 nm. The samples were 
then annealed in a 3%H2/N2 gas to rectify any oxide ion charge.

The film thicknesses were determined by ellipsometry, and the results 
are shown in Figure 1. The electrical properties of the TaC/TiO2/SiO2/
Si capacitors were investigated using high-frequency capacitance-
voltage (C-V) and leakage current-voltage (I-V) measurements. 
High-frequency C-V measurements were executed at 500 kHz 
and the oscillation amplitude was 30 mV. I-V measurements were 
performed using a step voltage sweep with a voltage step of 0.05 V.  
The structure of the TiO2 films was determined previously using 
XRD, by M. Kimura, and is shown in Figure 2.

Results and Discussion:
The XRD data shows how that only the anatase-type TiO2 was 
deposited for all three fabrication temperature. The C-V data in Figure 
3 shows that with a 500°C fabrication temperature, the dielectric 
constant was 34.8, at 400°C the dielectric constant was 22.8, and 
at 300°C the data was too inconsistent for a dielectric constant to 
be determined. Thus, only the 500°C fabrication process produced a 
TiO2 thin film suitable for the 3D Gate-Last process.

We believe that the 300°C and 400°C fabrication temperatures were 
not high enough to reduce the film defects. Further research is needed 
to confirm this hypothesis by characterizing the film quality. We also 
attribute the inconsistent electrical properties of the 300°C fabrication 
process to poor TiO2 film quality.

Conclusions:
TiO2 thin films deposited at 500°C show promise as effective 
insulators for 3D fabrications, whereas the films deposited at 400°C 
and 300°C need to be investigated further, because of their low 
dielectric constant and inconsistent electrical properties. Further 
research is also needed to both characterize the films boundary 
conditions and to determine the film quality before any concrete 
conclusions can be made.
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Abstract:
Since the discovery of carbon nanotubes (CNTs) by Sumio 
Iijima in 1991 [1], they have been of great interest to the 
nanotechnology community. In this work, we explored 
microfluidic drop generators to fabricate CNT microdrops 
with a controlled geometry and fast throughput. On the one 
hand, CNT microdrops were assembled using CNTs water 
suspensions in oil. On the other hand, we explored the 
fabrication of CNT shells according to the Pickering emulsion 
principle. These CNT microdrops were first validated using 
shear mixing in vials and then transferred to microfluidic drop 
generators.

Introduction:
Graphene is a planar sheet of sp2-hybridized carbon atoms in 
a honeycomb structure; and CNTs are essentially graphene 
sheets rolled into cylindrical structures. There are two 
types of CNTs. First, single sheet of graphene rolled in to 
a cylinder is referred to as single-walled carbon nanotubes 
(SWNT), and multiple layers of graphene rolled are known 
as multi-walled carbon nanotubes (MWNT). The diameter of 
CNTs can range from less than 1 nm to more than 100 nm 
depending on the size and number of graphene shells; and 
the length of the nanotubes varies from tens of nanometers up 
to several centimeters, hereby truly bridging nanometer and 
macroscopic length scales [2]. 

CNTs attract interest in the nanotechnology 
community due to their unique characteristics. For 
instance, their mechanical properties include high 
tensile strength (~ 37 GPa), and Young’s modulus 
(1 TPa). The electrical conductivity can be as high 
as 109 A/cm2, and the measured room temperature 
thermal conductivity for an individual MWNT is 
around 3000 W/m•K, which is greater than that of 
natural diamond [3]. 

In this work, we looked into new shaping methods 
of these nanomaterials.

Experimental Procedure:
Materials. CNTs used in this work were MWNTs with the 
diameter of nine nanometers and length of approximately 
0.5 to 3 µm. These were acquired from NanoCyl, product 
type NC7000. Carboxyl functionalized CNT were fabricated 
by hot nitric acid treatment while refluxing at 60°C. CNT-
water suspensions were made by sonication and subsequent 
centrifugation of carboxylic CNTs as well as CNT-surfactant. 
Typically, suspensions of a few weight percent Span 80, SDBS, 
SDS, Tween, and F127, and ABIL were sonicated for a few 
hours at low energy, followed by a one hour centrifugation 
at 5000 g. Also for the continuous phase, various fluids were 
tested including water, mineral oils, and kerosene.

Droplet Formation by Shear Mixing. CNT suspension was 
inserted to a vial containing an oil phase and the vial was 
shaken to generate CNT microdrops. Calibrated microscopes, 
as well as scanning electron microscopy (SEM) was used to 
characterize the droplets.

Droplet Formation by Microfluidic Devices. Glass capillary 
microfluidic devices were fabricated as follows. First, two 
round capillaries were tapered by a micropipette puller. The 
capillary surfaces were treated with n-octadecyltrimethoxyl 
silane, making them hydrophobic, thereby preventing the 
water-based drops to collapse to the glass. Then as shown in 
Figure 1, the tapered capillaries are aligned co-axially and 

Figure 1: A) Microfluidic glass capillary device. 
B) Close up schematic diagram of the device.
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inserted into a square capillary. Epoxy was used to glue them 
together.

Next, plastic syringes containing CNT suspension and the 
continuous oil phase were connected to syringe pumps. The 
pump flowed liquids to the microfluidic device at a constant 
flow rate and therefore, the device made monodispersed CNT 
microdrops. The device was also connected to a hydrophobic 
collection vial for further research. SEM was used to take 
images.

Pickering Emulsions. CNT shells were fabricated based 
on the Pickering emulsion principle. This principle relies 
on particles that sit astride the oil-water interface, to reduce 
the total surface energy. The particle refers to a solid object 
or a small liquid droplet with a size ranging anywhere from 
two nanometers to a few millimeters. In this work, we 
formed hollow particles using carboxyl functionalized CNTs 
adsorbed in a water-cyclohexane interface. This process was 
in accordance with prior work found in literature. Chen, et al., 
prepared CNT microcapsules by using plasma treated CNTs 
and cyclohexane [4].

Results and Conclusions:
As shown in Figure 3, stable CNT microdrops were generated 
using both the shaking and the microfluidic device. Using 
image analysis, the diameter of the drops was determined. 
The diameter distribution of solid CNT microdrops from 
the microfluidic device was concentrated around 100 µm. 
However, the diameter distribution from the shaking method 
ranged from 10 µm to 120 µm. Also, changing the flow rates, 
the diameter of the drops made by the microfluidic device can 
be controlled.

Future Work:
Coalescence was a problem throughout the project. Especially 
the fact that the Pickering emulsion CNT microdrops coalesced 
inside the plastic tubing while traveling to the collection vial. 
Also, the other CNT microdrops coalesced, particularly when 
their diameter exceeded 100 µm. Some approaches to the 
problem this summer were the following; to provide more 
time for stabilization, longer plastic tubing was used in the 
microfluidic device, and also, the tubing was sonicated for 
Pickering emulsions, in accordance to a procedure found in 
literature. Further work is needed in order to stabilize these 
drops.
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Figure 3: A) Microdrops generated by the microfluidic device and diameter 
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CNT microdrop surface revealing the CNTs.
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Abstract:
Diamond’s high carrier mobility, thermal conductivity, 
and breakdown voltage allow for faster and higher power 
electronic devices than those made of silicon. Growth of thin, 
high quality diamond films has been consistently achievable 
since the 1980’s by chemical vapor deposition (CVD) and 
works best on diamond substrates. However, as diamond 
substrates are expensive and cannot be commercially grown 
large enough for mass production, this project explores silicon 
carbide as an alternative growth substrate. Diamond films 
were grown using hot filament chemical vapor deposition 
(HFCVD) under two filament configurations, with differing 
growth times and carbon-to-hydrogen ratios to determine 
optimal growth conditions. Quality of the diamond films 
was characterized by Raman spectroscopy, scanning electron 
microscopy (SEM), and energy-dispersive x-ray spectroscopy 
(EDS). Hall measurements were performed on selected 
samples to determine the electrical properties of the films. 
Fabrication of Schottky diodes was attempted, but samples 
were too conductive for electronic device applications.

Introduction:
Diamond’s superior carrier mobility, high thermal 
conductivity and high breakdown voltage make it ideal for 
high-speed power transistors. Silicon carbide (SiC) makes 
a good growth substrate for diamond because it also has a 
high thermal conductivity and breakdown voltage, making 
it suitable for use under the same high-power conditions. 
Additionally, SiC wafers can be grown large enough for mass 
production, while diamond substrates cannot [1]. Our project 
focused on growing unintentionally doped layers of diamond 
on semi-insulating SiC.

Experimental Procedure:
To prepare clean substrates, SiC wafers were brushed with soap 
and deionized water, and rinsed with acetone and methanol. 
The samples were then seeded for diamond growth by 
immersion in an equal volume mixture of 5 nm-size diamond 
particle slurry and methanol, and placed in an ultrasonic bath 
for ten minutes. The sonication process scratched up the SiC 
surface and deposited the nano-size diamond particles on the 
surface; both the scratches and particles acted as nucleation 
sites during growth. Six samples of SiC were prepared this 
way, five of the hexagonal 6H polytype and one of the cubic 
3C polytype.

Figure 1, left: Surface of best sample.

Figure 2, above: Raman spectrum of best sample.
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Growth of diamond was achieved in a hot filament chemical 
vapor deposition (HFCVD) reaction chamber. Diatomic 
hydrogen (H2) and methane (CH4) were passed over an 
electrically heated tungsten filament, causing them to react 
and deposit carbon on the surface of the SiC. One 6H sample 
was grown under a configuration of three straight filaments, 
while the remaining four 6H samples and the 3C sample were 
grown under a single, coiled filament configuration. Before 
growth, carburization was performed; a larger concentration 
of methane-to-hydrogen was passed through the chamber at a 
sub-growth temperature to bond carbon atoms to the outside 
of the tungsten filament and thereby prevent contamination 
of the substrate and diamond layer. The carbon ratio was then 
reduced and the filament current increased to achieve the 
desired growth temperature. The coiled filament setup had a 
shutter to protect the substrate from unintentional deposition 
of carbon during the carburization process.

The straight filament sample was grown for eight hours at 
a temperature of 2200°C and a pressure of 30 torr, with a 
1.5% concentration of methane-to-hydrogen. The samples in 
the coiled filament setup were all grown at a temperature of 
2600°C and pressure of 20 torr. Of the 6H samples, we grew 
in a 2% concentration of methane-to-hydrogen for 18 hours, a 
1.5% concentration of methane-to-hydrogen for 21 hours, and 
a 1% concentration of methane-to-hydrogen for 20.5 hours. 
Subsequently, a 6H sample and 3C sample were both grown 
at 2600°C and 20 torr in a 1.5% carbon concentration for a 
short run of 2.25 hours.

Results and Conclusions:
Scanning electron microscope (SEM) images revealed well-
faceted, polycrystalline diamond on all samples. All samples 
exhibited microcrystals of diamond except the 6H and 3C 
grown for 2.25 hours, which exhibited nanocrystals of 
diamond. The 6H 1.5% sample grown under the coil filament 
experienced the highest deposition rate (0.86 µm/hr) and the 
highest purity Raman spectrum; no graphite peak was visible. 
The 6H 2% and 1% samples both experienced film stress. The 
2% sample had almost as high a deposition rate, but with a 
significant graphite peak; the 1% sample had a small graphite 

peak but a low deposition rate. A concentration of 1.5% 
carbon under the coil filament was determined to be the best 
sample.

Hall measurements were performed on the 1.5% 6H sample 
under the straight filament, and the 1.5% and 1% 6H samples 
under the coil filament. Mobility of the straight filament 
sample was 112 cm2/V-s, while the coil filament 1.5% and 1% 
mobilities were 9.28 and 32.34 cm2/V-s, respectively. Carrier 
concentration for the straight filament sample was on the order 
of 1018 cm-3, while for the coil filament samples, it was on the 
order of 1015 cm-3. Schottky diodes were unsuccessful, as all 
metal-diamond contacts were ohmic even without annealing.

Future Work:
The high carrier concentrations indicate unintentional 
dopants; energy dispersive x-ray spectroscopy (EDS) on the 
back of free-standing diamond from the 2% sample revealed 
9% tungsten from the filament. Improving the carburization 
process to reduce the contamination of the substrate will 
decrease the conductivity. Annealing may also reduce bulk 
defects and decrease carrier concentration [2].
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Abstract:
Magnesium (Mg) is the most commonly used acceptor 
dopant in gallium nitride (GaN) devices. Acting as a 
deep acceptor with an activation energy of ~ 200 meV, 
Mg can introduce electrical and optical complications. 
Carbon has been demonstrated to be a possible alter
native acceptor dopant atom with a lower activation 
energy [1]. Carbon-doped GaN (GaN:C) samples were 
homoepitaxially grown on <10-11> and <10-1-1> planes 
using plasma-assisted molecular beam epitaxy (PAMBE). 
A root mean square (RMS) surface roughness of 0.248 
nm was achieved as verified by atomic force microscopy 
(AFM). There was no apparent crystal degradation from 
carbon doping as demonstrated by full-width half-max 
calculations of x-ray diffraction (XRD) rocking curves. 
Hall Effect and current-voltage measurements were used 
to electrically characterize the samples.

Introduction:

Figure 1: Growth layer(s) on semi-polar GaN substrates. Not to scale.

source that has no significant impact on growth rate and 
crystal quality of GaN material grown by RF-plasma-assisted 
MBE.

Hikosaka, et al. [1], demonstrated p-type conduction in 
GaN:C grown on the <1-101> plane by metal-organic 
vapor phase epitaxy. The hole density within the GaN was 
controllable by varying the carbon precursor flow rates. To 
further investigate the physical and electrical properties of 
carbon-doped material, GaN:C was grown on the <10-11> 
plane using PAMBE in this study.

Experimental Procedure:
PAMBE was used to grow UID GaN, GaN:Mg, and GaN:C 
with CBr4 foreline pressures of 30, 55, and 80 mT on bulk 
semi-polar <10-11> GaN as well as GaN:C with CBr4 foreline 
pressures of 30 and 80 mT on bulk <10-1-1> GaN. Sample 
schematics are shown in Figure 1. 

All GaN samples were grown using a Varian GenII system 
with a substrate temperature of 710°C. “Active” nitrogen 
was provided by a Veeco Uni-bulb nitrogen plasma source 
using RF-plasma power of 300 W and a nitrogen flow rate of 
0.4 sccm. Elemental gallium was introduced via a standard 
SUMO effusion cell. These conditions correspond to a growth 
rate of ~ 8 nm/min.

GaN is a wide band-gap III/V semiconductor material that 
is used in many short-wavelength emitting devices. Through 
its alloys, GaN devices are able to function over the entire 
visible spectrum. GaN has a wurtzite crystal structure lacking 
inversion symmetry; therefore, polar, non-polar, and semi-
polar planes are available for growth. Much research has 
dealt with growth on the polar <0001> plane. This project 
examined growth on the semi-polar <10-11> plane.

To obtain electrically-conducting, extrinsic semiconductor 
material, impurities are placed into the semiconductor. When 
an acceptor atom takes an electron from a valence band shell, 
holes are produced. When holes are the majority carrier, the 
material is said to be p-type. Magnesium is commonly used 
as the acceptor dopant in GaN material. Because magnesium 
is a deep acceptor with a relatively high activation energy of ~ 
200 meV, only ~ 1% of the impurities are ionized. An increase 
in doping is necessary to obtain desirable hole concentrations; 
this increase leads to additional imperfections. Carbon has 
been predicted to be an alternative to magnesium [2]. Green, 
et al. [3], showed that, while being the primary dopant, carbon 
will incorporate and self-compensate on the <0001> plane 
[3]. It was also demonstrated that CBr4 is an effective carbon 
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AFM images were taken using a Veeco Dimension 
3000/3100 scanning probe microscope to measure surface 
morphology and roughness. XRD measurements were 
taken using a PANalytical X’Pert PRO MRD high-
resolution x-ray diffractometer to observe crystal quality. 
Hall effect measurements were taken on mesa-isolated 
photolithographically-defined metal contacts on a Van der 
Pauw pattern as shown in Figure 2. Al/Au contacts were 
deposited on UID GaN samples while Pd/Au contacts were 
deposited on all other samples.

Results and Conclusions:
Visible step-edges in the AFM images of all samples indicate 
good step-flow growth, as seen in Figure 3. As CBr4 foreline 
pressure increased, surface roughness decreased. The average 
RMS surface roughness of GaN:C samples was calculated to 
be 0.248 nm, indicating atomically smooth surfaces. Samples 
grown on <10-1-1> were 47% smoother than those grown on 
<10-11>. Full-width half-max (FWHM) calculations of the 
XRD rocking curves were all within one standard deviation 
of the average FWHM except one, suggesting no significant 
crystal degradation due to carbon incorporation, as shown in 
Figure 4. 

The single outlier was the sample grown on <10-1-1> with 
the highest CBr4 foreline pressure of 80 mT with a FWHM 
of more than one standard deviation smaller than the average. 
This result suggests that with increasing CBr4, there is 
improvement of crystal quality on <10-1-1>.

Hall effect measurements were inconclusive due to Schottky 
behavior of the metal contacts; however, current-voltage 
measurements taken from contacts on top of the mesa to the 
substrate at the base of the mesa suggest rectifying p-n diode 
type behavior. As the substrate is n-type material, the growth 
layer is subsequently suggested to have p-type behavior.

Future Work:
The growth layer should be better isolated from the substrate 
to avoid carrier leakage and help generate conclusive Hall 
effect measurements. Better electrical characterization will 
confirm that the <10-11> and <10-1-1> planes generates 
higher carrier ionization via carbon doping.
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Figure 4: Normalized Omega-2 Theta x-ray diffraction rocking 
curves. Pre-grown <10-11> GaN represented in bold. Second peak 
seen in <10-11> GaN:C 80 mT samples.

Figure 2: Four Hall probes on Van der Pauw patterned mesa-isolated 
photolithographically-defined contacts.

Figure 3: Approximately one micron AFM images. a,b,c. <10-11> 
GaN:C. d,f. <10-1-1> GaN:C. e. Evident step-flow growth of GaN:Mg. 
a,d / b / c,f. CBr4 foreline pressure of 30, 55, 80 mT, respectively.
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Abstract and Introduction:
Thin-film piezoelectric micro-robots could potentially help 
save human lives with their ability to do reconnaissance in 
hazardous places, or help avoid costly demolition processes 
during infrastructure maintenance by utilizing images provided 
from inconvenient and/or unreachable locations. In order to 
achieve these goals, there should be an optimized fabrication 
process for these micro-robots using microelectromechanical 
systems (MEMS) technology. 

A critical fabrication step in MEMS technology is the safe 
release of these micro-robots using xenon difluoride (XeF2) 
etching, which etches only silicon in an isotropic manner. 
Due to the nature of isotropic etching, the etching results 
depend on the amount and location of the silicon’s open 
surface area. Micro-robots can also be designed with trenches 
such that XeF2 gas flows through the trenches and undercuts 
piezoelectric actuators, allowing free movement. Thus, 
the geometry and location of the trenches is important to 
successfully release micro-robots. 

In this work, XeF2 etching of several piezoelectric micro-
robot designs have been characterized, which can be used to 
modify the design of the micro-robots for a faster and safer 
release. Additionally, the etching of C4F8 polymer, which was 
deposited on the side wall of the trenches in deep reactive 
ion etching (DRIE), was characterized after the polymer was 
observed to protect silicon from being etched. 

Experimental Procedure:
Characterization of Fluorocarbon Polymer. Polymer 
etching was tested using modules containing dummy micro-
robotic devices fabricated from silicon oxide and gold. Images 

were taken of each module using the scanning electron 
microscope (SEM). Then, tape was placed on the module to 
prevent the fluorocarbon polymer from being deposited at 
certain locations. Next, a fluorocarbon polymer was deposited 
on the module. Afterword, the tape was removed confirming 
the polymers presence. Subsequently images were taken using 
the SEM to further verify the presence of the fluorocarbon 
polymer. The SEM also provided the thickness of the polymer 
where the tap was. Later the fluorocarbon polymer was 
removed using an oxygen based recipe. This recipe was then 
confirmed to remove the fluorocarbon polymer after SEM 
images showed no fluorocarbon polymer on the module. 

Releasing Micro-Robotic Devices. XeF2 etching was 
completed on silicon wafer modules containing between one 
and fifteen micro-robotic devices of various shapes. First, the 
module was mounted with the backside exposed on a six-
inch silicon wafer with crystal bond. Then the sample was 
etched with reactive ion etching (RIE), removing the oxide 
layer. Next the module was etched using deep reactive ion 
etching (DRIE) process to etch away the silicon until there 
was visible etching on the module. Subsequently the module 
was removed from the silicon wafer and the photoresist (PR) 
material was removed from the module. The cleaned module 
was mounted with the topside exposed on a silicon wafer and 
then placed in the STS Pegasus to remove the residual Teflon® 
using the oxygen-based cleaning recipe. Later, the module 
was detached from the silicon wafer and cleaned. Thereafter 
the module was mounted with the backside exposed on a 
silicon wafer and the DRIE process was continued until the 
oxide layer was visible. 
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The wafer was then placed in hot water until the module 
released from the wafer. To prepare for XeF2 etching, the 
module was placed on a glass slide and taped along the edges 
to prevent XeF2 from etching the sidewalls of the module. The 
module was etched with XeF2 until the sample was released 
from the wafer as it was designed to do. Finally the top side’s 
protective oxide layer was removed from the module. 

Results:
Two patterns were observed after completing the XeF2 etching 
process on the modules. The first pattern was that micro-
robotic devices designed with the same geometry would have 
similar etch rates and releasing times. This pattern emerged 
regardless of where the micro-robotic devices were located 
on the module. Some samples observed were located as far as 
1000 microns from each other. 

The second pattern demonstrated how the amount of time 
needed to release the micro-robotic devices was heavily 
dependent upon the geometry of the backside etching area. It 
was found that a greater etching area on the backside led to a 
significantly faster release of the micro-robot. 

Conclusion and Future Works: 
Through the releasing of different micro-robots, we were able 
to determine that the etch rate is dependent upon the number 

of micro-robotic devices on a module and the geometry of 
those devices. However, the most significant factor is the 
geometry of the backside etching area. Therefore, if a module 
has devices with different geometry and/or backside etching 
areas, they will be released at different times. This results in 
over-etching of the faster-releasing devices, making them 
unusable. Accordingly, we suggested alterations for the area 
of the backside etching on devices that have more geometric 
features, in order to reduce the etching time and release all 
of the micro-robotic devices at the same time. With these 
changes in place it would be possible to increase the yield of 
adequately released micro-robots. 

In the future, the group would be able to test this theory 
with more fabricated micro-robotic devices using these 
design changes. Also the group would be able to characterize 
the micro-robotic devices to find the optimum design and 
integrate them in the final micro-robot. 
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Abstract:
We have developed a tunable, optical two dimensional (2D) 
grating which can be used for measuring thermal-induced 
strain based on buckled thin film with periodic sinusoidal 
patterns on elastomeric substrates. One dimensional (1D) 
sinusoidal gratings and 2D herringbone gratings with a 
submicron scale have been fabricated with nanometer-thick 
gold (Au) film coated on uniaxial and biaxial pre-tensioned 
polydimethylsiloxane (PDMS) substrates, respectively. Due 
to the competition between the soft elastomeric substrates 
and relatively stiff Au films, uniform periodic wavy profiles 
are created upon releasing the pre-tension. The level of pre-
strain, the mechanical properties of the PDMS and Au, and 
the thicknesses of Au films determine the amplitudes and 
wavelengths of wavy structures. The buckling profiles can be 
tuned mechanically by changing the level of pre-strain applied 
on the elastomeric substrate. Moreover, characteristics of the 
buckles vary based on the thickness of the stiff Au nano
membrane. Different methods of producing a stiff film on top 
of an elastomeric substrate have been established so far, while 
for this project, we focused on deposition of Au on PDMS 
by plasma sputter coating to create 2D herringbone buckles, 
which has the advantage of being low cost and extremely time 
efficient. 

Introduction:
During the past few years the reliability of electronics pack
aging has received increasing attention, due to the soaring sales 
of iPhone and iPad. There are various electronic packaging 
failure modes like cracking, delamination and fatigue. Among 
them, the most well-known and often investigated mechanics 
issue for electronic packages is interface reliability. There is 
a great need for characterizing the deformations and strains 
in interfaces to the thermo-mechanical loadings caused by 
coefficient of thermal expansion (CTE) mismatches. Strain 
sensor using optical grating is a relatively new experimental 
mechanics method for measuring deformation and strain. Our 
method of making a buckled thin film on PDMS as a grating 
provides the capability of making uniform patterns at micro 
and submicron lever spontaneously without conventional 
photolithography techniques. More importantly, the wave
lengths of buckling structure can be easily controlled by the 

thickness of Au film deposition at nanometer level which 
enables great tunability for optical grating. 

Experimental Procedure:
The first part of our project was producing 1D ripples in 
Au nanomembrane stiff films. First, a thin slide of poly
dimethylsiloxane (PDMS) was prepared by mixing silicone 
elastomeric base and curing agent at the ratio of 10:1 by 
weight. After curing the PDMS at 80°C for three hours, we 
applied a desirable pre-strain on our substrate by mechanical 
stretcher only in one direction (x-direction). A thin layer 
of Au was coated on top of the pre-tensioned substrate by 
argon plasma-assisted sputter coating. Finally, releasing the 
pre-strain in the PDMS led to a compressive force in the Au 
film as the PDMS relaxed to zero strain, leading to periodic 
buckling. 

In the second part of our research, we focused on 2D herring
bone nanomembrane buckling. 2D samples were prepared 
with almost the same procedure as 1D, except that in the 
second step, we stretched our substrates in both X and Y 
directions sequentially (first in X and then in Y direction). 
Also, after coating the pre-stretched substrate with Au, the 
sample had to be released sequentially in both directions, but 
in reverse order (first in Y, then in X direction). This time, by 
releasing the sample 2D zigzag shape, buckling appeared in 
the nanomembrane. 

Results:
Four 1D sample wavelengths and amplitudes of nano
membrane ripples were studied throughout the project. Figure 
1 shows us the possible relationships [1] for amplitude and 
wavelength of the buckles based on thickness of the Au layer 
and level of pre-strain. The buckling period, amplitude, pre-
strain and thickness of the Au film are characterized by “λ”, 
“A”, “εpre” and “hf” respectively. Coating time determined the 
thickness of the Au nanomembrane linearly, and every thirty 
seconds corresponded to 5 nm. 

Based on graphs in Figure 2, by increasing the coating times, 
both wavelength and amplitude of buckles became larger. 
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Also as pre-strain became larger the wavelength of the ripples decreased. These 
results supported our theoretical relationships. 

Figure 3 is the 3D image of 2D buckles using optical profilometer. For each 2D 
buckle, three different wavelengths were measured, λx, λy and λ, in X, Y and 
normal to buckle direction, respectively. Figure 4 shows that all three types of 
wavelengths are in direct relationship to the coating time. Also amplitude of the 
wrinkling profile increases when coating time increases. These results also are a 
proof to our theoretical relationships. 

Future Work:
In 2D buckles by increasing the pre-strain to even a greater level (25%-50%), 
the smallest wavelength (λ) was inversely proportional to the pre-strain, which 
means that as we stretched our samples to a greater extend, the wavelength of the 
buckles became smaller. Also if we can find a way to coat a thinner layer of gold, 
we might be able to produce gratings with wavelength closer to the wavelength 
of the natural light by even a smaller pre-strain. Moreover, we found out that 
creating a 2D herringbone structure in relatively stiff nanomembrane gold film 
on top of PDMS by argon plasma sputter coating is a low cost and time-efficient 
method. 
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Figure 2: a) 1D wavelength vs. coating time 
graph, b) amplitude vs. coating time graph. 

Figure 1: Theoretical relationships.

Figure 3: Optical profilometer image, 2D buckling, 
deposition time is 2.5 min, pre-strain of 15%. 

Figure 4, left: 2D wavelengths vs. coating time 
graph, b) amplitude vs. coating time graph.
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Abstract: 
A device capable of detecting, characterizing and sorting 
nanoparticles and important biological targets would be 
an invaluable tool both for public health monitoring and 
for biomedical research. We describe the development of a 
microfluidic device that should permit the high-throughput 
sorting of nanoparticles, potentially able to sort hundreds to 
thousands of particles per second. 

Introduction: 
The ability to manipulate biologically relevant nanoparticles 
such as viruses, proteins, and synthetic nanoparticles would 
be a boon for medical research. Examples of the utility of 
such a device include aggregating rare particle types or 
efficiently imaging representative particles in a diverse 
mixture. Current methods of sorting particles are impractical 
for use in processing polydisperse samples. We describe the 
development of a microfluidic device that should permit 
high-throughput nanoparticle sorting. The device consists 
of a microchannel, an optical sensor, and a fluid actuator. 
Sorting is accomplished by driving fluid on-demand using a 
piezoelectric transducer (PT), actuated by an optical sensor 
sensitive to particles passing through the microchannels. We 
have performed a systematic study of PT actuation using a 
laser vibrometer, and have explored various means of coupling 
the PT and the microfluidic device. Through this study, we 
have developed an improved method for mounting the PTs to 
the microfluidic device that we expect will demonstrate more 
effective fluid actuation. 

Experimental Procedure:
Device Fabrication. The device’s microchannels were cast in 
the transparent elastic polymer polydimethylsiloxane (PDMS). 
The mold used to cast the PDMS consists of patterned SU-8 
photoresist. PDMS was spun onto the mold, then cured on a 
hotplate for 10-15 minutes at 140°C. We coupled the PTs to 

Figure 1: Particle actuation.

the microchannels by embedding them in a second layer of 
PDMS, which was cured for 20-40 minutes at 140°C. Each of 
the two PTs was placed over a reservoir which directed fluid 
perpendicular to the direction of particle flow (see Figure 1). 
Once the PDMS had hardened, we peeled it from the mold 
and cored ports for fluid injection using a biopsy punch. We 
prepared the PDMS for bonding by exposing it to UV ozone, 
and then we bonded it to a glass substrate and cured it for 3-5 
hours at 140°C. Fluid and florescent polystyrene nanoparticles 
were injected into the microchannels from pressurized 
reservoirs connected to flexible tubing inserted into the ports. 
Both PTs were connected to a function generator. Particles 
were forced through a fluid restriction and detected by an 
optical sensor, which signaled the function generator to 
actuate the PTs to direct the particle as desired. 

Device Characterization. Piezoelectric materials deform 
mechanically in response to applied voltage. We induced 
sinusoidal vibration in the PTs using a function generator with 
frequencies in the kilohertz range. We characterized these PTs 
and the PDMS that formed our device’s channels using a laser 
vibrometer. This tool measures the vibration of a reflective 
surface by measuring the phase shift difference between the 
reflected laser beam and a reference beam. 
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Results and Conclusions:
We performed a variety of vibrometry experiments to 
determine the behavior of the device as driving voltage, 
frequency, and measurement location were varied. 

We measured the resonance characteristics of the PTs by 
applying a fixed voltage to the PTs while modulating the 
driving frequency from 1-50 kHz. At each frequency, we 
found the peak-to-peak displacement of the PT as measured 
by the vibrometer. The resulting curve showed that the PTs act 
as harmonic oscillators with resonance frequencies close to 7 
kHz, in accordance with the manufacturer’s specifications. 
We performed these experiments on several PTs in three 
distinct environments: 1. The PT was glued onto a hollow 
metal cylinder. This showed the clearest resonant peak and 
two harmonics; 2. The PT was embedded in PDMS; and 3. 
The PT was embedded in PDMS and bonded to glass. In 
addition, the microchannels were filled with DI water. The 
results are summarized in Figure 2. 

In light of these data, we desired a way to isolate the PT 
vibration from the PDMS so that fluid actuation would be 
discrete and well-controlled. This was accomplished by 
machining brass funnels on which the PTs could be mounted, 
the stems of which could be inserted into ports in the PDMS. 
Vibrometry measurements showed that this modification 
successfully isolated the PT vibrations from the PDMS: 
we repeated both experiments testing for PDMS vibration 
without finding a signal in any case. 

Future Work:
Future direction for this project includes further calibrating 
the device to allow for well-controlled particle actuation. 
Once the device works predictably with the polystyrene 
nanoparticles, biological samples could begin to be processed. 
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Figure 3: Standing waves in PDMS. 

Figure 2: Resonance curves of PTs.

Because PDMS is an elastomer, we examined the possibility 
of vibrations propagating through it. We tested this by 
determining that the PTs were coupled together by PDMS 
vibrations: that is, we found that each PT could drive the 
respective other. When one PT was driven by the function 
generator, we found that the other PT showed a resonance 
curve similar to (though smaller than) that of the driving PT. 

