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Proposal for Deposition Mechanism of Diamond and Cubic BN
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Abstract

Deposition mechanism of diamond and/or cubic BN from gas phases was considered with reviewing the previous data
containing ours. Especially the developmental history of several types of plasma CVD apparatus by ourselves told that it is
essential how high energy to introduce into the gas plasma for excitation electromagnetically and thermally and then how
much atomic hydrogen to produce for etching out sp® materials like graphite and hexagonal BN or for suppressing their
deposition in the CVD under the low vacuum. Conclusively, a key for the formation of diamond and/or ¢cBN from gas phases is
to excite raw material species up to higher energy states beyond kTe (electron temperature of plasma) corresponding to
activation energy Usp® of sp® materials and to let them come flying just on the substrate with not losing their energy by
collision or recombination. Thus, a new general concept for the deposition mechanism of diamond and/or ¢BN has been

proposed in relation to the atomic potentials with sp2 andsp’ electron orbitals.

1. Introduction

Once the synthesis of diamond and cubic boron nitride
(cBN) required extremely high pressure and high
temperaturel. Now, some new processes have been
investigated for the chemical vapor deposition (CVDy»**
or the physical vapor deposition ®PVD)Y*"* of diamond
and ¢BN from gas sources atlow pressure. Insuch techniques,
a tungsten hot filament and/or an r.finduction are often
used to excite the gas plasma to higher energy states. The
hot filament method at first reported by NIRIM group’ is
usually used for the deposition of diamond. This method
needs such some requirements as follows; much amount
of H, near or over 99% to methane(CH,), hot filament
heating over 2000 °C and very short distance under Smm
between filament and substrate. The reason is possibly
that hot filament heating over 2000 "C dissociates H, to
atomic H and that this atomic H plays an important role
to etch graphite out and resultantly to form diamond at
such some trap-sites as steps or kinks on the surface of
substrate. However, it cannot be immediately said that
the formation mechanism of diamond was understood. As
for the ¢cBN composed of two different elements of B and
N, it is much more difficult to understand a ¢BN formation
mechanism.

With the aim to clear a ¢BN formation mechanism,
we' have also developed some types of CVD apparatus
until now. On the development, it was found that the
essential requirement conditions are to introduce a high
energy into the reaction space electromagnetically and
thermally for plasma excitation and to produce much atomic
H for decrease of turbostratic or amorphous BN (tBN or
aBN) and increase of ¢cBN. This can be same in the diamond
formation. Whereas, it is said that the atomic H is needed
in the CVD process but not needed in the PVD process.
For example, in the jon beam deposition’ or in the laser
beam sputten'ng7 Ar gas is mainly used and (Ar + H,) or
(Ar + N,) gas mixture is occasionally used. Why is that?
This is one important problem. Meanwhile, there is other
very important problem relating to plasma energy. It was
found from our detailed plasma spectroscopic study that
the synthesis of ¢cBN by plasma CVD method requires a
very high gas plasma energy for the chemical bonding of
zinc-blende type ¢BN. How high energy is needed for the
formation of ¢cBN? This is another important problem. It

is thought that an answer to these problems is a key to
clear the formation mechanism of diamond and cBN. In
this report, our developmental history of plasma CVD
apparatus for the formation of ¢BN will be presented and
then the problems described above will be considered from
the experienced points, followed by the necessary conditions
and the possible mechanism for the synthesis of diamond
and cBN.

2. Development of plasma CVD apparatus for synthesis

Recently, CVD techniques for diamond and cBN
deposition have been advanced widely. We have also
developed some CVD apparatus to study the formation
factors of ¢cBN. They are schematically shown in Fig.1°.
Our developmental history of plasma CVD apparatus is
divided into three generations.

An apparatus set in the first generation was of the
simplest horizontal furnace type using an r.f.power of
13.56 MHz(Fig.1(a)). By this furnace, no cBNwasdeposited
but only a tBN was deposited on a substrate placed at the
center of furnace.

A redesigned apparatus in the second generation was of
a unique type using both an r.f. electromagnetic field and
tungsten filament heating. In this method, the tungsten
filament plays a key role for the formation of cBN. For
the purpose of ¢BN synthesis, we made two types of
apparatus; one is the vertical type (Fig.1(b)) and the other
is the horizontal type (Fig.1 (¢)). When the filament is
not heated, i.e. only the r.f.induction is used, ¢cBN cannot
be formed but only tBN or aBN. For the synthesis of
¢BN, the first success was attained by the additional thermal
assistance of the tungsten filament. Source material gases
put into the plasma chamber were first excited into the
plasma state by the usual r.f. induction of 13.56MHz at
100W and additionally excited by heating the tungsten
filament over 1600 °C. The source gases used were diborane
(B,Hy) and ammonia (NH,), which were diluted to 1% in
volume with hydrogen gas. A silicon wafer substrate placed
just behind the filament was heated to a constant temperature
of 800 ‘C by an electric furnace. By this method, ¢cBN
was found to be co-deposited with a tBN structure by
about 20% in the volume fraction. The cBN was also
formed with the horizontal type apparatus, where solid
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Fig. 1. Progress of plasma CVD apparatus developed in our
laboratory.

state raw materials can be used.

In the third generation, a new type of CVD apparatus like
a Knudsen cell as shown in Fig.1(d) was devised with the
aim to improve the yield of ¢BN. This apparatus is in
principle similar to the apparatus in (b) and (c). Here,
solid raw materials such as NaBH, or H,BO, are placed in
the crucible and the reactive carrier gas, NH,, is introduced
intoa crucible containing a tungsten filament. The vaporized
and reactive carrier gases are excited into a plasma in the
crucible by r.f. induction and then are activated by the
filament. The reacted gas product, BN, is ejected from a
small central pinhole of the cap covering the crucible out.
With this apparatas, the BN film was deposited with a
relatively high rate of about 1000 A s'. By the IR
spectroscopy and transmission electron microscopy, the
deposited BN film was examined to be mostly composed
of ¢BN. The reaction process of ¢cBN synthesis in this
method is essentially as well as in the earlier methods.
Our developmental history of plasmaCVD apparatus tought
us that it is important how high energy level to excite up
the gas plasma to. The reaction space of the crucible type
apparatus is about 1/500 of that in the first generation
apparatus, while the reaction space in the second generation
apparatus is about 1/50 of that in the first generation

apparatus. This means that the plasma energy can be
highly concentrated in the reaction space of the third
generation apparafus.

3. Pressure-temperature diagram for diamond and c¢BN
synthesis conditions

We learned from our past experiments that it is most
of importance how high energy level the reactive gas
plasma should be excited to. Then, we attempted first to
examine the formation conditions of cBN already reported
in various PVD and CVD methods. Some other data
plots on the diagram of plasma pressure vs temperature
(p-T) as shown in Fig.2"**'? suggested that it is essential
for the synthesis of ¢cBN to activate reactive gas species
beyond the electron temperature(Te) of plasma. This can
be undoubtedly same in the case of diamond synthesis.
Figure 3" is the p-T plots of diamond which apparently
shows the same results as that of ¢cBN. Meanwhile, it is
found from the previous studies on the formation of diamond
and cBN that much amount of atomic hydrogen is absolutely
needed in the CVD process but not in the PVD. In the
present report, these facts described will be considered
from the physical point of the "mean free path" and then
the potential energy distribution diagram will be proposed
for the formation mechanism of sp2 and sp3 materials.

According to our experiments4’5, the cBN could be
formed on the Si substrate by means of the r.f. plasma
CVD technique with hot filament. The result of in-situ
plasma spectroscopic analysis told that a great number of
Hatomsand N, ions co-exist. Especially for the generation
of atomic H, it is found that the atomnic H increases with
increase of hot filament temperature. Also, the formation
of diamond and c¢BN is strongly dependent on the gas
pressure. That is, the CVD process in the low vacuum is
used for diamond deposition against the PVD process in
the high vacuum for i-C (ion-beam deposited carbon).
Figure 4 shows the potential curves for sp’ andsp’ materials.
The energy difference Usp’-vdw represents the transforma-
tion energy from the sp2 to sp’, e.g. graphite to diamond.
In the deposition process, gas species such as atoms or
molecules are shifted to the higher energy level by collision
of high speed electron with high energy, and then they
should be holding or not be losing their potential energy
just by reaching the substrate for the diamond and ¢cBN
deposition. The reaction for the formation of the sp’ or
sp° must occur just on the surface of substrate, and then
only the radicals having high energy beyond one threshold
value must form a sp’ material. "This is closely related to
the degree of vacuum." Actually in the BN deposition
experiment, the deposition of the sp’ material is dominant
under the relatively high gas pressure (low vacuum) though
the sp’ material is dominant under the relatively low gas
pressure (high vacuum). This means that the major species
reached the substrate have lost energy and have become
inactive. It is supposed that the radicals can always lose
their energy by collision and recombination with other
species or electrons especially in therelatively low vacuum.
If the radicals could fly in the relatively short mean free
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Fig. 3. Illustration of log p - log T diagram for the diamond system: 1) ref. 13;
2yref. 2; 3)ref 3; 4)ref. 14; 5) ref. 15; 6) ref. 16; 7) ref 17.

-111-

10 i T 1 T I 1 T
PVD - l__ cv D-——m—‘
7 Satoh v 4
8 L “Yon Beam Bombardment 10
1
Hineda et 31.2) ata
Lasesr) BvD Yoshida et al.%)
Tana et al. Psouttering X ]
6+ IBADE 3)Chayahara et a14) ‘ 110
Inagawa et all’ “<ECR Plasza CVD -
ARE Saitoh et al.}
S~ 5)  Dlassa Jet
el Saitoh et al. I
Te S~ RF Plaswa CVD ‘
LF 11
)
Fukunaga
-2
2 ' High Temp.—10
Glow Discharge High Pres.
O l 1 | ! | ! 1
L -2 0 2 4 6 8 10
Leg p/Pa
Fig. 2. Illustration of log p - log T diagram for the BN system: 1) ref 6; 2) ref, 7,
3)ref. 8; 4)ref. 9; S)ref. 10; 7yref 1; 8)ref 11; 9) ref 12.
10 T T ¥ T o : o T
. f.p.= mean free pat
High vacuum Hiddle vacuum Low vacuum md-psm
m. f.p. 2 100~0.1 m mofop. 100~0.1 mm Jo fop. 100 ~0.1 um
el 1
8 ) 10t
Kitabatake et al. ! 1 ata
7 Freewm“ 183 [iNanba et al.s) [
XBD um )
A et al i
1) - 2
| _E7]Spencer et al. Hot F & e~ 1 h
6 é Spe ot e BSS:lSt 10
.
Te \\\\\ 1 -wave famo et al.
— el =~ B C
4. L Te— Hatsumoto etlal‘ liquid 1
' Cgrapbite
Cdiamond| _,
2—. High Temp.1o
Glow Discharege \ High Pres.
O t | 1 ! 1 | 1 !
A -2 0 2 A 6 8 10
Log p/Pa



Q—-—FU sp3

_ e itUsp?
e - AUy
.~ curvelll

LUy gy,

Potential

V.d.W.=Van der Waals

'
‘
'
'
1
'
‘
'
'
1
1

K
Teub

“ " Free atom
r Thex. layer
hex. plane
Atomic Distance

Fig. 4. Interatomic potentials for graphite and diamond; curve
I (van der Waals' force), curve II (sp®) and curve III (sp?).

path, they might form only the sp’ materials. From the
physical point of the "mean free path”, if can be said that
the CVD process is short but the PVD process is long.
For the formation of the sp’ material by means of the
CVD process, therefore, a great amount of atomic H must
be needed to remove the sp” material out and the distance
between the filament and the substrate must be as short as
possible. On the point of view mentioned, the CVD
apparatus already succeeded for diamond deposition must
be so well devised as not to lose energy by collision or
recombination. Namely, the substrate must be set very
near the filament for the hot filament CVD and also just
at the center of gas plasma for r.f.- or micro-wave CVD.
Alsointhe plasma jet or plasma torch method, theenergized
particles can come flying onto the substrate with not
losing their energy by means of ejecting the high pressure
gas plasma from the fine nozzle. Thus, each of methods
talked above is applicable to the deposition of diamond
along the interatomic potential curve as already shown in
Fig. 4. On the other hand, the synthesis of ¢BN is much
more difficult than that of diamond as compared because
the ¢BN is composed from two elements of B and N
against diamond of monoatomic C. Then, the two ideal
methods of cBN synthesis expected best are a PVD by
NIT group™ having a characteristics of exciting B and N
near on the substrate by high speed electron shower in the
high vacuum and a CVD by NIRIM group” having a
characteristics of energizing B and N by means of laser
irradiation just on the surface of substrate.

4. Considerations

The above description tells that the most important
problem is how high energy the flying particles onto
substrate have. For the deposition of sp’ material, the
flying particles must be excited beyond the electron

temperature(Te) of plasma and brought to substrate with
holding activation energy over kTe corresponding to Usp’
in Fig.4. This is easy in the PVD process but hard in the
CVD process because the mean free path is very long in
the former but very short in the latter. This means that
some special requirements are needed in the CVD process
for the formation of sp’ material; much amount of H, near
or over 99% to CH,, hot filament heating over 2000 °C
and extremely short distance between filament and substrate.
Now, the possible mechanism for the synthesis of diamond
and ¢BN will be considered and discussed.
(1) Activation energy of flying particles onto substrate
We are talking about which material of sp® or sp’ is
deposited from gas phase by using our vertical-type plasma
CVD apparatus as shown in Fig. 1(b). A simple concept
of the reaction at that time is shown in Fig.5. The raw
material gases like atoms or molecules introduced from
the top inlet are firstly inductively excited to plasma state
by the r.f. coil in the upper room and then thermally
assisted to much higher energy state by the hot filament
in the lower room. Thus, the raw material gases are
dissociated and the sp’ or sp’ material is deposited on the
substrate placed just under the hot filament. Then, a key
for the formation of sp’ material is that the high energy
particles formerly excited must reach the substrate with
not losing energy by recombination. Here, the activation
energy of flying particles must be beyond kTe which can
be mainly given by high speed electrons thermally or
electromagnetically accelerated. As for the flying particles
below kTe, only the sp” materials can be deposited but the
sp° ones cannot be done. Of course, it is natural that the
energy loss of flying particles by recombination is fairly
dependent on the degree of vacuum, and so even if the
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flying particles can be excited beyond kTe, they may
easily lose their energy by recombination, especially in
the CVD process of the low vacuum. Indeed, it is well
known that the visible light of gas plasma is emitted
when the excited particles lose their energy by
recombination. Then, the flying particles which lost their
energy immediately fall down into the more stable state,
ie. the sp material like graphite or hBN. The deposition
of such sp’ material as graphlte or hBN has a tendency to
suppress the formation of the sp’ material like diamond or
¢BN. Therefore, much amount of atomic H is needed to
evaporate out the sp’ material as a gas phase from a
reactive system. The CVD process for the formation of
the sp® material like diamond or ¢BN is said to need much
amount of atomic H which is catalytically generated from
H, molecule by heating W-filament beyond 2000 °C.

(2) Potential barrier between graphite and diamond ; hBN
and cBN

It is well known that graphite is easy to be formed but
diamond is hard. This fact is also same in the relation
between BN and cBN. Why ? This answer can take us to
the best way to deposit or form the sp’ material like
diamond or ¢cBN from gas phase.

In the following, the changes of potential barriers to
reactive processes will be discussed by using the model as
shown in Fig. 6. This shows the changes of the potential
dependent on the reactive processes from source to product
in the case of carbon (graphite and diamond). Here, the
source of raw material is a free carbon atom or molecule
like CH, in the ground state, the product 1 is a graphite
structure composed of a few atoms, at least 4, characterizing
graphite, and the product 2 is a diamond structure composed
of the minimum number 8 atoms. In the reaction from
source to product 1, the potential barrier B1 between the
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ground state nC(ssz) and the excited state Cn(spz) is s0
high as about 3.8 eV by theory but in fact is very small,
maybe at most 0.1 eV, because the van der Waals' force
(long-distance force) between hexagonal planes strongly
affects the formation of graphite structure. This fact can
be read from Fig. 4. Next, talking about the reaction
from source to product 2 via product 1, the potential
barrier B2 between nC(s’p’) and Cn(sp’) is 4.7 eV for
dlamond comaspondmg to kTe in Fig. 4, but that between
Cn(sp?) and Ca(sp’), i.e. graphite and diamond, is supposed
to be so much higher. In the PVD process each carbon
atom or molecule energized beyond barrier B2 can construct
the diamond structure, but in the CVD process the graphite
structure is as usual dominant to the diamond. Here, the
former, once if deposited, tends to suppress the deposition
of the latter. The reason is that the potential barrier from
Cn(sp ) to Cn(sp } should depend on a few atoms (cluster),
at least 4, and that the potential energy is estimated about

6 eV for the transformation of C 4(sp )-C 4(sp ) to Cg(sp )
as shown in Fig. 7.

5. Conclusion

The synthesis of cBN from the gas phase has been
studied by a new plasma CVD apparatus using an r.f.
plasma and tungsten filament heating, and the formation
mechanism of ¢cBN has been described by a p-T (pressure
vs. temperature) diagram in which the experimental data
on c¢BN formation are plotted. These facts can be quite
same to the formation of diamond.

With respect to the formation of diamond and cBN, it
is most important how much energy the flying particles
onto the substrate have. Namely, for the deposition of sp
material, the flying particles must be excited beyond the
electron temperature of plasma and brought to the substrate
with holding activation energy over kTe corresponding to
Usp’. This is easily attained in the PVD process of the
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high vacuum but hardly in the CVD process of the low
vacuum, because the mean free path is very long in the
former but very short in the latter. Conclusively, for the
formation of the sp’ material like diamond or ¢BN by
means of the CVD process, much amount of atomic H is
needed to evaporate out the sp” material like graphite or
hBN which was formed as the result of recombination.

Therefore, we have proposed a new concept for the
formation of diamond or cBN.
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CVD Diamond Growth: Gas Compositions and Film Properties

P K. Bachmann, H]. Hagemann, H. Lade, D. Leers, D.U. Wiechert and H. Wilson
Philips Research Laboratories, P.O. Box 1980, D-52021 Aachen, Germany

Abstract

The influence of various deposition parameters on rate, crys-
tallinity and phase purity of CVD diamond deposits is discussed.
Emphasis 1s on microwave plasma CVD of diamond from C/H-,
C/H/0-, C/H/F-, C/H/Cl- and C/H/N-gas mixtures.

The manufacture of wear-resistant diamond thin films, diamond
vacuum window membranes and thick diamond heat spreader plates
are used as examples to outline the influence of various deposi-
tion parameters on the performance of finished products and to
describe the use of our ternary gas phase compositional diagrams
as tools for minimization of process and product optimization
efforts.

Introduction

Since the revitalization of diamond chemical vapor deposition by
the ground-breaking publications of B.V. Spitsyn et al [1], and
M. Kamo, S. Matsumoto,¥Y. Sato and N. Setaka at NIRIM, Japan
[2,3], numerous CVD processing variants were added to the list
of possible ways to grow diamond films (see, e.g., [4,5] for an
extensive list of references and a critical comparison of the
methods). The driving force of inventing new ways of diamond
making was and is to grow better quality diamonds on larger sub-
strate areas at higher rates and lower deposition temperatures.
While some of the methods are merely of scientific interest,
others, especially hot filament deposition, microwave plasma, DC
arc jet, or RF plasma CVD technology emerged into industrially
applicable manufacturing technologies with potential for scale-
up and volume production of high quality material.

In addition to new methods of initiating the CVD reactions, new
gas compositions were tested in order to improve the gquality and
phase purity of the deposit, to reduce the thermal load on the
substrate and to increase the deposition rates (see [4-6] for
references). Additives to the carbon carrier gases as well as
their concentrations were often selected by trial-and-error or
are directly connected with the deposition process used (e.g.,
combustion flame technoleogy [7]).