We examined the PDMS vibration further by measuring the 
PDMS itself. We applied a layer of silver paint to a sample to 
make it reflective and measured the peak-to- peak displacement 
of the PDMS as we moved the vibrometer beam away from 
the edge of the driving PT. The results, summarized in Figure 
3, showed a standing wave in the PDMS whose amplitude 
was reduced when the sample was made of stiffer PDMS. 
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Abstract and Introduction:
Due to their remarkable porosity 
(~99%), electrical and mechanical 
robustness, and ability to be chemically 
functionalized, vertically aligned 
carbon nanotubes (“CNT forests”) are 
a promising material for use in lab-
on-a-chip devices. Utilizing these in  
bio-MEMS (e.g. for bioparticle detect
ion) provides several prospective 
advantages over conventional solid 
materials (polydimethylsiloxane or 
PDMS, silicon or Si). These include 
the capability for flow both around and 
through the nanoporous structures to 
increase particle-surface interaction and 
greater selectivity for small (e.g. 10 nm) 
particles [1].

Current literature has illustrated the 
prospects of CNT structures placed 
within the fluid flow. Alternatively, 
this project aimed to demonstrate 
the capability of CNT forests as 
microfluidic channel walls. Ultimately, 
flow through various geometries could 
be exploited for potential biomedical 
applications.

Via photolithography, patterns for 
flow channels were transferred onto a 
Si wafer. A base layer of alumina was 
deposited, overlaid with a layer of 
iron catalyst. The wafer was diced into 
individual devices then placed in a tube 
furnace and forest growth achieved by 
thermal chemical vapor deposition (CVD) using a mixture of 
helium, hydrogen, and ethylene, at 775°C.

Testing was accomplished with a benchtop fluidic system 
consisting of a syringe pump, acrylic/PDMS chip dock, and a 
camera-equipped stereoscope for visualization. Flow through 
the CNT channels was verified, and experiments using 
polystyrene beads and human monocytes suspended in the 
fluid flow were observed.

Figure 1: Step by step fabrication 
of microfluidic devices.

Methods:
Photolithography and sputtering (10 nm  
alumina and 1 nm iron) were imple
mented to define the catalyst regions for 
forest growth on a Si wafer. Afterwards, 
the wafer was diced into individual 
devices. CNT growth was performed in 
a tube furnace. 

First the substrate was annealed in 
100 sccm H2 and 400 sccm helium 
(He) at 775°C for 10 minutes. Next, 
the substrate was removed from the 
furnace and allowed to cool in stagnant 
annealing gases (He, H2). It was then re-
inserted for growth in 400 sccm He, 100 
sccm H2, and 100 sccm C2H4 at 775°C 
for various durations. (See Figure 1.)

Difficulties in fluid transfer motivated 
particular mount designs. The initial 
concept was a short (≈ 1 cm) PDMS 
cylinder with a cavity extending 
upwards from the bottom to house the 
chip and forest. Holes were punched 
above the chip reservoirs and aligned 
to another punched from the side. A 
dispensing needle was placed in the 
side hole and connected via silicone 
tubing to a syringe pump. Fabricating 
the cavity properly proved challenging. 

Once the PDMS covers contacted 
the forest, further adjustment would 
damage the forest. Further, leakage over 
the forest was noted. To circumvent 

this, an acrylic/PDMS chip docking system was developed 
(Figure 2a) and placed under a stereoscope. An adjustable 
stage, its vertical movement controlled by a micrometer, was 
positioned below an acrylic piece machined with vertical 
channels. These channels were aligned with the reservoirs of 
a bare silicon chip. A layer of PDMS with holes aligned to 
both those of the chip and the acrylic was placed on top of the 
chip. The stage was moved upward with the micrometer until 
the PDMS on the chip applied sealing pressure to the acrylic 
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spaced to fit whatever device. With this, several flows of 
monocytes, a variety of white blood cell, were undertaken 
(Figure 3).

To simulate the pressure drops to be experienced in the flow, 
flow through certain designs was analyzed with COMSOL 
Multiphysics, a finite element software package. Pressures and 
velocities from select geometry were compared to pressure 
results found from a flow equation assuming rectangular 
channels cited in the Microfluidics and Nanofluidics Hand
book by Mitra and Chakrabourty [1]. These flows will be 
related to experimental results in future work.

Results:
Preliminary flows of polystyrene beads and monocytes 
through CNT forests were performed successfully. Monocytes 
flowed rapidly even after the pump was stopped, but after a 
time, backflow occurred. This may be due to inadequate 
sealing. Imaging with the stereoscope camera did not provide 
satisfactory resolution. Further analyses might be conducted 
with fluorescence microscopy.

Close agreement was evident between the average velocities 
at the inlets for the COMSOL™ model and those of the 
fluidics equation. This asserts that COMSOL can be sensibly 
extrapolated to modeling other devices or new geometries.

Future Work:
The fluidic delivery system shall be improved and testing 
systematized for the procedure to be efficient and easily 
repeatable. The forests are fragile, necessitating more precise 
alignment strategies for the PDMS overlay such that sealing 
is obtained with less risk of harm to the forest. This would 
greatly expedite testing. A redesign of the flow geometries 
could contribute to this, and will be undertaken.

Optimization of the CNT growth conditions is required to 
fabricate CNT devices with consistent and repeatable fluidic 
properties. Further, the wealth of properties innate in CNTs 
such as photoluminescence as well as outstanding tensile 
strength and electrical conductance, make them attractive 
candidates for further integration in innovative microfluidic 
devices.
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Figure 3: A monocyte (within the circle) moves from a reservoir into 
a channel. The frames (labeled 1-4) are each separated by a fourth 
of a second.

Figure 2: Schematics.

plate. An assortment of materials with different elasticity, 
such as rubber, foam, and PDMS were used as backing for the 
chip as a means of improving sealing to the acrylic. Flow tests 
were conducted at infusion rates between 30 µL/hr and 10 µL/
min using 3, 10, and 15 µm polystyrene beads. Sandwiching 
the chip between ≈ 5 mm layers of PDMS was found to be 
adequate, as it most reliably prevented leakage.

A portable mount (Figure 2b) was constructed; a PDMS layer 
between two acrylic squares machined with vertical channels 
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Abstract:
The objective of this project was to create microelectro
mechanical systems (MEMS) using paper as the substrate and 
piezoresistive carbon ink to create a device that was sensitive 
to force. The idea behind this approach was to minimize cost 
and maximize ease of production. To achieve our objective, 
we used a paper cantilever design to correlate the relationship 
between force and change in resistance of the device, and 
subsequently the relationship between current and applied 
force. Our results showed a linear relationship. The next part 
of the project required us to apply this relationship to create 
a useful device. We opted on creating a microphone made 
from paper and the piezoresistive material. This was based 
on the fact that the relationship between force and resistance 
would facilitate the modulation of current in much the same 
way as the moving coil in a magnetic field in a conventional 
microphone. We were able to successfully accomplish our 
goals after several designs were tested and optimized.

Introduction:
Microelectromechanical systems (MEMS) are becoming 
increasingly popular. MEMS are used today in many fields, 
from biotechnology, medicine, communications, to inertial 
sensing [1]. In an attempt to decrease cost and time of 
production, paper-based MEMS are now being researched 
as a cheap alternative [2]. A paper MEMS device does not 
require a clean room, takes less than an hour to make, and 
cost only cents to produce. These attributes make them very 
attractive. 

Our project sought to use a piezoresistive material on a paper 
substrate in order to create a practical device. Our project was 
divided into two parts. The first part sought to examine the 
relationship between force and change of resistance/current 
on the piezoresistive material, and then in the second part, 
apply this in a practical way. We decided we could use the 
properties of the device to build a paper microphone.

Fabrication and Experimental Procedure:
The first part of our experimental procedure required us to 
design paper MEMS to test and correlate the relationship 

between force and resistance of the piezoresistive material. 
To do this we used the drawing software Corel Draw X5 to 
design cantilever systems. We then used an Epilog Helix Laser 
to cut the devices out. Carbon-based piezoresistive paint was 
applied to the device and allowed to dry, followed by a silver 
based conductive paint. A Wheatstone bridge was constructed 
on a breadboard to precisely measure the resistance of our 
device. 

The MEMS was fixed onto a mounting device that slowly 
lowered the cantilever of the MEMS onto a precision balance, 
applying a measurable force. Applying force to the cantilever 
put force on the piezoresistor, therefore changing its resistance 
and causing current to flow through the ammeter. The 
adjustable resistor was then manipulated until the current read 
zero. The resistance of the adjustable resistor could then be 
read using a multi meter. Using the equation for a Wheatstone 
bridge, the resistance for the MEMS could be found and thus 
correlated to force. 

We tested several single cantilevers and double cantilever 
designs applying the force and varied distance from the 
piezoresistive material (Figure 1). We were thus able to 
establish a relationship between the force and resistance, and 
consequently, current. 

For the second phase of our procedure, we used the same 
fabrication process as above to design and cut out our 
piezoresistive paper microphone. We tested several designs to 
first create a working microphone and then to optimize it. A 
basic microphone circuit was made using a capacitor, resistor, 
the paper microphone, a signal wire to connect to a speaker, and 
a ground wire. The setup consisted of fastening the samples 
to a rigid cardboard frame. Once attached, the samples were 
tapped and spoken into to test their effectiveness.

Figure 1: Single and double arm cantilever design.
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Results and Conclusions:
The results from tests done on the single cantilever system showed a linear 
relationship between force and resistance within our testing range. We found 
that making contact with the cantilever closer to the base gave the most linear 
reading, greatest range, and highest resolution. It was found that increasing the 
base stiffness increased the resolution and gave a more linear reading, but not by 
a significant amount. When we doubled the thickness of the entire MEMS, there 
was significant improvement in force range, and linear readings were observed at 
all tested distances (Figure 2). Upon testing the double arm cantilever, we found 
that a double thickness design of this model also provided the greatest range 
and sensitivity. This model was using force as a function of both current and 
resistance, and linear results were found for both. Figure 3 shows the results for 
the change of current vs. force test.

We were able to design and construct a paper piezoresistive microphone. Many 
designs were tested in order to optimize the device and produce the desired 
results. At first, only taps could be faintly heard through a speaker. We optimized 
our design even further and then connected to an amplifier. We were then able to 
clearly distinguish words, proving that the principle works. Upon further design 
modifications, the microphone was able to transmit music clearly (Figure 4). 
Further areas of research on this idea would be to condense the sound, diminish 
background noise, and decrease the size. 
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Figure 2, top: Graphs of torque vs. resistance for 
single arm cantilever for different thicknesses of 
the cantilever.

Figure 3, bottom: Double arm cantilever trials 
testing two samples’ change of current vs. 
torque.

Figure 4: Final working model of the paper microphone.



MECHANICAL DEVICES

138 2012 NNIN REU RESEARCH ACCOMPLISHMENTS

Fabrication and Characterization of a  
Micromachined In-Plane Directional Piezoelectronic Microphone

Jia Gloria Lee
Physics, University of California Berkeley

NNIN REU Site: Microelectronics Research Center, The University of Texas at Austin, Austin, TX
NNIN REU Principal Investigator: Dr. Neal A. Hall, Electrical and Computer Engineering, University of Texas at Austin
NNIN REU Mentor: Michael Kuntzman, Electrical and Computer Engineering, University of Texas at Austin
Contact: gloria_lee@berkeley.edu, nahall@mail.utexas.edu, mlkuntzman@gmail.com

Abstract:
The fabrication of a microelectromechanical system (MEMS) 
microphone, which consists of a beam that responds to a 
pressure gradient across its longer axis and employs piezo
electronic readout, is described. The advantages of this design 
included its small form factor, directionality, potentially low 
self-noise, and the ability to apply active feedback to the 
system for feedback-altered dynamics. The beam was 2.5 mm 
× 1.54 mm × 20 µm and fabricated out of silicon (Si). The 
piezoelectric material used was lead zirconate titanate (PZT). 
The device’s directional response is presented, along with 
modifications for optimizing the fabrication process.

Introduction:
The purpose of this project was to develop and demonstrate 
a fabrication process for an in-plane directional microphone 
that would improve noise performance and source localization 
in hearing aid and advanced cell phone applications [1]. The 
microphone was based on a previous design inspired by the 
parasitoid fly Ormia ochracea [2], but replaced the complex 
optical readout with more elegant piezoelectric readout and 
modified the pivot mechanism to increase the sensitivity of 
the microphone.

The microphone consisted of a beam suspended from 
compliant springs. The beam exhibited high bending stiffness 
and low rotational stiffness, allowing it to respond to sound 
traveling along its longer axis (x-axis) by rotating about its 
shorter axis (y-axis), while preventing it from responding to 
sound coming in from the top (z-axis) or y-axis by bending. 
The rocking motion deformed the springs and strained the 

Figure 1: Operational schematic of in-plane directional microphone.

piezoelectronic material deposited on them, producing a 
voltage which could be read out (see Figure 1).

Experimental Procedure:
The device was fabricated on a silicon-with-imbedded-oxide-
layer (SOI) wafer. One micrometer (µm) of low-temperature 
silicon oxide (SiOx) was deposited on the top as an adhesion 
layer and 4 µm on the bottom as an etch mask. Titanium (Ti) 
was evaporated on top using electron-beam evaporation and 
oxidized in a 700°C furnace to form a 180 nm titanium oxide 
(TiO2) diffusion barrier against the PZT. 

Top and bottom electrodes for the PZT and electrode 
bondpads were created by using photolithography to mask 
the wafer, sputtering 40 nm of Ti for adhesion and 160 nm 
of platinum (Pt), then lifting off the excess. An 800 nm layer 
of commercially prepared PZT were deposited using the sol-
gel method, patterned with photoresist, and wet-etched in a 
200:20:2 mL solution of deionized water : hydrochloric acid : 
hydrofluoric acid (H2O:HCl:HF). 

The beams and springs were formed by patterning with 
photoresist and dry-etching through the TiO2, SiOx, and 
epitaxial Si of the SOI wafer with sulfur hexafluoride (SF6), 
fluoroform (CHF3), and SF6 plasmas respectively. The 
hinges were formed by depositing 1 µm of sacrificial oxide 
via plasma-enhanced chemical vapor deposition (PECVD), 
patterning with photoresist, and dry-etching with CHF3, then 
depositing 2 µm of amorphous silicon (a-Si) via PECVD, 
patterning with photoresist, and dry-etching with SF6. 

A deep silicon etch (DSE) was performed on the backside of 
the SOI wafer to remove the Si handle layer underneath the 
beam and springs. A cross-section of the finished device is 
shown in Figure 2.

Results and Future Work:
Figure 3 shows a scanning electron microscope (SEM) image 
of the finished device. Some problems with the fabrication 
process for the top electrode bondpads and hinges were 
discovered.



MECHANICAL DEVICES

1392012 NNIN REU RESEARCH ACCOMPLISHMENTS

The a-Si adhered poorly to the top bondpads and peeled 
off, especially around the corners. In the subsequent plasma 
etches, the bondpads were etched through. We attribute the 
missing top electrode bondpads to two factors: 1) stress 
from depositing two different materials on top of each other, 
which caused the silicon to peel off most of the bondpads, 
leaving them exposed during the SF6 etch, and 2) insufficient 
selectivity between the silicon/oxide layers and platinum 
during dry-etching. 

To improve adhesion, we propose depositing a thinner, lower-
stress Si layer and/or using circular bondpads instead of square 
ones to prevent the peeling that occurred around the corners, 
where the stress was highest. Additionally, depositing a thick 
layer of chrome over the platinum should reduce selectivity 
requirements and prevent etching through the bondpads.

The hinges designed to allow the beam to rotate freely did not 
turn out because the deposited a-Si had bad step coverage. 
This created discontinuous hinges that would not hold the 
pins in place if the oxide was etched from underneath. In the 
future, a silicon deposition method with better step coverage, 
such as low pressure chemical vapor deposition (LPCVD) 
poly-silicon, should be used to form the hinge. 

In skipping the hinge release step, the hinge became a 
torsional pivot, allowing the beam to twist about its shorter 
axis, but preventing it from rotating freely.

Acoustic measurements were performed to determine the 
directivity of a microphone with a torsional pivot. The 
microphone was isolated with its x-axis facing a speaker 
placed 2.5′ away (0° position). The microphone was rotated 
in 15° increments from 0° to 90° and its sensitivity to acoustic 
actuation was recorded. The directivity at 11.9 kHz is 
displayed in Figure 4. The microphone exhibited maximum 
sensitivity of 14.8 mV/Pa at 0°, and minimum sensitivity of 
1.70 mV/Pa at 90°, showing the expected bidirectional polar 
pattern with 18.8dB difference in sensitivity between the 0° 
and 90° positions.
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Figure 4: Directivity measurement showing the 
normalized sensitivity versus angle of incident sound.

Figure 2: Cross-sectional diagram of finished device.

Figure 3: SEM image of finished device.
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Abstract and Introduction:
Photonic biosensors allow for precise, real-time, and 
label-free detection of biomolecules by using micro-ring 
resonators, which are ring-shaped waveguides that permit 
different frequencies of light to resonate, as a function of the 
concentration of target molecules near the biosensor surface 
[1, 2]. The localization of target molecules to the surface 
occurs through a biochemical bond; in this case, that bond 
was between target toxin proteins and carbohydrate glycans, 
which were attached to the surface using a glutaraldeyde-
based surface treatment [3].

The focus of this project was to optimize the delivery of glycans 
and toxins to the surface of the biosensor with high resolution 
and high throughput, while fabricating the biosensor to be 
reusable and have the ability to multiplex, or detect multiple 
toxins at the same time. In order to fabricate a multiplexing 
biosensor, different glycans needed to be dispensed on the 
various micro-ring resonators on the biosensor surface. 
Therefore, a system of microfluidic channels was printed, 
allowing users to dispense solutions with high throughput. 
In order to increase resolution and reduce droplet size, an 
intermediate layer of 15-micron parylene was deposited 
above the microfluidic channels for delivering reagents, in a 
process known as “print-and-peel” [4]. It was shown that a 
system of channels to deliver glycans could be patterned on 
top of this parylene, and could be peeled off mechanically 
along with the parylene, making the biosensors reusable. 

Finally, contact angle measurement revealed the need 
for a pumping mechanism, so a cladding layer of poly
dimethylsiloxane (PDMS) was activated with ultraviolet 
ozone treatment, bonded to the microfluidic channels, and 
tested for leaks. Successful demonstrations of these surface 
components have paved the way for the fabrication of a 
complete biosensor that can be effectively used to detect 
toxins.

Experimental Procedure:
In order create a system of microfluidic channels, 15-micron 
series 2000 SU-8 photoresist was spin-coated onto a test 
silicon wafer. The photoresist was then exposed at a dosage 
of 140 mJ/cm2. While this was sufficient to create channels 

Figure 1, top: In the print-and-peel method, parylene 
(patterned) is etched, solutions (hemispheres)  
are dispensed, and parylene is then peeled.

Figure 2, bottom: Schematic of the final surface  
layers on the biosensor.

in photoresist, in order to test the print-and-peel method, 
a 15-micron layer of parylene was deposited, using the 
Specialty Coating Systems Parylene Labcoater, on top of 
the photoresist. In some samples, a release agent (2% micro-
clean) was first lightly swabbed to facilitate the eventual 
parylene peeling. 

The parylene was then coated with another layer of the same 
SU-8, which, however, needed to be exposed at 210 mJ/cm2. 
This created successive layers of SU-8, separated by parylene, 
which could be mechanically peeled off, allowing reusability 
and even higher resolution (see Figure 1). 
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In addition, after the wafer was treated with glutaraldehyde (in 
order to bind glycans to the surface), the surface wettability 
was characterized using a contact angle goniometer. The need 
for a pumping mechanism was realized, and, in order to pump 
into the SU-8 channel, a layer of 2% hydrogen silsesquioxane 
(HSQ) was spin-coated on the parylene. 

Then, on some samples, the HSQ surface and the layer of 
PDMS were activated with an ultraviolet ozone treatment for 
two minutes, and then, the two surfaces were mechanically 
bonded. The PDMS served as a cladding layer through which 
solutions could be pumped into the microfluidic channels (see 
Figure 2).

Results and Conclusions:
After the system of SU-8 microfluidic channels had been 
created and coated with parylene, which was itself coated 

with SU-8, the peeling-off of parylene was attempted. In 
order to facilitate this peeling-off, some SU-8-coated samples 
had been swabbed with 2% micro-clean. It was found that 
100% of the samples swabbed with the micro-clean peeled off 
(see Figure 3), while only 50% of the non-swabbed samples 
peeled off, and in the latter case, the peeling often resulted in 
lower-quality channels in the lower layer of SU-8. 

At the same time, it was found that the glutaraldehyde-based 
protocol for binding glycans increased the contact angle 
of water on the wafer from 52.0° to 68.1°. This increase in 
hydrophobicity suggested that treated microfluidic channels 
would be unable to carry solutions on their own; thus, a 
pumping mechanism was created by cladding the channels 
with PDMS (with a thin layer of HSQ in between to facilitate 
bonding), permitting a syringe to pump solutions through the 
microfluidic channels. Because this resulted in significant 
leakage, in some samples, the HSQ-coated channels and 
PDMS were both activated. It was empirically found that a 
two-minute ozone activation resulted in the strongest bond 
and the least leakage (see Figure 4).

Several aspects of reagent delivery have been demonstrated 
and optimized over the course of this project. As these 
components are perfected, the fabrication of a toxin-detecting 
photonic biosensor becomes more possible, allowing for 
efficient detection of glycan-binding toxins, such as ricin and 
the cholera toxin B, which endanger many human populations.
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Abstract and Introduction:
A key advantage of silicon heterojunction 
photovoltaic cells over conventional cells is that 
they have potentially higher efficiencies [1]. 
They can be made using remote plasma chemical 
vapor deposition (RPCVD), a low temperature 
process that prevents carrier lifetime degradation 
and thus improves open-circuit voltage (Voc) [2]. 
Both single (SHJ) and dual (DHJ) heterojunction 
cells were fabricated by depositing a-Si:H onto 
n-type silicon wafers using RPCVD. SHJ cells 
were fabricated with and without intrinsic silicon 
“i-layers,” and with different thicknesses of 
p-doped a-Si:H at the front. 

According to I-V testing, the SHJ cells with an 
i-layer produced a higher Voc than those without 
one, suggesting the i-layer aids in passivation. 
Thicker p-doped layers resulted in lower short-
circuit current density (Jsc), due to absorption in 
the p-doped layer reducing quantum efficiency 
at short wavelengths. DHJ cells were fabricated 
with varying back surface field (BSF) layer 
thicknesses. A 30 nm BSF layer produced a 
similar Voc and Jsc to one of 20 nm, indicating that 
thicker BSF layers do not significantly reduce 
back surface recombination. The SHJ and DHJ 
cells showed similar efficiencies (~15%). This 
may be due to non-optimized doping of the BSF 
layer in the DHJ cells, or their lack of an i-layer 
leading to lower quantum efficiency.

Experimental Procedure:
Three SHJ and two DHJ cells were fabricated using RPCVD. 
Schematic diagrams of these cells are given in Figure 1. The 
SHJ cells were constructed with and without intrinsic a-Si:H 
i-layers, and with different thicknesses of p+doped a-Si:H at 
the front. The DHJ cells were fabricated with varying back 
surface field (BSF) n+doped a-Si:H layer thicknesses. The 
doping concentration of the p-doped and n-doped a-Si:H 
layers was held constant for all cells through constancy of the 

Figure 1: Schematic diagram for SHJ (left) and DHJ (right) cells.

Figure 2: Physical and electrical measurements of fabricated cells.

relevant RPCVD parameters. I-layers were not incorporated 
into the DHJ cells due to time constraints; the effect of the 
i-layer on PV cell characteristics was studied solely through 
the SHJ cells. Physical characteristics of the five cells are 
shown in Figure 2. All cells were metalized with nickel at 
the back and screen printed with silver paste at the front to 
improve electrical contact.
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Results and Discussion:
I-V and effective quantum efficiency testing was conducted 
on the cells. The I-V data for all the cells is shown in Figure 
2. The effective quantum efficiency (EQE) between the 
wavelengths of 300 and 1200 nm is plotted in Figure 3 for 
SHJ cells and Figure 4 for DHJ. One notable result of this data 
is that both DHJ cells performed similarly in the EQE tests. 
The Voc and Jsc of both cells were comparable as well (Figure 
2). It can thus be concluded that having a thicker BSF than  
20 nm does not significantly reduce back surface recombin
ation in DHJ cells.

In SHJ cells, the Voc of the cells with an i-layer was slightly 
higher (~ 5 mV) than that of the cell without it. This shows 
that the presence of an i-layer aids in the prevention of front 
surface recombination. However, the Voc of the sample with 
the 7 nm i-layer had the same Voc as the one with the 6 nm 
i-layer, possibly indicating that 6 nm of a-Si:H provides 
sufficient passivation. 

In terms of current, the cell with the thinnest front p+doped 
layer clearly displayed the best Jsc. The explanation for this 
becomes clearer upon viewing Figure 3 and comparing the 
EQE curves for 718-2 and 719-2. The cell with the thinner 
front p-layer (718-2) exhibits significantly higher quantum 
efficiency at the lower wavelengths (< 700 nm). Thus, it seems 
that the thicker front p-layer of 719-2 was absorbing more 
light at short wavelengths, which leads to lower generation of 
effective charge carriers. It can be concluded that an overly 
thick a-Si:H layer at the front junction leads to reduced EQE 
at short wavelengths, and therefore adversely affects current.

Future Work:
When comparing SHJ and DHJ cells, the efficiency for both 
types is around 15%, depending on the various parameters. At 
first glance, it does not seem like the DHJ cells perform any 
better than the SHJ. However, it is worth noting that the DHJ 
cells were done without i-layers, which could have increased 
Voc and efficiency like they did for the SHJ cells. Also, the 
doping concentration of the BSF layer in the DHJ cells may 
not be optimal. Future experiments with DHJ cells will be 
conducted with the i-layer thickness and BSF layer doping 
concentration as variables. Finally, texturing the surface of 
PV cells helps efficiency by reducing surface reflections and 
trapping light inside the cells for longer, leading to more 
generated carriers and higher current [3]. Texturing was 
omitted for the sake of time in this brief study, but can be 
performed to achieve higher efficiencies on future cells.
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Figure 4: Quantum efficiency graph of DHJ cells.

Figure 3: Quantum efficiency graph of SHJ cells.



OPTICS & OPTO-ELECTRONICS

144 2012 NNIN REU RESEARCH ACCOMPLISHMENTS

Anti-Reflective Coatings for Room Temperature  
Terahertz Quantum Cascade Laser Sources

Alexander Buck
Applied Physics, Rensselaer Polytechnic Institute

NNIN REU Site: Microelectronics Research Center, The University of Texas at Austin, Austin, TX
NNIN REU Principal Investigator: Professor Mikhail Belkin, Electrical and Computer Engineering, University of Texas at Austin
NNIN REU Mentor: Karun Vijayraghavan, Electrical and Computer Engineering, University of Texas at Austin
Contact: bucka2@rpi.edu, mbelkin@ece.utexas.edu, karun@utexas.edu

Abstract and Introduction:
There are currently no electrically-pumped semiconductor 
lasers that can operate in the 1-5 terahertz (THz) spectral range 
at room temperature. An alternative method of producing 
room temperature THz light is based on intra-cavity difference 
frequency generation (DFG) in dual wavelength mid-infrared 
quantum cascade lasers. Our THz DFG sources can provide 
tunable output of over 20 microwatts in the 1-5 THz range at 
room temperature. However, for these devices an estimated 
30% of the THz radiation is reflected back into the laser 
from the emission surface. A schematic is shown in Figure 1. 
Single-layer anti-reflective (AR) coatings were investigated 
as a method for improving the power output by reducing these 
reflection losses.

Experimental Procedure:
Mathematica was used to simulate the transmission of 
several different AR coatings using Equation 1 [1]. For a 
single coating, the appropriate layer thickness is given as  

Equation 1:
n = refractive index of AR coating	 d = coating thickness
ns = refractive index of substrate	 T = transmitted intensity

d = λTHz/4nAR, where nAR is the refractive index of the AR 
coating materials and is also the geometric mean of the 
substrate and air refractive indices. 

For our devices, the THz emission was traveling from an 
indium phosphide (InP) substrate (n ≈ 3.6) into air (n ≈ 1), 
yielding an ideal refractive index of 1.91 for an AR coating 
in the 1-5 THz range. Silicon dioxide (SiO2) was used for 
AR coatings because of its near-ideal refractive index (nSiO2

 = 
2.00) and low absorption losses in the THz [2]. Parylene and 
Pyrex® were also considered, but discarded due to equipment 
constraints. 

To test the coating, SiO2 was applied to bare high-resistivity 
InP (HR-InP) and high-resistivity silicon (HR-Si) wafers. 
High-resistivity wafers were chosen to reduce the THz 
transmission loss due to free carrier absorption. Silicon wafers 
were used because of their availability and ideal dielectric 
properties (low absorption loss and a refractive index close to 
that of InP, nSi = 3.50.)

Two methods were used to deposit SiO2. The primary 
deposition method used was electron beam (e-beam) 
evaporation. The e-beam system allowed for precise layer 
thickness control. A 6.9 µm layer of SiO2 was deposited at 
70°C and a maximum rate of 6 Å/s onto both HR-Si and 
HR-InP wafers. The layer thickness was monitored during 
deposition with a crystal quartz oscillator and confirmed 
using a Veeco Dektak 150 profilometer. SiO2 began flaking 
off of the InP sample immediately after deposition, making 
accurate measurement impossible. A Bruker Vertex 70 Fourier 
transform infrared spectrometer (FTIR) was used to measure 
the transmission spectrum of the samples before and after the 
application of AR coatings. The results for HR-Si samples are 
shown in Figure 2.

Plasma-enhanced chemical vapor deposition (PECVD) was 
another technique used to deposit SiO2. PECVD can achieve 
very high growth rates (~ 1 µm/hr) at the expense of lower 
thickness uniformity. A 5.9 µm layer of SiO2 was deposited at 
200°C onto both HR-InP and HR-Si wafers. Post-deposition 
profilometry was used to measure the film thickness. 
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As in the case with e-beam deposition, the SiO2 film did 
not adhere well to the InP sample and flaked off easily. A 
substantial amount (~ 500 nm) of bowing was also observed 
in the coated HR-Si wafers. FTIR spectrometry was used to 
compare the transmission spectra of the Si wafer before and 
after deposition. The results are compared to the simulated 
transmission in Figure 3.

Results and Conclusions:
For both PECVD and e-beam evaporation, the actual 
transmission of THz light was significantly less than theory 
predicted. In each case, the addition of an SiO2 AR coating 
did not increase the transmission of THz light for any of the 
measured frequencies. The absorption losses of the e-beam 
deposition were consistently 5% higher than those of the 
PECVD samples. We suspect that the high absorption of 
the AR coating overcompensated for any improvement in 
the transmission. The trend in the post-coating transmission 
spectrum for both cases suggests that the AR coating improved 
transmission for some frequencies relative to others. However, 
without knowing exactly the absorption characteristics of 

SiO2 in these frequencies, we cannot conclude that the AR 
coating truly decreased the amount of light reflected.

For both deposition methods, the poor adhesion of SiO2 to the 
InP samples and the observed bowing on the Si samples could 
be due to the difference in the thermal expansion between 
the SiO2 and InP. A large difference would cause a buildup of 
stress in the SiO2 film and cracks could form if the stress goes 
beyond a critical threshold. To account for the discrepancy 
between the two methods, we suspect several factors. 

First, the higher temperature deposition via PECVD likely 
produced a more uniform layer than the lower temperature 
e-beam deposition. Second, the e-beam deposition took place 
over several sessions, which might have created several 
distinct layers, leading to losses between each layer. It is also 
possible that contaminants from the deposition chamber or 
other samples might have been in the SiO2 target used for 
E-beam deposition. 

We also suspect that the literature values of the real and 
imaginary parts of the refractive index for SiO2 were 
significantly different from those in our materials. The 
dielectric properties of SiO2 depend heavily on the deposition 
methods used; it is likely that the literature values for 
amorphous material were not accurate for E-beam and 
PECVD deposited material. This error would likely have 
shifted the predicted peak in transmission, possibly even 
beyond the measurement range of our FTIR spectrometer.

Future Work:
For future progress, Parylene-C will be investigated as an 
alternative to SiO2. Parylene has a well-developed deposition 
process and would eliminate much of the variability present in 
working with SiO2. An ion source assisted e-beam deposition 
might also give a lower-absorption AR coating.
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Introduction:
Light has three main components—intensity, wavelength, 
and polarization. Intensity and wavelength can be detected by 
the human eye; however, polarization cannot. This is because 
polarization is the orientation at which the wave travels 
forwards in space. Polarization can be manipulated using 
optical filters, such as using aluminum nanowires (Al NWs) 
oriented in 45° angles to each other. When polarized light is 
shown on these filters, areas of the filters appear dark and 
others appear bright. This is because the angle of polarization 
at the dark areas is perpendicular to the angle of the array; 

Table: Photoresist recipes using contact photolithography to produce squares.

therefore, the light is blocked. The array in the light areas is 
parallel to the angle of the light’s polarization.