The scientific as well as the patent literature of the 1980s
contain a wealth of methods and recipes to grow diamond from the
vapor phase. Our analysis of such data along with the results of
our own experiments resulted in the development of a C/H/O - gas
phase compositional diagram (6] that provides a common roof for
all diamond CVD methods known to date and helps to explain, op-
timize and correlate deposition conditions, experimental results
and film properties.
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Diamond CVD Gas Phase Compositional Diagrams

The principles of constructing the C/H/O-diagram and the result-
ing predictable trends of the experiments are outlined in ref.
[6]. In i1ts first version, the triangular diagram comprises a
wedge-shaped region where diamond growth is, at least with re-
spect to the gas composition, feasible. This “diamond domain”
extends along the H-CO tie line of the diagram and is limited by
a region of oxygen-rich gas compositions from which no deposit
forms and by a region of carbon-rich gas mixtures that result in
the deposition of dominantly amorphous, non-diamond carbon phas-
es. The basic principles of this diagram stood the test of time
and the existence of the diamond domain was confirmed by many
authors [8-10]. Its position and shape can even be explained by
thermodynamical calculations [11]. However, additional experi-
ments in previously unexplored regions of the diamond domain led
to modifications of its shape and revealed additional trends
[8]. If sclely based on microwave plasma CVD experiments at 1.5
kW and 50-110 mbar performed on the same deposition unit, the
diamond domain exhibits a lens shape as shown in Fig.l [8].
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Fig. 1: Updated C/H/O-gas phase compositional diagram of

diamond CVD [8] showing a lens-shaped diamond domain.
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The most import modifications compared to the earlier version
[6] of this diagram are:

° a lens-shaped rather than a wedge-shaped diamond domaln.
This includes the fact that the domain narrows down to a single
point at its right side. Carefully performed experiments indi-
cate that diamond growth without anv source of hydrogen in the
system is not feasible and at least 0.5% H needs to be present
in the C/H/O-mixture to allow for diamond to grow.

. the straight oxygen-rich border of the diamond domain is very
close to the CO-H-tie line of the diagram. Its position was not
only confirmed in many growth experiments but is also nicely 1l-
lustrated by the complete wvanishing of any C-related optical
plasma emission when crossing over from the diamond domain into
the no-growth region of the diagram.Interestingly, both the
sharpness of the oxygen-rich domain border as well as the lens
shape of its C-rich border are confirmed by thermodynamics cal-
culations. For high power densities, calculated and experimental
domain shape seem to match even closer than for low power/low
pressure plasmas [21] indicating that at least under high power
density conditions the system can be close to thermodynamical
equilibrium.

Of course, the correct gas phase composition is not the only re-
guirement for diamond CVD. If no energy 1is provided to the
system in order to sufficiently radicalize the gas phase, dia-
mond growth will not proceed, i.e. the diamond domain will dis-
appear. For microwave energies of only 500 W, the domain is nar-
rower than indicated in Fig.l and does not extend over the full
width of the triangular diagram, as shown by P. Paroli [9]. Nev-
ertheless, the diamond domain indicates where to search for dia-
mond and hence provides a strategy tool to optimize the deposi-
tion process and the quality of the deposit. In connecting the
experimental results of over 30 years of worldwide research, it
also i1llustrates that specific starting materials are not re-
quired for diamond growth and that many CVD diamond patents re-
lated to gas phase compositions are most likely cobsolete.

It is, of course, possible to construct other ternary gas phase
compositional diagrams. In order to evaluate the proposed [12]
benefits (lower deposition temperature and higher rates) of
adding halogen compounds to the diamond CVD gas phase, we per-
formed a series of microwave plasma deposition experiments using
C/H/Cl- and C/H/F-gas mixtures [13]. We were able to confirm di-
amond growth from both gas systems and plotted our results along
with literature data into C/H/Cl- and C/H/F-gas phase composi-
tional diagrams. The hydrogen-rich corner of the C/H/Cl-diagram
is shown in Fig. 2 [13]. The respective diamond domain is limit-
ed to an area very close to the H-corner of the diagram. High
chlorine concentrations seem to foster the deposition of non-di-
amond carbon phases. In our microwave experiments we were, how-
ever, unable to locate a region inside the C/H/Cl-growth domain
that would provide an advantage in terms of rate, phase purity
or deposition temperature over C/H/O-gas compositions. This
along with the problems associated with the handling of chlo-
rine-containing gas mixtures, forced us to terminate further ex-
ploration chlorine-assisted diamond CVD.

In the case of fluorine-assisted diamond CVD, evaluation of the
literature and our own experimental data in the form of a
C/H/F-diagram 1indicates that the diamond domain extends

-117-



diamond (this work; MW-plasma)

mixed phase (this work; MW-plasma)

m graphitic (this work; MW-plasma) -
©

diamond (literature data; MW- and DC plasma)

mixed phase (literature data; MW- and DC plasma)

Hlll[illll!l [Illi llr!llllllll‘rllllllllll!l]
___...——__M
XH/CI—CV(C“'H) 005 010
Fig. 2: H-rich corner of the C/H/Cl-gas phase compositional

diagram of diamond CVD [24].

well into the fluorine-rich region of the ternary system and is
positioned next to the H-CF, tie line. However, again we could
not find any advantage of fluorine-assisted diamond CVD over
growth from C/H/O-mixtures and, in addition, the use of fluorine
severely restricts the type substrate materials. Silicon, e.g,
is always damaged, even if only small quantities of fluorine are
present 1in the plasma activated gas phase. We, therefore, termi-
nated further investigation of halogen-containing diamond CVD
gas mixtures.

A C/H/N-gas phase compositional diagram is not worth plotting,
because diamond growth is basically limited to a region very
close to its C/H- side line. Addition of only 1% nitrogen gas to
a mixture of 1% CHy/H, results in severe deterioration of the
crystalline structure and poor phase purity of the deposited ma-
terial [14]. As detected by emission spectroscopy, nitrogen-con-
taining compounds in the source material were also responsible
for the poor quality of our microwave plasma deposited films
grown from acetylen-oxygen mixtures [8] {(see Fig.1l).

Film Properties

The C/H/O- or C/H/X-diagrams are not only helpful in exploring
new gas compositions or to optimize the start-up or shut down
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procedure of deposition experiments, but also minimize the ef-
fort needed to optimize the properties of the deposit and hence
of the final product.

In the course of developing vacuum windows based on thin diamond
membranes [15], we were able to clearly correlate the occurrence
of membrane damage during the required wet etching procedure
with the CVD gas phase composition. Attempts to correlate the
membrane destruction with crystal size, texture, phase purity,
thickness, or other deposition parameters failed. TEM data of
our films [16] indicate that, although the crystalline perfec-
tion of individual diamond grains grown from gas mixtures with
high oxygen levels, i.e. in the center of the C/H/O-diagram, 1is
better and the dislocation densities are lower than for C/H-
grown material, connectivity between the grains seems to be a
problem and small pores are likely to form. These O-induced
structural differences seem to be responsible for the observed
film damage.

Wear reslstant coatings can be grown from C/H- and C/H/O-gas
mixtures. We were able to demonstrate that i1f the nucleation
density 1s high enough, a laver of only 50 nanometer of CVD dia-
mond grown from either acetone/oxygen- or from methane/hydrogen-
mixtures converts the wear performance of the soft surface of a
silicon wafer to that of a tungsten carbide cutting tool insert
[17]. In this case, optimization of the film properties along
the diamond domain 1s not required and the deposition rate ad-
vantage of C/H/O- over C/H-gas mixtures can be fully exploited.
However, choosing the proper position across the width of the
diamond domain allows to optimize the wear performance of a film
versus 1its friction properties. While high friction, well-
facetted material grows closer to the oxygen-rich border, low
friction, fine grain material precipitates closer to the C-rich
border of the diamond domain.

Gas phase induced crystallinity and phase purity changes also
affect the thermal and optical properties of the deposit: the
thermal conductivity of C/H/N-grown diamond is usually low and
the presence of nitrogen in the CVD gas phase quenches the dia-
mond A-band luminescence at 445 nm.

Preliminary results of a comparison of thermal diffusivity data
of a large number of our C/H- and C/H/O-grown diamond thin and
thick films reveals that it is difficult to grow high quality
heat sink material from oxygen-containing gas mixtures. Although
we were able to grow 250 pm thick white diamond disks with a
thermal conductivity of 22%2 W/cm K, the thermal conductivity of
material grown from gas mixtures with high oxygen partial pres-
sures never exceeded 10W/cm K [18].

Conclusion

The composition of the CVD gas phase plays a vital role for the
diamond deposition process, its optimization with respect to
rate, phase purity, substrate temperature and substrate materi-
al. It is equally important for the mechanical, optical, thermal
and electrical properties of the deposited material. Ternary gas
phase compositional diagrams are not only scientifically inter-
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esting but are helpful tools that provide a strategy to minimize
the effort needed for optimization and thus reduce diamond CVD
process and product development costs.
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Epitaxial Growth of Diamond on Foreign Substrates

T. Inuzuka
Department of Electrical Engineering and Electronics, Aoyama Gakuin University
Chitosedai 6-16-1, Setagaya-ku, Tokyo 157, Japan

The initial growth process of diamond on c¢cBN surfaces
will be described in details considering the nucleation and

epitaxy of crystals from vapor phase. At the quite early
growth stage of diamond deposition, thin carbon layers start
to grow prior to the daiamond growth. The nucleation of

diamond takes place on this thin carbon layer selectively.

This layer will have the structure close to that of
diamond and plays a significant role for the nucleation and
epitaxy of diamond.

1. Introduction
Recently,polycrystalline diamond thin films are quite
easily formed from the vapor phase on a variety of substrat-
es by using several kinds of chemical vapor deposition (CVD)
methods.[1-3] These films,however,contain some amonunts of
graphitic components and hydrogen at the grain boundaries
and/or crystal surfaces.[4] They may act as the reason for
the degradation of the superior electronic and opto—-electro-
nic properties of diamond. To fabricate the elctronic~ and
optical- devices by using CVD diamond,it is required to grow
the films with the high crystal perfection. Considering
these requirements,it 1is significant to be able tco grow
diamond thin films epitaxially on foreign substrates.
Heteroepitaxial growth of diamond hss been reported
on single crystal surfaces of cubic boron nitride({cBN), Ni,
SiC and Si.[5-8] On single crystal or epitaxially grown Ni
surfaces,it is quite difficult to form the epitaxial thin
films{ the growth of epitaxial islands has been confirmed),
bacause the solubulity of carbon{(diamond) into Ni is relati-
vely high at the elevated substrate temperature. It is
reported that the epitaxial nucleation of diamond can be
successfully performed by impinging the positively charged
particles (probably carbon ions) on substrate surfaces such

as SiC(100) and Si(100}). The growing films,however,show a
textured structure with the tilt and/or twist of diamond
island. This is a serious problem cosidering the applica-

tion of diamond films to electronic devices.