Our lab this summer was fabricating arrays of micron squares 
using contact photolithography in order to further study the 
crosstalk effect between pixels. Contact photolithography is 
achieved by printing an image on a substrate by the use of a 
photomask and ultraviolet light. After the array is complete, 
photos are taken using an optical microscope. The samples 
are then subjected to a reactive ion etch using various gases 
to etch through the photoresist, silicon dioxide, aluminum 

oxide layers and partially through an 
aluminum layer. More pictures are 
taken to verify the shape. 

We attained squares from 3 × 3 µm to 
7 × 7 µm. These arrays will further be 
used to measure the crosstalk effect 
between a pixel and the neighboring 
pixels.

Experimental Procedure:
The process used was contact 
photolithography, which re
quired many different steps. The 
objective was to optimize each  
photoresist’s recipe to produce 
the most replicable and accurate 
square results. First, the sample was 
coated with a photoresist—a UV 
light sensitive material [1]. Next the 
sample followed the processes listed 
in Table 1, depending on the type of 
photoresist being used.

Results and Conclusions:
The photoresists used during contact 
photolithography each gave a 
significantly different result even 
after trying to optimize exposure, 
baking, and development times.
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The AZ 5214, as a negative photoresist, produced the least effective 
results. In Figure 1, it is evident that the 7 × 7 µm square is a four-
pointed star. We speculate that perhaps the photoresist was over-
developed because a small square is seen within the center of the star 
with the points radiating from the sides of the square figure.

The next photoresist was SU-8 2, which produced diamond figures for 
all squares ranging from 3 × 3 to 7 × 7 µm, as seen in Figure 2. This 
photoresist was optimized up to a 50 minute pre- and post-bake time 
combined. This, however, did not improve the efficiency as projected. 
We assume that this photoresist cannot achieve such features on a 
micron or nano scale.

The photoresist that was the most successful was the positive S1805. 
This still fabricated a failed result of octagons as seen in Figure 3. 
Changing the bake time, as in the past two photoresists, did not affect 
the outcome we achieved, leading us to conclude that this photoresist 
cannot perfectly attain the squares we require.

Electron beam lithography obtained the most successful squares as 
seen in Figure 4. This process had the greatest success and precision, 
but it increased the cost of the mask produced.

Our lab concluded that the photoresists may be causing the shape 
formation; however, after more study we deduced that the samples we 
were creating contained a thicker layer of photoresist around the edges; 
edge beads. This phenomenon caused problems in the subsequent steps 
and was probably the reason our shapes were not squares.

Future Work:
The next process for the experiment is to attach the pixel mask array 
to a photodiode. This will allow the team to block a pixel and measure 
the overall crosstalk effect by quantifying how many photons have 
left neighboring pixels to enter the blocked pixel. When the crosstalk 
effect is fully understood, the lab will be able to correct for this shift in 
photons when using the polarization camera. This camera will then be 
used further in the imaging of cancerous cells which emit a polarized 
light versus normal non-cancerous cells that emit no polarization 
characteristics.
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Figure 1: AZ 5214, a negative photoresist, produced a four-pointed star.
Figure 2: SU-8 2 produced diamond figures for all squares ranging  
from 3 × 3 to 7 × 7 µm.
Figure 3: Positive S1805 photoresist was the most successful,  
but still fabricated a failed result of octagons.
Figure 4: Electron beam lithography obtained the most  
successful squares with the greatest success and precision.
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Abstract and Introduction:
The rapid development of telecommunications infrastructure 
in developing nations, the advent of high-speed cellular data 
networks and the recent popularization of cloud computing 
continue to drive demand for more robust and energy efficient 
data networks. The dominant source of power utilization 
in these networks is the electrical interconnect due to the 
high energy cost of moving data between the computing 
and communication blocks. Losses inherent in electrical 
interconnections between computing and telecommunications 
infrastructure may be mitigated by utilizing optical inter
connects instead. 

In recent decades, many electronic-photonic integration 
techniques have been explored, however, a process that is truly 
compatible with complementary metal-oxide-semiconductor 
(CMOS) technology has yet to be developed.

In this work, a novel integration technique that circumvents 
most of the difficulties faced by existing methods is presented. 
It allows for the integration of CMOS dies into silicon 
photonic substrates. The process is based on the creation 
of a chip-specific imprinted hard mask utilizing localized 
polymerization of a heat-curable poly(dimethylsiloxane) 
(PDMS) elastomer, which allows for the embedment of 
multiple dies into a single mask. Localized polymerization 
around individual dies is performed by the independent 
temperature control of the arm and stage of a flip-chip bonder. 
The masked substrate is then subjected to a series of reactive 
ion etching steps in order to create chip-specific cavities with 
length and width dimensional tolerances of less than 10 µm, 
enabling close integration of the CMOS die and photonics 
substrate.

Experimental Procedure:
In order to examine potential changes in the electrical 
characteristics of integrated dies, dies patterned with series 
and parallel RLC oscillator circuit designs were created via 
traditional contact photolithography, metallization, lift-off, 
and dicing techniques. Each die measured 1.5 mm long by 
1.5 mm wide.

The procedure for the integration technique executed was as 
follows:

A passive silicon photonics substrate (optical substrate) 
containing silicon waveguides cladded by layers of silicon 
dioxide (SiO2) was bonded to a Si carrier substrate using 
photoresist as an adhesive. Dow Corning Sylgard® 184 
PDMS elastomer was mixed in a 6:1 base-to-curing agent 
weight ratio and spin-coated onto the optical substrate. The 
optical substrate was then placed onto the stage of a flip-chip 
bonder, which was kept cool to prevent polymerization of the 
entire surface coating. A die was picked up by the arm and tip 
of the flip-chip bonder, properly positioned over the optical 
substrate, and pressed into the prepolymer. Heating of the die 
by the arm initiated polymerization in the area immediately 
surrounding the die. Following the heating period, the arm 
was allowed to cool. Prior to liftoff of the arm, air was 
discharged through the tip for 800 µs to aid in the release 
of the die. Detailed flip-chip bonder temperature and applied 
force parameters are shown in Figure 1.

Figure 1: Flip-chip bonder temperature and applied force profile.
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Following die embedment, the optical substrate was baked 
at 110°C for 10 minutes to cure the entirety of the elastomer 
mix atop the substrate. Afterwards, the die was removed 
from the mask, and residual PDMS that remained underneath 
it was removed via reactive ion etching (RIE). Inductively 
coupled plasma (ICP) RIE was used to remove the waveguide 
cladding layers. Bosch process deep RIE was employed 
to etch through the silicon waveguide core and the optical 
substrate base. The bulk of the remaining PDMS hard mask 
was removed manually, and the optical substrate was freed 
from the carrier. Residual PDMS was removed via reaction 
with tetra-n-butylammonium fluoride in a solution prepared 
as described by Balakrisnan, et al. [1].

The optical substrate was bonded upside down to a carrier 
substrate, and the die was fitted into the etched cavity. 
Backside planarization and filling of the gaps between the 
integrated die and the cavity walls was accomplished by spin-
coating Filmtronics Incorporated 500F spin-on glass (SOG) 
onto the backside of the optical substrate. The SOG was 
soft-baked sequentially at 95°C, 175°C, and 200°C for two 
minutes per temperature. A total of three layers of SOG were 
applied in this manner.

Results and Conclusions:
Two optical substrates are shown in Figure 2. For a sense of 
scale, the die measures approximately 1550 µm by 1550 µm. 
The largest die-to-wall gap is approximately 15 µm wide, 
significantly larger than the smallest gap achieved in other 
samples created via the employed integration technique and 
similar methods [2]. This discrepancy is likely the result 
of distortion of the mask upon removal of the die prior to 
the etching procedure, and can be easily minimized with 
increased caution during die removal.

Future Work:
Planarization of the upper surface of the optical substrate could 
not to be carried out due to time constraints. However, this can 
be achieved by plasma-enhanced chemical vapor deposition 
of a layer of SiO2, which can then be polished flat via chemical 
mechanical polishing. Traditional photolithographic and ICP 
RIE processes can then be employed to pattern and etch through 
the upper SiO2 layer to uncover metal contacts atop integrated 
dies and the optical substrate. Standard metallization and lift-
off techniques can then be used to deposit a top metallization 
layer to establish electrical connections between integrated 
CMOS dies and optoelectronic devices, thus enabling the 
creation of electronic-photonic integrated circuits.
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Figure 2: Vacant through-substrate cavity (left) and integrated RLC circuit die (right).
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Abstract:
Microring resonators in silicon photonic circuits 
have, for the first time, been fabricated using 
equipment at the University of Colorado, 
Boulder. The fabricated rings have a free spectral 
range of 2.8 THz, and a quality (Q) factor of up 
to 31,000 has been observed.

Introduction:
Silicon (Si) photonics is an emerging technology 
that promises to allow for control of light on a 
compact chip analogously to how silicon micro
electronics manipulates electricity. Si photonics 
may save the continued Moore’s Law scaling 
of microelectronics by providing a solution to 
the energy efficiency problem faced by today’s 
microelectronics. It will also potentially allow 
many table-top optical systems to be condensed 
onto a single chip. Microring resonators are 
ring-shaped, closed-loop optical waveguides 
with a radius on the order of a micron, which 
are capable of selecting a narrow frequency 
band of light from a spectrum. They work by 
being placed near a waveguide and coupling to 
the evanescent field. The light travels around the ring, and 
if an integer multiple of the wavelength is the same as the 
circumference of the ring, constructive interference occurs, 
while other wavelengths destructively interfere. The narrow 
resonant band is either transferred to another waveguide 
or lost to absorption and scattering while the remaining 
spectrum continues on the original path. This selectivity 
property causes microring resonators to be of interest to 
the telecom industry, where resonant microrings can be 
used as filters in wavelength-division multiplexed (WDM) 
communication systems. The project focus was to fabricate 
devices that incorporate microring resonators via electron 
beam lithography, and to characterize their optical frequency 
response, including bandwidth, quality factor (Q) and free 
spectral range (FSR).

Experimental Procedure:
The fabrication process of the devices began by spinning an  
~ 150 nm thick layer of the polymer poly(methyl methacrylate) 
(PMMA) onto a silicon-on-oxide chip. The chip was placed 
inside a scanning electron microscope (SEM) that interfaces 
with the pattern layout program DesignCAD to cause the 
beam of electrons to write any desired shape using any dose 
of charge per area. 

PMMA is normally used as a positive electron beam resist in 
the 100s of µC/cm2 regime, but when the dose is increased to 
10,000 or more µC/cm2, the polymer cross-links where the 
pattern is written, causing the resist to become negative, which 
was desirable for the relatively long and narrow structures we 
were interested in fabricating (see Figure 1). 

Figure 1: Scanning electron microscope image of the devices that were 
fabricated and tested. Light enters through the grating on the left side and 
comes out through one of the two gratings on the right side. From left to right, 
the three rings have coupling distances of 200, 350, and 500 nm. The rings have 
an outer radius of 5 µm and an inner radius of 2 µm.
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We then developed the sample in acetone for 40 seconds and 
used a reactive ion etching (RIE) process to etch all the way 
through the 220 nm thick Si layer to the oxide layer below.

Results and Conclusions:
A fiber laser was coupled into the left grating and out from 
the bottom right grating. The light coupled back into the laser 
was measured against the total power output of the laser to 
provide a measurement of the power extinction. The laser was 
swept from 1500 to 1620 nm in increments of 5 pm to obtain 
the plot shown in Figure 2. Each downward spike happened 
at a resonance where the rings removed light from the original 
waveguide and either transmitted it to another waveguide or 
lost it to radiation or absorption. The spectrum was fairly 
complicated by virtue of having three rings of differing 
coupling distances and also due to the fact that the rings 
were 3 µm wide and therefore capable of supporting multiple 
modes. There appeared to be two separate sets of resonances 
that each had a free spectral range of 2.8 THz.

A close-up view (Figure 3) revealed an additional structure 
present in the resonances. Namely, it was apparent that there 
were secondary and tertiary resonances that occurred in the 
vicinity of the central spike and that the central spike seemed 
to be made up of two closely-spaced resonances. It was likely 
that the secondary and tertiary resonances were higher-radial-
order modes allowed by the large width of the rings.

The two closely spaced resonances are called doublets and are 
due to the breaking of degeneracy of clockwise and counter-
clockwise propagating modes caused by imperfections in the 
rings, which break the rotational symmetry. However, there 
was not sufficient time for complete characterization of all 
modes in the spectrum. We did however measure the width 
of the central peak at the 3 dB point to be 50 pm and since 
it was centered at 1571.9 nm, it had a Q factor of 31,000, 
which was not much larger than the Q factor found in the 
other resonances.

In summary, fabrication of silicon photonic devices is now 
possible at the University of Colorado Boulder, and these 
devices have demonstrated a Q factor of 31,000. 
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Figure 3: Zoomed in view of the resonance centered near 1572 nm. 
Secondary and tertiary resonances can be seen on either side of 
the central spike, which itself seems to be made up of two closely-
spaced resonances.

Figure 2: Spectrum sweep from 1500 to 1620 nm showing the 
resonance spikes due to the rings. Note that the y-axis is a dB scale.
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Abstract:
Silicon photonic devices have a broad 
range of uses, from chemical sensors 
to filters and modulators integrated 
with complementary metal oxide semi
conductor (CMOS) microelectronics. As 
a result, these devices have applications 
that include future microprocessors, 
signal processing, biomedical devices, 
telecommunications, and more. A major 
drawback of silicon (Si) photonics is 
the sensitivity to device dimensions. 
Changing the width of a ring resonator 
by as little as a single atomic lattice will 
shift the resonant frequency by several 
gigahertz (GHz). This level of dimensional 
control is impossible in fabrication, so it 
is necessary to actively tune devices for 
operation. Because Si has a high thermo-
optic coefficient, microheaters can be used 
to efficiently tune Si photonic devices and 
change their behavior. In this work, chromium microheaters 
were fabricated on top of a 1 µm-thick oxide cladding layer 
above microring resonators using photolithography and lift-
off. Using a proportional-integral-derivative (PID) controller, 
the heaters were programmed to dissipate constant power 
over the rings and change their resonant frequencies. Robust 
heaters were demonstrated with a tuning ability of a full free 
spectral range and up to 60 GHz/mW.

Introduction:
Microring resonators are Si photonic devices that act as filters. 
These devices drop light of a certain frequency, the resonant 
frequency of the ring, from a waveguide. The resonant 
frequency of the rings depends on the geometry of the rings as 
well as the index of refraction of Si. Because silicon’s index of 
refraction depends on temperature, microheaters can actively 
change the resonant frequency of microring resonators. It is 
of interest to produce power-efficient tuning, i.e. produce as 
large a wavelength tuning as possible with a given amount of 

dissipated power, which is possible in Si photonics because 
of the large thermo-optic coefficient of Si, and the micron-
scale size of the devices that need to be heated to a high temp
erature. 

The goal of this project was to fabricate microheaters and 
demonstrate thermal tuning of microring resonators.

Methods:
A metal had to be chosen before the dimensions of the heaters 
were determined. The candidates were titanium and chromium 
because they are affordable metals with high resistivity. 

Figure 1, above: Cross section of the 
fabricated chip (left) and fabrication 
process (right).

Figure 2, right: Chromium microheater 
on top of a microring resonator.
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Out of both metals, titanium has the highest resistivity (4.2 × 
10-7 Ωm at 20°C), but it also oxidizes quickly. Thus, we chose 
chromium because it would yield more robust heaters. Figure 
1 shows the cross section of the fabricated chip as well as the 
fabrication process of the heaters. 

We started with chips that had the rings, waveguides, and the 
1 µm SiO2 cladding, which protected the waveguides from 
metal contamination [2]. Optical photolithography and lift-
off were then used to fabricate the heaters on top of the SiO2 
cladding. The desirable resistance of the heaters was 500 Ω 
to 10 kΩ. Devices with a wire thickness of 50 nm and widths 
from 1.5 µm to 3 µm were fabricated in order to get heaters 
with desirable resistance that covered the area of the rings. 
Figure 2 shows one of the fabricated devices.

To test the heaters, a probe station and a PID controller, 
written in LabVIEW, were used. The PID controller measured 
the current going through the heater and the voltage drop. 
With this feedback, the PID controller changed the voltage 
across the heater so that it reached the desired steady state. 
Light was then coupled into the chip and a sweep of 1500 nm 
to 1590 nm wavelength was taken to determine the resonance 
of the ring. 

A sweep was taken while dissipating constant power over the 
heater and the shift in resonance was measured.

Results and Conclusions:
First, an optical transmission wavelength sweep was 
taken while dissipating power from zero milliwatts 
(mW) to 17 mW across the heater with a step size 
of 1 mW. Since the resonant frequency of this ring 
changed by ~ 10.7663 GHz/K and the thermo-
optic coefficient of silicon was nearly constant 
over this range (23°C-123°C), the temperature of 
the ring could be determined as a function of power 
dissipated [1]. 

Furthermore, a linear relationship between the 
change in temperature of the ring and the power 
dissipated by the heater is shown in Figure 4. This 
was expected because of the near-constant thermo-
optic coefficient with temperature, and the fact that 
thermal diffusion itself was a linear process (like an 
RC electrical circuit), the heater covers the whole 
top area of the ring. Thus, the temperature should 
drop linearly across the 1 µm SiO2 cladding.

It was important for the heaters to be efficient 
and be able to tune the rings over a large range of 
frequencies. Figure 3 shows the tuning of a ring past 
its free spectral range, FSR, the difference between 
adjacent resonant frequencies. This was all the 
tuning necessary for this ring since tuning past the 
FSR was not necessary — one could simply use the 

adjacent resonance’s passband beyond a one-FSR detuning. 
Also, a 50 GHz/mW to 60 GHz/mW tuning efficiency was 
measured. 

Considering the desired resonant frequency of a microring 
can be off by a few hundred gigahertz after it is fabricated, 
the microring can be tuned to its desired response with a few 
milliwatts dissipated by the heater. Furthermore, complex 
multiple-ring devices, like higher order filters, typically have 
slight (a few gigahertz) mismatches between ring frequencies. 
These can be compensated with sub-milliwatt power in the 
microheaters.
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Figure 4: Change of temperature at the ring as a 
function of the power dissipated by the heater. 
Power was incremented by 1 mW from 0-17 mW.

Figure 3, above: Tuning 
past a full FSR of a 
microring. The resonant 
frequency at ~ 197.5 THz 
is the resonant frequency 
of the ring at room 
temperature.
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Abstract:
Multi-junction solar cells are the current leaders in efficiency  
since they reduce thermal losses by employing series-
connected sub-cells with different bandgap energies. 
However, they are costly to produce and limited by current 
matching, because each solar cell is connected in series with 
one another. One alternative is to simply split light into ideal 
bandwidths and tailor separate photovoltaic modules to each 
bandwidth. Conventional dichroic mirrors can selectively 
split light by reflecting certain bandwidths while transmitting 
others. However, these mirrors do not operate well under 
different angles of incidence, which is critical for concentrated 
photovoltaics. Simulations show that metasurface structures 
can achieve similar characteristics to those of conventional 
dichroic mirrors while remaining resilient to the angle of 
incidence (AoI). Two such structures were created using 
electron beam lithography and were subject to transmittance 
testing. We proposed a low-loss, AoI-resilient single-
layer metasurface dichroic mirror that could split light into 
ideal bandwidths for such a solar module. Simulation and 
experimental data show promising results, however, a multi-
layer structure may be more ideal.

Figure 1: Possible solar concentrator apparatus that 
depicts both the concentration and splitting of light.

Introduction:
Multi-junction solar cells are highly efficient (max around 
43.5%), but they are quite costly and limited by current 
matching since each sub-cell is connected in series. 
Alternatively, dichroic mirrors could be used to split light 
into different bandwidths and separate photovoltaic modules 
could collect energy specific to each bandwidth. Figure 1 
shows a sample apparatus that could be used to split incoming 
light into separate bandwidths for concentrated solar energy 
collection.

Conventional dichroic mirrors can split light into separate 
bandwidths. However, these mirrors do not operate well 
under non-normal incident angles. When using concentrated 
photovoltaics, the AoI of light constantly varies due to the high 
concentration. Simulations show that metasurface dichroic 
mirrors have characteristics similar to those of conventional 
dichroic mirrors while remaining resistant to the AoI.

Figure 2: Idealized periodic section of the metasurfaces 
that were simulated and constructed.

Experimental Procedure:
After extensive simulations of a single-layer structure using 
RSoft DiffractMOD, as depicted in Figure 2, we decided to 
create two structures. Structure 1 was defined by W = 100 
nanometers (nm), L = 200 nm, and H = 40 nm. Structure 2 by 
W = 200 nm, L = 400 nm, and H = 40 nm. The structures were 
created in four steps: (1) Coating the substrate (1 mm SiO2 
with 15 nm ITO on top) with positive resist, (2) Using electron 
beam lithography to design the patterns and developing the 
sample, (3) Using electron beam evaporation to deposit 2 nm 
of Ge (adhesion layer) and then 40 nm of Ag on the sample, 
and (4) Lift-off of the excess deposition.
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The structures were then tested using a device that consisted 
of a light source, a diffraction grating, a monochromator to 
select a specific wavelength of light, and a detector. The light 
was first shone (under TM polarization) through an empty 
hole to the detector. This calibration data was recorded, and 
then the sample was placed on the sample holder such that 
light could shine through it. By comparing the initial light 
that passed through empty space to that which passed through 
the sample, we calculated the transmittance of our samples. 
Additionally, the sample holder could rotate, allowing for 
calculations at different AoI.

Future Work:
Multi-layer structures may be more ideal for such a spectral 
splitting apparatus. In [2], the double-layer structure 
studied has a transmittance dip with a wider bandwidth dip, 
which is more similar to the conventional dichroic mirror. 
Furthermore, this structure was resistant to the AoI up to 
about 40°. By using metasurface dichroic mirrors, according 
to [3], a concentrated solar module with four mirrors and five 
photovoltaic collectors may have an estimated efficiency 
around 43%.
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Figure 4: Graph of the 100 nm experiment structure depicting 
the resilience of the transmittance dip to the AoI.

Figure 3: SEM image of the 200 nm structure.

Results and Conclusions:
Both samples were successfully fabricated. Figure 3 shows 
a close up of the 200 nm structure, with measurement 
bars. However, after thorough testing, the samples became 
damaged, and the subsequent data collection began to 
deteriorate in accuracy. Regardless, useful data was collected.

Figure 4 depicts the transmittance graphs for the experiments 
using the 100 nm structure. All data was collected under TM 
polarization. Dichroic mirrors were relatively sensitive to the 
AoI. Their transmittance dip (or reflectance peak) significantly 
shifted as the AoI increased. The simulations and experiments 
with the 100 nm structure showed a transmittance dip that 
was resilient to the AoI. However, the actual trend did redshift 
a bit more than predicted, and the dip was not as strong as 
predicted. This was probably due to sample damage, as this 
sample tended to somewhat rub off while testing. Regardless, 
the structure remained more resilient to the AoI than 
conventional dichroic mirrors.
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Abstract:

Figure 1: Plasmon ruler equation modeling 
for different particle diameters.

Current methods for measuring and quantifying strain are 
generally only applicable at the macro and upper micro scale. 
Consequently many disciplines that require small scale strain 
measurements rely on simulation-based data. A previous 
study of localized surface plasmon resonance (LSPR) of gold 
nanoparticles (AuNP) led to the development of a plasmon 
ruler equation that relates plasmon peak shift with interparticle 
separation and particle diameter. 

The current project optimizes this methodology to develop 
a novel technique involving AuNP that could potentially be 
used for lower micro and nano scale strain measurements. 
AuNP were deposited onto polydimethylsiloxane (PDMS) 
using thermal evaporation. Strain was systematically applied 
to the coated PDMS and the plasmon shift was measured using 
ultraviolet-visible (UV-Vis) spectroscopy. Six different AuNP 
depositions were investigated to determine the effect of AuNP 
size and distribution on the sensitivity of strain measurements: 
2, 5, 9, 12, 17, and 20 nm. The 9 nm deposition sample 
allowed for sensitive measurements between 0.2 and 16.5 
percent strain. If this method was applied to a smaller scale, 

it would allow for sensitive nano scale strain measurements. 
This novel approach could lead to the development of a new 
style of strain gauge that could quantify deformation over 
extremely small distances.

Introduction:
Strain is a unit-less quantification of localized deformation 
as a material is stretched or compressed. Current devices 
used to measure strain are extremely useful and accurate for 
measuring macro and upper micro level strain. However, 
size constraints, temperature dependence, single directional 
capabilities, and adhesion interference makes it difficult to 
apply these methods for use at the micro and nano scale.

LSPR is a phenomenon that occurs as the electrons of metal 
nanoparticles resonate with respect to one another resulting 
in the absorption of the light with a frequency equal to that of 
the respective plasmonic resonance [1]. Jain, et al., modeled 
this interaction with the development of the plasmon ruler 
equation which allows for the calculation of interparticle 
separation based on plasmonic shift as modeled in Figure 1 
[2]. The current project optimized this interaction in order to 
show that LSPR could be used in order to quantify micro and 
nano strain.

Figure 2: SEM image of thermally 
evaporated AuNP on glass.
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Experimental Procedure:
PDMS was prepared using a Slygard 184 Elastomer kit in a 
9:1 ratio of elastomer to hardener. The PDMS mixture was 
first placed in vacuum below and brought back to atmospheric 
pressure multiple times to ensure that all bubbles were 
voided, and then allowed to cure at 100°C for 35 minutes until 
thoroughly hardened.

Each cured PDMS sheet was cut into dog-bone structures 
typically used for strain testing. Next, AuNP were deposited 
on the samples using thermal evaporation. Figure 2 shows 
two scanning electron microscope (SEM) images of thermally 
evaporated AuNP on glass, demonstrating the uniformity 
of distribution achieved. Six samples, each with increasing 
depositions, were produced; 2, 5, 9, 12, 17, 20 nm. The samples 
were mounted onto a designed strain holder and multiple 
strains were systematically applied. The absorbance spectrum 
during each stretch was observed and recorded using UV-Vis. 
A stationary camera was used to record an angle of rotation 
of the cylindrical piece of the holder during each stretch. 
The angle was then measured using ImageJ photo software 
and used to calculate the applied strain as is demonstrated 
in Figure 3. Four samples of each deposition, each placed in 
slightly different orientations within the thermal evaporator, 
were produced in order to determine reproducibility and 
sensitivity.

Results and Conclusions:
Each sample was analyzed through observation of the 
changing plasmon peak with respect to the applied strain 
allowing for the following conclusions. A comparison of 
the unstretched samples showed increasing absorbance as 
well as a red-shift of the plasmon peak for each increasing 
deposition. Figure 4 shows the plasmonic shift data of one of  
the 5, 9, and 12 nm samples, which show conclusive evidence 
that the method was successful in measuring strain with blue-
shifts of the plasmon peak for each increasing strain. The 17 
and 20 nm samples yielded no apparent trends. It was first 

concluded that there is an optimal range of deposition of 
AuNP for strain testing purposes. Second, the sample B of 
the 9 nm deposition was determined to be the most sensitive, 
allowing for deformation quantification between 0.2 and 16.5 
percent strain. In our particular setup, this allowed for strain 
measurements between 200 µm and 1 mm, however, if applied 
to a smaller scale, this method could allow for sensitive nano 
scale strain measurements.

Future Work:
Further characterization of the procedure is necessary 
to determine the effects of deposition on sensitivity and 
repeatability. Continued experimentation needs to be 
conducted with attempts to control particle size and separation. 
This would theoretically allow for narrower plasmon peaks 
and thus more accurate readings of plasmon peak shifts. Last, 
using polarized light to perform absorption testing would 
allow for plasmon measurement along a single direction.
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Abstract:
Infrared spectral filtering based on Fabry-Perot etalons 
requires high reflectance, low loss mirrors to enable next 
generation infrared imaging and spectroscopy. A silicon on 
air (Si/air) diffraction grating was investigated as a broadband 
mirror in the long wavelength infrared (8-12 µm) based on 
the concept of high refractive index contrast sub-wavelength 
grating (HCG). Conventional and Bosch process reactive ion 
etches (RIE) were optimized and optical responses compared. 
The sidewall profiles obtained from the conventional RIE 
were non-vertical while those from the Bosch process were 
vertical but scalloped. Fourier transform infrared (FTIR) 
spectroscopy was used to characterize the gratings and the 
results compared to the COMSOL Multiphysics simulations. 
The grating reflectance was found to be insensitive to etch 
method differences and the suspended structure shows 
agreement with simulations despite bowing caused by design 
and fabrication processes.

Figure 1: a) Diagram of a Fabry-Perot etalon. b) A two layer 
system consisting of high refractive index grating (nhigh) on 
top of a low refractive index material (nlow). By changing 
the heights (thigh and tlow), period (Λ) and width (w) of the 
grating, the response can be tuned.

Introduction:
Thermal and long wavelength infrared (8-12 µm) imaging is 
used for surveillance and targeting when visibility is limited. 
Current imaging systems are restricted due to their intensity-
based imaging method. Better object distinguishability of 
future systems requires spectral filtering capabilities of 
the long wavelength infrared (LWIR), which has further 
applications in spectroscopy. Fabry-Perot (FP) etalons use 
two low-loss high reflectance mirrors separated by a multiple 
of a half wavelength of the desired frequency to filter light, 
as seen in Figure 1a. The resonant wavelength transmits, 
while the other wavelengths destructively interfere. Higher 
mirror reflectance yields a narrower transmittance band and 
correspondingly a more selective filter. Distributed Bragg 
reflectors (DBRs) are conventionally used as low loss mirrors 
for lasers and spectral filters, however, fabrication of layer 
thicknesses required for the LWIR is difficult to reliably 
achieve due to wafer uniformity and curvature issues. 

High refractive index contrast sub-wavelength gratings 
(HCGs) can be used as alternative broadband low loss 
mirrors in FP etalons requiring only two dielectric layers. 
HCGs consist of a high refractive index grating on top of a 
low refractive index layer. The grating dimensions are smaller 
than the wavelengths of the LWIR spectrum. HCGs are 
attractive candidates for broadband high reflectance mirrors 
required for effective FP etalon filtering.

Experimental Procedure:
Figure 1b depicts the silicon on air (Si/air) HCG investigated. 
These materials have minimal loss in the LWIR and have a 
high index contrast (3.4/1.0). The gratings were fabricated 
on a silicon on insulator (SOI) wafer using standard 
photolithography, two methods of reactive ion etches (RIEs), 
a hydrofluoric (HF) etch, and critical point drying. The 
conventional RIE used a hydrogen bromide (HBr) plasma 
etch and an oxygen plasma clean to remove the photoresist. 
The second RIE used the Bosch process based on sulfur 
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hexafluoride (SF6) as the etch gas, octafluorocyclobutane 
(C4F8) as the passivation gas, and an oxygen plasma clean. 

The HF etch was used to remove the sacrificial silicon dioxide 
(SiO2) from the SOI providing the suspended structure. 
A critical point dryer was subsequently used to minimize 
adhesion affects between the grating and the substrate. 

Using a scanning electron microscope (SEM), cross-
sectional images allowed for sidewall profile comparisons 
for etch optimization. The reflectance and transmittance 
of each grating were measured using Fourier transform 
infrared (FTIR) spectroscopy before and after the HF etch. 
Measurements were taken from three different locations on 
each sample.

Results:
The SEM images show smooth, but beveled, sidewall 
profiles for the conventional RIE, whereas scalloped, but 
vertical, sidewalls for the Bosch process, as seen in Figure 
2. The optical responses of the two gratings showed little 
difference before the sacrificial layer was removed. After the 
HF etch, the gratings bowed and touched the substrate 150 
µm from the edge of the grating due to gravity and adhesion. 
By reducing the suspension length, this problem can likely 
be mitigated. Figure 3 shows the similar optical responses 
of the two etch processes with the Bosch process response 
red shifted, possibly as a result of different heights of the air 
gap. The reflectance measurements at the edges gave good 
agreement with COMSOL Multiphysics simulated responses, 
as seen in Figure 4.

Conclusions:
Si/Air HCGs were fabricated using conventional and Bosch 
process RIEs. The measured IR response seems insensitive 
to etch process differences and shows agreement with the 
simulated response. By further optimizing the suspended 
length, it is likely the bowing that was witnessed will be 
resolved.
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Figure 4: Experimental and simulated structure 
responses with peak agreement.

Figure 2: Cross-sectional SEM images showing; a) smooth but 
beveled conventional RIE sidewall profiles, and b) straight but 
scalloped Bosch process RIE sidewall profiles.