On cBN surfaces,the epitaxial growth of diamond islands
and the coalescence of the islands are observed and the epi-
taxial diamond films can be obtained as reported in the
previous papers.[9-11] Now,cBN single crystal is the most
promising candidate as a substrate for the fundamental
investigation of heterocepitaxy of diamond.

In this paper,the initial growth process of epitaxial
diamond thin films on (111) and (100) ¢BN surfaces will be
described in details and the epitaxy and nucleation of
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diamond on foreign substrates will be discussed briefly.

2 .Morphology of ¢BN single crystal
cBN single crystal svnthesized under high pressure has
been used as a substrate as shown in Fig.l. Cn {(100) surfa-
ce,the growth striations are observed by SEM alomg [110]
direction. The crystal plane (111) located at the position
parallel to the growth striation 1is correspond to (111)
nitrogen plane and perpendicular one is to (111) boron plane.
These are confirmed by using Rutherford back scattering
method. [9] The (100) surface of cBN is not flat due to
the growth striations, the {(lll)nitrogen is relatively flat
and the(l111l)boron has pits and/or steps.

3. Growth of diamond on (111)boron surface

The initial growth processes of diamond on (111)boron
surface are investigated and typical examples of the growth
manner on the stepped and the flat surfaces are shown in
Fig.2 (a) and (b)respectively.

In Fig.2(a),the step decoration of carbon layers (< 1lnm)
is observed at the gquite early stage of deposition and this
white bands grow wider forming a continuous carbon layer on

the substrate surfaces. It can be also seen that diamond
starts to grow slectively at the lower edge of the white
bands. This side of the white bands correspond to the

bunched step edges with the height of about 2 nm as measured
by AFM. (Fig.3)

On the other hand,the formation of the continuous
carbon layer can be seen on the flat region of the substrate
as shown in Fig.2(b),and the growth of diamond islands is
also observed. Observing the SEM photograph presicely(Fig.4
and Fig.2{a)),it is found that the numerous small and thin
diamond islands are growing on the thin carbon layer with
nearly the same contrast. The most of the small islands
grow epitaxially without twinning and the smallest size of
the islands resolved by high resclution SEM is about 5nm.
It is considered that the carbon thin laver will play an
important role for the nucleation of diamond on c¢BN {111)
surfaces. The epitaxial islands grow laterally and the
coalescences take place showing the various contrasts due to

theformation of structural defects.(Fig.5)

On cBN(1lll)nitrogen surface,the formation of the thin
carbon layer is not observed at the initial stage of deposi-
tion and epitaxial growth of diamond cannot be found under
the various experimental conditions.

4. Growth of diamond on c¢BN(100)surface

On (100)suface,a complicated structure of the order of
nm can be observed at the initial growth stage of diamond as
shown in Fig.6. This structure was not observed on c¢cBN(100)
surface before deposition or after exposure +to hydrogen
plasma. By AES mesurements,it is found that this layer is
the thin carbon layer which is similar to that observed on
(111)boron surface. Continuing the deposition,the facetted
diamond islands start to grow on the carbon layer and it is
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observed that the diamond islands show deformation relat-
ing to the small carbon particles in the carbon layer..

The growth process of epitaxial diamond thin film on
{(100) surface is shown in Fig.7. Fig.7(a) shows the small
diamond islands and coalesced islands. The black and white
stripes .along [110]ldirection are due to +the contrast by
growth striations on cBN (100) surfaces. In (b),coalescen
ce of the islands and the formation of (100) facets are
observed. Finally, the continuous diamond thin film is
formed as shown in{(c).

5. Summary

Initial growth process of epitaxial diamond thin films
has been investigated on single crystal ¢BN (111) and (100)
surfaces. It is found that thin carbon layers start to grow
on c¢BN(l1ll)boron and (100) surfaces at the quite early
growth stage. Continuing the deposition,the formation of
epitaxial diamond islamds is observed selectively on thin
carbon layers. These results suggest that a certain carbon
rich state is formed on thin carbon layers and the nuclea-
tion of diamond takes place with the aids of hydrogen atoms.
Although the structure of this layer is not determined vet,
the +thin carbon layer will have the structure close to
diamond, and play the significant role for the nucleation of
diamond from vapor phase. The structure determination of
thin carbon layers and also the analysis of the nucleation
process of diamond are now in progress by using STM and AFM.
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Fig.1l cBN single crystal
after diamond deposition.

(a)

Fig.2 Early growth stage
- of diamond on cBN(1ii),
(a)step decoration of
thin carbon layer, (b)thin
carbon layer on flat
substrate region.

(b)
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100nm

Fig.3 Growth of diamond
islands on bunched
step edge.

100nm

Fig.4 Small and thin diamond islands on/in thin carbon
layer.
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Fig.6 Initial
growth stage
of diamond on
cBN(100).

Fig.5 Coalescence stage of
(c) epitaxial diamond islands.

Fig.7 Growth process of epitaxial
diamond thin films.
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Growth and Electronic Properties of CVD Diamond
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Introductio

Diamond’s exceptional properties have made it an excellent candidate for electronic devices for
many years. Some early devices have been demonstrated using natural diamond while others have
simply been speculated based on diamond’s unique properties. Excellent reviews of this work and the
potential devices are given in Ref. 1 and 2. Some applications of particular note include: radiation
detectors; high temperature/high power diodes; and high temperature/high power transistors.

Unfortunately, these and many other applications will require high quality electronic grade
diamond. Even natural stones with their impurity levels and defects are unlikely to yield sufficient
properties, except in rare circumstances. In addition, the cost of this high quality diamond must be
competitive with other emerging electronic materials. Thus, the only viable alternative for economic
high quality diamond for many electronic applications is the development of heteroepitaxial thin films.
Og course, the elimination of a primary defect hindering the electronic properties, grain boundaries, is
only one of the developments necessary for diamond electronics. Looking farther into the future, the
elimination of other defects such as dislocations, twins, stacking faults, and vacancies will also be
necessary. However, the purtﬁose of the present manuscript is to briefly review the status of progress
towards Ketcroepitaxial growth and the observed improvement of the electronic properties.

The following section deals with highly oriented diamond films grown on silicon, which is by far
the most advanced technology towards heteroepitaxial thin films. Complete films have been prepared,
structural analysis has been underway and electronic properties have been measured. The subsequent
section deals with a relatively new promising technology of diamond growth on nickel. Due to the
much better lattice match between the nickel and the diamond, grain misorientation is expected to be
significantly lower than that observed for diamond on silicon. However, the chemistry of such
systems is much more difficult due to the tendency for graphitization on nickel. The process improves
?.ilamond particle quality and orientation on nickel, but has not yet allowed the development of complete

ilms.

Experimental

Highly oriented, (100) textured intrinsic diamond films have been grown in a microwave plasma
chemical va]i))or deposition (MWCVD) reactor where the chamber was modified to allow in situ
biasing./3] Diamond growth occurred by a multisteg rocess where bias-enhanced nucleation was
used to grow heteroepitaxial diamond particles on (1 0§ silicon substrates and the (100) texture was
generated by control of the relative growth rates of each crystal direction according to the van der Drift
texture evolution theory.[4]

To understand the potential benefits of heteroepitaxial nucleation and growth of highly oriented
diamond films, the electronic properties of boron-doped diamond films grown on highly oriented (100)
textured diamond films were compared to boron-doped diamond films grown on standard
polycrystalline diamond films and on (100) type Ila natural diamond substrates. All three substrates
were sumultaneously deposited with a boron-doped diamond film to compare the role of the underlying
substrate on the carrier concentration and the mobility. The electrical characterization was performed
with temperature dependent resistivity and Hall effect measurements between 80 and 600K where all
samples were vacuum annealed before characterization.

Results
The surface morphology of a highly oriented, (100) textured film grown on silicon is shown in

Figure 1 where ~100% of the grains are oriented relative to the (100) silicon substrate. Additionally,
the similar growth direction and rates for each grain produced a relatively smooth surface morphology.

* On leave from North Carolina State University
* Present address: AT&T Bell Labs, Murray Hill, NJ
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Although a high degree of orientation between the (100) textured film and the (100) silicon substrate
was observed, there was some degree of misorientation between the grains. The use of X-ray
diffraction pole figures has been employed to quantify the misorientation of the individual diamond
ains. The M of the (220) peaks are tygically 5-8°. The small FWHM indicated that the film
ng both smaa}ll1 tilt about a <110> in the plane of the substrate and a small azimuthal rotation about the
surface normal.

Figure 1: A SEM micrograph of a
highly oriented (100) textured diamond
film on a (100) silicon substrate.

A grain boundary between two highly oriented diamond grains imaged in a transmission electron
microscope (TEM) is shown in Figure 2. The misorientation between the grains forms a network of
parallel dislocations along the grain boundary. This dislocation structure is characteristic of a low
angle grain boundary where an array of lE\)f:n'odjc dislocations forms to accommodate the misorientation.
The dislocation spacing observed in Figure 2 was approximately 20 nm. An electron diffraction
pattern of both grains was not able to detect the misorientation between these two grains and suggests a
misorientation of less than 1°. Additional comparisons of the diffraction patterns between other
adjacent grains determined misorientations less than 6° across the film.

Figure 2: A TEM micrograph of a
low angle grain boundary between two
adjacent highly oriented grains.

The approximate thickness of the simultaneously deposited, boron-doped diamond film on a
polycrystalline diamond film, a highly oriented (100) textured diamond film and a type Ila natural
diamond substrate was 1.7um. The carrier concentration as a function of temperature for each boron
doped film was measured by the Hall effect and is shown in Figure 3a. Each sample exhibited two
types of conduction mechanisms where a minima in the carrier concentration indicated the transition
temperature between conduction mechanisms. At temperatures above the transition temperature,
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valence band conduction occurs where holes in the valence band are primarily responsible for char%e
transport. In this regime, the carrier concentration of the highly oriented film was similar to both the
polycrystalline film and the monocrystalline homoepitaxial film. At temperatures below the transition
temperature, the carrier concentration differed for each film. In this temperature regime, nonvalence
band conduction dominated and has been discussed by other researchers./5,6]

The corresponding mobility of the polycrystalline; highly oriented, (100) textured and
homoepitaxial diamond films measured by the Hall effect are shown in Figure 3b. The room
temperature mobility was 47.8 cm2/Ves, 135 cm2/Ves and 427 cm?2/Ves for the polycrystalline,
highly oriented (100) textured and the single crystal homoepitaxial diamond film, respectively. The
mobility of the homoepitaxial film was always greater than the mobility of the highly oriented film
which was always greater than the polycrystalline diamond film. At low temperatures, nonvalence
band conduction dominated and the mobility was dramatically reduced for all three films.
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Fi§ure 3: The a) carrier concentration and b) mobility of simultaneously deposited
polycrystalline, highly oriented (100) textured and homoepitaxial diamond film.

Discussion

The mobility of the fpolycrystalline, highly oriented (100) textured and the homoepitaxial diamond
film indicated a strong difference in hole transport with changes in the film morphology. However, the
carrier concentration was relatively unaffected by the different mm;)holo gg. his may be understood
based on the grain boundary transport theories developed by Seto/7] and Baccarini/8/ along with the
observed grain boundary structure in Figure 2.

According to the grain boundary transport theory,[7,8] defects at the grain boundaries trap charge
carriers and form a potential barrier at the grain boundary that impedes the motion of charge carriers.
The trapping of charge carriers forms a depletion region around the grains where the fraction of the
grain that is depleted of charge carriers depends on the grain size, the trap density and the dopant
concentration in the grain. Since grain boundaries consist of dislocation networks, it is likely that
dislocations are one source of traps at the grain boundary.

The difference in mobility of the polycrystalline and highly oriented diamond film suggests that
there was a difference in the height of the potential barrier between grains for these films. The ratio of
the polycrystalline mobility to the homoepitaxial mobility at elevated temperature was used to estimate
the barrier height and tralp density formed at the grain boundalt?/.[ 9] For the randomly oriented
golycr stalline diamond film, the barrier height was ~0.09 eV and the trap density was estimated to be

4x 1012 cm-2. The slightly lower carrier concentration of the highly oriented (100) textured film
suggests an uncompensated acceptor concentration of ~2 x 1018 cm=3; “therefore, for a barrier height
of ~0.07 eV, the trap density was 1.9 x 1012 cm-2. The barrier height in the highly oriented (100)
textured diamond film was ~20 meV less and the trap density was ~50% less than the corresponding
values in the polycrystalline film. These calculations suggest the reduction in traps through low angle
grain boundaries may account for the mobility improvement in highly oriented (100) textured films.

The grain boundary structure of a highly oriented film may be used to explain a possible source
of reduction in traps of the highly oriented film. The reduction in traps can probably be attributed to
the reduced dislocation density at low angle grain boundaries. A typical grain boundary consists of a
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dense network of dislocations that often cannot be resolved by TEM. For low angle grain boundaries,
the dislocation density is proportional to the misorientation angle; therefore, lower angle grain
boundaries generate fewer d};slocations and wider dislocation spacings. The low angle grain boundary
of the highly oriented film in Figure 2 exhibited a resolvable network of dislocations with a spacing of
20 nm. Since dislocations are the likely source of traps, the reduction in dislocation density at the grain
boundaries of the highly oriented diamond film is the most likely cause for the reduction in the grain
boundary traps and the substantial improvement in carrier mobility. Although this studi (}uantiﬁed the
improvement in the electronic behavior of highly oriented diamond films, it is likely that other
propergies may also be improved through heteroepitaxial nucleation and highly oriented diamond film
growth.

Diamond Growth on Nickel

Experimental

The heteroepitaxy of diamond on Ni by chemical vapor deposition (CVD) has been the subject of
mtensive research both experimentally and theoretically/70-19]. Sato and co-workers have reported
oriented diamond nuclei formed on both (100) and (111) Ni surfaces by microwave plasma
CVD(20,21]. The present authors have also demonstrated recently the oriented nucleation and growth
of diamond on Ni by multi-step hot filament CVD/[22-24]. The process involves seeding the Ni
surface with carbon, followed by high temperature annealing in atomic hydrogen. Diamond
subsequently nucleates on such a seeded and annealed Ni surface with the same orientation as the
underlying substrate, while the formation of graphite is inhibited. Diamond and non-diamond carbon
powders were used as seeds on the Ni substrates prior to the annealing and growth. In addition,
gaseous carbon in hydrogen was also used to generate a “seeded surface” by saturating the Ni at high
substrate temperature prior to the growth.

A schematic of the thermal treatment is shown in Figure 4. The annealing time tp, varied
depending on the degree and type of seeding and the exact surface temperature. It is believed that the
anneal must be held long enough to allow for sufficient reactions between the nickel, seeded carbon,
and hydrogen to form Ni-C-H intermediate states which suppress graphite formation and promote
diamond nucleation. On the other hand, the seeded substrates must not be over annealed because the
diamond seeds will then completely dissolve and diffuse into the bulk of the Ni lattice with no effective
nucleation centers left on the surface. After annealing, the temperature was lowered to 900°C for
normal diamond nucleation and growth at a pressure of 20 Torr and a total gas flow rate of 800 sccm.
The methane concentration in hydrogen was varied depending on the preferred orientation of the final
film. For the (100) orientation, the methane concentration was set at 0.5% in Hp, and for the (111)
orientation, the methane concentration was controlled at 0.3% in Hp.

Temp. (T°C)
~1100 \
~900 ~900
Step 1 l Step 2 ! Step 3
L 2 t3 time (1)
t1: ~10 min. initial annealing in hydrogen for de-oxidation
t2: ~5-120 min. high temperature annealing in hydrogen
seeding to form suitable Ni-C-H surface states

t3: normal growth conditions
subsirate temperature: 900-1200 °C
pressure: 20--100 torr
gas flow rate: 200--600 scem
methane concentration: 0.3--0.8% in H2

Figure 4: Schematic of the thermal treatment utilized for diamond deposition on nickel.
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Resul | Di -

Figures 5 and 6 are scanning electron micrographs of diamond grown on Ni surfaces seeded with
diamond powders prior to the thermal treatment. Both (100) and (111) oriented films could be grown
under the above experimental conditions. It can be seen that in many areas, individual nuclei were

own together, where the grain boundaries are no longer discernible. This was encouraging because
1t indicated that there was very little misorientation among the neighboring nuclei. If the percentage of
such oriented nuclei can be further increased and suitable growth conditions can be found to foster the
selective growth of the preferred orientations, it appears that a complete single crystal film will develop
with essentially no grain boundaries present, which is highly desirable for electronics devices
applications. C{,lrrent , consistent orientations of about 85% of the diamond nuclei can be realized in
an area of about 5x5 mm2. The Raman spectra confirmed that the oriented diamond films
possessed high structural ciuality, as evidenced by a strong diamond peak at 1330 cm-1 relative to the
graphite peak at 1580 cm-1.

Figure 5: Scanning electron micrograph Figure 6: Scanning Electron micrograph
of diamond grown on (100) nickel surface of diamond grown on (111) nickel surface
seeded with diamond powder. seeded with diamond powder.

The detailed chemical mechanisms responsible for the nucleation and growth of oriented diamond
films are still not fully understood. It appears clear from the deposition experiments that graphite
formation could be suppressed by forming either a nickel hydride or a nickel-carbon-hydrogen
intermediate state through the annealing process. However, effective diamond nucleation required that
the Ni surface was saturated with carbon. It has been postulated in the literature that the formation of
Ni-C intermediate states in which carbon atoms are in a tetrahedral bondin% configuration Frccedes the
diamond crystallization from the Ni-C solvent media both under HPHT conditions///] and in an
atmospheric recrystallization process{/5]. It was believed that similar intermediate states consisting of
nickel, carbon, and hydrogen were formed in the CVD process which were responsible for the
nucleation of diamond, not graphite, on the Ni surfaces. However, the exact nature of these
intermediate states (structure and composition) is unknown at present.

In summary, the successful nucleation and growth of oriented diamond films on Ni substrates
has been realized by a novel HFCVD process involving seeding, annealing, nucleation, and growth. It
was found that heavy seeding followed by annealing resulted in high densities of both (100) and (111)
oriented diamond nuclei on single crystal Ni surfaces which could subsequently grow together, where
the grain boundaries are no longer discernible. With a better understanding of the fundamental
mechanisms involved, complete, oriented diamond films on Ni substrates for electronics devices
applications appear viable.
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Structure and Morphology of Oriented Diamond Films

Peter Koidl, Christof Wild and Nikolaus Herres
Fraunhofer-Institut fiir Angewandte Festkorperphysik
Tullastrasse 72, D-79108 Freiburg, Germany

Abstract

Fibre textured als well as heteroepitaxially textured diamond films have been grown by
microwave plasma assisted CVD on silicon substrates. The texture axis is determined by the
growth parameter o = +/3 Vy09/V111, Which in turn depends on the growth temperature and the
gas composition. The overgrowth of heteroepitaxially oriented nuclei also depends on o.
Growth under o=~3 improves the orientation of heteroepitaxially textured films on {100}
substrates, whereas much smaller « leads to a complete loss of the epitaxial orientation. It is
shown that twinning causes this instability. The twin formation for various « values has been
modelled giving full explanation of the observed growth morphologies.

1. Introduction

There has been considerable progress over the last decade in the low pressure deposition of
diamond. An important achievement has been the development of oriented growth on non-
diamond substrates. Two types of structural orientation may be considered. i) Fibre textured
films have been demonstrated with various directions of the fibre axis [1,2]. Of special
importance are < 100> fibre textures, where a flat surface consisting of almost coplanar {100}
facets can be achieved. ii) More recently, heteroepitaxial nucleation on easily available single
crystalline substrates has been demonstrated leading to polycrystalline diamond films with
preferential grain alignment both in normal and azimuthal direction [3,4].