Figure 3: Optical responses of gratings produced 
by conventional and Bosch process RIEs are 
similar with the response from the Bosch 
process red shifted.



OPTICS & OPTO-ELECTRONICS

160 2012 NNIN REU RESEARCH ACCOMPLISHMENTS

Top-Gated Graphene-Based Ultrafast Electro-Optic Modulators

Jacob M. Rothenberg
Physics, University of Rochester

NNIN REU Site: Colorado Nanofabrication Laboratory, University of Colorado, Boulder, CO
NNIN REU Principal Investigator: Thomas R. Schibli, Physics, University of Colorado
NNIN REU Mentor: Chien-Chung Lee, Physics, University of Colorado
Contact: jrothenb@u.rochester.edu, trs@colorado.edu, chienchunglee@gmail.com

Abstract:
Graphene’s universal linear optical absorption, extraordinary 
carrier mobility, and zero-gap band structure motivate its 
use as an electro-optic modulator. The optical absorption 
of graphene can be altered via electrostatic doping. This 
electrostatic doping is achieved by applying a gate voltage 
between graphene and a gate electrode in a thin film structure. 
Improving on a previously achieved back-gated model, 
a top-gated geometry was investigated due to its ability to 
accommodate applications requiring both transmissive 
and reflective modulators, including utilization in low-loss 
Bragg reflectors and monolithic fiber lasers. In return for 
this enhanced versatility, the top-gated device required direct 
deposition of the dielectric material on graphene, which 
can lead to destruction of the graphene. Dielectric media 
that can be deposited on graphene with minimal damage 
were explored, including alumina and silicon monoxide. In 
this work, a top-gated modulator using alumina as a gate 
dielectric was successfully fabricated. Alumina was effective 
in preserving graphene while also exhibiting strong dielectric 
properties. 

Introduction: 
Electro-optic modulators are a fundamental component of 
most modern opto-electronic systems, ranging from tele
communications to solid-state lasers. The operating principle 

Figure 1: Major fabrication steps. 

of these modulators is the electro-optic effect, which is a 
change of a material’s optical properties under the presence 
of an electric field. While many materials exhibit this effect, 
graphene is of particular interest due to its electrical properties, 
including extraordinary electron mobility. These properties 
mean that the electro-optic effect occurs at very high speeds 
in graphene, resulting in ultra-fast modulation. These 
extraordinary modulation speeds, coupled with the absence of 
phase distortion due to graphene’s two-dimensional structure 
are in essence the motivation for graphene’s use in electro-
optic modulators. 

Experimental Procedure: 
The fabrication process is outlined in Figure 1. Monolayer 
graphene grown by chemical vapor deposition (CVD) was 
transferred onto glass microscope slides by a wet transfer 
process. Metal electrodes were then deposited by thermal 
evaporation (20 nm Ti and 80 nm Al), and patterned using 
a positive photoresist and lift-off method. Titanium (Ti) was 
used to assist the adhesion of the aluminum (Al) layer on 
graphene and to reduce the contact resistance of the electrode 
on graphene. The graphene outside the ring-electrodes was 
removed by reactive-ion etching to minimize the device 
capacitance. A 220 nm thick aluminum oxide (Al2O3) 
dielectric layer was deposited onto the graphene by electron-

beam evaporation. A 200 nm silver layer was then 
grown by thermal evaporation, giving the device a 
reflective geometry. The silver film acted as both 

Figure 2: Typical behavior for the dependence of 
leakage current density on applied electric field 
for top-gated Al2O3 devices. 
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a mirror and top-gate electrode. An additional Al layer was 
deposited to serve as a protective layer. 

Results: 
The breakdown voltage of the devices was characterized by 
a two-point probe setup. Figure 2 shows the results from a 
fabricated device, which was durable under fields up to  
4.5 MV/cm. Combined with the measured dielectric constant 
of ε ≈ 10.9 of our Al2O3 films, which was in agreement with 
earlier studies [1], this high breakdown field strength enabled 
substantial electrostatic doping, and hence, strong optical 
modulation. Devices fabricated using silicon monoxide 
(SiO) as a dielectric layer showed breakdown under fields of  
0.5 MV/cm and a measured dielectric constant of ε ≈ 5.5. The 
superior dielectric properties of Al2O3 over SiO made it clear 
that Al2O3 was a more favorable dielectric for this device. 

The setup used to characterize the modulation depth is 
shown in Figure 3: A continuous-wave laser at 1.55 µm 
wavelength was reflected off the sample, which was placed on 
a translational XY-stage. For each location on the sample the 
reflectivity change versus applied AC voltage was recorded. A 
resulting 2D modulation map is shown in Figure 4. 

We observed uniform modulation across the active area, 
besides small processing defects that likely originated from the 
transfer of the graphene to the substrate. These defects were 
small enough so that they did not have a significant impact 
on the performance of the device. The consistent modulation 
depth across the graphene verified that the fabrication process 
did not substantially alter the electronic and optical properties 
of the graphene layer. 

Conclusions: 
We have fabricated a top-gated graphene-based modulator. 
We found that Al2O3 was a suitable dielectric due to its 
transmissivity, benign interaction with graphene during 
deposition, and strong dielectric properties. Most notably of 
these dielectric properties was the high breakdown voltage, 
which allowed for a considerable shift of graphene’s Fermi 
level and large achievable modulation depths. We also saw 
uniform modulation across the active area, which confirmed 
that graphene remained intact during the fabrication process. 

Future Work: 
More characterization, including a measurement of the 
modulation speed, is needed to further understand the 
effectiveness of this device. In addition, more work needs to 
be done to allow this device to be transmissive. This could be 
achieved by replacing the silver mirror with another layer of 
graphene, for example. A transmissive geometry has exciting 
applications including use in low-loss Bragg reflectors and 
monolithic fiber lasers. 
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Figure 4: Top: SEM of several modulators on a chip. Bottom: 
2D scan of modulation depth across one ring electrode.

Figure 3: Setup used to measure modulation depth. 



OPTICS & OPTO-ELECTRONICS

162 2012 NNIN REU RESEARCH ACCOMPLISHMENTS

Volume Nano-Structured Optics for 3D Superresolution Imaging

Aubrey Shapero
Electrical Engineering, Stanford University

NNIN REU Site: Colorado Nanofabrication Laboratory, University of Colorado, Boulder, CO
NNIN REU Principal Investigator: Dr. Rafael Piestun, Electrical, Computer, and Energy Eng., University of Colorado Boulder
NNIN REU Mentor: Anurag Agrawal, Electrical, Computer, and Energy Engineering, University of Colorado Boulder
Contact: ashapero@stanford.edu, rafael.piestun@colorado.edu, anurag.agrawal@colorado.edu

Abstract and Introduction:
Superresolution microscopy is an imaging technique capable 
of resolution beyond the diffraction limit [1]. One way 
to overcome the diffraction limit is by imaging a sparse 
group of fluorescent molecules so that none or only a few 
of the neighboring molecules emit photons simultaneously. 
By repeating this process, an image can then be generated 
by precisely localizing all the molecules seen up to a given 
instant [2-4].

Superresolution is now limited by the ability to localize a 
single molecule. In this paper, we present a phase mask that 
can be inserted in the Fourier plane of a microscope between 
the object and the camera. The phase mask modifies the 
transfer function of the imaging system in such a way that 
information about a molecule’s position can be extracted 
more effectively than with a clear aperture. The phase mask 
was etched into quartz using four binary masks to achieve 
sixteen distinct heights. An accelerated image template-
matching algorithm is described to retrieve the molecules’ 
location from the captured images.

Fabrication:
The choice material for the phase mask was quartz because 
it is transparent and sturdy. We started by cleaning a 1″ × 1″ 
quartz slide in nanostrip bath. Then a 40 nm thick layer of 
chrome was thermo-evaporated onto one side of the slide. 
Circular apertures were inserted into the chrome using 
photolithography and chemical etching. The chrome side 
was now considered the bottom for the following reactive ion 
etching (RIE) steps, to physically separate the two different 
processes.

The optical path length, and therefore the phase of light, is 
changed depending on the thickness of the quartz slide at any 
particular point. We selected certain depths with a technique 
known as binary masks: using N masks, we could select a 
location on our phase mask to a certain depth with N bits of 
precision. Each mask patterned an area in the phase mask 
to be depressed by a certain depth by photolithography. 
The following RIE step extruded vertically downward any 
exposed quartz. Thus N masks yield up to 2N distinct heights, 
but requires N-1 precise alignments, a nontrivial task.

Figure 1: 2D optical profilometry of a phase mask fabricated at 
the CNL. This is a computer generated model of the mask based off 
height map measurements. (See cover for full color version.)

Figure 2: PSF of the phase mask a) in focus, and b) out of focus.
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Increasing the number of distinct heights increases the 
diffraction efficiency. For example, 16 levels via four phase 
masks can potentially achieve 99% diffraction efficiency 
[5]. Figure 1 shows a 16-level phase mask fabricated at the 
Colorado Nanofabrication Laboratory (CNL) causing a phase 
shift from 0 to 2π.

Algorithm:
An accelerated image template-matching algorithm is 
described to retrieve a molecule’s location from the captured 
images. The parameters for 3D superresolution imaging are 
X, Y, and, Z, where X and Y are the transverse coordinates 
of the captured image, and Z is depth along the optical axis. 
The centroids of the sparse blurs in the captured image set the 
X and Y coordinates. The Z coordinate is quickly found after 
normalizing for image size and intensity, in the following way. 
Rather than searching for the maximally matching template, 
the algorithm finds the highest matching weighted average of 
all the templates. If the Z-resolution of the templates is high 
enough, the algorithm should report a weighting vector with 
nonzero entries for only two neighboring templates. This is 
implemented by solving the following optimization problem:

where V is a library matrix in which every column is one of the 
template images reshaped into a vector, w is the free variable 
representing the weights of the templates, v0 is the measured 
image reshaped into a vector, and Vimp is a diagonal matrix 
allowing the pixels located nearer the center to be considered 
more important to match.

The best choice of objective function is not yet determined; 
both the l1- and the l2-norms seem promising in preliminary 
simulations but other convex functions may work too. The 
nonzero entries in the vector w correspond to certain distances 
with different weights. To solve the problem, we used CVX, 
a package for specifying and solving convex programs [6].

Another advantage this approach has over brute force 
template-matching is that sub template Z-resolution can be 
achieved.

Results and Conclusions:
The phase mask was successfully fabricated and characterized 
by optical analysis and white light profilometry, showing that 
the measured 2D profile was close to the intended shape. In 
a photon-limited environment, such as molecular imaging, it 
is critical that the phase mask have high power transmission 
efficiency. The measured power transmission efficiency of 
the fabricated phase mask at the designed frequency was 
92.0 ± 0.5%. The point spread function (PSF) was confirmed 
to have a ring shape, as the various phase shifts should all 
destructively interfere at the center, shown in Figure 2. We 
have confirmed that our algorithm can match a template with 
simulated noise successfully.

Future Work:
As future work, the optimization algorithm could be finalized, 
such as determining the objective function and the Vimp term. 
An antireflection coating could enhance the power trans
mission efficiency even further, increasing the signal-to-
noise ratio. In addition, superresolution experiments could be 
performed, and the data could be processed.
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Abstract:
Films of copper indium diselenide (CuInSe2 or CIS) 
nanocrystals capped with inorganic ligands were studied 
for use in photovoltaic devices (PVs). CIS nanocrystals 
were synthesized by colloidal arrested precipitation with 
oleylamine capping ligands. Oleylamine was exchanged for 
inorganic metal chalcogenide complex (MCC) ligands. These 
nanocrystals were dispersed in dimethyl sulfoxide, enabling 
the formulation of a “solar ink” that was spray-coated onto 
molybdenum (Mo)-coated glass substrates. The nanocrystal 
films were thermally annealed under argon and limited 
sintering was observed. Typically, grain growth of CIS films 
requires high temperature (> 500°C) and Se-rich atmosphere.

Introduction:
As energy demand continues to increase, technologies that 
can harness and convert sunlight to electricity efficiently 
and economically are becoming more and more needed. 
Photovoltaic (PV) devices convert light directly into 
electricity. Silicon solar cells currently dominate the PV 
market, but silicon-based PVs are still too expensive. New 
PV technology is needed to make PV solar energy cost-
competitive with fossil fuels. Copper indium selenide (CIS) is 
one promising thin film semiconductor material for lower-cost 
PVs. One approach to CIS deposition with potentially very 
low cost is to generate solar inks of nanocrystals that can be 
deposited from solution under ambient conditions. Using this 
approach, CIS nanocrystal-based PVs have achieved power 
conversion efficiencies up to 3% without high temperature 
processing of the absorber layer [1, 2].

The relatively low device efficiencies have been due to organic 
ligands on the nanocrytsals, which prevent agglomeration 
and allows solution processing but create an electrically 
insulating barrier between nanocrystals. Organic ligands can 
be replaced with inorganic metal chalcogenide complexes 
(MCCs) to improve electrical conductivity of nanocrystal 
films. Recently, PV devices have been made with inorganic 
ligand-capped nanocrystals, but with low efficiency [3]. 

One additional limitation was the need to process with 
hydrazine, which is environmentally unfriendly. We have been 
able to develop inorganic ligand-capped CIS nanocrystals 
that disperse in dimethyl sulfoxide (DMSO), a polar organic 

solvent that is environmentally friendly and easier to handle 
than hydrazine, in the nanocrystal film processing and have 
used MCC ligands to cause grain growth in CIS nanocrystals 
without selenization. 

We also examined the films after a high temperature heat 
treatment. One approach to obtaining higher efficiencies from 
nanocrystal absorber layers is to sinter them into crystalline 
films. Usually sintering requires Se vapor in addition to 
high temperature. Annealing the nanocrystal films at high 
temperature under Ar did lead to a small amount of crystal 
grain growth, presumably enabled by the inorganic Se-
containing capping ligands.

Methodology:
Colloidal oleylamine-capped CIS nanocrystals were 
synthesized by arrested precipitation as previously described 
[3, 4]. Ligand exchange was performed in a nitrogen-filled 
glove box by adding the nanocrystals to 0.5 ml of 0.25 M 
In2Se4-MCC ligand, and 3 ml of hydrazine. After stirring for 
two days, the nanocrystals were transferred from the toluene 
to the hydrazine phase and the toluene was decanted. The 
nanocrystals were precipitated by adding 8 ml acetonitrile, 
followed by centrifugation. The particles were redispersed in 
1.5 ml of dimethyl sulfoxide (DMSO).

CIS nanocrystals dispersed in DMSO were spray-cast onto 
Mo-coated glass substrates heated to 150°C. The nanocrystal 
films were annealed in an argon atmosphere at 500°C-600°C 
for 20 minutes. PV devices were then fabricated and tested 
as described in the literature [2]. Nanocrystal films were also 
characterized by scanning electron microscopy (SEM) and 
x-ray diffraction (XRD).

Results and Discussion:
CIS Nanocrystals Before Sintering. Figures 1 and 2 
show transmission electron microscopy (TEM) images 
of oleylamine-capped CIS nanocrystals before and after 
exchanging with inorganic ligands. The nanocrystals are 
approximately 15 nm in diameter and do not change size after 
ligand exchange, but do appear to be slightly more prone to 
aggregation.
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CIS nanocrystal films were deposited onto Mo-coated glass 
substrates and were annealed under Ar at temperatures 
between 500°C-600°C. Figure 3 shows an SEM image of the 
annealed nanocrystal film at 575°C and Figure 4 shows XRD 
data for nanocrystal films annealed at various temperatures. 
There was a small, yet noticeable, amount of sintering and 
crystal grain growth. The <112> peak in the XRD patterns 
in Figure 4 became slightly sharper as well after annealing, 
consistent with grain growth. PV devices fabricated from 
these films showed only a small PV response with a very low 
device efficiency of only 0.2%. More device tests are required 
to determine whether these materials will be suitable for PVs.

Conclusions:
CIS nanocrystal films capped with inorganic In2Se4-MCC 
ligands and dispersed in DMSO, which is not toxic like 
hydrazine, can be deposited safely under ambient conditions. 
These inorganic-capped CIS nanocrystals appear to exhibit 
sintering and crystal grain growth with high temperature 
annealing without Se vapor. The preliminary device tests 
using these nanocrystal films gave low efficiencies, but the 
materials require further study.
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Figure 1, top left: A TEM of oleylamine-capped CIS NCs.

Figure 2, top right: After exchange, aggregated MCC-capped CIS NCs.

Figure 3, middle: SEM of MCC-capped CIS NCs annealed at 575°C.

Figure 4, bottom: FWHM of the 112 peak of MCC-capped  
CIS NCs annealed from 500°C-600°C.
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Abstract:
Optical coherence tomography (OCT) is a high resolution, non-invasive 
technique for imaging scattering media (e.g., biological tissue). Similar 
to ultrasound, OCT nominally produces one-dimensional cross-sectional 
images called A-scans. The number of data points acquirable in an A-scan, 
and consequently imaging depth, is related to the spectral resolution of the 
detector being used. To increase the spectral resolution, we fabricated a low-
cost cross-dispersing spectrometer based on an air-spaced virtually imaged 
phased array (VIPA). A VIPA is a slightly tilted etalon that allows for high 
angular dispersion of broadband incident light. The performance of a VIPA 
depends heavily on surface reflectivity, as well as cavity dimensions and 
the index of refraction of the cavity medium. VIPAs of various reflectivities 
were constructed via metal deposition on glass slides and optical flats; the 
reflectivities were measured via the Hitachi 4001 Spectrophotometer. Their 
finesse, FSR, and spectral dispersion characteristics were measured via 
photodetector. We show that sufficiently capable VIPAs can be constructed 
far more cheaply than commercial varieties, and will enable the development 
of high performance, affordable OCT systems.

Introduction:
OCT is essentially a white light interferometer: in a Michelson configuration, 
polychromatic light travels different paths to a reference reflector (mirror) 
and multi-layered sample after passing through a beamsplitter. Reflected 
light from both paths interfere constructively at the detector for spatial 
frequencies corresponding to the position of layers in the sample. The 
resulting interferogram may be sampled in k-space either by using a 
spectrometer to collect wavelength information directly (spectral domain 
OCT), or as a function of time using a photodiode and swept-source laser 
(swept-source OCT). Similar to ultrasound, OCT nominally produces one-
dimensional cross-sectional images called A-scans; 2D (B-scans) and 3D 
(C-Scans) images can be generated by raster scanning the OCT beam. The 
primary signal that OCT measures is the intensity of light that is back-
scattered from various layers in the sample. Modern OCT systems offer 
resolutions of 1-10 µm and 5-15 µm in the axial and lateral dimensions, 
respectively.

In SDOCT, a range of wavelengths can encode depth information in your 
sample. Your imaging depth is dependent on the number of data points 
(pixels) that you can detect in the A-scan using a spectrometer. After the 

Figure 2: VIPA transmission peaks of 
1.1 MHz (top) and 2 MHz (bottom).

Figure 1: Schematic of VIPA 
operation in an SDOCT setup.
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beam passes through the VIPA it impinges on an ordinary 
diffraction grating. The product of this is a 2D dispersion 
pattern as seen in Figure 1; this allows more pixels on a 
detector to be utilized and thus increases the imaging depth 
of the OCT system.

A VIPA is a slightly tilted etalon that allows for high angular 
dispersion of light by wavelength. When a ray of light enters 
the VIPA, it undergoes multiple internal reflections between 
the partially reflecting plates. Each time a ray is reflected, 
it is partially transmitted, and the remaining reflected light 
undergoes a phase change. This leads to an important property 
of the VIPA, due to constructive and destructive interference: 
there is only a single angle at which a certain wavelength may 
propagate. Furthermore different wavelengths may overlap 
on the same position if the FSR of the cavity is sufficient.

Procedure:
We hoped to reduce the cost of obtaining a VIPA by cheaply 
fabricating one from readily available equipment. In order 
to control the reflectivity of each side of the VIPA and thus 
control the finesse of the VIPA, silver was deposited on glass 
slides and optical flats via metal sputtering. An Innotech metal 
deposition system was used. The thickness of the deposited 
metal film could be precisely controlled by modifying the 
beam power and exposure time. In total we produced four 
different thicknesses: 50 nm, 15 nm, 10 nm, and 8 nm. These 
should have corresponded to reflectivities of 92%, 82%, 70%, 
and 50%, respectively; however of the slides we measured, we 
found this was not the case. We tested the 50 nm and 15 nm 
slides on the Hitachi 4001 spectrophotometer and found they 
corresponded to reflectivites of 75% and 50%, respectively.

We built a holder for the VIPA in order to test it. A Santec 
broadband swept source laser centered at 1300 nm was line-
focused by a cylindrical lens; the beam then passed through 

the VIPA into a normal focusing lens, which focused the VIPA 
output into the fiber-coupled photodetector. Since we used a 
swept-source laser, the photodetector read out was a series of 
peaks from which we gathered the finesse and FSR data.

Results:
The VIPA we tested had a finesse of 4.5, which exceeded the 
goal of 4. As well, we found we could tune the finesse of the 
VIPA with an acceptable degree of accuracy. Figure 2 shows 
the observed transmission data for an FSR of 1.1 MHz and 2 
MHz, respectively. This shows we were successful in meeting 
our design goals, having constructed a sufficiently capable 
VIPA for approximately $300, a significant improvement 
over the original $6000 price tag. 

Additionally we have shown fabrication is low-cost and 
simple, and the drawbacks due to the air-spaced nature of 
the VIPA can be overcome and turned into an advantage with 
proper construction of a holding apparatus.

Acknowledgments:
Michael Deal and the NNIN REU Program, along with 
the NSF for funding the project. Heeyoon Lee, Tahereh 
Marvdashti, and Audrey Ellerbee for guiding me and assisting 
me in this project. J. Provine for contributing his time and 
expertise at ungodly hours to make fabrication possible.

References:
[1]	 Lipson, S.G.; Lipson, H.; Tannhauser, D.S. (1995). Optical Physics (3rd 

ed.). London: Cambridge U.P.. pp. 248.
[2]	 Hernandez, G. (1986). Fabry–Pérot Interferometers. Cambridge: 

Cambridge University Press.
[3]	 Xiao, S.; Weiner, A.M.; Lin, C.; 2004. IEEE Journal of Quantum 

Electronics(Vol. 40 No. 4).



OPTICS & OPTO-ELECTRONICS

168 2012 NNIN REU RESEARCH ACCOMPLISHMENTS

Enhancing the Luminescence Efficiency of GaSb-Based  
Dilute-Nitrides by Rapid Thermal Annealing

Nathaniel Wendt
Computer Engineering, Gonzaga University

NNIN REU Site: Microelectronics Research Center, The University of Texas at Austin, Austin, TX
NNIN REU Principal Investigator: Seth Bank, Electrical and Computer Engineering, The University of Texas at Austin
NNIN REU Mentor: Hari Nair, Electrical and Computer Engineering, The University of Texas at Austin
Contact: nwendt@zagmail.gonzaga.edu, sbank@ece.utexas.edu, hnair@austin.utexas.edu

Abstract:
It has been shown that gallium antimonide (GaSb)-based 
dilute-nitrides display improved photoluminescence (PL) 
with in situ annealing in the molecular beam epitaxy (MBE) 
growth chamber under a Sb ambient. This improvement in 
luminescence efficiency translates into improved performance 
of optoelectronic devices, such as lasers, where this will lead 
to a reduction in threshold current densities. However, similar 
improvement in luminescence efficiency was not observed 
during ex situ annealing in a rapid thermal annealing (RTA) 
furnace. The ability to recreate similar annealing performance 
in the RTA would allow for increasingly efficient annealing. 
Upon further study, we determined that the degradation in PL 
resulted from over-annealing of the sample. Attributing this 
issue to the silicon (Si) carrier wafer, which has a higher band 
gap than the GaSb sample, infrared radiation was heating the 
sample more than indicated by the carrier wafer pyrometer 
measurement. 

We mitigated this issue by integrating a low bandgap 
indium arsenide (InAs) layer into the carrier wafer and were 
able to ensure that our sample was below the temperature 
indicated by the pyrometer. This 
optimization allowed us to pinpoint 
the optimal annealing temperature 
more accurately and achieve PL 
performance similar to that of in situ 
annealing.

Introduction:
Semiconductor lasers operating in the 
mid-infrared are highly sought after 
for their applications with infrared 
countermeasures, gas sensing, and free 
space optical communication. GaSb-
based dilute-nitrides are an attractive 
solution for these applications, but 
require optical quality enhancement. 
Similar materials, namely gallium 
arsenide (GaAs)-based dilute-nitrides, 
have shown significant improvement 

in optical quality by annealing [1]. Furthermore, it has been 
shown that in situ annealing in the molecular beam epitaxy 
(MBE) growth chamber has improved optical quality of GaSb-
based dilute-nitrides materials. While this method has proved 
effective, the process is time intensive. This project aimed 
to dramatically improve the time efficiency of annealing by 
employing a rapid thermal annealing (RTA) furnace.

Since the pyrometer in the RTA measures the temperature of 
the carrier wafer, the material of this carrier wafer significantly 
affects the annealing process. Also, the lamps in the RTA emit 
photons over a wide energy spectrum. Si, with a bandgap 
of 1.12 eV at 300 K, is less responsive to temperature than 
the GaSb-based sample at approximately 0.73 eV at 300 K. 
Photon energies between these two bandgaps (0.73 eV to  
1.12 eV) are absorbed by the sample and not the carrier, 
leading to overannealing. Overannealing has been shown 
to considerably degrade the optical quality of GaAs-based 
dilute-nitrides [2]. This underscores the need for a carrier 
wafer of equal or lower bandgap than the sample so that the 
carrier wafer is at the same temperature as the sample.

Experimental Procedure:
Figure 1 shows the sample structure 
that was used for the annealing studies. 
Annealing was carried out at varying 
temperatures for one minute in a AW 
610 RTA furnace under a nitrogen 
ambient. We used two different 
carrier wafers for the annealing 
studies: InAs (bandgap 0.354 eV) and 
Si (bandgap 1.12 eV). A Si proximity 
cap was utilized to prevent Sb loss 
from the sample surface. Optical 
quality was characterized by use of 
the photoluminescence (PL) lab with 
a diode pumped solid-state laser 
(DPSS) operating at 532 nm. The 
PL spectrum was obtained using a 
grating monochromator and an InSb 

Figure 1: Sample structure 
used for annealing studies.
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photodetector cooled to 77 K. All PL scans were scaled to a standard sample 
for comparison.

Results and Conclusions:
Figure 2 shows the increased responsiveness of the InAs carrier wafer from 
constant lamp intensity in the RTA than GaSb and Si. This indicates that 
when annealing with a Si carrier wafer, the sample temperature may be 
significantly higher than the temperature indicated by the RTA pyrometer 
leading to overannealing.

We were able to reproduce optical quality enhancement within 17% of in situ 
annealing with the InAs carrier wafer. Figure 3 illustrates this considerable 
improvement over the Si carrier wafer that was within 33% of in situ 
annealing. We believe that this improvement was due to the lower bandgap 
of the InAs carrier wafer. By ensuring that the sample temperature was equal 
to or lower than the carrier wafer, we were able to achieve better temperature 
feedback, and thus, avoid overannealing.

Future Work:
These studies should be continued by more precisely optimizing the 
annealing temperatures to more closely replicate or improve upon in situ 
annealing. Additional study would investigate various sample structure 
variations and their effects on annealing effectiveness.
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Figure 2: Various carrier wafer responses to 
constant RTA lamp intensity. With decreasing 
bandgap the response of the carrier wafer 
improves.

Figure 3: Si and InAs carrier wafer annealing as 
compared to in situ.
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Figure 1: (a) Virus detection method [1]. (b) Chemical sensor [2]. 
(c) Device used in (d) an optomechanical experiment [3].

Abstract:
High-stress silicon nitride (SiN) membranes show extremely 
high mechanical quality factors (Q of up to 4 million) and 
are useful for applications in resonant sensors, oscillators 
and optomechanical experiments. Here we fabricated high 
Q stoichiometric SiN membranes by depositing SiN using 
a low pressure chemical vapor deposition (LPCVD) process 
followed by back etching of a pre-patterned Si wafer. 
Monolayer graphene and thin gold pads were deposited 
onto this suspended membrane so as to create a conductive 
region that would enable the capacitive readout of the 
resonant motion. Amplitude of motion in resonance is usually 
detected using interferometric means in a custom built laser 
setup. The optical readout is to be compared to the electrical 
readout where the amplitude of resonant motion is detected 
by passing a source-drain current through the graphene via 
wire-bonded gold pads. The resonant motion should modulate 
the resistance of the graphene. The readouts display Q factors 
of the composite resonator as high as 100,000. We concluded 
that electrically active SiN resonators maintained the ultra-
high Q and therefore are useful for the above-mentioned 
applications.

Introduction:
Microelectromechanical (MEMS) devices are 
well-suited for many applications. Because of high 
resonance frequencies, high quality factors (Q), 
and low masses, MEMS resonators can be used to 
probe the limits of quantum mechanics that larger 
resonators cannot. In addition, MEMS devices are 
more effective in terms of miniaturization, power 
conservation, and force sensitivity [1]. Future 
applications of these devices include usage as 
signal processors, oscillators, and improved sensors 
in pressure, temperature, charge, spin, and mass [2].

It has been previously reported that the Q of high 
stress SiN devices has reached up to 4 million, 
making them ideal for the aforementioned 
applications [4, 5]. High stress SiN devices are 
often studied in optomechanical experiments due to 
their high Q factors. However, we wanted to also 
perform electrical experiments on the high stress 
SiN devices so as to read them out electrically 
rather than optically.

Figure 2: An optical image of a 300 µm × 300 µm 
membrane device on a 60 nm thick nitride layer covered 
with 0.3 nm of monolayer graphene with 30 nm of gold.
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Fabrication Process and Methodology:
The first step in our fabrication process was to use a thermal 
oxidation process to grow 1 µm of silicon oxide (SiO2) 
followed by a deposition of 60 nm stoichiometric nitride 
(Si3N4), using a LPCVD process. We created our suspended 
membranes using plasma and KOH etches of the back side 
of the wafer. Then, graphene was transferred and patterned 
on these suspended membranes. Electrical contacts to the 
graphene were achieved by gold deposition, followed by lift 
off. The buffered oxide etch was used to remove the oxide 
layer to create the high stress nitride membrane.

We used an electrical drive to actuate the resonant motion 
of the membrane, and detected that resonance electrically 
and optically. The electrostatic drive was produced using a 
combination of DC and AC voltages. The piezo-controlled 
mirror was charged with both DC and AC voltage while the 
membrane was grounded. In the optical setup, the amplitude 
of this reflectance change at resonance depended directly on 
the physical motion of the membrane and the position of the 
membrane with respect to the mirror. In the electrical setup, a 
DC voltage source was used to cause a source-drain current to 
detect the resonant motion of the membrane.

Results:
The resonant frequency decreased as the gate voltage was 
swept from 0 V to 30 V (or 0 V to -30 V) due to capacitive 
softening. In capacitive softening, as the voltage increased, the 
membrane was attracted to the fixed electrode encountering 
a larger field gradient. The field gradient resulted in a force 
that opposed the device’s mechanical restoring force, leading 
to a decrease in resonant frequency. Motion of the piezo-
controlled mirror towards the device also caused the electric 
field gradient to increase, which decreased the resonant 
frequency. 

Oscillations in both resonant frequency and amplitude of 
the resonant motion are due to the absorption of the light by 
graphene membrane. Q factors of up to 100,000 were detected 
with our devices.

Conclusions:
We are certain that our optical and electrical experimental 
setups are fully operational. Now that we can optically 
detect resonant motion using an electrical drive, we will 
work on electrically detecting Q by passing current through 
gold contact pads that will act as the source and drain of the 
current. After successfully fabricating high-stress SiN devices 
using SiO2 as a protective layer, we were able to perform 
optomechanical experiments with our current optical setup. 
In these optical mechanical experiments, we have not only 
been able to obtain Q factors of up to 100,000, but we have 
also seen interesting phenomena such as capacitive softening 
and the photothermal effect in action.

Figure 4: The Lorentzian curve of the resonant frequency is 
used to determine the Q factor which, in this case, is 90,000.

Figure 3: Both graphs depict capacitive softening, but the image 
on the right illustrates the photothermal effect due to optical back 
action.

Future Work:
Long-term goals are to conduct Q measurements at near 
absolute zero temperatures (30-50 mK) so as to optimize Q for 
any sort of devices and to study other dissipation mechanisms 
caused by other factors such as clamping.
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Abstract and Introduction:
Silicon nanowire field effect transistors (Si NW FETs) are 
promising structures for the development of new biosensors 
due to their ability to directly translate interactions with target 
molecules into readable signals [1]. They are highly sensitive 
and selective and capable of real-time response and label-
free detection. However there are challenges with stability 
and reproducibility in the development of such sensors due 
to the property changes over time of the thin gate dielectric 
when exposed to an electrolyte, low signal to noise ratio due 
to the small size of the NWs, and an increased role of surface 
effects.