In the present paper we consider both types of oriented diamond films as shown in Fig. 1.
Their structural properties will be discussed. It will be shown that twinning has a pronounced
influence on structure and morphology. This motivated us to perform growth simulations.
Modelling of twin formation is shown to explain the observed growth features.

a) b)

Fig. 1. a) 100 fibre textured diamond films with coplanar {100} surface facets
b) epitaxially oriented diamond film grown on {100} silicon
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2. Experimental

The diamond films were prepared by microwave plasma assisted CVD from CHy/H, gas
mixtures. A NIRIM-type tubular reactor with a 40 mm diam. quartz tube was used for
deposition. An optical two-colour pyrometer was utilized to measure and control the deposition
temperature. In situ laser interferometry was used to monitor film nucleation and growth [5].

The heteroepitaxial nucleation was achieved by bias-enhanced CVD. A positively biased
counter-electrode was introduced into the plasma and the substrate was connected to ground.
Most of the nucleation and growth experiments were performed at 50 mbar pressure.

For random nucleation and growth of textured diamond films, silicon substrates dry-polished
with diamond powder were used. The heteroepitaxial nucleation was performed on untreated
{100} Si substrates.

3. Fibre-textured growth

The growth of polycrystalline diamond from randomly oriented nuclei generally results in a
thickness dependent structure. Once the thickness is larger than the average seed to seed
distance, a preferential grain orientation (texture) develops as a result of growth competition
between differently oriented grains [6]. Columnar grain structures with the column axis parallel
to the fastest growth direction, i.e. fibre textures, are common. The direction of fastest growth
is determined by the (idiomorphic) equilibrium shape of individual diamond crystallites which
depends on a growth parameter o = /3 Vypo/V111, i-€. essentially the ratio of growth rates on
{100} and {111} faces [5]. The fastest growing direction and thus the direction of the fibre axis
is given by [7]:

<1, 3/a-2,1> for 1 <a<15
<1,0,3/a-1> for 1.5 < a<3.

A variety of fibre textures has been reported, including. <100>, <110> and (less
frequently) <111> fibre textures [1,2]. Generally, textured growth results in rough surfaces,
however, for the <100> fibre texture, the film surface may consist of almost coplanar {100}
facets resulting in a smooth surface as shown in Fig. la.

The film structure and surface morphology of textured diamond films has been characterized
using X-ray diffraction, fast ion channelling, and angle resolved optical reflection [5]. These
techniques give information on the crystal orientation averaged over the film thickness, the
structure within a near-surface layer and the orientation of the surface facets, respectively.
Fibre textures with <100> oriented columns with an angular spread as narrow as 1° (FWHM)
have been reported [5].

<100> textured films may be covered totally or partially by {100} facets depending on the
nucleation density and film thickness [5,9]. The {100} sectors are of high structural quality
whereas the surrounding {111} sectors are rather defective. This is immediately deduced from
SEM pictures and confirmed by fast ion channelling for irradiation into the <100> fibre axis.
The reduced backscattering yield, i.e. the channelling dip, has been shown to result only from
the {100} sectors. The integrated chanelling dip area was found to decrease linearly with
increasing fraction of {111} facets at the surface [10]. Further evidence for the inhomogeneous
defect distribution was given by high resolution TEM investigations [11] and the observation,
that {100} sectors in <100> textured films are much more etch resistant than the surrounding
material [12].
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It has been shown that the texture formation and the direction of the fibre axis depends on
the deposition conditions. Fig. 2 shows the dependence of the film texture and morphology on
the methane concentration and deposition temperature. Three different growth regimes can be
distinguished in Fig. 2. At low methane concentrations and increased temperatures, the films
exhibit pronounced < 110> textures. The surface consists of {111} facets, inclined with
respect to the surface normal by 35.5°. At medium methane concentrations and medium
deposition temperatures a transition of the fibre axis from <110> to <100> occurs,
corresponding to a change in « from 1.5 to 3. The further increase of the methane
concentration or decrease in temperature leads to a sudden deterioration of the film
morphology. The films prepared under the latter conditions are fine-grained with surfaces
showing hardly any crystalline facets. Thus the «v=3 line demarcates the sudden transition from
sharply <100> textured films to a disordered fine grained material, most probably due to the
disappearance of {100} sectors for «=3. The various directions of the fibre axis in Fig. 2 have
been determined by X-ray diffraction. The o values were deduced from the above relations.
The tilt angle 71¢g indicates the average angle between the sample normal and the <100>
directions of the crystallites.
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Fig. 2. Dependence of film texture on methane concentration and deposition temperature; the
o values have been deduced from the direction of the fibre axis

Apart from the methane concentration and temperature other growth parameters may be
considered. The addition of oxygen has been shown to shift the quantitative relationship given
in Fig. 2, but qualitatively, very similar structural changes are observed when the carbon
content in the process gas and the deposition temperature are varied [7]. Even minor gas
contaminations, e.g. boron, are able to change the film structure and morphology. This
suggests that those impurities - probably due to their facet-dependent incorporation rate -
change the relative growth rate on {100} and {111} faces.

4, Heteroepitaxial nucleation and overgrowth

Recently, bias assisted microwave plasma CVD has been applied to grow diamond films via
oriented nucleation on B-SiC and Si [3,4]. In contrast to the fibre textured films discussed
above, these films show a preferential azimuthal orientation of the crystallites relative to the
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substrate orientation. We have grown those "heteroepitaxial" films on {100} Si substrates and
characterized their morphology and structure by SEM and X-ray diffraction. Fig. 1b shows an
oriented diamond film deposited on Si by bias-assisted microwave plasma CVD. A nucleation
layer was first deposited from 4% CHy diluted in H, at a negative substrate bias of 350 V.
Subsequent growth took place under our standard conditions for diamond CVD (1.5 % CHy, no
bias).

A comparison of the X-ray pole figures for a fibre-textured and "heteroepitaxially" aligned
film is shown in Fig. 3. The columnar alignment with rotational symmetry of the grain
orientation in the fibre textured film becomes evident in contrast to the normal and azimuthal
preferential alignment of the sample grown from oriented seeds. There is however a
considerable degree of residual misorientation in the latter film with a spread of the grain
orientation in both normal and azimuthal direction of approximately 7-12 degrees [13].

s e
o ~

- e
- B

Fig. 3. X-ray pole figures of the 220 reflection for a fibre textured diamond film (left) and a
heteroepitaxially textured diamond films grown on {100} silicon (right)

Fig4. 220 pole figure of an oriented diamond film grown on epitaxially oriented nuclei
under o=~ 1.5 conditions (left) and theoretical positions of the pole density maxima for
first order twins (right)
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The orientational spread relative to the growth direction may be reduced by overgrowing under
conditions favourable for the development of a <100> texture, i.e. «=3. If however
overgrowth is performed under conditions leading to much lower o values, the <100>
heteroepitaxial texture is destabilized. It has been shown that twinning (first order and higher
order) occurs such that the resulting crystals are oriented with their fastest growing direction
closer to the substrate normal [7]. As an example Fig. 4 shows the X-ray pole figure of the 220
reflection of a film grown under o=1.5 conditions on heteroepitaxially oriented nuclei
deposited on {100} silicon. The pole figure can be explained by first order twins relative to the
epitaxial orientation. An extra 6° rotation of the <110> direction towards the substrate normal
had to be assumed to fit the data. This tilt of 6° is within the angular spread of the original seed
orientations and may result from growth competition effects which favour crystals with
< 110> directions closer to the substrate normal. '

5. Twin formation

It has been shown that twin formation may drastically influence the structure and
morphology of epitaxially textured diamond films. It appears further that twinning is one
mechanism leading to the deterioration of the {111} growth sectors for « close to or above 3 as
shown for <100> fibre textured films. A better understanding of twin formation is therefore
required.

Wild et al. recently have modelled the growth behaviour of twinned crystals [7]. The
calculations assumed a cubo-octahedral crystal with a small twin attached to one of the primary
faces. The temporal evolution of the shape of this bicrystal was calculated for different «
values. Three types of twins had to be distinguished: twins on {100} faces, twins on {111}
faces with the twin plane parallel to this face, and twins on {111} faces with an inclined twin
plane. These twin types will be called Ty1001, Ty111),p, and Tyyqqy j, respectively. Fig. 5 shows
the result of growth simulations for the above three twin types and « values from 1 to 3.

1 <oa<1b<sa<2<og<3

Tr11yp

Te111y

Fig. 5. Resulis of numeric growth simulations for different twin configurations (indicated on
the left) and « values from 1 to 1.5, 1.5 to 2 and 2 to 3 (indicated on top)
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The simulations indicate that: i) Tyigoy twins disappear for a>2; for a<2 these twins
increase in size and cover part of the {100} facet. ii) T{“l},p twins propagate at first laterally.
If restricted to the primary {111} face, they do not lead to a significant increase of the surface
roughness. However, for a>2 they can reach the adjacent {111} facet and for <2 the
adjacent {100} facets. On these adjacent facets the T¢111),p twin propagates as Tgyypy; or
Ty100) twin, respectively. iii) Tyyq1} ; twins vanish for o <1.5; they grow larger and cover part
of the {111} facet if a>1.5.

These simulations predict the stability of particular crystal faces against twinning. A facet
may be regarded stable if an infinitesimally small twin attached to it disappears. It is unstable if
the twin grows larger. Fig. 5 shows that {100} faces are stable against twinning for oc>2 and
that {111} facets are stable against T¢qyyy ; twin formation for «<1.5. Tyy1yy , twins grow
larger for any «; however, for «<1.5 they do not affect any neighbouring {111} facets. The
computer simulations thus predict that {111} facets remain smooth for «<1.5 and {100} facets
remain smooth for a>2.

It has been shown that « is an important parameter determining the structure and
morphology of both fibre textured and heteroepitaxially textured diamond films and the effect
of twinning. An independent determination of « would thus be highly desireable. The shape of
twins turns out to indicate the prevailing « value. To demonstrate this relation, we have grown
a homoepitaxial film on a {100} diamond substrate under conditions favouring o=1.5
according to Fig. 2. The resulting film shows many growth steps and isolated T{IOO} twins, as
shown in Fig. 6. A comparison of the twin shape with the model calculations (Fig. 6) in fact
confirmes that « is very close to 1.5.

o =1.35 1.45 1.55 1.65

Fig. 6. SEM micrograph of twins formed during homoepitaxial growth on {100} diamond
under o= 1.5 conditions (top) and theoretical shape of Ty1ggy twins for « around 1.5
(bottom)
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6. Conclusion

It has been shown that the structure and morphology of CVD diamond films is largely
determined by the ratio of growth rates on {100} and {111} faces, described by the growth
parameter o = /3 Vygo/V111- The preferential orientation of fibre textured films is described
by o and empirical relations between « and the growth conditions have been deduced from the
analysis of differently textured films. Also the twin formation depends strongly on «, as
predicted by numerical simulations. The evaluation of twin shapes provides an independent
method to determine « and confirmes the underlying model concept. Finally, it has been shown
that growth of heteroepitaxially textured diamond films also depends on «. The structural
alignment may be improved by growing under appropriate ¢ values, whereas inadequate o
values promote twin growth which results in a degradation of the preferential epitaxial grain
orientation.
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Crystal Growth of Diamond and Nickel Carbide
in the Ni-C-H System

Andrzej Badzian and Teresa Badzian
Materials Research Laboratory, The Pennsylvania State University, University Park, PA 16802, U.S.A.