In order to develop and to find the optimal dielectric passivation 
for Si NW sensors this project is focused on the investigation 
of the influence of an electrolyte 
liquid gate on the physical and 
electrical properties of the NW 
FETs covered with a thin silicon 
dioxide (SiO2) passivation layer. 
Noise spectroscopy was employed 
to characterize the performance 
of the devices in the electrolyte 
and without it. This technique 
provides a number of advantages. 
Noise measurements allow for the 
determination of various kinetic 
parameters from experimental data 
gathered without time-varying 
external excitation. 

In addition, data extracted from 
noise spectra contains information 
about structure performance, and 
quality of the samples, making 
noise spectroscopy a powerful 
tool for monitoring device state. 
Noise spectra were measured 
and analyzed for Si NW FETs 
of 500 nm width and a variety 
of lengths (2-16 µm) with a thin 
SiO2 passivation layer (10 nm 
thickness) in air and phosphate 
buffered saline (PBS) at different 

liquid gate and back-gate voltages. Parameters of interest 
include the effects on threshold voltage and charging time of 
the device gate dielectric.

Methods:
Drain voltage spectral density was measured for samples of 
varying nanowire length (2-16 µm) over a range of different 
applied back-gate voltages; first in air, then in PBS. A constant 
source-drain voltage of 100 mV was applied to the samples to 
ensure linear regime of operation. The noise spectra of the 
device were registered using a HP Spectra Analyzer after the 
output signal from the sample was passed through a low-noise 

Figure 1: Drain Current vs. VGATE-VTHRESHOLD for a 
6 µm sample shown in (A) semi-log and (B) linear scale.

Figure 2: Normalized Current Noise Spectral Density measured for a 6 µm 
sample in (A) the sub-threshold region and (B) above threshold voltage region.



PHYSICS & NANOSTRUCTURE PHYSICS 

1732012 NNIN REU RESEARCH ACCOMPLISHMENTS

homemade amplifier with gain 100 dB. A custom program 
was designed to measure the drain current and spectra data. 
This data was then analyzed using OriginLab software to 
determine the effects of PBS on threshold voltage and the 
noise spectra. The current spectral density, SI, was calculated 
using the measured voltage spectral density and the equivalent 
resistance of the measurement scheme.

Results and Discussion:
The first parameter of interest of our device was the effects 
that PBS had on the samples’ threshold voltages. Drain 
current in the samples was measured over a range of backgate 
voltages, and the transfer characteristics of the FETs were 
then plotted. Threshold voltage was calculated by applying 
a best fit approximation to the linear region of the curves. 
Figure 1 shows typical transfer characteristics measured for a 
sample of length 6 µm in (A) semi-log and (B) linear scales. 
From Figure 1A, it can be seen that the addition of PBS affects 
the sub-threshold current of the sample, and thus facilitates 
exchange between interface traps of the top dielectric with 
the channel of the Si NW FET in the sub-threshold region. 
Therefore, the interaction of the electrolyte with the nanowire 
FET structures results in changes of the state of the interface 
traps. Also, an increase in threshold voltage is registered when 
the sample is exposed to PBS, indicating a change in surface 
charge of the NW transistor.

Figure 2 shows normalized current spectral density, SI / I
2, at 

(A) sub-threshold backgate voltage, Vbg - VTH = -0.2V and (B) 
above threshold voltage, Vbg - VTH = 1.0V, measured in air 
and PBS. In the sub-threshold region, the normalized current 
spectral density of fluctuations in the device decreased when 
PBS was introduced to the sample. This decrease can be 
explained by the changing of the surface charge due to PBS 
and thus the charge state of traps in the sample’s top dielectric 
and partly by increases in the sub-threshold current without a 
corresponding increase of the noise (Figure 1A). 

Above the threshold voltage, submerging the sample in PBS 
appears to increase the amount of fluctuations in the sample. 
The lower value of the current at Vbg - VTH = 1.0V in PBS (see 

Figure 1B) only partially explains this behavior. If change in 
the number of charge carriers was the only cause, then the 
ratio of currents in air to PBS and the ratio of SI / I

2 in PBS to 
air would be similar. 

Figure 1B shows that the current in air is three times higher 
than the current in PBS at this voltage. However, SI / I2 at  
100 Hz, is ten times greater in PBS than in air. Thus, the 
change in number of carriers is not the only factor influencing 
the change in noise level. We suggest that another component 
of this variation is a change in the mobility of the charge 
carriers due to a change in the behavior of the traps at the 
interface between the semiconductor and the top dielectric 
caused by the PBS.

Conclusions and Future Directions:
It was shown that the exposing the nanowire samples to PBS 
not only affects the number of charge carriers, but also most 
likely results in a change in mobility of charge carriers. Further 
experiments need to be done to determine what other factors 
affect the stability and reliability of the samples working with 
the liquid gate. The next step will be to compare the properties 
of the Si NW FET samples passivated with different thin film 
dielectric layers in air and in PBS. Measurements will also 
be performed after exposing the samples to cell media for the 
development of neuron-nanowire FET hybrid structures.
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Introduction:
The focus of this project was to design and create an electron 
irradiation setup at The University of California, Santa Barbara 
(UCSB) to produce solid state spin quantum bits (qubits) in 
diamond and silicon carbide. Unlike the conventional bit, 
which is either 0 or 1, a qubit can be 0, 1, or any superposition 
of the two states. Quantum computing takes advantage of 
this property to perform some tasks, such as factoring and 
searching, much faster than conventional computers can. The 
setup designed during this project will allow efficient qubit 
engineering under precisely controlled conditions.

The Qubits:
Solid state spin qubits have several advantages over current 
qubit technologies: they have long coherence times (~ 2 ms) 
at room temperature, are optically readable, are scalable as 
a system, and certain polytypes of silicon carbide can be 
integrated easily into silicon devices.

A solid state spin qubit consists of a crystal vacancy complex 
containing a localized electron density. The spin state of 
this density can be manipulated with microwave frequency 
magnetic field and the state is read out optically. In diamond, 
the qubit structure consists of an atomic vacancy adjacent to 
a substitutional nitrogen atom. In silicon carbide there are six 

qubit structures. Four of them are known to be divacancies 
in varying orientations. Figure 1 shows each qubit structure.

The preferred method for creating these atomic vacancies 
is electron irradiation. Electron irradiation gives even 
distribution of qubits and a relatively low level of unwanted 
crystal damage, but creation is inefficient. Only 0.1% of 
the nitrogen atoms in diamond samples become part of 
viable qubits, and every extra nitrogen atom interferes with 
qubit coherence. Currently, samples must be sent to third 
parties for processing where we have minimal control over 
irradiation conditions. By creating a facility to manufacture 
qubits ourselves, we hope to improve creation efficiency and 
engineer samples with controlled qubit densities, and higher 
qubit densities than have been made before.

The Project:
To create these qubits, an irradiation setup was designed 
to interface with the UCSB free electron laser (FEL). The 
FEL’s 5 MeV electron beam is diverted through the sample 
irradiation setup and into a beam dump. To protect the 
electron accelerator and eliminate scattering, the entire path 
of the beam must be under ultra-high vacuum conditions 
(UHV = 10-9 Torr). Because many materials outgas under 

Figure 1: Nitrogen vacancy center in diamond (left) 
and silicon carbide divacancy (right).

Figure 2: The irradiation addition layout.
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UHV conditions, all parts in the vacuum, including sealing 
gaskets, must be metal. An estimated 9 W will be absorbed by 
the sample during irradiation so all parts of the system must 
withstand or dissipate this heat.

The Design:
The final design met all of the challenges of the high energy 
beam, UHV environment, and more. For the safety of the 
electron accelerator, the irradiation addition was automatically 
isolated from the rest of the beamline in the event of a leak, 
and could be manually isolated in multiple sections for access 
and pumping. For efficiency, the addition used standard 
vacuum parts with the exception of the sample holder, and a 
small volume to pump down. Figure 2 shows the irradiation 
addition to the FEL facility. The sample holder was a 20 × 16 
× 75 mm block of copper with five insets for samples on the 
front face. The holder was threaded onto a high-power ¾″ 
copper feedthrough that was attached to a linear-shift bellows 
mechanism to offer a 50 mm movement range. 

The sample holder and beam were aligned using a 6 mm 
diameter calibration hole at the bottom of the holder while 
maximizing the current at the beam dump. When the system 
was aligned, the 7 mm spacing between samples allowed 
us to move between all five samples without breaking the 
vacuum. The calibration process also provided an electron 
flux measurement that could be used to calculate irradiation 
dose when the sample was in the beam. For heat conduction 
out of both faces of the samples, each was secured in its inset 
by a 4 mm thick copper faceplate and two bolts. Heat was 
drawn from the sample holder via the feedthrough which was 
water cooled outside the chamber for vacuum safety. 

Figure 4: The completed sample holder.

To reduce unnecessary heating there was a free path for 
the beam through the center of each faceplate and through 
the holder behind each inset. The first sample holder 
accommodated two 2.3 × 2.3 mm samples and three 3 × 3 mm 
samples, but the threaded attachment made installing other 
sample holders for future experiments simple. 

Figure 3 shows the elements of the irradiation assembly and 
Figure 4 shows the finished sample holder.

Conclusion and Future Work:
At this point the irradiation addition to the FEL is under 
construction. Several components required for the protection 
of the accelerator are being ordered. When completed, the 
setup will be used to study how different irradiation conditions 
affect resulting qubit quality.
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Figure 3: The irradiation assembly.
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Figure 1: A sample cathode. Dendrites are growing to the left as 
more silver ions reach the cathode. There are multiple layers of 
dendrites visible.

Abstract:
Fractal electrodes (dendrites) provide an opportunity to 
improve many electrical and optical areas including solar 
cells, sensors, and in the future, retinal replacements. They 
offer a unique ability to carry either information or charge 
with minimal resistance, while only covering a small fraction 
of surface area. These electrodes can be easily made by 
applying an electric field between an anode and cathode which 
causes the dendritic metal electrodeposit to form. One key 
characteristic of the fractal electrodes is the fractal dimension, 
which is used to describe non-Euclidean geometries. The 
purpose of this project was to determine the level of control 
that can be obtained through use of constant current and 
constant voltage during electrodeposit growth. Thin films of 
silver were deposited on slides via thermal evaporation. The 
mask used provided channels between the silver electrodes 
in which the dendrites could grow. The dendrites, as seen in 
Figure 1, were then imaged and processed to determine their 
fractal dimension. It was found that the fractal dimension 
decreases with an increase in field, in both constant current 
and voltage trials. The data confirms that a stronger field leads 
to more one dimensional growth.

Experimental Procedure:
Silver (Ag) deposition was carried out using thermal 
vapor deposition. The chamber of the Cressington was 
vacuumed down to 3 × 10-6 mbar. Between 47 and 50 nm 
of Ag was deposited on the glass slide. Channels to carry 
out the electrodeposition were created with a mask of Mylar 
tape. Each channel was probed using an Agilent 4155C 
semiconductor parameter analyzer. Either constant voltage or 
constant current were applied across the channel for various 
amounts of time to produce the dendrites. Once the dendrites 
were grown, an Axiophot microscope was used to produce 
the images. Three images were taken for each dendrite. The 
fractal dimension was calculated in MatLab using a box 
counting approximation. Results were then averaged for the 
three images to calculate the fractal dimension for the trial. 
Experiments at 2 volts and 25 µA were tested from two 
minutes to ten minutes every minute. For 5 volts, 35 µA, and 
50 µA trials, the times tested went from 90 seconds to 240 
seconds every 30 seconds. And the higher field trials, 10 volts 
and 75 µA, were tested from 30 seconds to 60 seconds in ten 
second intervals.

Results and Conclusions:
As seen in Figure 2, the higher the voltage, the lower the fractal 
dimension tended to be. Similarly, when the current was held 
constant, higher currents lead to lower fractal dimensions. For 
the constant voltage trials, Figure 2, the data was not scattered, 
with the exception of one outlier. The constant current data 
was much more varied, as seen in Figure 3. 

There are many possible areas of error, especially during 
the probing. One example is how far the probes were from 
the channel. This varied from sample to sample. Another 
potential reason could be the contact of the probe to the 
deposited silver. If the probe was pressing too hard, it could 
scrape off the silver, which would increase the resistance. 
On the other hand, if the probe was not pressed hard enough, 
then the probe would not be making good contact with the 
silver. For more exact data, these problems would need to be 
addressed, but a strong negative trend was found.
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For each voltage and current tested, the fractal dimension to 
time relationship was tested. Figure 4 shows this relationship 
for the constant voltage trials only. It was obvious that no 
clear trend existed with respect to time. The dendrites were 
not growing far enough to cause any difference compared to 
the randomness of the sampling. If more exact methods were 
used, it would make sense for the fractal dimension to have a 
slight decrease with respect to time.

Future Work:
The data gotten from the above experimental procedure is 
useful for silver electrodeposits grown in de-ionized water 
at room temperature. However, if any of these constraints 
change, more testing will need to be done. The effect of 
temperature on dendrite growth would also seem to be a more 
sensitive way of controlling the formation.
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Figure 4: Fractal dimension versus time. The time scales vary 
depending on the voltage. For 2 volts, the times tested were every 
minute, for 5 volts every 30 seconds, and 10 volts was every 10 sec.

Figure 2: Fractal dimension for each constant voltage trial. The plot 
points to a strong downward trend.

Figure 3: Fractal dimension for each constant current trial. While 
data is more scattered than the constant voltage trials, the same 
trend is prominent.
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Abstract:
Superconducting coplanar waveguides (CPWs) are essential 
elements in building quantum computers [1] and in single 
photon detectors for astrophysics [2]. Reducing energy loss in 
these waveguides is critical to improving their performance. 
One source of energy loss in coplanar waveguides arises 
from parasitic coupling to unwanted electromagnetic modes 
that occur where there are asymmetries or discontinuities 
in the circuit layout. The effect of these asymmetries and 
discontinuities can be minimized by adding additional wiring 
(“crossovers”) to the waveguide geometry. However, the 
dielectric materials that serve as structural supports for the 
crossovers add additional loss through different mechanisms. 
We will discuss a method of fabricating crossover wiring in 
the form of freestanding air bridges, which will still suppress 
unwanted modes, but will not use a lossy dielectric for 
structural support.

Background:
Quantum computation relies on bits of information being 
stored as excitations in a quantum mechanical object. 
Unfortunately, these excitations decay as the object losses 
energy to its environment. This may be represented as 
a classical “bit” of information spontaneously changing 
from a “1” to a “0”. The loss of energy/information is one 
of the biggest obstacles facing all of the proposed quantum 
computation architectures. Thus, reducing sources of energy 
loss is vital to building a quantum computer.

Energy loss occurs when moving and storing information in 
a superconducting circuit. A coplanar waveguide is a type of 
microwave transmission line that is used to move information 
in a quantum circuit, similar to how wires move information 
in an integrated circuit. A waveguide with boundary 
conditions such as electrical opens or shorts on both of its 
ends will resonate at a fundamental frequency that is defined 
by the length of the CPW. These resonators are used to store 
information for later retrieval as well as to aid in both the 
communication and isolation of qubits.

The CPW consists of a conducting plane lying on a dielectric 
substrate. The conducting plane is divided into three sections 
consisting of a center conductor surrounded on either side 

Figure 1: Coplanar Waveguide (CPW).

by ground planes (Figure 1). This geometry supports several 
electromagnetic modes, two of which are the desired even 
mode and the parasitic odd mode. The odd mode is a source 
of energy loss for the even mode, but it can be suppressed 
using a superconducting strip to force the ground planes to the 
same electrical potential. Currently the superconducting strip 
is supported by a dielectric, hydrogen terminated amorphous 
silicon. While this crossover method suppresses the odd 
mode, the supporting dielectric introduces a different source 
of loss not described here.

Methods:
A research group in the Netherlands has developed 
freestanding air bridges (Figure 2). First, they spin a 3 µm 
layer of positive photoresist over a CPW. A lithography step 
leaves behind a rectangular bar of resist covering the CPW. 

Figure 2: Air bridge fabrication process.
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Heating the bar of resist above its glass transition temperature 
results in an arched shape, which serves as scaffolding for the 
air bridges. A thin layer of aluminum is deposited, followed 
by another layer of resist. A second lithography step covers 
the aluminum at the bridge locations. An etching step removes 
excess aluminum, and all of the remaining scaffolding resist 
is removed leaving behind freestanding air bridges.

This method could prove less lossy than the current crossover 
method, because it does not require a dielectric for support. 
The air bridge method also reduces the number of fabrication 
steps, which should improve device performance. Since the 
qubits used in these circuits are temperature sensitive devices, 
it is imperative that the resist have a low reflow temperature, 
and can be spun on at ~ 3 µm to set the height of the air bridges. 
SPR220-3.0 photoresist can be spun on at 3 µm, but its reflow 
temperatures are not known, so separate samples of SPR220-
3.0 were baked at temperatures in the range 115°C-155°C for 
three minutes each. The reflowed resist was analyzed using 
profilometery and atomic force microscopy (AFM).

Temperature data was taken up to 155°C, but after 120°C, 
there was no significant change in the shape of the photoresist. 
Since the profilometer has a relatively large 12 µm tip radius, 
we verified the above results using AFM images (not shown) 
of before and after reflow.

We have discussed a method of suppressing the odd CPW 
mode that does not rely on a lossy dielectric for support. 
The reflow characteristics of SPR220-3.0 photoresist were 
characterized, and the reflow temperature of SPR220-3.0 was 
determined to be 120°C. This low reflow temperature should 
save our sensitive devices from thermal degradation. 

After fabricating the air bridges, resonators will be used 
to compare the losses between air bridges and crossovers. 
This will improve the quality of our CPW circuit and add 
robustness to the architecture of superconducting quantum 
computers.

Acknowledgements:
I would like to thank my mentor Anthony Megrant for all 
his help and insight. I would also like to thank my P.I. Dr. 
Andrew Cleland, Samantha Cruz, the entire Martinis Group, 
and the whole NNIN REU staff for letting me be a part of this 
program.

References:
[1]	 Lucero, E., Computing prime factors with a Josephson phase qubit 

quantum processor, arXiv:1202.5707v1, 2011.
[2]	 Lankwarden, Y. J. Y., Bruijn, M. P. Development of NbTiN-Al Direct 

Antenna Coupled Kinetic Inductance Detectors, Journal of Low 
Temperature Physics, 167(3-4), 367-372, 2012.

[3]	 Mariantoni, M., Photon shell game in three-resonator, Nature Physics, 
Vol 7, 1-18, 2011.

Figure 3: SPR220-3.0 photoresist baked at the 
indicated temperature for three minutes.

Results and Conclusions:
The results show edge rounding at all temperatures (Figure 3), 
however at 120°C, a clear semi cylindrical shape appeared. 
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Introduction:
Silicon nanocrystals (Si-NC) systems have a wide variety 
of applications due to their optical properties, and their 
growth can be easily incorporated into Si fabrication methods 
already established in industry, making Si-NCs an attractive 
alternative to bulk Si. Recent developments have allowed 
for the synthesis of Si-NCs that are resistant to oxidation 
through surface passivation [1]. However, the effects of 
surface passivation on the electronic properties of Si-NCs 
remain unknown. With this in mind, our research focused on 
the investigation of trap levels in Si-NCs and the effects of 
passivation on these traps.

Experimental Details:
The Si-NCs were created using non-thermal plasma synthesis 
with both SiH4 and SF6 gas in order to produce H and F 
terminated Si-NCs. Details on Si-NCs and passivated Si-NCs 
growth are described by Pi, et al. [2], and Liptak, et al. [1], 
respectively. Metal-oxide-semiconductor (MOS) capacitors 
were fabricated by annealing RTA cleaned n-type Si <100> in 
a O2 ambient in order to create a thin SiO2 interface, followed 
by the deposition of Si-NCs on the SiO2 layer. 

In order to optimize our measurements, 
we then utilized atomic layer 
depostion (ALD) to deposit a high-k 
dielectric (HfO2) layer on top of the 
Si-NCs, and finished by evaporating 
aluminum back and gate contacts. We 
fabricated devices with no Si-NCs 
(for control), a 30-second deposition 
Si-NCs layer, and a one-minute 
deposition Si-NCs layer for both bare 
Si-NCs and surface passivated Si-
NCs samples. A topological overview 
of the device structure can be seen in 
Figure 1.

The trap centers of our fabricated 
MOS structures were then investigated 
using capacitance-voltage (C-V) 
profiling and deep level transient 

spectroscopy (DLTS) in order to confirm the presence of traps 
as well as to characterize the energy level and trap cross-
section of these trap centers. The C-V profiles were acquired 
at different frequencies of 200, 50, and 10 kHz and the DLTS 
data was acquired using a temperature range of 35K-420K 
and a rate window of approximately 16 s-1.

Results:
The C-V profiles of the samples (not shown), suggest 
the presence of trap levels in a number of ways: (1) The 
decrease in accumulation in both the bare and passivated Si-
NCs samples indicated the presence of majority traps; (2) 
Stretchout indicated a greater number of trap levels in the bare 
and passivated Si-NCs samples; (3) The decrease in depletion 
in both the bare and passivated Si-NCs samples suggested 
a higher concentration of interface and majority trap levels; 
and (4) A greater change in the depletion capacitance was 
observed for the bare and passivated Si-NCs samples than for 
the control sample, indicating an increase in interface state 
density. It is also worth noting that the change in depletion 
capacitance was greater in the passivated samples.

The C-V measurements also 
demonstrated hysteresis in 
all samples for all profiling 
frequencies, as can be seen 
in Figure 2. The negative 
shift of approximately 0.5 V 
in the down trace of all the 
measurements is consistent 
with previously observed 
values by Kwon, et al., and 
this memory effect confirms 
the presence of Si-NCs in the 
samples [3].

The DLTS measurements are 
shown in Figure 3 and the trap 
levels found are summarized 
in Table 1. These results show 
that the trap levels found in 

Figure 1: Cross-sectional side view of the fabricated 
MOS-capacitors with embedded Si-NCs. The 
approximate thickness of each layer is shown at the 
right of the corresponding layer.



PHYSICS & NANOSTRUCTURE PHYSICS 

1812012 NNIN REU RESEARCH ACCOMPLISHMENTS

our bare Si-NCs samples are not consistent with previously 
reported values by Souifi, et al. [4] and Kwon, et al. [3], 
which can be attributed to different Si-NCs growing methods. 
The traps found also have capture cross-section orders of 
magnitude smaller than expected, which has been previously 
observed and attributed to charge tunneling into the Si-NCs 
and a lower density of states at the Si-NCs by Antonova, et 
al. [5].

Overall, surface passivation appears to remove deep level traps 
in Si-NCs while creating shallow level traps for both majority 
and minority carriers. Considering than an F-terminated Si 
surface oxidizes much faster than an H-terminated Si surface 
[6], the removal of deep level traps in Si-NCs by surface 
passivation supports proposed theories that deep level traps in 
Si-NCs are caused by hydrogen dangling bonds [7]. However, 
not enough data has been collected to make any serious 
assessment and further research is needed to; (1) confirm the 
validity of the observed trap levels, and (2) correlate growth 
parameters with observed trap levels.
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Figure 2, above left: C-V profile shows the hysteresis profile  
for a 10 kHz scan of the passivated sample.

Figure 3, above right: Arrhenius plots of our DLTS measurements show 
the presence of multiple traps levels. Each trap is labeled and more 
information can be found in Table 1.

Table 1, at right: List of the corresponding activation energy, capture 
cross-sections and temperature peaks for the trap levels found.
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Abstract:
Ion bombardment is a diverse laboratory technique with 
many applications including reactive ion etching, focused 
ion beam milling, ion implantation, sputter deposition, and 
ion beam characterization techniques such as Rutherford 
backscattering spectrometry (RBS). Of particular interest 
are the nano-topologies that form under the presence of ion 
irradiation. Periodic nanoscale ripples, dots, and high-aspect 
ratio structures can self-organize under ion bombardment. 
However, the relative importance of various mechanisms that 
underlie the self-organization process are poorly understood. 

This project aimed to investigate the importance of ion beam-
injected stress as a mechanism influencing the dynamics of 
nanoscale ripples. It has previously been observed that ripples 
will propagate along the surface of certain materials during 
ion bombardment, and a recently-developed theory attributes 
this phenomenon to beam-injected stress. Our study aimed to 
test this theory by quantitatively measuring ripple propagation 
velocity at a variety of incidence angles for comparison with 
the functional form of velocity vs. angle predicted by theory. 
A 30 keV Ga+ focused ion beam was used to irradiate Si 
<001>. In situ scanning electron microscopy (SEM) was used 
to directly record the ripple dynamics. 

Additionally, a methodology for measuring the propagation 
of ripples with respect to fluence (ions•cm-2) was developed 
and preliminary measurements were taken.

Introduction:
There has been much attention granted to self-organized 
nanostructures that propagate under the presence of ion 
bombardment [1]. Nanoscale features at and below 100 nm 
have been shown to form under both focused and unfocused 
ion beams, a process known as “sputter patterning.” In a recent 
study, a regular array of nanodots with diameters as small as 7 
nm were fabricated [2]. However, there is little understanding 
on how to control the ion induced self-organization process. 
A cohesive theory by which we can understand the governing 
mechanisms of ion induced self-organization could lead 

to a high level of control and manipulation of nano-pattern 
formation.

In this work, we investigated the propagation velocity at 
which nano-ripples propagated along the surface of Si <001> 
under the raster of a focused ion beam. Parallel mode ripples 
were observed to propagate in a direction anti-parallel to the 
incoming gallium ions. 

Note, the term “propagation velocity” used in this report 
does not refer to the traditional concept of velocity. Rather, 
“propagation velocity” was measured in nm/fluence, i.e. how far a 
ripple would propagate under a given amount of ion impinge
ment.

Experimental Procedure:
A 30 keV beam of focused Ga+ ions was produced using an 
NVision 40 Dual Beam focused ion beam (FIB) outfitted for in 
situ SEM. FIB and SEM guns were fixed at an angle Θ = 54° 
from each other, while the specimen stage had the freedom to 
tilt. The angle between the specimen stage and the FIB gun is 
denoted ΘFIB and was held constant at 30°. Although we were 
ultimately interested in varying the angles of incidence, ΘFIB 
was held constant while beam current, dwell time and other 
tool specific parameters were optimized. Beam currents of  
80 pA and 150 pA were utilized to expose a 100 µm2 area of 
p-type Si <001>. We minimized dwell time, set pixel overlap 
to 53%, and passed the ion beam over the exposed area many 
times, thereby approximating uniform radiation. This was 
done to ensure ripples were not directly written by the FIB.

Real-time Fast Fourier Transform was used to observe the 
evolution of periodicity while post-mortem Fast Fourier 
Transform was used to ascertain final periodicity of the ripples. 
In order to measure propagation velocity, measurements 
were made on how long it took for the Raith FIB software to 
execute one exposure loop. Using this metric, we correlated 
the amount of ions impinging on the surface between SEM 
frames.
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Results and Conclusions:
Figure 1 exhibits the relevance of dwell time. At sub-microsecond 
dwell times (1a), nanoscale ripples were apparent. As we increased 
dwell time, the ion beam was able to mill deeper into the surface, 
thereby directly writing nano-topologies. Dwell time should 
therefore be minimized in order to ensure that features are not 
directly written onto the surface.

In situ SEM was employed to record the evolution of ripples shown 
in Figure 2. We incrementally increased the total fluence, measuring 
the time to deliver the total fluence. Using this trend, we correlated 
the amount of ions impinging the surface between video frames 
and obtained a preliminary propagation velocity of 35.8 nm/1017 
ions•cm-2 anti-parallel to the beam direction. This falls within an 
order of magnitude reported by [3] earlier this year. 

It has been observed that there are inconsistencies in the functioning 
of the Raith software, and so further characterization of the ion flux 
is required to ensure repeatability of the metric.

Future Work:
Obtaining the measure for propagation velocity requires further 
characterization. Once fully characterized, measurements will 
be used in comparison to what theory predicts. With the aid of a 
verified theory, we hope to research more complex material systems 
and nanostructures.
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Figure 1, top: Dwell Time varied: 0.1 µs (a), 6.4 µs (b), 
12.8 µs (c), 25.6 µs (d). Scale bar index: 1 µm (a), 2 µm (b), 
2 µm (c), 2 µm (d).

Figure 2, bottom: Post-ion bombardement: a. 11.12 µm × 
19.49 µm milled area, magnification 2.03 kx. 
b. High magnification (15.05 kx) of nanoscale ripples. Scale 
bar index: 2 µm (a), 1 µm (b).
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Abstract:

Figure 1: Structure of the interdigitated capacitors and the three orientations.

The temperature dependence of electronic 
properties of conducting and semi-conducting 
materials is a well-studied phenomenon, with many 
interesting effects in low temperature ranges. This 
project sought to develop a method by which the 
temperature dependence of capacitance of gold on 
glass or sapphire inter-digitated capacitors could 
be characterized, in addition to their inherent 
frequency dependence. The purpose of this was 
to establish a reference capacitance for each 
substrate, such that the capacitance of subsequently 
deposited or grown organic monolayers could be 
calculated independently of inherent capacitance 
via subtraction of the coated samples’ values from 
the reference values. This is especially pertinent in 
the lower temperature ranges (sub 100K) as unusual 
effects have been observed previously, especially 
with ferroelectric materials. The capacitors 
were first fabricated via photolithography, gold 
deposition, and liftoff processes in the cleanroom. 
Afterwards, their capacitance was measured across 
a wide range of temperature and frequency, from 
50K to 300K and 20 Hz to 2 MHz respectively. 

With referencing complete, the samples underwent oxygen 
plasma cleaning, followed by silinization in an inert 
atmosphere with octyltrichlorosilane under various pressures 
and concentrations of the reagent to yield organic monolayers 
on the substrate surface. The presence of monolayers 
was verified via contact angle measurements. Finally, the 
capacitances of the newly coated substrates were measured 
in the same fashion as the references and their results 
compared. For octyltrichlorosilane, no noticeable difference 
in capacitance was measured.

Experimental Procedure:
Interdigitated capacitors of three orientations made of gold 
were initially fabricated in the cleanroom. The capacitors 
were patterned onto glass and sapphire substrates and exposed 
by contact lithography for 4.7 seconds. The metal was then 
sputtered onto the samples under reduced pressure. The purpose 
of the three orientations was to determine the best position for 
perpendicular deposition. Liftoff was performed outside the 

cleanroom in acetone under sonication. Each “finger” of the 
capacitor was approximately 10 µm wide and separated by  
5 µm. Afterwards, one orientation of the capacitor was bonded 
to a probe and the capacitance was measured under varying 
temperature and frequency; 50K-300K and 20 Hz to 2 MHz. 
This was repeated for the other two orientations. 

After a reference capacitance had been established for the 
capacitors, they underwent oxygen plasma cleaning in 
order to provide a clean surface for subsequent silinization. 
The silinization process entailed leaving the substrate in 
an enclosed system with liquid octyltrichlorosilane under 
reduced pressure for one hour. Contact angle measurements 
were performed before and after silinization to verify 
deposition on the substrate surface. Measured values before 
silinization were approximately 0 to 5°, and post silinization 
values ranged from 90 to 110°, suggesting deposition of mono 
and bi layers. The capacitance for the newly silinized samples 
was measured in the same manner as the reference samples. 



PHYSICS & NANOSTRUCTURE PHYSICS 

1852012 NNIN REU RESEARCH ACCOMPLISHMENTS

The results were compared and no noticeable difference was 
observed between the silinized and reference sample.

Results and Discussion:
As stated previously, this project sought to develop a process 
by which the electrical properties, the dielectric constant 
specifically, of various organic molecules could be measured 
and calculated. Several issues had to be addressed in order 
to optimize the process, namely fabrication defects, short 
circuits, and adhesion problems. Despite the relatively large 
scale of the structures, the samples demonstrated extraordinary 
sensitivity to fabrication parameters such as exposure and 
development times. Even the best samples were still prone 
to developing defects during the liftoff stage, where a small 
amount of residual gold could result in a short circuit in the 
capacitor. Finally, bonding certain samples to the probe was 
problematic due to the poor adhesion between the bonding 
wire and the metal. This issue was resolved through creative 

positioning of the bonding wire and the use of conducting 
paint as a glue to assist bonding. The final remaining issue 
is whether or not this process is sensitive enough to detect 
differences between reference and silinized samples. Due to 
time limitations, only octyltrichlorosilane was measured, and 
more alkylated silane derivatives need to be tested before a 
conclusive result can be obtained.
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Abstract:
A superlattice is a periodic structure composed of at least 
two different materials and may be used to change the band 
structure of a semiconductor. We studied the construction of 
a periodically modulated potential superlattice (with a 60-
200 nm period) that we predicted would allow microscale 
manipulation of electron transport properties in graphene. 
Using electron beam lithography and reactive ion etching 
followed by metal deposition, we constructed complete 200 
nm and 140 nm period superlattices. We also pushed the size 
limitations of our process to lay ground work for 100 nm and 
60 nm period superlattices.

Introduction:
The study of graphene’s electrical properties has been and 
continues to be a popular field of research. Our particular 
interest was in the prediction that by applying the correct 
periodic potential, electrons could be made to move freely in 
graphene without scattering. We investigated the parameters 
necessary to produce such a potential. 

Because the mean free path of electrons in graphene is on the 
order of tens to hundreds of nanometers, the periodicity of the 
potential must be around a few tens of nanometers to affect 
the movement of electrons. The way we chose to attempt 
to create this potential was by constructing a superlattice 
(see Figure 1). This superlattice alternated gold with silicon 

Figure 1: Superlattice.

oxide. Applying a voltage to the gold created a potential and 
the spaces of insolating silicon oxide limited the size of the 
potential. We chose to pursue this process by using a top 
down approach.

Methods:
We began with a typical silicon wafer covered in 290 nm of 
thermally grown silicon oxide. We needed to etch the surface 
to create a space that would be filled with gold. The patterning 
of the surface prior to etching was done using electron beam 
lithography. We chose the resist Zep 520a because of its 
resistance to etching and its resolution.

One-hundred to about fifty nanometer trenches alternating 
with same-sized spaces were easily achieved using a Vistec 
5200 and a standard develop procedure of 180 seconds in 
n-amyl acetate, followed by thirty seconds in 8:1 MIBK to 
IPA, and another thirty seconds in straight IPA to stop the 
develop process. However, as we approached the 30 nm mark 
out, the electron beam dose went straight from under-exposed 
to over-exposed (see Figures 2 and 3). This appeared to be 
because of proximity effect damage on the adjacent resist 
walls.

When the electrons were shot at the resist during exposure 
they broke the polymer chains and at the same time excited 
secondary electrons. Most of these secondary electrons were 
much less energetic and, especially at high accelerating 
voltages (we used 100kV), did not travel far laterally — only 
a few nanometers. These secondary electrons thus contributed 
mostly to exposing the pattern in the resist. There were, 
however, some fast secondary electrons (possibly caused 
by backscattering) that traveled much further and caused 
infidelity in the pattern. 

This collateral damage became increasingly important as the 
patterns being written became smaller and closer together. 
Because of this, as our structures got closer and closer 
together, the damage to the thin walls of the trenches became 
catastrophic to the point where our somewhat harsh develop 
procedure removed not only the parts that we wanted to 
expose, but also large parts of the adjacent resist that had been 
damaged by stray electrons. 
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In order to make this process work, we needed a develop process 
that was gentle enough to leave the damaged resist, while still 
removing the exposed resist. A shorter develop time (thirty seconds 
to a minute and a half) was attempted, but without success. The 
shorter develop time had to be combined with a colder develop 
temperature. Because of the kinetics of the removal process, it was 
possible to make the developer cool enough (down to ~ 4°C) that 
it removed the normally exposed resist while leaving intact the 
damaged/partially exposed sides (see Figure 4). In order to make 
this work, it was necessary to increase the dose to a much higher 
level. 

Success using a similar technique was achieved by Mr. Frazier 
Mork, as reported at the 2012 NNIN REU Convocation [1]. Using 
a cold develop and a 30 nm thick resist, as well as dose correction, 
his group achieved ~ 20 nm line spacing.

Conclusions:
Using our process, we believe that it would be difficult to decrease 
the resist thickness any more than our 140 nm — which we 
achieved using 1:1 ratio anisole to zep — because the pattern must 
then survive etching. We etched with a combination of CF4 and 
CHF3. Metal deposition may be done with regular electron beam 
evaporation, and finally for lift off, we used warm remover PG with 
sonication. (Acetone would also work though it is less aggressive.) 
We achieved a successful superlattice (see Figure 1) that was too 
large for experimentation, although it did demonstrate the method. 
Using the cold develop method, we demonstrated the technique’s 
viability for use in smaller structures.
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Figure 4: Cold develop lines.

Figure 2: Underexposed line space pattern.

Figure 3: Overexposed line space pattern.
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Abstract:
The theoretical efficiency limit of current single p-n junction 
solar cells is ~ 33%. Intermediate energy states in the solar 
cell’s band gap allow low energy photons to induce carrier 
excitations, increasing efficiency [1]. Quantum well solar cells 
contain such states, but carriers excited in the barrier often 
relax into the wells where they become trapped and recombine, 
reducing efficiency. Because of a large momentum difference, 
the use of an indirect material may suppress carrier trapping 
and recombination, resulting in greater solar cell efficiency. 
Using GaAs/Al0.8Ga0.2As quantum well structures, we find that 
carriers trapped in our quantum wells cannot easily escape, 
and current measurements show no significant recombination 
among carriers generated in the indirect barrier region. Our 
data suggest that the trapping of these carriers may indeed be 
suppressed, but further investigation is necessary.

Introduction:
Solar cells (SCs) convert solar energy to electricity. Current 
SCs only utilize part of the solar spectrum, so room for 
improvement remains. Intermediate band (IB) SCs are a 
possible solution because they allow low energy photons (< 
SC’s band gap) to excite carriers from the valence band (VB) 
to the conduction band (CB) [1]. Quantum well (QW) IB SCs 
are easy-to-fabricate layers of different band gap materials, 
leading to finite potential wells in the VB and CB, each having 
discrete hole and electron states [2]. Unfortunately, barrier-
excited carriers often relax into the well, become trapped, 
and recombine. The SC’s efficiency is reduced because these 
carriers do not contribute to the current.

Indirect barrier QW structures are expected to suppress the 
trapping of barrier-excited carriers. Unlike a direct barrier, 
the Γ-state of indirect AlxGa1-xAs (x > 0.45) has the greatest 
energy, and the X-state has the least. Indirect barrier-excited 
carriers were expected to thermally relax to the X-state. Then, 
conservation of momentum and narrow QW width would 
increase probability of carrier contribution to the current. 
Since the lattice constant is not dependent on Al composition, 
GaAs/Al0.8Ga0.2As QWs were grown to study the possible 
application of indirect barrier QWs as SCs and were 

characterized using photoluminescence (PL), photocurrent 
(PC), and voltage dependent current (I vs. V) experiments.

Fabrication:
Two sets of samples were fabricated. 

First, two undoped, ~ 3 nm wide, 10-QW structures were 
grown with molecular beam expitaxy (MBE) for PL 
measurements. A low Al content x = 0.3 sample served as 
a traditional, direct barrier reference sample for a high Al 
content x = 0.80 sample. Second, two high Al content (x = 
0.80), doped SCs were grown using MBE. A 0-QW sample 
served as a reference for a ~ 3 nm wide, 10-QW sample. 
Photolithography and sputtering were used to create devices 
for PC and I vs. V measurements.

Results and Discussion:
PL occurs when excited carriers recombine and emit a photon 
[3]. After excitation with a 532 nm laser, the spectrum emitted 
is observed with a charge-coupled device detector. For the 
reference sample, temperature increase showed a red shift 
in peak energy and a decrease in intensity [4]. Quantitative 
analysis showed that direct sample carriers “see” the lowest 
energy Γ-state as barrier. Indirect barrier PL stabilized at 125 K  
as seen in Figure 1. Carrier recombination still occurred, 
and qualitative analysis predicted high AE. Indirect sample 
carriers likely “see” the highest energy Γ-state as barrier. 
Since carriers were not likely to escape to the X-state, they 
were less likely to relax into the well from the X-state.

PC collected across the visible light spectrum showed carrier 
excitation energies, including below the band gap. This 
information was used to determine the exact Al composition 
and well thickness as labeled in Figure 2 [5].

I vs. V measured from reverse to forward bias with photons 
above and below the Al0.8Ga0.2As Γ-state band gap of 2.56 eV  
show carrier trapping and recombination effects. At low 
voltage, a steep band profile contributed to easy well-
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generated carrier escape, and current was high as seen in 
Figure 3. A higher voltage yielded a flatter band profile, so 
carriers could not escape and contribute to the current. This 
voltage dependence agreed with high AE. Figure 4 shows 
that barrier-excited carriers were not likely to relax into the 
wells, and contribution to the current regardless of voltage 
was expected. No voltage dependence was observed, which is 
consistent with expectations, but further study is required to 
prove that carrier trapping is suppressed.

Summary:
PL showed high confinement and AE in high Al content, 10-
QW sample. I vs. V confirmed this high confinement for well-
excited carriers and suggested that the trapping of barrier-
excited carriers may be suppressed. Further investigation 
includes measuring PC at different voltage biases and I vs. 
V at low temperature. A 1-QW sample will also be to more 
purely study carrier trapping and escape.
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Abstract and Introduction:
Due to their high aspect ratio and few nuclear spins, carbon 
nanotubes (CNTs) can be used as one-dimensional models to 
observe fundamental spin transport. Polarizing electron spins 
have been done on CNTs by attaching individual magnetic 
complexes. Different magnetic complexes and attachment 
mechanisms have been used [1], but the one of interest here are 
tetramanganese (II) complexes with manganese as the metal 
[2, 3]. Regardless of the complex however, functional groups 
need to be introduced to the CNTs in order to chemically 
attach the complexes. 

For this aim, the CNT networks were oxidized at 420ºC 
in air, pure O2, and an ~ 50/50 mix of N2/O2 to control the 
oxidation rate. To measure the degree of oxidation, Raman 
spectroscopy and resistance measurements across CNT 
networks were done. An increase in oxidation was expected 
to show a decrease in resistance and an increase in defects 
in the CNT network. At 420ºC, the results showed that there 
were no significant effects on the tubes. Although at 450ºC, 
results from previous experiments showed an increase in 
defects from the Raman spectroscopy [4].

Methods:
CNTs were grown in a tube furnace at 860ºC on a one-cm2 
quartz substrate using a Fe/Mo catalyst. Using this procedure, 
networks of CNTs were grown on the substrate and then Ti/Pt 
(3/70 nm) contacts were deposited on the pristine networks. 
Figure 1 shows how these square contacts were distributed on 
the quartz substrate along with an atomic force microscope 
(AFM) image of the networks. The tubes were oxidized in 
air, pure O2, and an O2/N2 mixture. In air, the tubes were 
oxidized in a muffle oven. Pure O2 and O2/N2 oxidations were 
performed in a tube furnace. The gasses bubbled through 
water before going into the oven because COOH groups are 
needed for a latter functionalization [2].

The CNTs were characterized by a Bruker RAMII 
spectrometer with Fourier-transformed Raman measurements 
at an excitation wavelength of 1064 nm. Figure 2 displays 
an example of a Raman spectrum data with the D and G 
peak labeled. The ratio of the area underneath the D and G 

peak was sensitive to the number of defects created and was 
obtained by using a numerical approach. The peaks were 
subtracted from a linear background and then a trapezoidal 
rule was performed to get the areas and ratios.

The resistance across the CNT network was also measured 
using two probe and four probe measurements. Using the 
contacts, a current was swept through the network and the 
voltage drop was measured at each oxidation step to obtain the 
resistance. Since the samples were not homogenous, different 
combination of contacts were tried across the sample. Figure 
1 represents how a four probe measurement “large vertical” 
configuration was done.

Figure 1: The contacts were arranged on the substrate with 
the contacts represented by the grey squares. A “large 
vertical” configuration is shown with the large lines being 
current and the short lines are voltage measurement. The 
sets of colors show that we can perform six measurements 
across the sample. The 10-micron by 10-micron AFM image 
underneath shows the networks on the substrate (not to 
scale compared to the substrate).
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Results and Discussion:
The ratio between the area under the D peak and the area 
under the G peak stayed constant throughout the oxidation, as 
shown by Figure 3. The resistance across the channels for all 
three conditions went down sharply after an initial oxidation 
of thirty seconds to a minute and then stayed constant 
within the errors of the measurements until oxidation was 
stopped after 30 minutes. Figure 4 displays the results of the 
resistance measurements of pure O2 with the “large vertical” 
configuration.

The D/G plots didn’t seem to show strong evidence for defect 
formation on the CNTs. This was likely due to the fact that 
420ºC was not hot enough for significant amount of defect 
formation. With the resistance, the initial drastic drop can 
be attributed to the CNTs crosslinking, which would create 
stronger paths for the current to flow through. Afterwards, 
the resistance stays constant within the errors of the 
measurements. This agrees with the little to no defects formed 
on the CNTs. At 450°C, on the contrary, oxidation definitely 
takes place; the D/G ratio saturates to twice of its original 
value and resistance decreases until 12 min [4].

Conclusions:
CNTs were grown in a tube furnace in a network on top of a 
quartz substrate. The CNTs were oxidized in three different 
manners, pure O2, N2/O2 mix, and air, all at 420ºC. These 
tubes were analyzed using Raman spectroscopy and resistance 
measurements. The Raman measurements did not show any 
change in the D/G ratio, but the resistance decreased. The 
constant D/G ratio was most likely due to the fact that 420ºC 
was not hot enough to create defects on the tubes. The sharp 
drop in resistance after initial oxidation can be explained by 
CNTs crosslinking.
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Figure 4: Resistance measurement of the pure O2 sample 
from the large vertical configuration shown in Figure 1.

Figure 2: Pure O2 zero minute Raman spectrum to show the 
D and G peak shown as the left and right peak, respectively.

Figure 3: D/G Ratios from pure O2 measurements. As shown 
the ratios stay constant within the error of the measurements.
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Abstract:
We fabricated a device based on few-layer molybdenum 
diselenide (MoSe2), a unique two-dimensional (2D) 
semiconducting material in the family of transition metal 
dichalcogenides. Unlike its sister material, molybdenum 
disulfide (MoS2), monolayer MoSe2 is largely unexplored [1]. 
Here, we employed the same exfoliation technique developed 
by the winners of the 2010 Nobel Prize in Physics for their 
work with graphene [2]. In this method, scotch tape is used 
to exfoliate MoSe2 crystals. These crystals are then deposited 
on the surface of a silicon dioxide/silicon chip. Using an 
optical microscope, few-layer MoSe2 pieces are identified. A 
precise measurement of the thickness of each MoSe2 piece 
is determined using atomic force microscopy. By combining 
these methods with electron-beam lithography to create a 
transistor, we can ultimately examine the unexplored optical 
and electronic properties of monolayer MoSe2.

Introduction:
In recent years 2D semiconducting materials have been 
produced that exhibit interesting electrical and optical 
properties. In monolayer materials, electrons behave 
differently than in bulk materials. As electrons move through 
monolayer materials, they are confined to two dimensions, 
thus resulting in different properties. Graphene is a 2D 
material that has been greatly explored. One interesting 
property of graphene is that it has a very high electron mobility 
of 200,000 cm2 V-1s-1 [3]. However, graphene does not have a 

naturally existing band gap and its on/off current ratio of five 
is very low [4]. Due to this lack of a naturally existing band 
gap, graphene is not an ideal material for making transistors. 
For the fabrication of 2D transistors, it is essential to find 
new 2D semiconducting materials. Recently, a family of 
compounds known as the transition metal dichalcogenides 
has been of interest in monolayer form. One transition metal 
dichalcogenide, molybdenum disulfide (MoS2), has been 
studied widely in monolayer form. This material has a band 
gap of 1.8 eV, an on/off current ratio of 108, and an electron 
mobility of 380 cm2 V-1s-1 [5]. 

We explored another transition metal dichalcogenide, moly
bdenum diselenide (MoSe2), with the hopes of finding a 
material with similarly high on/off ratio, but with a lower 
band gap, and a higher electron mobility. 

MoSe2, shown in Figure 1, is an inorganic compound that has 
been used in bulk form for many years as a dry lubricant. The 
predicted band gap of a monolayer based on the band structure 
of a bulk crystal is 1.6 eV. The approximate height of a single 
layer of MoSe2 is 0.65 nm, as determined from a bulk crystal. 
Once these layers are exfoliated and isolated, then electrical 
and optical properties of this unexplored monolayer material 
may be investigated.

Experimental Procedure:
First, we deposited MoSe2 crystals on Scotch™ tape and then 
ripped the tape apart several times until the crystals were very 
fine. Due to van der Waals interactions, this material’s layers 
could be easily ripped apart. Second, the tape containing the 
exfoliated MoSe2 crystals was placed on top of a silicon chip 
with 285 nm of thermally grown SiO2. Then we rubbed the 
tape against the chip to transfer the exfoliated crystals from 
the tape onto the chip. Next, an optical microscope was used 
to scan the chip for possible monolayer, bilayer, and trilayer 
pieces of MoSe2. This process took advantage of the way that 
MoSe2 absorbs light to determine if a piece could possibly be 
one to a few layers thick. Typically, a monolayer to bilayer of 
MoSe2 appears pink to light purple in color. 

Figure 1: Structure of MoSe2, after [1].
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Then an atomic force microscope (AFM) was 
used to confirm the height of interesting MoSe2 
pieces. By looking at a cross-sectional plot of the 
MoSe2 sample, shown in Figure 2, we were able 
to measure the height of each piece. Keeping in 
mind that a single layer of MoSe2 as measured 
from a bulk crystal is 0.65 nm thick, we used the 
AFM cross-sections to determine if a given piece 
was a monolayer, bilayer, or trilayer. Our device 
fabrication process is illustrated in Figure 3. 

Fabrication started with a thin piece of exfoliated 
MoSe2 on the silicon chip (Figure 3a). Next, the 
chip was spun with resist. Exposure to the chip 
via electron-beam lithography and development 
followed (Figure 3b). Finally, 50 nm of Au 
were evaporated for electrodes (Figure 3c). The 
transistor device was completed upon lift-off of the 
Au (Figure 3d). 

Figure 4 shows the fine features one of the several 
devices that were successfully fabricated.

Summary and Future Work:
We successfully exfoliated and isolated few-layer MoSe2. 
Sixty thin samples of MoSe2 were exfoliated and measured 
using AFM, and several few-layer MoSe2 devices were 
successfully fabricated. We are currently working towards 
measuring the electrical and optical properties of MoSe2. The 
devices we fabricated will be used specifically to look at the 
band gap, on/off current ratio, and mobility of monolayer 
MoSe2.
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Figure 4: Completed device made 
from a trilayer piece of MoSe2.

Figure 2: Cross-sectional plot of a monolayer of MoSe2. The AFM image is
in the upper-right corner; the cross-section is indicated by the white line.

Figure 3: Device fabrication process.
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Abstract:
Three-terminal devices with a monolayer 
of quantum dots (QD) between 
nanometer-spaced gold electrodes allows 
for the study of single electron quantum 
transport. Indeed, IV measurements for a 
50 nm device show characteristic Coulomb 
staircase under dark condition and with 
543 nm and 670 nm light. However, lead 
selenide (PbSe) devices of various sizes 
exhibited current fluctuations on the order 
of nanoAmperes (nA) over time, both 
under dark condition and with light. Also, 
a slow relaxation after shining light was 
observed. With increasing oxidation, the 
devices stabilized and the relaxation time 
decreased, which suggests the surface 
state of the QD governs transport through 
the device.

Device Fabrication:
The devices had high aspect ratios: while 
the width of the devices varied from 
10 µm to 20 nm, the gap between the 
electrodes was kept at about 6 nm to fit the 
QD monolayer. In order to achieve this, a 
layer of chromium (Cr) was evaporated 
on top of titanium (Ti) adhesion and first gold (Au) electrode 
layers. The growth of CrxOy led to an overhang over the edges 
of the first layer. The overhang served as a mask for the second 
Au electrode layer, producing 6 nm gaps when the Cr and 
oxide were etched away [1]. A monolayer of PbSe colloidal 
QD was deposited via the dipcoating method [2]. Ligand 
substitution, which increases coupling to the electrodes, was 
performed with 1,2-ethanedithiol (EDT).

Theory:
Device behavior was modeled on single electron resonant 
transport, which assumed weak coupling (though coupling 
may be much stronger because EDT is short). The QD can 
be considered to have discrete quantum levels (Figure 1). 

Figure 1: Schematic of chemical 
potentials of QD and electrodes; 

Coulomb staircase.

Tunnel barriers separated the QD from 
the electrodes on each side, wherein 
the electrons obeyed the Fermi-Dirac 
distribution. To observe quantum 
behavior, low temperature was required to 
ensure that the energy difference between 
quantum levels in the QD (~ 1 meV) and 
the charging energy of the device (e2/
(2C), where C is the capacitance of the 
device, ~ 25 meV) were greater than the 
thermal energy of the charge carriers.

In these devices, current was driven by 
the chemical potential difference between 
the charged states in the QD and the 
electrodes. For resonant transport, the 
chemical potential of the QD charged 
transition state must lie within the bias 
window, which is the energy range 
between the chemical potentials of 
the electrodes. Electrons with energy 
resonant with the QD level tunneled from 
occupied states in the source to the QD, 
then ended up in empty states in the drain. 
A sharp increase in current was observed 
as a step when the bias window enclosed 
a resonance.

At low bias, current was suppressed as there were no 
transitions that were within the bias window. For the QD 
to undergo a charge transition (by adding or removing an 
electron to or from the QD), a charging energy penalty was 
required. This region of high differential resistance is known 
as a Coulomb blockade and is observed as a flat region in the 
IV curves.

Photoconductance depended on the formation of excitons and 
extraction of charge carriers to the electrodes. Formation of 
excitons depended on the absorption rate, which depended on 
laser power. Photoconductance varied monotonically with the 
laser power density; therefore, increased current should be 
observed with increased laser power.
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Results:
IV measurements were performed from -1V to 1V in vacuum 
and at cryogenic temperatures. Figure 2 shows a 50 nm 
device that exhibited step behavior characteristic of single or 
few QDs. Photoconductance was observed for both 543 nm 
and 670 nm. The Coulomb blockade region became smaller 
with increased laser power as well. For the larger devices 
with more QDs, the IV curves were smoother, indicating 
that the presence of many QDs smoothed out the staircase 
behavior of a single QD. However, the reference dark IVs 
changed by a few nA over days, with no apparent trend for 
the change in Coulomb blockade region size or magnitude of 
current. Measurements of current over hours at 0.5V showed 
fluctuations of order nA as well.

The devices were exposed to air in room temperature one 
day at a time. After each day of oxidation, continuous-
wave and time-resolved measurements were performed. For 
the continuous-wave measurement, after shining 670 nm  
100 µW light, the devices were then covered and the 
decay of the current was observed over time. For the other 
measurements, the intensity of the light was modulated at 
increasing frequencies in order to observe when the device 
stopped exhibiting photoresponse. The value of 3dB was a 
metric for the cutoff of photoresponse.

Figure 3 clearly shows the relaxation time decreased with 
increased oxidation, especially dramatically after one day. 
Figure 4 shows that with the frequency for the cutoff of 
photoresponse increased with increased oxidation. These 
both indicate that the device showed clearer photoresponse 
with increased oxidation.

Future Work:
Oxidation reduces the time dependence of current and the 
relaxation time in these three-terminal devices. However, the 
measurements performed were only preliminary measurements 
and oxidation was not performed in a completely controlled 
fashion. Future work includes oxidation of different systems 
in a more controlled manner, with variation of QD type (CdSe, 
for example) and device width.
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Figure 2, left: Coulomb staircase in 50 nm device at 10K. 

Figure 3, middle: Continuous-wave measurement of current decay at room temperature.

Figure 4, right: Time-resolved measurement with modulated light intensity at room temperature.
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Abstract:
This work presents the development of a three dimensional 
circuit quantum electrodynamics (3D cQED) architecture with 
separate cavities for inter-quantum bit (qubit) coupling and 
for qubit readout. Such a separation allowed for optimization 
of the cavities for their separate tasks, as opposed to the 
compromise necessary in single-cavity architectures. The 
device designed was a 3D analogue of a working multi-
resonator, multi-transmon qubit device in standard, planar 
circuit QED. By switching from coplanar waveguide (CPW) 
resonators to 3D cavity resonators, we expected to attain 
significantly higher qubit and resonator coherence times (tens 
of microseconds), allowing realization of complex quantum 
computing algorithms, while retaining the virtue of physical 
scalability. The architecture pursued also included local flux 
tuning of qubit transition frequencies, necessary for control 

of qubit-qubit interactions on nanosecond timescales. We 
present here the design, simulation and initial characterization 
of the first prototype.

Introduction:
The emergence of cQED as a leading paradigm for the solid-
state realization of quantum information processing has 
inspired a slew of refinements on the basic topology, which 
uses CPW resonator(s) to couple to one or more qubits. One 
such refinement replaces the CPW resonator(s) with 3D 
superconducting cavity resonator(s), a change that improves 
coherence times. Another refinement introduces separate 
cavities for readout and for memory/coupling. A multi-cavity 
scheme allows for specialized tuning of qubit-cavity coupling 
strength, g. A high g is desired between the qubit and the 
dispersively coupled readout cavity in order to increase the 
distinction between the measurements corresponding to the 
two qubit states, translating to an increase in readout fidelity. 
However, such strong coupling between the qubit and the 
inter-qubit coupling cavity creates residual cross-coupling 
between qubits. If resonant gates are used, then this coupling 
can be decreased to mitigate these negative inter-qubit effects 
while still matching the gate times achieved with dispersive 
gates.

It was thus straightforward to combine the above two ideas 
and to conceive of a multi-resonator, multi-qubit 3D cQED 
architecture. It should be noted that any such architecture 
should ideally also include the flux bias lines needed to tune 
the qubit transition frequencies on nanosecond timescales, 
needed to realize multi-qubit gates. In this work, we made 
use of a transmon qubit consisting of two super-conducting 
aluminium islands connected by two Josephson junctions, all 
on a sapphire substrate.

Figure 1: HFSS model of device geometry. The qubit substrate 
straddles the two cavities. The fundamental mode of the readout 
cavity is displayed as a vector plot.
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Design:
The cavity design was carried out primarily using ANSYS high 
frequency structure simulator (HFSS), a full wave simulator 
that allowed modeling of high-frequency electromagnetic 
behavior in arbitrary geometries. With HFSS, we could 
determine the geometries that provided the desired resonant 
frequencies and make predictions concerning the coupling 
and intrinsic quality factors of the individual cavities. Figure 
1 displays the HFSS model for reference.

The qubit design was carried out using ANSYS Maxwell, 
a simulator geared towards electro- and magneto-static 
simulations. We employed it to calculate the inter-island 
capacitance of the qubit structure, a parameter that determines 
the charging energy of the qubit. Due to the device geometry, 
however, the physical size of the qubit was nearly a fifth of 
a wavelength at the highest operating frequency of interest. 
This implied that the super-conducting islands acted as 
distributed elements, rather than as lumped elements, casting 
some uncertainty on the simulation results.

Flux bias was controlled by applying a voltage between a 
shorted trace and ground, generating a current through the 

trace that in turn gave rise to a magnetic flux normal 
to the plane of the trace. The use of very small profile 
connectors was necessary due to the relatively high 
(7 GHz) frequencies of operation of the device. We 
employed a standard miniature subminiature push-
on (SMPM) edge launch connector to realize the 
connection of a coaxial cable to the trace on the 
substrate.

Fabricated Device:
The finalized design was sent to a professional 
rapid CNC prototyping company for manufacture 
in aluminium 6082-T651. Figure 2 depicts the 
fabricated device. In actual operation, the qubit 
and flux bias geometry will be fabricated on the 
displayed substrate, and the connector will be 
wirebonded to the flux bias geometry.

Experimental Results:
At this time, only room temperature measurements 
of transmission through the readout cavity have 
been made, varying coupling strength by using 
coupling pins of different lengths. Good qualitative 
agreement is seen between HFSS and measured 
results. Ten resonant modes of the readout cavity 
were observed and differed from those predicted 
by simulation by, at most, 150 MHz. The average 
deviation was 45 MHz, and the median deviation 
was 20 MHz. The desired resonant frequency for 
the fundamental mode of the readout cavity was 7 
GHz; the observed value was 7.03 GHz. Figure 3 
depicts measured and simulated quality factors for 
the readout cavity.

Conclusions:
A preliminary two-cavity one-qubit device has been fabricated, 
and initial characterization does not deviate significantly from 
predicted behavior. The next step is to characterize the device 
under superconducting conditions (i.e., low temperatures) and 
finalize/fabricate a qubit for this device. At this time, a scaled-
up three-cavity two-qubit device has been fabricated, and 
future work will include realization of quantum algorithms 
with the benefits of this architecture.
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Figure 3: Loaded, intrinsic, 
and external quality 
factors as simulated and as 
measured. In simulation, zero 
dielectric loss is assumed, and 
the cavity is defined with bulk 
conductivity 3.8 × 107 S/m.

Figure 2: (a) Fabricated device, fully assembled. 
(b) Fabricated device in two halves with connector/substrate visible.
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Abstract:
Topological insulators (TIs) represent a novel category of 
material whose bulk insulates, but whose surface conducts. 
The ability to produce topological insulators would be of great 
interest, because electron states can cross the insulating band 
gap, as well as surface conduction and spin-locking properties  
[1]. Bismuth selenide (Bi2Se3) is one of the best candidates for 
three dimensional (3D) TIs. Our project focuses on developing 
a method to produce undoped and doped Bi2Se3 via vapor-
liquid-solid (VLS) deposition. Upon examination with a 
scanning electron microscope (SEM), energy dispersive x-ray 
spectroscopy (EDS) and x-ray diffraction (XRD), we found 
that both nanoribbons and nanowires about 5 µm in length 
formed; the doped sample with 61.4% selenium, 33.30% 
bismuth, 5.66% antimony by atomic percentage, and the 
undoped sample with 61.62% selenium and 38.38% bismuth. 
Being able to produce these doped and undoped topological 
insulators opens up exciting new avenues of research into 
their properties and possible applications.

Introduction:
In the last few years a new electronic crystal state was dis
covered, the topological insulator (TI). It is a unique state in 
which normal insulating states exist in conjunction with spin-

momentum locked electronic states. These extra electronic 
states are the source of much interest due to the fact that they 
cross the electronic band gap, as shown in Figure 1; leading 
to various interesting properties [1]. However, these states 
are difficult to examine due to the fact that they only exist 
on the crystal’s surface, and therefore could be masked by 
bulk conduction from unintentional doping. To eliminate this 
effect, nanostructures, such as wires and ribbons that have 
large surface-to-volume ratio, are the ideal structure to find 
these topologically insulating states.

In order to create the best TIs, we must choose the correct 
material. The material we chose in this case was bismuth 
selenide (Bi2Se3), due to the fact that it can exist as a nano
structured crystal, has a very simple band structure, is easily 
obtained, and can be doped with antimony [2]. 

Doping is the process where atoms in a crystal are substituted 
with similar atoms. In this case antimony substituted the 
bismuth atoms, which opened a band gap in the topological 
insulating states [3]. 

Our objective was to produce and characterize both antimony 
doped and undoped Bi2Se3 nanostructures in order to test TI 
properties.

Figure 1, above: Band diagram of an insulator and a TI. 
The arrows represent spin-momentum locking.
 
Figure 2, right: Our tube furnace setup where the growth 
took place, the crucible with Bi2Se3 at the center of the 
glass tube.
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Methodology:
We went about producing the Bi2Se3 nanostructures via vapor-
liquid-solid growth (VLS). In this process, the Bi2Se3 source 
material was heated up and then carried to the substrate by 
an inert carrier gas. The substrate itself was coated with a 
20 nm gold film prior to growth, and also heated so that the 
film melted and beaded up. These gold droplets catalyzed 
crystal formation as the vapor Bi2Se3 deposited on the silicon 
substrate [4]. Our specific growth process used a tube furnace 
and argon as a carrier gas, as shown in Figure 2. The Bi2Se3 
source was placed at the center of the furnace, while the 
substrate was placed 9-11 inches away (380°C ~ 450°C). The 
furnace was pumped down to 500 mtorr and heated to 490°C 
for 2.5 hours. The argon source was at a pressure of 12 psi.

Results:
Our growth resulted in many nanowires and some nano
ribbons forming that were 5-10 µm in length, as shown in 
Figure 3. The characterization with XRD showed that the 
crystal structure matched up with Bi2Se3 rather than other 
compounds containing bismuth and selenium. SEM and 
EDS verified that our bismuth selenium ratio was at 37.09% 
of bismuth and 62.91% of selenium, which was close to the 
expected 2:3 stoichiometry. Samples with antimony doping 
were characterized by EDS with atomic percentages of 
33.30% bismuth, 61.04% selenium and 5.66% antimony, as 
shown in Figure 4, which agrees with direct substitution of 
bismuth with antimony.