ABSTRACT

The growth of diamond and nickel carbide was studied using microwave plasma chemical
vapor deposition. The microwave hydrogen plasma contains a large concentration of atomic
hydrogen, which alters the phase equilibria in the Ni-C-H system and actively participates in the
growth process which helps the formation of organometallic molecules. These molecules take
part in transport of Ni from Ni metal onto the graphite. Non-stochiometric nickel carbide
possessing NaCl-type structure was obtained by this process. Diamond nucleation on graphite
proceeds through an intermediary phase of hydrogenated nickel carbide.

1. INTRODUCTION

Experiments described in this paper indicate, that atomic hydrogen plays an important role
in formation of crystal phases in the ternary system Ni-C -H. Although there is no
thermodynamic data available for this ternary system, binary phase diagrams for Ni-C and Ni-
Ho systems have been reported {1}, The Ni-Ho system was studied at high pressures of molecular
hydrogen and conditions of thermodynamical equilibrium {2). It is known that hydrogen can be
dissolved in Ni using electrical discharge but because of its non-equilibrium nature this process
did not attract much attention {2}.

The primary motivation for the study of the crystallization phenomena in the Ni-C-H system
arose from diamond heteroepitaxy in a CVD process. The crystal structure of Ni closely matches
that of diamond with a lattice mismatch of about-1.3%. This suggests that Ni is suitable
substrate for diamond heteroepitaxy but unfortunately both C and H react with Ni, and both
dissolve in this metal. Consequently it is necessary to have just the right composition of NixCy
H; phase which can provide nucleation sites for diamond. This requires that the nucleation and
growth of graphite fibers on nickel be controlled. The common CVD process resulfs in
nucleation of graphitic fibers and Ni acts as a catalyst. Using the mirowave plasma process it is
possible to inhibit the the nucleation of graphite by proper treatment of Ni by atomic hydrogen
as it was reported in our previous paper (3). The presence of atomic hydrogen also effects
catalytic hydrogenation process of hydrocarbons by nickel. This paper describes results on the
formation of Ni-C phase and diamond nucleation where both rely on the active participation of
atomic hydrogen.

2. TRANSPORT OF Ni FROM Ni FOIL ONTQ GRAPHITE

Microwave plasma assisted chemical vapor deposition technique was used for nucleation
and growth within Ni-C-H system. The apparatus was consisted of a silica tube reactor which
crosses a microwave cavity as shown in Fig. 1. Gases (Hg or 1% CHg in Ho) are fed into the top of
the tube and a plasma ball is created at the center of the cavity. The introduction of this
particular apparatus was a milestone in CVD diamond history (4).

The created plasma consists of molecules, ions, electrons and radicals such as atomic H°, CHs
and other hydrocarbons. Because of quantitative determination of concentration of H® in this
microwave plasma is difficult, only a rough estimate could be made at a few atomiic %.

The melting of Ni was observed where plasma ball contacts a strip of Ni, due to the metal
interaction with the plasma and the electromagnetic field. The melting point of Ni saturated
with hydrogen was about 200° C lower then that of pure Ni (1455°C), and for the eutectic point of
the Ni-Hg system it is only 50°C below 1455° (1).

Addition of CHg to hydrogen plasma causes further decrease in the melting point to 1150°C
(3), which is lower than the 1326.5°C assign to Ni-C eutectic (1), and intensive evaporation
accompanied this melting at 1150°C.

Another feature of metal-hydrogen interaction is permeation of hydrogen across metallic
membranes, a phenomenon which is utilized in catalysis and purification of hydrogen (5).

The permeation of hydrogen was utilized in the following crystallization experiment. A
sandwich of Ni foil (0.1mm thick) and a highly oriented pyrolytic graphite plate were exposed to
a hydrogen plasma. The distance between the Ni foil and the graphite was less than 1 mm. The
sandwich was heated up to the temperature close to 1150°C for 2 hours in hydrogen at 80 Torr
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Fig. 1. A schematic of microwave plasma CVD system

where the temperature was measured on the top surface of the Ni foil. Next the temperature was
decreased to 950°C and a mixture of 1% CHgq in Hg was introduced for 5 hours. As a result of this,
Ni was transported from the Ni foil onto the graphite as shown schematically in Fig. 2.
Transport of Ni was also observed in a different configuration where the Ni foil was hanging
perpendicularly to the graphite. In these experiments the bottom surface of Ni foil became
etched. The new crystals on graphite are shown in Fig. 3 where some crystals look cubic while
some are rounded. The graphite surface was not noticeably etched however, at the edges of
graphite plate etch pits are clearly visible due to plasma penetration around the edge of the foil.

Chemical analysis of the microcrystals on graphite was carried out using electron
microprobe analysis and both Ni and C were detected. In the case of the small objects the results
are rather qualitative but the content of C in Ni was estimated in the range of 5-8 atomic %.

X-ray diffraction analysis was performed by Debye-Scherrer method using 114mm diameter
camera and Cu radiation. The crystals removed from the graphite were analyzed and X-ray
diffraction patterns were found to consist of sharp diffraction lines. The lines correspond to Ni
fcc structure, but they are shifted indicating lattice expansion which is caused by the
incorporation of carbon. The 331 and 420 lines are clearly resolved as the Kaj and Kop doublets.
We believe the carbon is quite uniformly distributed in the different crystals because of this
resolution. The lattice parameter for the carbide phase is 3.5271 + 0.0004A compared to the
nickel metal standard which is 3.5238 + 0.0001A.

plasma Step 1 Saturation with H at 1150 C

\L \J/ \L \L \l/ \J/ Step 2 Diffusion of C and H trough
M Ni foil at 950 C

Etching of Ni - formation of

' V\organometallic molecules
\L\L HNiCHs\L \L

Decomposition of organometallic
O O o M £ molecules on the graphite surface
HOPG Crystallization of NixCyHz phase

Fig. 2. Processes anicipated for transport experiment
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Fig. 4. Growth of diamond crystals and coalescence of Nix Cy Hz

Chemical analysis for hydrogen in this phase was not carried out on the microcrystals
shown in Fig. 4. However combustion analysis for a bulk Ni sample, which underwent hydrogen
plasma treatment as the first step and CHg/Hog plasma as a second step, indicated presence of 4%
of C and did not detect H. It is known that the fugacity coefficient of H is high so that the ternary
phase NixCyH; could be present in the plasma environment, but hydrogen leaves crystal lattice
as soon as the plasma is terminated.
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The crystal structure of this phase at room temperature can be described as defected NaCl type
structure. One sublattice is occupied by Ni atoms and in the second sublattice a certain fraction
of the lattice sites is occupied by C atoms.

In summary we have found that the cubic Ni-C phase can be formed during the process in
which atomic hydrogen is involved.

3. NUCLEATION OF DIAMOND ON Ni CARBIDE SEEDED GRAPHITE

Study of diamond nucleation was conducted in direct connection to the experiments
described above. HOPG plate (Fig .1) with nickel carbide crystals on it was used as substrate in
diamond CVD process. The CVD process was carried out in the system shown in Fig. 1 where
plasma ball was sticking to the substrate. The input gas was a mixture of 1% CHy in Heo and the
substrate temperature was 950°C. The process was run for 5 hours at 80 Torr pressure which were
the typical conditions for CVD diamond growth. The result of the process is shown in Fig. 4. The
Ni-C crystals are transformed and the diamond crystals appeared on the graphite and on Ni-C
crystals while the graphite substrate underwent etching.

3.1 Ni-C crystals. The most striking change is a transformation of the Ni-C crystals. The
crystals coalesce at temperature 500° C below the melting point of Ni and 200° C below the Ni-C-H
eutectic point. Fig.4 shows how the Ni-C crystals shown in Fig. 3 coalesce forming long snake-
like forms indicated that intensive mass transport takes place in this process. We believe that a
interaction of microwave plasma with the metal crystals and graphite is responsible for this
pseudo-melting phenomenon. A scheme shown in Fig. 2 can be helpful in explaining this
transport. A combination of gas phase transport and surface diffusion seems to be responsible
for the coalescence. The graphite substrate is etched by H° thus forming hydrocarbon radicals.
The hydrocarbons and H' interact with Ni-C crystal surface forming organometallic molecules.
These molecules decompose on graphite and on the surface of Ni-C crystals releasing some
hydrocarbon radicals. The growth of Ni-C then proceeds on the existing crystals which explains
snake-like forms. In addition new seeds of Ni-C phase are formed on graphite substrate. The
surface of Ni-C phase seems to be unstable so that etching and deposition take place. Chemical
composition of organometallic molecules which participate in this process is still an open issue.

3.2 Diamond nucleation. Diamond nucleates on both the graphite and on the Ni-C crystals.
However the nucleation on Ni-C crystals is less frequent in this particular case (Fig. 4). A
majority of the diamond crystals have cubo-octahedron form, the others represent different
forms of (111) twins. We would like to point out that both diamond and NixCyHj crystals grow
side by side from the same gas environment.

We believe that diamond crystals nucleate on a seed of an intermediary phase NixCyHz which
is rich in C. Whereas the continuous etching of the graphite looks to be helpful in the formation
of such seeds, some diamond crystals show <111> orientation related to the basal plane of
graphite. Our reasoning is based on the observations of nucleation on pure graphite exposed to
1% CHg4/Ho plasma. When the growth environment is clean (exclusively C and H) only etching of
graphite appears and nucleation of diamond is rare (6). When the Ni foil is introduced into the
plasma nucleation of diamond increases in multitude.