Discussion and Future Work:
The production of these topological insulators was successful 
and matched our expectations. Now what is left to be done in 
this project is to perfect the drop casting method where the 
nanostructures are transferred from the silicon substrate to an 
insulating substrate in order to create electronic devices for 
testing.
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Abstract:
A pressure sensor, consisting of graphene transferred onto a 
chromium/ gold (Cr/Au) electrode and a silicon nitride (Si3N4) 
membrane, exhibits ultra high sensitivity. The device’s high 
piezoresistivity was explored, and further measurements on the 
fabricated devices were taken for optimal design. Where typical, 
medical-grade pressure transducers have a sensitivity of 10 mV/V/
mmHg, our device more than quadrupled this with as much as 
50 mV/V/mmHg [1]. The transferred graphene was analyzed, 
employing scanning transmission electron microscopy (STEM), 
and both Raman and electron energy loss spectroscopy (EELS).

Introduction:
In the current era of electronics, the rate of increase in device 
density has decreased. Graphene, exhibiting exceedingly high 
electron mobility, has become a promising supplemental material 
to carry electrons for device operation, and its piezoresistivity 
has made it a candidate for high sensitivity strain transduction. 
Perfectly structured, low-area regions of mono-layered graphene 
have been produced through exfoliation, but larger areas are 
required for manufacturing. The process widely used for large-area 
synthesis involves chemical vapor deposition (CVD) on a copper 
substrate, and transferal via polymer. This commonly introduces 
impurities and defects within the graphene. Quality-assurance in 
the films can be verified through Raman spectroscopy and EELS, 
which respectively assure the number of layers and the composition 
of the film. STEM allows direct imaging of the film to verify the 
hexagonal crystal lattice.

Device Fabrication:
The device fabrication started with a double-sided polished 
(DSP), <100>, p-type silicon wafer, with 500 nm of low stress, 
low pressure CVD (LPCVD) silicon-nitride. After removing 
photoresist with an oxygen dry etch, an anisotropic KOH wet etch 
terminated on the nitride layer, forming the membrane. Electron-
beam evaporated electrodes, consisting of 140 nm of gold on top of 
a 10 nm chromium adhesion layer, were patterned through optical 
lithography and lift-off in warm acetone. Copper (99.8%) foil was 
cleaned in chrome etchant, dried, and placed in a nanotube furnace, 
optimized to grow graphene through low pressure chemical vapor 

Figure 1, top: Raman spectroscopy of graphene on copper 
substrate, where the D, G, and 2D peaks characteristic of 
graphene are shown. The D peak, which shows defects 
within the lattice, is very high in this particular sample. The 
G peak verifies the sp2-bonds of graphene. The 2D peak can 
be used for identifying the number of layers. In this case, it 
is likely mono or bilayer graphene.

Figure 2, bottom: Nion STEM image of multi-layer graphene. 
Honeycomb atomic structure visible.
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Pressure Sensitivity Measurements:
The set of four electrodes on each device were used for four-
point probe measurements, using an applied pressure drop 
and measuring the corresponding change in resistance (Figure 
4). The applied pressure causes strain in the graphene film, 
changing its resistance. As stated in the original paper for 
this device, the pressure sensor should be highly non-linear 
[2]. However, the thicker membrane used in this study did 
not rupture and reached significantly higher pressures than 
expected from the first study. It is therefore possible that the 
results displayed here are all within a relatively linear regime. 
Further measurements were not able to be taken to confirm 
this hypothesis.

Conclusions:
The current device is a viable microelectromechanical systems 
(MEMS) sensor, suitable for high sensitivity applications 
without requiring linearity. Further measurements will have 
to be taken. Hall effect measurements through the Van der 
Pauw method will have to be done to obtain the electron 
mobility of our graphene samples. Ascertaining piezoresistive 
non-linearity in the sensor via applied pressure, and actuating 
the membrane at resonance and using optical interferometry 
to determine strain, will be the likely next steps.
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Figure 4: Fractional change in resistance vs. 
the applied pressure (mmHg). The current 
device, exhibiting 25% change at 5 mmHg, 
may be more sensitive for small pressures 
than its predecessor, which reached 15% at 6 
mmHg. More measurements must be done for 
verification.

deposition (LPCVD). Poly(methyl methacrylate) (PMMA) 
was spun onto each sample at 4000 rpm for one minute, and 
the copper was removed with iron (III) chloride etchant. After 
transferal through five baths of deionized water, each sample 
was placed onto the device membrane and left to dry. Lastly, 
the PMMA was ashed in a 325ºC air ambient for three hours.

Graphene Quality Measurements:
High-quality graphene consists of planar, sp2-bound carbon 
atoms in a crystalline, honeycomb lattice. Raman spectroscopy 
was used to characterize the thickness of the carbon films. 
For our pressure sensor, multilayered graphene was suitable. 
Figure 1 shows a Raman spectrogram of graphene on Cu-foil. 
The background noise is due to the copper, but the D (defect), 
G (graphitic), and 2D peaks of graphene are clearly visible. 
STEM imaging of suspended graphene sheets is shown 
in Figure 2: an image of the atomic structure of a multi-
layered film. The large defect peak of the sample shown is 
not necessarily representative of the graphene on our devices, 
as the growth process was improved. However, machinery 
issues hindered the acquisition of a better plot.

An unexpected finding of our film characterization was iron 
residue from the Cu-etching process. EELS confirmed a 
considerable amount of iron was found on our sample, but 
the existence of this iron has not shown to interfere with the 
efficacy of the device (Figure 3).

Figure 3: Nion STEM image of graphene on 50 nm silicon 
nitride (top). The amorphous, high-contrast material 
confirmed to be iron through EELS, coming from the copper 
etchant used in the graphene transfer protocol (bottom).
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Introduction:
Nitrogen vacancy (NV) centers are point defects in a diamond 
lattice that occur when a carbon atom is substituted with a 
nitrogen atom while a neighboring carbon atom is removed 
entirely. The resulting gap in the lattice has many desirable 
properties, such as paramagnetism and optical energy level 
transitions, that make it an ideal candidate for single-photon 
optics and quantum computing applications [1]. But the NV 
center tends to lose one of its surrounding electrons due to 
recombination with wandering positive charges in the crystal, 
providing a damaging barrier to the development of large-
scale, multipartite quantum networks. 

This project sought to deter this process by depositing 
transparent metal oxides and films on the surface of diamond 
nanowires, with a goal of inducing charge discontinuities at 
the surface that would stabilize the electronic configuration of 
the lattice by inducing a negative charge excess in the region 
around the defect. Additionally, metal oxide semiconductor 
field effect transistor (MOSFET) devices were designed 
that used a voltage gate on the surface of bulk diamond to 
accomplish the same effect, albeit with more control of 
the dopant level in the region due to modulation of surface 
voltage [2]. Designs and fabrication processes for both 
devices were created and ensemble measurements of devices 
using confocal microscopy have begun.

Procedure:
Nanowire Fabrication. High-temperature, high-pressure 
Type Ib diamonds were obtained 
(HPHT, Element Six) and polished, 
and surface contaminants were 
removed with a boiling bath of 
equal parts perchloric, sulfuric, and 
nitric acid. 1%XR was spin-coated 
onto the diamond surface, followed 
by equal parts FOx-16 and methyl 
isobutyl ketone resists. Arrays of 
disks ranging from 200 nm to 250 
nm in diameter were then patterned 
with varying dosages using an 
electron beam lithography system 
(Elionix ELS-F125). Tetra-methyl 
ammonium hydroxide was used to 

develop the resist, and reactive ion etching was used to carve 
away diamond from around the disk patterns, creating pillars 
roughly 1.5 microns in height. Excess resist was removed 
using boiling Piranha etch (80% sulfuric acid, 20% hydrogen 
peroxide). Surface oxides were then deposited using atomic 
later deposition (50 nm SiO2 and 16 nm Al2O3), and the 
nanowires subsequently underwent rapid thermal annealing 
(three hours in O2).

MOSFET Fabrication. Diamonds were obtained and 
cleaned in the same manner as the nanowire samples. Using 
plasma-enhanced chemical vapor deposition, the polished 
surface was coated with 400 nm of silicon dioxide, onto 
which HDMS primer and SH1813 photoresist were spin-
coated consecutively. Exposure was performed using direct 
write photolithography on a Heidelberg uPG501 with typical 
doses in the range of 100mJ. The patterned sample was then 
developed and placed in buffered oxide etch for two minutes. 
After cleaning and optical inspection, the sample was coated 
with 300 nm lift-off resist LOR 3 3A followed by 500 nm 
SH1805. A second mask was then aligned to the visible oxide 
pattern and exposed with the same dosage. The SH1805 
was developed, and the sample was then covered with 150 
nm of gold using electron beam evaporation. The assembly 
was left overnight in Remover-PG at 80°C for gold lift-
off. After the gold contacts were inspected and the sample 
was cleaned, 500 nm indium tin oxide was deposited on the 
sample using sputtering (AJA Orion 3) and then topped with 
HDMS/SH1813 photoresists in the same manner as the first 

layer. A final mask was aligned and 
exposed, and the ITO layer was then 
chemically etched using a mixture of 
equal parts concentrated hydrochloric 
acid and water.

Results and Future Work:
Based on numerical models, devices 
were designed and fabricated that 
locally doped the diamond surface 
by donating free electrons into the 
diamond conduction band. Nanowires 
[3] were chosen to receive passivation 
coatings because they had a high 

Figure 1: A finite element simulation of doping 
in a diamond nanowire due to a surface coating 
of silicon dioxide.
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ratio of surface area to volume, allowing maximal 
theoretical carrier concentration around the vacancy 
center (Figure 1). 

After recipe optimization, wires were successfully 
created on the surface of bulk diamond that 
exhibited satisfactory deposition uniformity for 
two different oxides (Figure 2), suggesting that the 
method successfully can be adapted for a variety of 
different oxides and thicknesses.

MOSFET devices were designed that adhered 
to material parameters determined by numerical 
simulations while allowing experimental flexibility. 
A three-mask photolithography process, including 
a gold lift-off step, was designed and optimized 
to yield high fidelity to the original digital design 
(Figure 3). While the process was originally 
developed on a silicon substrate for convenience, 
some difficulty was encountered in adapting the method for 
a smaller (2.5 mm square) diamond substrate, in part due to 
difficulty focusing and aligning on a smaller sample. These 
problems are purely technical in nature, and are expected to 
be resolved by the use of a specialized sample holder for the 
diamond during the lithography process.

Anti-correlation was successfully measured in photons 
emitted from the devices, and the nanowires yielded a clear 
fluorescence signal under laser excitation (Figure 4). Repeated 
measurements of ensembles of each type of device, however, 
are necessary to determine whether there is a significant 
increase in fluorescence from diamonds with devices, which 
would signal successful charge state stabilization of NV 
centers.
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Abstract:
Patternable air-gaps are added to electrical and mechanical 
structures in semiconductor and MEMS devices as a means to 
decrease the dielectric constant, add mechanical compliance, 
and facilitate microfluidics. In this study, sacrificial polymers 
and standard photolithographic techniques were used as 
a way to create air gaps. A photodefinable sacrificial poly
mer was created by adding photoacid generator (PAG) to 
the sacrificial polymer mixture. Air gaps were made by 
patterning the sacrificial polymer into the desired structure, 
covering it with an overcoat polymer, and decomposing 
the remaining sacrificial material. There are three problems 
associated with this fabrication technique: (i) the patterning 
resolution was coarse, (ii) residue was produced during 
the decomposition of the polymer, and (iii) wide structures 
tended to collapse. These problems were investigated through 
process optimization, quartz crystal microbalance (QCM), 
and overcoat modification, respectively. In addition, a new 
sacrificial polymer, PDM-1088, was investigated. PDM-1088 
increased the resolution of the pattern, QCM measurements 
indicated the amount of remaining residue, and hardening 
the overcoat allowed the fabrication of structures several 
hundred micrometers wide. Micrometer scale air gaps were 
successfully fabricated through common photolithographic 
techniques, permitting the integration of these structures into 
semiconductor processing.

Introduction:
Air-gaps have yet to be created using standard electronics 
processing techniques. They are desirable for use in 
semiconductor and MEMS devices as a means to decrease 
dielectric constant, add mechanical compliance, and facilitate 
microfluidics. In this study, photopatternable air-gaps were 
successfully fabricated by improving each of the three 
major problems associated with sacrificial polymers: i) 
difficulty patterning the sacrificial polymer, ii) residue after 
decomposition, and iii) wide structure collapse.

Experimental Procedure:
Sacrificial polymers were used to create patternable air 
gaps. First, a new polymer, PDM-1088, was mixed with a 
photoacid generator (PAG) so that it could be patterned. The 

PAG released a proton upon heating or by exposure to 248 nm 
UV light. The acid significantly decreased the decomposition 
temperature of the sacrificial polymer. 

As shown in Figure 1, PDM-1088 mixed with PAG has a 
lower decomposition temperature (170°C) than the next 
polymer (260°C) and the exposed polymer/PAG mix has an 
even lower decomposition temperature (85°C). 

Through standard photolithography, as explained in Figure 
2, PDM-1088 was spin-coated onto a copper (Cu)-sputtered 

Figure 2: Schematic of air gap fabrication method.

Figure 1: Thermogravimetric analysis graph of PDM-
1088; (a) without additives, (b) loaded with PAG, and 
(c) loaded with PAG and exposed to 248 nm UV light.
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silicon wafer and a pattern was exposed. Upon heating to 
120°C, the exposed portions decomposed. An overcoat 
material was then spin-coated onto the sample. Two different 
overcoat polymers were used in this study; polyimide and 
Avatrel 8000 (polynorbornene). The overcoat was then 
exposed to 365 nm UV light to activate the polymer cross-
linkers and was cured at 150°C for one hour. Finally, the 
sample was exposed a second time at 248 nm, activating 
all remaining PAG, followed by a six hour cure at 150°C to 
decompose the remaining PDM-1088.

Results:
There are three major issues associated with this processing 
technique: i) patterns are coarse due to polymer reflow and 
proton diffusion, ii) the polymer leaves behind a notable 
residue after decomposition, and iii) wide structures tend to 
collapse in the center due to surface tension. These problems 
were solved systematically by modifying the processing 
approach in three ways.

PDM-1088 has a glass transition temperature of 90°C, which 
is higher than previous sacrificial polymers. Decreasing the 
processing temperature increased control of the polymer 
reflow resulting in the fabrication of clean patterns.

Quartz crystal microbalance (QCM) was used to measure 
the mass left behind after polymer decomposition. This 
quantification of the residue allowed modification of the 
processing techniques, polymer choice, and PAG loading to 
achieve minimal residue. Polymer samples were spin-coated 
onto quartz crystals. The crystal was allowed to equilibrate to 
its resonant frequency in the QCM, and then the residue was 
washed off without removing the sample from the instrument. 
Finally, the solvents were evaporated at room temperature and 
the crystal equilibrated again to its resonant frequency. The 
change in frequency allowed us to use the Sauerbrey equation 
[1] to calculate the mass of the residue left on the crystal. 
Figure 3 shows the linear relationship between polymer 
thickness and residue, meaning the residue is dependent on 
the composition of the formulation.

Wide air-gap structures were successfully fabricated by 
modifying the overcoat material. Avatrel 8000 was not 
strong enough to hold up air-gaps wider than 100 µm as the 
surface tension pulled the overcoat onto the substrate. To 
strengthen the Avatrel, extra trimethylolpropane triglycidyl 
ether (TMPTGE) was added to the polymer. TMPTGE is a 
trifunctional polymer crosslinker used with Avatrel 8000, and 
the addition significantly increased the hardness, as seen in 
Table 1. By increasing the hardness, the resulting polymer 
was able to withstand surface tension pull, even at a thickness 
of 7 µm. Adding TMPTGE worked significantly better than 
several other attempted methods, including the addition 
of surfactant (Triton X-100) and the addition of a second, 
glass-like polymer (epoxycyclohexyl polyhedral oligomeric 
silsesquioxane, or POSS).

Conclusions:
By modifying processing methods and incorporating the use 
of PDM-1088, we successfully fabricated air gaps several 
hundred micrometers wide and only 5 µm tall. For the 
first time, such structures were achieved with an overcoat 
thickness less than 10 µm.

Future Work:
The fabrication method we developed can now be used in 
direct applications including electronic interconnects, MEMS, 
and microfluidics. More work needs to be completed to 
increase resolution, reduce residue, and create wide structures 
for certain applications.
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Figure 1: Scanning electron micrograph of the cross 
section of a diatom showing the different pore sizes.

Abstract and Introduction:
Nanopores have many biological applications. They can be 
used as single molecule detectors, deoxyribonucleic acid 
(DNA) sequencing, and potentially be functionalized to 
simulate lipid bilayers or nuclear pore complexes. However, 
these nanopores are expensive and time consuming to make 
using conventional microfabrication techniques. An alter
native to these top-down processed nanopores is diatoms. 
Diatoms are a major group of algae that synthesize a three-
tier network of silica pores for their cell wall, which can be 
seen in Figure 1. They can grow up to 300 µm in diameter, 
yet the smallest pores are approximately 40 nm wide. In order 
to have access to these nanopores, the diatoms need to be 
positioned and immobilized over 20 µm pores etched through 
silicon wafers. 

Currently, the diatoms are manually placed over the pores and 
a UV curable epoxy, Norland optical adhesive-60 (NOA-60), 
is manually dispensed around the diatom. In order to create a 
more efficient process with a higher yield, standard contact 
lithography was explored to immobilize the diatoms over the 
micropore. The criteria used to determine the effectiveness of 
the process was to check for absence of leakages, breaking of 
the diatom or clogging of the nanopores.

Two photoresists were tested, 
SU-8 and NOA-60. SU-8 is a 
negative UV-curable photoresist 
that is well established in con
tact lithography. NOA-60 is 
polyurethane-based resin that 
adheres to glass. Therefore, it 
requires an anti-adhesion layer 
to enable release from the glass 
mask and the sample. Poly
dimethylsiloxane (PDMS) was 
used as the anti-adhesion layer 
as suggested in [1]. 

However, our experiments 
proved that the PDMS layer 
was ineffective in enabling 
separation of photomask and 
substrate after UV exposure. 

SU-8 proved to be successful in meeting the criteria in com
bination with a sulfuric-peroxide mixture (SPM) treatment.

Fabrication Process:
Oxidized silicon wafers with through-wafer pores were used 
as substrates. The pore diameter on the back side of the 
wafer was 100 µm and the pore diameter on the front side 
was 20 µm. Details on the fabrication process of the silicon 
micropores can be found in [2]. 

Diatoms were deposited on the wafer from a 1:1 water:ethanol 
solution and positioned over the silicon the micropore using 
a micromanipulator. Subsequently, positively charged poly-
L-lysine was used to form a temporary bond between the 
negatively charged diatom and the oxidized silicon wafer. 
After poly-L-lysine was deposited on the chip, SU-8 3005 was 
spun on at 3,000 rpm for 30 seconds. Once the post-exposure 
bake was completed, the mask consisting of a 100 µm dot was 
aligned over the 20 µm through-wafer pore. Exposure was 
completed on an EVG-620 with a dose of 350 mJ. 

After the post-exposure bake, the chip was developed in SU-8 
developer for two minutes and rinsed with isopropyl alcohol. 
A schematic of the process can be seen in Figure 2. The SPM 
treatment was completed using a 3:1 ratio of sulfuric acid to 

Figure 2: Schematic diagram 
of fabrication process.
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Figure 4: Optical micrograph of diatom 
after SU-8 coating and exposure.

peroxide. The diatom chip was placed in the mixture for two 
minutes.

Results and Discussion:
Indication of open pores was found by testing for nanoparticle 
translocations using the setup in Figure 3. The diatom chip 
was placed between two chambers containing a nanoparticle 
solution of 100 nm polystyrene beads. Silver chloride-coated 
silver (Ag/AgCl) electrodes were inserted in each chamber 
and a constant voltage of 400 mV was applied. When a 
particle passed through a diatom nanopore, it changed the 
electrical resistance. Using the equation V = IR, a resistance 
increase lead to a decrease in current at a constant voltage. 
Therefore, a nanoparticle passing event resulted in a quick 
dip in ionic current.

Figure 3 shows the graph of multiple 100 nm polystyrene 
bead translocation events through diatom pores. The negative 
value of the current is due to an offset caused by the Ag/AgCl 
electrodes that have to pass the current. This also leads to the 
drift in baseline current.

One of the major concerns of using SU-8 was the possible 
stress it could put on the diatom during the baking process, 
which could cause cracking and breaking of the diatom. It can 
be seen in Figure 4 that SU-8 does not exert any excessive 
stress on the diatom. The SU-8 layer also formed a clean, 
complete seal around the diatom.

Conclusions:
The process described proved to be successful in 
immobilizing the diatoms without any leaks, breaking, and 
clogging the diatom’s nanopores. It was found that NOA-60 
was problematic to use via contact lithography, because its 
strong adhesion to glass, and even PDMS, prevented clean 
separation of the substrate from the photomask. The SPM 
treatment was effective in removing residual SU-8. However 
it is still unclear how much the cleaning step affects the pore 
size of the nanopores, because the size of the pores varies 
with each diatom.

Future Work:
Future work includes testing to determine the effect of the 
SPM treatment on the diatom membrane as well as a process 
for positioning and securing multiple diatoms over the 
micropores without using a micromanipulator.

Figure 3: (a) Nanoparticle translocation setup. (b) Graph of 
multiple 100 nm polystyrene bead translocation events through 
open pores.
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Abstract:
Graphene is an exciting new material because of its two-
dimensional nature and interesting mechanical and electrical 
properties. There is still much room for development in 
methods for growing graphene, such as chemical vapor 
deposition (CVD) on copper. Making field effect transistors 
(FETs) with graphene is a practical way to assess the 
characteristics of a given sample of graphene and determine if 
a method for creating graphene is effective. The focus of this 
project was to fabricate graphene FETs to assess the quality 
of graphene grown through CVD on copper. This process was 
broken down into three main steps: (1) the electrochemical 
transfer of graphene from copper to silicon (Si) wafers, (2) the 
patterning of electrodes onto the graphene covered wafers, 
and (3) the electrical testing of resulting devices through 
four-point-probe and transistor measurements. Graphene was 
transferred through the application and removal of poly(methyl 
methacrylate) (PMMA) on copper (Cu). The electrodes were 
patterned using photolithography and evaporative metal 
deposition. Four-point-probe and transistor measurements 
were attempted as a means to assess the sheet resistance, 
carrier mobility, and carrier density of the graphene.

Introduction:
In the future, graphene may be used in a wide variety of 
devices, but if these devices are ever going to be produced 
commercially, there needs to be much improvement in 
methods for growing high quality graphene. The purpose of 
this project was to fabricate graphene field effect transistors 
(FETs) to assess the quality of graphene grown through CVD 
on Cu and examine problems in the fabrication process.

Experimental Procedure:
The experimental procedure broke down into five main 
steps: (1) the preparation of the substrate, (2) the transfer of 
graphene from copper onto the substrate, (3) the patterning of 
electrodes onto the graphene, (4) the deposition of the back-
gate metal, and (5) the characterization of the graphene.

A heavily doped Si wafer (n-type, <100>, 0.01-0.02 Ω-cm) 
was used as the substrate for the graphene FETs. The wafer 
had to be oxidized to have an oxide thickness of 90 nm so that 
the graphene would be visible on top of the oxide [1].

Graphene was transferred from copper to the substrate through 
an electrochemical reaction. Poly(methyl methacrylate) 
(PMMA) was spun onto the copper sheet before hooking 
up the copper sheet to function as a cathode in a potassium 
hydroxide (KOH) bath with a steel electrode serving as the 
anode. Hydrogen gas forming on the surface of the copper 
lifted off the PMMA, with the graphene attached to its 
underside. This sheet of PMMA was then cleaned and scooped 
up with the substrate.

After removing the PMMA with remover PG and annealing 
the sample to clean the graphene, electrodes were patterned 
onto the surface of the graphene in a pattern that can be seen 
in Figure 1 through photolithography and evaporative metal 
deposition.

The final fabrication step was the deposition of the back-gate 
metal. The back-gate metal was deposited after stripping 
away the backside oxide with buffered oxide etch (BOE).

Characterization was done through use of a probe station and 
parameter analyzer. The goal was to use four-point-probe and 
transistor measurements, though in the end, only four-point-
probe measurements were conducted.

Figure 1: Electrode pattern; small fingers are 
2 µm wide and large fingers are 4 µm wide.
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Results and Conclusions:
Three main problems were encountered during fabrication: 
(1) the oxide had to have a specific thickness, (2) the transfer 
process caused the graphene to fold up on itself, as shown in 
Figures 2 and 3, and (3) the nickel electrodes adhered poorly 
to the graphene, as shown in Figure 4. 

The first problem was addressed through using dry oxidation 
to make the oxide slightly thicker than desired and then using 
BOE to fine-tune the thickness of the oxide. The second 
problem was caused by remover PG attacking photoresist 
residue under the graphene during the PMMA removal 
step. This problem was addressed by changing the order of 
fabrication steps to allow for nanostrip cleaning directly before 
transfer to ensure that the surface of the substrate was clean. 
Given the limited amount of time for the research project, the 
third problem was not addressed although possible solutions 
have been formulated.

Due to the problems with fabrication, data was only 
successfully collected from a single device as the electrodes 
proved difficult to probe. The four-point-probe measure
ment suggested a sheet resistance of 7700 Ω/sq with very 
high probe contact resistances of 200 Ω per contact, and a 
nickel-graphene contact resistance of 5.38 × 10-4 Ω-cm2. The 
measured sheet resistance was 20 times higher than expected, 
likely because of uneven contact between the nickel and 
graphene and discontinuities within the graphene sheet.

Three main ideas have been put forward to address the 
nickel-graphene adhesion problem in the future. First, the 
mask should be redesigned to have larger probe pads to 
make probing the devices easier. Second, new metals, such 
as platinum, should be experimented with as possible nickel 
substitutes. Finally, a reactive ion etching step might be done 
to etch the graphene into strips before patterning electrodes 
onto the surface so that contact pads can remain on the oxide 
with only fingers on the graphene. After this problem is 
addressed, more characterization needs to be done.
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Abstract and Introduction:
Chitin, the second-most abundant polysaccharide found in 
nature, has increased biocompatibility and biodegradability 
compared to cellulose, the most abundant polysaccharide. 
Found in crustaceans, cephalopods and mushrooms, chitin 
can be used to create new polymeric devices and to reinforce 
pre-existing technologies for various applications [1]. In 
this project, chitin nanofiber thin films were fabricated 
and characterized to determine their material properties. 
The fabrication process used the highly-volatile solvent 
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) [2]. As the HFIP 
slowly evaporated, chitin nanofibers self-assembled through 
hydrogen bonding to form a thin film sheet. The thin films 
were tested and measured for material properties: Instron 
4505 (upgraded to 5500R) and dynamic mechanical analyzer 
(DMA) for mechanical properties, x-ray diffraction (XRD) for 
composition, thermomechanical analysis (TMA) for thermal 
properties, and a Porosimeter for physical characteristics. 
These fabricated thin films provide an avenue to create 
potential applications in wound healing, tissue scaffolds, and 
polymer reinforcement.

Experimental Procedure:
Chitin thin films were prepared from 0.5% (w/v) chitin/HFIP 
solutions. The solution was drop-casted and promptly covered 
to slow the evaporation of HFIP. A few holes were made in 
the cover to insure the complete evaporation of HFIP. The 
solution was placed in a fume hood and allowed to evaporate 
for 8-10 days. When the thin film was set, the characterization 
process began. First, TMA was performed to determine the 
coefficient of thermal expansion (CTE). The change in length 
was measured as temperatures were cycled from 25°C to 
180°C and back down to 25°C three times.

To test mechanical properties, an Instron and DMA were 
employed. Both tests involved a simple tensile test on the 
sample, closely following ASTM D882-10 [3]. Kapton HN 
100 sheets from DuPont were used as a control for both 
experiments. The Instron applied a maximum force of 20 N 
with an extension rate of 0.1 mm/min. Using the DMA, we 
performed a “Static Stress Test.” 

After calibration, the DMA applied a load that went from  
110 mN to 5000 mN at 100 mN/min.

An XRD helped us determine the formation of our chitin. 
The test was performed on the samples by scanning from 
2θ at 3° to 55° with a 0.02 step-size following all necessary 
precautions while dealing with radiation equipment.

Lastly, a Porosimetry test was completed to determine 
the presence and characteristics of pores in the thin films. 
Multiple thin films, weighing a total of 0.0455 g, were loaded 
into the testing apparatus and mercury was intruded through 
the samples to determine the existence and size of the pores.

Results and Conclusions:
As previously noted, chitin self-assembles into nanofibers due 
to HFIP evaporation. This fabrication process helped yield  
3 nm nanofibers in a thin film that ranges from 10 to 200 µm 
in thickness [2].

The CTE values from the TMA test ranged from about 38 
to 186 ppm/K, but literature states that the values should be 
closer to 9.8 ppm/K [1]. This discrepancy can be attributed 
to nanofiber alignment in a two-dimensional plane while 
experimentation was performed in the third dimension.

The Instron and DMA tests provided results for Young’s 
Modulus (stiffness) that did not entirely match literature 
results. Our control Kapton® and chitin film were specified 
to have a stiffness of 2.5 GPa [1, 4], but our Instron results 
gave an average stiffness of 1.187 GPa. Nonetheless, chitin 
thin films were tested on the Instron and the chitin showed an 
average stiffness of 1.09 GPa with a large standard deviation 
of 815 MPa as seen in Figure 1. To double-check, DMA 
tests were carried out in hopes for more accurate and precise 
results. DMA tests showed Kapton and chitin stiffness at about 
732 MPa and 307 MPa, respectively. These disagreements 
in values can be a result of the testing methods, testing 
equipment, and inconsistent samples. Interestingly enough, if 
outliers of the Instron tests were taken into account, the two 
experiments showed that Kapton was about twice as stiff as 
chitin.
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XRD results, in Figure 2, were fairly conclusive in showing 
that our chitin thin films exhibited α-chitin (nanofibers are 
aligned parallel and antiparallel [5]). This orientation caused 
the nanofibers to pack closer together due to hydrogen 
bonding. This transformation of β-chitin in the chitin powder 
to α-chitin in the thin film was a result of the HFIP evaporation 
process.

The graph of the Porosimetry results, represented in Figure 
3, shows spikes that occur at a higher pore diameter, a result 
of mercury filling the voids in between the different thin film 
samples. But with smaller pore diameters, the mercury could 
not penetrate through the thin films, meaning that if pores are 
present, they are smaller than 10 nm.

Future Work:
In the future, we will try to test our chitin thin films on 
equipment specifically designed for thin films testing. Hope
fully, this will reveal better results for our stiffness values. 
Another aspect we would like to test is how the concentration 
of chitin/HFIP solution affects chitin thin film properties. 
Lastly, we will try to formulate sample preparation methods 
that yield consistent thin films.
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Figure 3: Porosimetry results of chitin thin film test.

Figure 1: Kapton = 1.187 GPa with 325 MPa standard deviation. 
Chitin = 1.09 GPA with 815 MPa standard deviation.

Figure 2: XRD of chitin thin film compared to α- and β-chitin.
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Abstract:
We report the temperature-dependent resistivity of lanthanum 
lutetium arsenide (LaxLu1-xAs) thin films grown by molecular 
beam epitaxy. Thicknesses of measured films were 30, 100 and 
500 nm. Studies on the resistivity of LaxLu1-xAs films suggest 
semimetallic behavior for temperatures ranging 78 to 295 K. 
Resistivity was measured using a cross sheet resistor van der 
Pauw (VDP) structure fabricated onto samples employing 
planar fabrication techniques. The linear fit of resistivity vs. 
temperature likely indicates electron-phonon scattering as the 
dominant mechanism, for temperatures from 78 to 295 K [1]. 
The increase in resistivity by increasing thickness was likely 
due to increasing interface roughness from imperfect growth 
at large thickness scales.

Introduction:
The discovery of graphene, a stable two-dimensional structure 
of carbon, has opened the door to the study of other thin films. 
Materials such as III/V and rare earth arsenides are suggested 
as “beyond graphene” materials. Investigation of electrical 

Figure 1: A van der Pauw structure where R1 indicates 
resistance in the region of interest, R2 the arm resistance, 
and R3 the surface shunt resistance of the contact pad. 
Image courtesy S. Rahimi.

transport properties of rare-earth arsenides can lead towards 
a comprehensive understanding of carrier transport properties 
of these compounds and the development of novel electronic 
devices. To begin exploration of this, electrical properties of 
LaxLu1-xAs (x = 47 and 48%) alloys were characterized as a 
function of thickness and temperature.

One of the most accurate methods for measuring sheet 
resistance of thin films is achievable by employing van der 
Pauw structures (Figure 1). The method is advantageous 
because it allows measurements to be taken of arbitrary 
lamellae by strategic placement of electrodes at the perimeter.

Experimental Procedure:
The sample stack was grown by molecular beam epitaxy 
(MBE). To account for impurities in the wafer left after heat 
treatment, 200 nm of gallium arsenide (GaAs) were grown 
onto a commercially available GaAs wafer. Ten monolayers 
(ML) of an LuAs spacer layer were grown next, followed by 
LaxLu1-xAs and another 10 ML LuAs. The stack was capped 

Figure 2: A fabricated VDP device.
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by 15 nm GaAs to prevent oxidation of the alloy. Spacer 
layers separated LaLuAs from GaAs on both sides to prevent 
it from diffusing.

Fabrication of van der Pauw devices began by spin-coating 
cleaned samples with negative photoresist, AZ-5214. A 
Karl Süss MJB4 was used for lithography. Electrodes were 
deposited using electron beam evaporation (CHA SR-10 
metal deposition tool), with a nickel adhesive layer and 41.1 
nm gold. A lift-off process was required to form electrodes.

Following the second layer mask’s lithography, devices 
were isolated by mesa-etching in a 1:1:20 solution of 
H3PO4:H2O2:H2O. A fabricated device can be seen in Figure 2.

Low temperature measurements were taken using a Lakeshore 
cryogenic four probe system. The van der Pauw method was 
used [2, 3], requiring measurements be taken in two positions 
(see Figure 1). In the 0° degree position, current was run from 
pad A to B, and the voltage drop was measured between C and 
D. In the 90° position, current was run between pads D and 
A, and the voltage drop was measured between B and C. For 
both positions, measurements were first taken with a forward 
current (+I) and then with the reverse (-I). Using these four 
values, R00’ was calculated, according to the equation below. 
Similarly, R90’ was calculated. 

From the average of the two, sheet resistance was found from 
the VDP formula, below.

A correctional factor, f, was used to correct for asymmetry in 
the structure. For this data, the correctional factor was 1.00, 
indicating high symmetry of devices.

Resistivity was calculated by multiplying the sheet resistance 
by thickness.

Results and Discussion:

The alloys exhibited semi-metallic behavior, increasing 
in resistivity with increasing temperature (Figure 3). The 
plots of resistivity vs. temperature and sheet resistance vs. 
temperature were linear. For this temperature range, 78 to  
295 K, the linear fit likely indicates electron-phonon scattering 
as the dominant scattering mechanism [1]. The difference in 
resistivity between 30 and 500 nm samples averaged 193% 
and between 30 and 100 averaged 26%, with the 30 nm 
sample showing lower resistivity in both cases.

Conclusions:
The increase in resistivity with thickness was independent of 
temperature, suggesting impurities as an underlying cause. 
The trend likely also results from differing surface roughness. 
As thicker layers are grown by the MBE method, surface 
roughness between interfaces tends to increase [4].

Future Work:
Based on these results, as well as data showing temperature 
dependent resistivity of 3 nm LaxLu1-xAs, a paper will be 
drafted describing electrical transition properties of rare earth 
arsenides. This paper, “Temperature dependent electrical 
resistivity and resistivity tuning of LuAs thin films by 
Lanthanum” (coauthors S. Rahimi, E.M. Krivoy, J. Lee, M.E. 
Michael, S.R. Bank, D. Akinwande), will be submitted to 
Applied Physics Letters.
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thickness corresponding with increasing resistivity.
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Introduction:
Photovoltaic devices (PVs), which convert sunlight 
into electricity directly, are a promising energy 
source because they are renewable and clean. To 
be widely used, they need high power conversion 
efficiency (PCE) and low cost. Spray-deposited 
[1] thin-film CuIn1-xGaxSe2 (CIGS) PVs have the 
potential to achieve this goal.

In this approach, a CIGS layer was deposited as an 
ink and then thermally annealed under selenium 
atmosphere—a process called selenization—to 
achieve high efficiency. The quality of the annealed 
CIGS nanocrystal film was highly dependent on the 
selenization conditions. We investigated various 
parameters related to selenization to improve power 
conversion efficiency (PCE).

Fabrication Process:
Solar cells were fabricated on soda-lime glass with a 
layered molybdenum (Mo) / CIGS / cadmium sulfide (CdS) 
/ zinc oxide (ZnO) / indium tin oxide (ITO) structure. One 
micrometer (µm) of Mo was sputter deposited on soda-lime 
glass (Delta Technologies), followed by spray deposition of 
approximately 1 µm of CIGS nanocrystals. The nanocrystal 
film was annealed in argon (Ar) for one hour between 475°C 
and 525°C. The substrate was then inserted into a graphite 
box and annealed under selenium atmosphere at 500°C for ten 
minutes. CdS was then deposited by chemical bath. A window 
layer of 50 nm of ZnO and 600 nm of ITO were sputtered to 
complete the device.

Experiments:
Various pre-selenization treatments of the CIGS nanocrystal 
films were studied. Devices were annealed in Ar before CIGS 
deposition (Mo bake), after CIGS deposition (pre-selenization 
anneal), or soaked in a sodium chloride (NaCl) bath [2]. The 
Mo bake consisted of annealing a back contact in an argon 
atmosphere at 475°C for one hour just after Mo deposition. 
The pre-selenization anneal was carried out at 475°C in Ar for 
one hour immediately after depositing the CIGS layer. 

It is known that sodium plays a role in CIGS crystallization [2] 
and during these anneals sodium diffuses from the soda-lime 
to the Mo/CIGS interface. Sodium was also added directly 
to the CIGS film by soaking the CIGS-coated substrate in a  
1 g/L aqueous NaCl bath of for 15 minutes before selenization.

Figure 1 shows the measurement results of samples with 
these pre-selenization treatments. All photovoltaic device 
measurements were performed under Air Mass 1.5 illumin
ation. VOC is open circuit voltage and JSC is short circuit current 
density. FF is a fill factor—the ratio of the product of voltage 
and current at maximum power and the product of VOC and 
JSC. The Mo bake and pre-selenization anneal both exhibited 
a positive effect on improving PCE.

The effect of the temperature ramp rate during selenization 
was also studied. Films were selenized for ten minutes after 
ramping the temperature at 20, 50, 80 and 110°C/min to 
500°C. The nanocrystal films were treated prior to selenization 
by annealing at 475°C and soaking the films in a NaCl bath.

Device PCEs were 0.008% for 20°C/min, 0.034% for 50°C/
min, 0.230% for 80°C/min and 0.251% for 110°C/min. 
Higher ramp rates produced higher PCE. Scanning electron 

Figure 1: Measurement results of Mo baked, pre-selenization 
annealed, or NaCl bath soaked samples.
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microscope (SEM) images (Figures 2 and 3) show that the 
crystalline domains in the selenized CIGS films were larger 
when ramped at 110°C/min compared to 20°C/min. Films 
with larger crystalline grains are expected to have decreased 
recombination of electrons and holes for improved PCE. 
In addition, the thickness of the molybdenum selenide 
(MoSe2) layer, generated by converting Mo to MoSe2 during 
selenization, of 20°C/min was 664 nm, while that of 110°C/
min was 373 nm. A thin MoSe2 layer was better, as thicker 
MoSe2 layers increased the series resistance in the device and 
degraded PCE.

Next, we investigated different CIGS layer deposition 
processes. Two processes were used where Process 1 was the 
conventional method and Process 2 was a new proprietary 
one. Pre-selenization and NaCl bath were performed in both 
of Process 1 and 2.

Figure 4 shows the I-V curve of the device fabricated with 
Process 2. The PCE of Process 2 was 6.564%, while that of 
Process 1 was 0.191%. Process 2 also improved FF—FF of 
Process 2 was 50.6%, while that of Process 1 was 30.1%. 
These results were supposed to be caused by the high quality 
of the CIGS layer fabricated with Process 2.

Conclusions:
Spray-deposited CIGS nanocrystal films were selenized to 
increase PV device efficiency. Various processing parameters 
were studied. Pre-selenization anneal, molybdenum bake, 
higher heating ramp rate and new CIGS layer deposition 
process yielded substantial improvements in device efficiency.
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Figure 4: I-V curve of sample fabricated 
with new proprietary process.

Figure 2: Cross section SEM image of 20°C/min ramp rate sample.

Figure 3: Cross section SEM image of 110°C/min ramp rate sample.
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Abstract:
Substrate conformal imprint lithography (SCIL) is capable 
of high resolution and is less sensitive to defects inherent in 
traditional nanoimprints. This makes SCIL promising for both 
research and industrial applications. We report here progress 
toward imprinting dense features at 15 nm critical dimensions 
(CDs). The study includes an improved process employing 
ZEP resist to minimize line edge roughness (LER) on the 
master wafer mold down to 2-3 nm. Imprinted features on 
initial trials were found to exhibit a negative linewidth change 
on the order of tens of nanometers. The SCIL process employs 
a wave generation process making localized and global 
distortions possible from stretching the flexible PDMS-on-
glass stamp. To characterize this, we created a second SCIL 
mask and printed wafers for pattern placement accuracy tests 
over the entire area of imprinted wafers.

Introduction:
Moore’s law predicted that the number of transistors on a chip 
should double roughly every two years, due, in part, to ever 
smaller dimensions. However, photolithography, the technique 
most commonly used today, is nearing the resolution limit 
imposed by the wavelength of light. One common method 
for patterning features smaller than photolithography can 
achieve is electron beam lithography, but this is prohibitively 
expensive and unfit for use in manufacturing because of the 
time required. Patterns made using electron beam lithography 
can, however, be replicated using NanoImprint lithography 
(NIL), at a fraction of the cost. NIL is a stamping process 
used to transfer features from a previously patterned master 
wafer into imprint resist on daughter wafers, which can then 
be cured. However, NIL faces its own challenges—the high 
pressures used and repeated exposure to resist can wear down 
features on the master wafer over time. Additionally, because 
the stamps used are inflexible, any particulates on them can 
result in unpatterned regions and can damage the master.

Substrate conformal imprint lithography (SCIL) [1] is a 
new variant of nanoimprint lithography using a flexible 
polydimethylsiloxane (PDMS) replica of the master wafer, 

making it possible to pattern over particulates. Also, because 
the master wafer is only used as a mold, it is better protected, 
which reduces the cost of repeatedly patterning new masters. 
However, because the stamp is flexible, it may induce 
distortion either of the printed features or in their placement 
on the wafer. We wanted to characterize that distortion and 
test SCIL’s resolution limits to see whether it would be a good 
candidate for manufacturing at the nanoscale.

Methods:
In the SCIL process, PDMS stamps are molded from features 
etched into silicon master wafers. These stamps are then 
imprinted into a resist on daughter wafers, which are then UV 
cured. When the stamp is peeled away, the features are left 
behind in the resist on the daughter wafers. 

To create the master templates, we used photolithography or 
electron beam lithography to pattern wafers which we etched 
using a reactive ion etcher. After removing any remaining 
resist, we added a monolayer of perfluorooctyltrichlorosilane 
(FOTS), a highly fluorinated molecule, as an anti-stick 
coating. We applied a layer of custom PDMS to the thin glass 
stamp and cured it to use as a SCIL mask. We imprinted these 
into wafers coated with Amonil (AMO, GmbH) resist using 
a modified Suss MA6 contact aligner. This tool allowed us to 
precisely control the imprint force and separation between the 
stamp and the imprint resist.

The first stamps we tested were made using an ASML 5500/ 
300C deep ultraviolet stepper to pattern the master. This stamp 
was used to confirm that SCIL was capable of reproducing 
fine features over a large area as well as to troubleshoot any 
initial problems.

Tests of SCIL’s resolution limit, however, required a master 
wafer with extremely small features. Towards this end, we 
created a dense pattern of 15 nm lines using electron beam 
lithography using ZEP520 (Zeon Chemical) as a resist. To 
achieve these challenging results, we used a combination of 
feature size biasing, dose biasing, and shot pitch modulation. 
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We also tested different development chemicals, temperatures, 
and times to optimize feature size and minimize LER. We also 
employed proximity error correction to compensate for the effect 
of backscattered electrons on the dosage [2]. 

The result was a silicon master wafer ideally suited to these 
resolution tests (Figures 1 and 2).

Finally, in order to characterize distortion in the pattern across the 
entirety of the wafer, we imprinted a stamp with an array of large 
crosses, 60 µm tall, onto a 6-inch wafer. Use of this stamp will 
indicate how accurately the stamp places these crosses across the 
wafer by comparing cross positions with the original master. The 
measurement will be made using the metrology capability of the 
JBX6300FS electron beam lithography system, which uses a laser 
interferometer to calibrate its stage position.

Results and Conclusions:
Using the stamp made with deep UV lithography, we initially 
confirmed that SCIL is capable of patterning submicron features 
over a broad area. We fabricated a stamp with crosses for the 
pattern placement accuracy tests, which we successfully imprinted. 
This awaits metrology measurements. To evaluate the resolution 
limits of SCIL, we optimized the process used to produce the 
master wafer. This process used cold xylenes as a developer and 
incorporated CAD corrections including proximity error correction 
and feature size biasing to improve resolution and LER. A master 
wafer with dense patterns of lines down to 15 nm was fabricated. 
Preliminary imprints with a similar mask demonstrate an overall 
decrease in linewidth of 80 nm from 170 nm lines as they were 
measured on the original master wafer (Figure 3). The source of 
this “shrinkage” has yet to be investigated. 

Data from these pattern placement accuracy tests and resolution 
tests will make it possible to further improve the SCIL process 
in the future and to determine suitable applications for it as a 
manufacturing method.
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Figure 3: SCIL imprint and master wafer (inset) 
illustrating size changes in SCIL.

Figure 1: Early attempt to fabricate 20 nm trenches 
in ZEP520 resist before feature size biasing or cold 
development temperatures were used.

Figure 2: 15 nm trenches in 30 nm thick ZEP520 resist for 
patterning the master wafer needed for the SCIL resolution 
tests.
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Abstract:
Optical energy can be harnessed on the nanoscale by 
exploiting plasmonic resonances in metallic nanostructures. 
These resonances are the result of the unique optical 
properties of metals and their abundance of conduction 
electrons. Utilizing these properties, it is possible to engineer 
metallic nano-devices that operate with large electric field 
intensities confined in and around the structure. Due to these 
large fields, optical, chemical and spectroscopic properties 
can be probed with high sensitivity. This project covers the 
various fabrication methods unique to the precise fabrication 
of metallic nano-structures as well as some applications as 
nano-optical sensors.

Introduction:
Plasmons are collective oscillations in the electron cloud 
density of a conductor, usually metal. At the surface of a 
material, they are called surface plasmons. These oscillations 
can be induced by electromagnetic radiation at specific 
frequencies. If certain conditions are met, a photon can couple 
with a plasmon forming a surface plasmon polariton (SPP). 
This is a propagating electromagnetic wave on the surface of 
the metal at the interface of a dielectric and the conductor. 
The SPP is transverse-magnetic, meaning that an evanescent 
electric field extends into both the metal and dielectric, 
normal to the interface. This electric field extends no more 
than a few hundred nanometers (nm) into the dielectric and 
is strongest near the surface. We are able to use this electric 
field to probe the near-field region [1]. If a plasmon is 
induced on a small metal particle, i.e. with size dimensions 
on the order of or less than the wavelength of incident light, 
a propagating electromagnetic wave is not formed. Instead, 
electrons oscillate with the changing electric field, forming 
areas of high electric field, or “hot-spots” [1]. This is known 
as localized surface plasmon resonance (LSPR). These hot-
spots can be employed to trap particles and perform surface 
enhanced Raman spectroscopy (SERS) [2]. 

We can engineer structures on the nanoscale that exhibit these 
plasmonic properties. However, because plasmons can be 
excited by deformities on the surface, it is critically important 
that our devices have smooth surfaces to ensure optimal 
performance.

Fabrication Procedures:
Because smooth surfaces were so important for our devices, 
we platformed the entire fabrication process around the 
technique of template-stripping. This process required a 
silicon mold, which was then deposited over with metal. The 
metal was then epoxied to a glass slide, cured, and finally 
removed from the mold; this resulted in the inverse of the 
mold patterned in the metal, possessing ultrasmooth surfaces. 
Template stripping also allowed the mold to be reused, 
enabling high-throughput fabrication of devices [2]. We used 
two different methods to fabricate the molds. 

For high resolution patterning, we employed electron beam 
lithography. After patterning a spin-coat layer of photoresist, 
we used etch processes to carve the mold. Depending on the 
etch depth needed, sometimes a hardmask layer was utilized. 
For lower resolution patterning, we used focused ion beam 
lithography. This method did not require photoresist, however 
it could not match the resolution capabilities of electron beam 
lithography. This method did enable the direct fabrication of 
molds. 

In some cases, we determined that we did not need to template-
strip our structures. In these situations, we used electron 
beam or photolithography to pattern a stencil mask. We then 
deposited metal over the mask and performed a chemical 
liftoff. All open areas of the stencil were filled in with metal, 
resulting in surfaced patterned structures.
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Devices:
Using the methods described above, we fabricated an assort
ment of devices, some of which are not contained within this 
report. The following figures show several devices in various 
stages of production. 

Bowtie Array (Figure 1). These bowties were fabricated by 
depositing gold over a stencil mask and performing liftoff. 
They facilitated the formation of LSPRs, with hot-spots 
focused in the gap at the center of the bowtie. They have been 
used to trap particles in this hot spot and to aid in performing 
SERS.

Sharptips Prior to Template Stripping (Figure 2). 
Using electron beam lithography, dry etching, atomic layer 
deposition, and thermal metal evaporation, an array of sharp-
tipped lines were fabricated. When template stripped, they 
focused to a narrow point. These devices displayed interesting 
plasmonic effects and concentrated hot spots at the tips of the 
structures. (Image courtesy of Timothy W. Johnson.)

Nanochannels, HSQ on Silicon (Figure 3). Using electron 
beam lithography, it was possible to achieve high resolutions, 
as exemplified here. These were 20 nm lines of HSQ on 
silicon. After development, HSQ becomes chemically similar 
to SiO2 and can be used as a hardmask for etching. This image 
was taken prior to etching.

Future Work:
The main thrust of this research was designing and building 
plasmonic biosensors. 

As demonstrated, devices are in various stages of completion. 
The obvious next steps include finishing fabrication and 
testing the devices. Based on test results, the devices can be 
optimized and results published.
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Abstract:
Atomic layer deposition (ALD) is used to create conformal 
thin films that have many applications due to the wide 
range of available materials and precisely-controlled 
thicknesses. Amorphous metal-oxide thin films are good 
candidate materials for dielectric gates, diffusion barriers 
and biocompatible coatings, among many other applications. 
ALD processes that have not been fully optimized and 
characterized result in wasted precursor, longer fabrication 
times and incomplete understandings of the films themselves. 
In this work, the processes for hafnium dioxide (HfO2) and 
zirconium dioxide (ZrO2) films were optimized for uniformity 
by varying precursor pulse and carrier gas purge times to  
create the most uniform films. The temperature dependence 
of film characteristics and differences between thermal and 
plasma-enhanced processes was explored for titanium dioxide 
(TiO2) films. Uniformity was determined by comparing 
thicknesses measured by an ellipsometer at different 
positions in the reaction chamber. This project yielded ALD 
metal-oxide processes optimized for uniformity and a better 
understanding of film characteristics. All data is available on 
the Stanford Nanofabrication Facility’s website.

Introduction:
ALD is a nanofabrication process consisting of a cyclic self-
limiting chemical reaction with vapor-phase precursors, but 
only surface-phase reactions. A cycle of ALD consists of four 
steps; 1) surface saturation by precursor A, 2) purge of excess 
precursor A from the reaction chamber, 3) surface saturation 
by precursor B, and 4) purge of excess precursor B. For 
metal-oxide films, precursor A is the base metal with ligands 
attached and precursor B is water (for thermal processes) 
or oxygen plasma (for plasma processes). Steps 1 and 3 are 
quantified by the “pulse time,” which is how long the valve 
on the cylinder containing the precursor stays open and is thus 
related to the amount of precursor in the reaction chamber. 
Steps 2 and 4 are quantified by the “purge time,” which is how 
long the background carrier gas (Ar or N2) flows through the 
reaction chamber without carrying any new precursor. 

We sought to maximize film uniformity, minimize precursor 
waste, and minimize process runtime by varying only Steps 
1 and 2. Thus, “pulse time” and “purge time” specifically 
refer to the precursor A pulse time and the purge time 
immediately after that, respectively. Other parameters varied 
were temperature, background carrier gas flow rate, type of 
deposition tool and water or oxygen plasma as precursor B. 
We also determined deposition rates.

Experimental Procedure:
Depositions were performed on two simultaneously-run 
4-inch silicon wafers (placed side-by-side in the reaction 
chamber) after a standard RCA clean. The film thickness was 
measured at nine points per wafer, resulting in 18 thicknesses 
per deposition. These were used to compute the average 
thickness and non-uniformity, which was the standard 
deviation divided by the average thickness. We ran 100 cycles 
of ALD for all depositions (except those used to determine 
the deposition rate) on one of two Cambridge Nanotech ALD 
systems: Fiji or Savannah.

Results and Conclusions:
The ZrO2 processes on both the Savannah and Fiji systems 
were wasting precursor A. We were able to determine the 
threshold for surface saturation by decreasing the pulse 
time for the Savannah process. A lack of surface saturation 
was indicated by a significant decrease in average thickness 
(Figure 1) as well as high non-uniformity. The standard recipe 
was adjusted from having a pulse time of 0.40s to 0.15s, 
saving a significant amount of precursor A. Increasing the 
purge time decreased the non-uniformity of the film (Figure 
2), indicating that vapor-phase reactions took place at shorter 
purge times. This was also why the Fiji process had a non-
uniformity of over 10% until the purge time was increased 
from 20s to 50s.
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The Savannah HfO2 process was verified to be at optimal 
performance. Pulse time, purge time and background flow 
were varied to confirm that the standard recipe had the highest 
uniformity. However, it was found that desorption of precursor 
A occurred at longer purge times (Figure 3) due to excessive 
volatility. Despite this trend, the initial purge time of 15s had 
the lowest uniformity, indicating that it was a good balance 
between desorption and potential vapor-phase reactions.

The deposition rate of Fiji SiO2 was 0.7Å/cycle with 14Å 
of native oxide (Figure 4), which is due to oxygen diffusing 
into the substrate at room temperature before deposition. The 
deposition rate of Savannah ZrO2 was 0.8Å/cycle with 11Å 
of native oxide.

Thermal and plasma Fiji TiO2 films were deposited at 100-
300°C. The plasma films showed little change in average 
thickness over the temperature range. The thermal films were 
thicker at lower temperatures due to precursor condensation.

Future Work:
The Fiji ZrO2 process should be further optimized to increase 
uniformity and reduce precursor waste. More process opti

mization should be done on the plasma Fiji TiO2 process 
because most films had twice the non-uniformity of those 
from the thermal process for the explored temperature range. 
The Fiji TiO2 deposition rate should also be determined. 
Capacitors can be made with the films to determine the 
electrical properties such as breakdown voltage and 
capacitance with respect to both high and low sweeping 
voltages. These properties could then be compared for films 
deposited at different temperatures, by different tools or 
through different processes (thermal vs. plasma).

Acknowledgments:
I would like to thank Professor Roger T. Howe, Professor 
Philip H.S. Wong, Dr. J. Provine, Max Shulaker, Dr. Michelle 
Rincon, Andrei Iancu, the Howe research group, staff at 
the Stanford Nanofabrication Facility, the National Science 
Foundation, the National Nanotechnology Infrastructure 
Network Research Experience for Undergraduates Program, 
and Stanford University’s Center for Integrated Systems.

Figure 1: The thickness dropped off at a pulse time of 
0.015s. The pulse time must be at least 0.03s to reach 
surface saturation.

Figure 4: The Fiji SiO2 deposition rate is 0.7Å/cycle.Figure 3: The non-uniformity of the film increased as the 
purge time increased, indicating desorption occurred at 
longer purge times.

Figure 2: The non-uniformity of the film decreased as the 
purge time increased, indicating vapor-phase reactions 
occurred at shorter purge times.
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Abstract: 

Figure 2: Categories encompassing interview questions of each subject group. 

Societal and Ethical Issues (SEI) in nanotechnology 
have gathered recent attention and importance 
given its federal focus under the 21st Century 
Nanotechnology Act [1] (2003). Perceptions of how 
effective SEI training is, as well as to what extent 
ethical conceptions penetrate into undergraduate 
work and beyond, is of particular interest in order to 
better the Research Experience for Undergraduates 
(REU) Program of the National Nanotechnology 
Infrastructure Network (NNIN). Interviews of both 
current education coordinators at NNIN REU sites 
and former REUs from the Cornell NanoScale 
Facility (CNF) are used to accumulate and compare 
SEI training practices. The review and interview 
results are used to formulate a summary report of 
findings and best practices for NNIN sites to use as 
a program guide. 

Introduction:
The 21st Century Nanotechnology Act [1] (2003) 
emphasized the need to address societal and ethical 
issues of nanotechnology. This study set out to 
contribute to that initiative by first conducting 
a literature review on Research Experience for 
Undergraduates (REU) programs. The review 
compiled educational experiences from the REU 
programs and other non-REU undergraduate 
programs that teach societal and ethical issues to 
students within a science or technology domain. A 
total of ten institutions or programs were analyzed 
to contribute to part I of the summary report. 
As seen in Figure 1, certain program goals and 
skills targeting undergraduates to think critically 
about ethical and societal considerations resonate 
throughout the literature. The specific practiced and 
evaluated types of activities include PowerPoint 
presentations, lunch discussions, news articles or 
legislative documents to read, case studies and 
role-playing to perform, small panel discussions, 
societal and ethical issues (SEI) lunches, field trips 
to industries, or weekly classes on ethics in science. 

Figure 1: Goals and projected skill sets common among evaluated programs.
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To explore the usefulness of these ideas, interviews with 
the education coordinators in the NNIN were conducted to 
gather a comprehensive look at how education coordinators 
are implementing SEI activities in their respective REU 
programs. In addition, interviews with previous REUs were 
conducted to assess what they think about society and ethics, 
and if they believe their REU experience at all influenced 
their thinking.

Results and Discussion:
The NNIN Education Coordinators (EC) participated in 
phone interviews lasting between 10-20 minutes. Figure 2 
provides the categories of questions. Similar to the literature 
review findings, the ECs also found that lectures and informal 
discussions were the easiest type of event to organize and 
most liked by the undergraduate participants. The literature 
review found that there was an emphasis on training 
mentors to communicate the ethics of their project to their 
undergraduates. The ECs commented that although that was 
a great idea, there was limited time to train the mentors in 
addition to training the REU participants. 

As a suggestion, ECs could work with SEI coordinators to 
increase the mentors’ comfort for such topics, as this could 
foster a friendlier and more informative relationship between 
mentors and their respective undergraduate student. 

There are three main findings from both the EC interviews 
and the previous REU student phone interviews. To 
better the communication of ethics and increase societal 
awareness, mentors and ECs should focus on the connections, 
conversations, and critical thinking skills of the undergraduates 
REU participants. The connections break down into the 
student’s work environment, which is a critical for motivating 
and engaging SEI discussion. Students need to feel that their 
mentors and principal investigators (PIs) are approachable 
and friendly to spark the second finding, conversations. 
Conversations refer to the length and frequency of societal 

and ethical discussions between an undergraduate and their 
mentor or PI on their respective project. The friendliness 
and amount of socialization during the internship between 
undergraduate and mentor, PI, or other facility users, and 
the nature of such casual narrative with those involved in the 
research project influence how the student thinks about SEI. 

Both the connections and conversations maintain the third 
domain for better SEI education, which is the level of critical 
thinking for undergraduates to develop. Raising awareness 
about their research projects’ ethics and societal implications 
during the summer builds a framework of thought for 
their future careers. The challenge of communicating the 
paramount topics of SEI is a process that is continually built 
upon tried practices and current successes.

To further study the motivation and degree of ethical 
considerations by REU interns, a short survey was conducted 
of the 2012 REU participants. The survey tested such factors 
as motivation and its relationship to one’s personal sense of 
moral responsibility. 
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Abstract:
In the United States, many firms are expanding their research 
and development on nanotechnology products. But what 
products are being developed and who will benefit from them? 
This study answers these questions by analyzing the goals, 
nanotechnology experience, corporate social responsibility 
and products from companies’ websites. Based on patent data 
from the Center for Nanotechnology and Society-Thematic 
Research Cluster One, we obtained a list of fifty-five firms 
that are leaders in nanotechnology in water, energy and 
agri-food. We chose these areas because we think they will 
have a big impact on the poor and on inequality. Out of the 
fifty-five companies, twenty-seven mention nanotechnology. 
Moreover thirty-one firms are developing products that 
will benefit both the rich and poor, while only seven firms, 
such as computer and textile industries, focus only on rich 
consumers. In general, agri-food companies do not discuss 
nanotechnology on their websites. Most of the companies 
produced intermediate materials used by other companies; 
very few of the companies sell nano-products directly to 
consumers. Overall, we conclude that nineteen out of fifty-
five companies are developing nanotechnology products, like 
low cost water filters or solar cells that could help the poor 
and reduce inequality.

Introduction:
Governments spend a large amount of money on research and 
development for a variety of problems. Three important areas 
that have received attention are water, agri-food and energy 
technologies. For example, we are at an extremely critical 
stage in our energy use portfolio. The world bases much of its 
energy use on non-renewable fossil fuels and nuclear power, 
and another potential technology that can ameliorate our 
dependence on fossil fuels faces a lot of public controversy.

However, there are many solutions to these problems and 
we think research and development in nanotechnology 
can address some of these issues. Therefore, the purpose 
of this research was to perform a web-based analysis of 
nanotechnology companies in United States: What nano-
products are being developed? Who benefits from these 
products? Does nanotechnology alleviate poverty?

Methodology:
The Center for Nanotechnology and Society-Thematic 
Research Cluster One provided patent data from 2005 to 
2009 of the top companies with nanotechnology patents in 
United States. We focused on three areas; water, energy and 
agri-food. We chose theses areas because we think they will 
have a big impact on poverty and related inequalities. In each 
of the categories, we selected the top twenty nano-patenting 
companies — however there were only fifty-five companies 
total in the sample because some companies were repeated in 
two different categories. For example, General Electric was 
a top producer of nanotechnology patents in both energy and 
water nanotechnology patents. 

After compiling a list of companies, we went to each company’s 
website and collect information about their history, research, 
products and size. In addition to basic company information, 
we used their search tool to find out what the companies said 
about poverty and nanotechnology. 

A second major source was Nexus Lexus Academic. We 
used that site to search for the North American Industry 
Classification System (NAICS) of the companies. Finally we 
analyzed the information we found.
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Results and Conclusions:
The companies were a variety of sizes; fourteen companies 
had under fifty employees; while another fourteen had more 
than 50,000 employees (Figure 1). For example, in 2011, 
International Business Machines Corporation had 433,362 
employees, but at the same time Konarka Technologies 
Incorporation had only twenty-five employees. Small firms 
were energies nanotechnology companies usually established 
late in the twentieth century.

In Figure 2, we used NAICS, “the standard used by Federal 
statistical agencies in classifying business establishments 
for the purpose of collecting, analyzing, and publishing 
statistical data related to the U.S. business economy.” [1]. 
Many companies span a variety of different fields. Once we 
had the list of companies, we examined the types of products 
they made and who would benefit from those products. We 
then classified the companies as either helping the poor, rich, 
or industry (Figure 3). 

More than thirty firms develop products that will benefit the 
poor. For example, Koch Membrane is “helping millions of 
people live healthier lives by developing better ways to purify 
the world’s water sources, improve food processing, and 

more.” [2]. Nanosolar says, “By printing CIGS-inks 
on low-cost aluminum foil, Nanosolar is utilizing 
its proprietary high-throughput roll-to-roll printable 
semiconductor technology to enable the world’s 
lowest-cost thin-film solar panels.” [3]. 

We found few companies benefit only the rich. 
Companies that sell products that only help the rich 
are developing products like expensive apparels or 
furniture that has anti-static, and spill technology.

We found that twenty-seven companies discuss 
nanotechnology on their websites. However, none of 
the agri-food companies mentioned nanotechnology. 
We suspect these companies are hesitant to talk 
about nanotechnology because nanotechnology is 

not well-known by the public, therefore the public might have 
negative reactions of having nanotechnology in their food. 

Most of the products produced by these twenty-seven 
companies were intermediate materials, like chemicals, used 
by other companies. Very few companies sold the nano-
products directly to consumers.

Only twenty-seven of the fifty-five companies mention 
poverty. For example, one company said that, “Our membrane 
filtration elements are in use worldwide, producing enough 
clean water daily to sustain healthy living for four hundred 
million people” [4]. However, when we examined the 
products of the companies, only nineteen out of fifty-five 
companies were developing nanotechnology products, like 
low cost water filters or solar cells, that could help the poor 
and reduce inequality.
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