3.3 Growth of diamond on Ni substrates. Prior to the understanding of the Ni-C-H system we
were trying to grow diamonds on polycrystalline nickel. Cubooctahedral single crystals
(occasionally up to 160 pm) could be grown at the Ni substrate grain boundaries. Studies on the
influence of Ni on hemoepitaxial growth were also carried out and cathodoluminescence (CL)
spectra and topography were published (7). The results indicated that Ni atoms are incorporated
into diamond lattice during growth via organomettalic molecules. In addition the CL spectra
indicated a peak located close to the GR-1 peak assigned to a neutral vacancy. We think that the
new peak ( analogous to the Si peak) is related to an octahedral interstitial - vacancy complex.
Many researchers have attempted to grow diamond on Ni, but oriented growth over only an
limited area was achieved on single crystal Ni substrates (8). The concept of atomic hydrogen
treatment of Ni to hinder graphite nucleation (3) was helpful in initiating new approaches. W.
Zhu et al. (9) explored diamond micro crystals seeding of single crystal (100) and (111) surfaces of
Ni and achieved oriented diamond growth (9). R. Roy et al. developed a new method of diamond
growth--low pressure solid state source synthesis (10). One version of this method utilizes a
mixture of nano scale form of carbon with Ni powder and Fig. 2 is helpful in understanding this
TIEW PrOCESS.

4. DISCUSSION

Our improved understanding points to the critical role of H' in the crystallization processes
described above. Hydrogenation of Ni inhibits nucleation of graphitic fibers. Effective
hydrogenation of bulk Ni occurs at temperature ~1150°C, but sputtered Ni films require lower
temperatures e.g. 1000°C because of their columnar structure. Also formation of a solution made
up of H in Ni and volatile NiH takes place (3,11). These findings gave a new insights into the
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control of nucleation of diamond on Ni, but also contribute to related issues which are discussed
below:

4.1 H enables dissolution of carbon in Ni. According to the phase diagram Ni fcc structure
can accommodate 2.7 at% of carbon at the eutectic temperature of 1326.5°C, but below 1000K’
less than 1% of carbon is dissolved. In the experiments described above Ni was melted in a
hydrogen plasma, then melted again in CH4/Hg plasma and then slowly cooled. The resultant
material contains 4 at% of C (obtained from Rutherford Back Scattering) which is substantially
higher then predicted by the phase diagram. We think that diffusion of carbon into Ni lattice is
enhanced by the presence of hydrogen in the lattice. An independent theoretical study on the
effects of subsurface H and C on CHs absorption on Ni {111) concludes that interstitial H helps to
bind strongly tetrahedral CHg while interstitial C may make it easier for a carbon overlayer to
revert to a planar graphite structure (12).

4.2 Transport of Ni by organometallic molecules. Transport of Ni in pure hydrogen plasma
proceeds through volatile NiH which is partially decomposed when deposited. The rate of
transport is increased when CHgy is present in the plasma. We believe thus that transport occurs
by organometallic molecules, which are decomposed when deposited, thus leaving solid
interstitial phase Nix Cy Hz. This phase decomposes further when H leaves the lattice.

We are not able to recommend any chemical formula for the gas species. The role of atomic
hydrogen in formation of organometallic molecules is not clear. In general it is known that
C-H bond can be activated by transition metal reagents . The special type of bonding, namely
three-center intra-molecular Metal-H-C interactions are now well characterized (13). The
complexion of C-H bond by metal ions (so-called agostic) results in two-electron three center
bonds. C-H bonds can interact with metal atom-ligands e.g. activating inert saturated
hydrocarbons. In the case of experiments with Ni we hypothesize that complexes like CH3NiH
{14) and clusters with CH4 are possible {15).

Metal surface-alcane interactions have an extensive literature in catalysis, with for
example, dissociative adsorption on Ni. The catalysis leads to hydrogenation of unsaturated
hydrocarbons where acetylene can undergo selective semihydrogenation (16). The Ni-C-H
environment can influence diamond growth process because the gas phase reaction equilibria
could be altered towards the saturated hydrocarbons.

Our previous experiments on Ni influence on the (001) epitaxial growth of diamond, like
these reported in (3,7), indicated some structural improvement of the films. For example full
width at halfl maximum of the 1332 cm-1 Raman peak was 1.7 cm-1 { equal to the lowest value
measured for natural diamond) and the spectra showed low background. We speculate that
catalysis hydrogenation of hydrocarbons can be beneficial for diamond growth.

We should like to mention a new aspect of diamond growth in liguid phase in connection to
Ni chemistry and to transport of carbon in the Ni-C-Na OH system {17,18).

4.3 Formation of an interstitial carhide, Nickel carbide inclusions occur in HP/HT synthetic
diamond crystals. Nickel carbide is non-stoichiometric (e.g. NiC, 95) and possesses cubic
structure (19). Some inclusions have the same orientation as the diamond matrix. (20,21)
These facts indicate that carbide formation is essential to HP/HT nucleation and growth.
According C-Ni phase diagram there are no stable carbides (1). The CVD experiment described
above showed that NaCl-type phase was crystallized in the presence of atomic hydrogen and
demonsirate that dissolution of carbon is enhanced by H°. The guestion now is how much
carbon can be accommodated in the octahedral holes of Ni fce structure.

4.4 Growth of graphite flbers. Catalytic growth of graphite fibers is easy to achieve by
microwave plasma CVD. When Ni substrate is exposed tc CH4/Hy plasma graphite fibers nucleate
and no H’ pretreatment is necessary in this case. The growth mechanism of graphite fibers
includes formation of a particle of metal on the top of the growing fiber (22,23), but the chemical
composition of this metal ball is still an open issue. We think that the "nickel” ball has chemical
composition similar to the ternary phase NixCyH; ( Fig . 4) where the model shown in Fig 2 can be
helpful in solving this problem.

4.5 Nucleation and growth of diamond. Nucleation of diamond on NiyCyH; phase is less
frequent than on graphite. We hypothesize that an intermediate phase NixCyH, formed on
graphite is richer in C so that in order to form more nucleation sites on Ni it must be saturated
with C.

Growth of the NixCyH, phase and diamond crystals proceeds in the same environment, where
the, concentration of organometallic molecules is the same over the growing surfaces of both
phases (Fig. 4). This is an indication of the catalytic role that Ni has in CVD diamond growth
process.
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CONCL‘USKONS
Microwave plasma containing atomic hydrogen enables dissolution of hydrogen in Ni and
decreases melting temperature of Ni by about 200°C.

2. Presence of hydrogen in the Ni lattice increases carbon diffusion and Niy Cy Hzmelts at 1150°
C.

3. A new phase NiCy (NaCl-type structure) is observed with the growth of this phase being
reported for the first time,

4. The solid phase Nix Cy Hy recrystallizes on graphite during interaction with CH4/H2 plasma
where a pseudo-melting forms appear.

5. Nucleation sites for diamond are created on graphite by an intermediary phase Nix Cy Hg,
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Study of Homoepitaxial Growth of Diamond
Naoji Fujimori
Itami Research Laboratories, Sumitomo Electric Industries
1-1, 1-chome Koyakita, Itami, Hyogo 664, Japan

Abstract

Diamond epitaxial films were studied by scanning tunneling microscopy (STM),
electron diffraction, cathodeluminescence (CL), X-ray diffraction (XRD) and Raman
spectroscopy. STM observation revealed the dominated growth of dimer-row—extension
on (001) and the kink growth on (111). Single—domain 2x1 surface was obtained using an
off-angle (001) substrate. Epitaxial films thicker than 100um usually contained un-—
epitaxial particles, which were found to be originated in the twin nucleation. However,
the normal epitaxial region was found to have crystallinity as good as or better than

natural Ila crystal.

1. Introduction

The study of diamond epitaxial growth is interested both as the way to the elucidation
of diamond growth mechanism and as the alternating method of obtaining single—crystal
diamond. In order to obtain good crystallinity and flat surface, many attempts have been
performed and diamond MESFET was fabricated using homo=-epitaxial films.1?

The observation of homo-epitaxially grown diamond surface has been carries out
using STM and electron diffraction,*> which contributed to the understanding of the
growth mechanism. Especially, atomic image of the surface helped to make an atomic
model for computer simulation.®

On the other hand, homo-epitaxial films are suitable sample for characterization of
CVD grown diamond, because it dose not contain a crystal boundary.

In this report, the author would like to summarize the studies of homo-epitaxial
growth by micro-wave plasma assisted CVD (MPCVD). Surface structures and charac—
teristics of thick diamond films are reported.

2. Surface Observation by Scanning Tunneling Microscopy

2-1. (001) Surface
Typical STM image of as—grown diamond(001) after the epitaxial growth is shown
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in Fig. 1. There are seen many rows along two directions that are perpendicular to each
other. The distance between the adjacent rows corresponds to that of the longer side of
the 2x1 unit. The observed step height was 0.9A, which is as same as the height of a
mono—-atomic step of diamond(001), 0.89A.

The probable atomic structure of the 2X1 structure is a dimer-type reconstruction,
similar to the confirmed structure of clean (001) of Si or Ge. This reconstruction reduces
dangling bonds by bonding of adjacent dangling bonds. Considering that the CVD
growth was performed in a plasma whose main component was hydrogen, the hydrogen—
adsorbed dimers are more probable.

In Fig. 1, significant extension of dimer rows is observed. Only single dimer row

extends on the lower terraces. There exist two types of mono-

atomic steps on diamond(001); i.e. S, step at which $
. S
dimer rows run parallel to the step edge and S step at Si'd
which dimer rows run perpendicular to the step edge.” It e
is considered that he extension of the dimer rows occurs at wf& i
ST
S steps. The STM showed the difference of two types of o AN dﬁ%yﬁ
steps, i.e. S, steps are straight, while S steps are ragged “”,}"I””mm 10A
[100]

due to the extension of the dimer rows.

Fig. 1 STM image of diamond(001)

epitaxial film.
2-2. (111) Surface

Fig . 2(a) is an STM image of the (111) epitaxial film, showing 1x1 periodicity
observed by LEED. The majority of the observed steps were the bi-layer steps in the
<112> direction. These steps showed very straight in atomic scale and kinks of 1X1 units

were observed at the intervals of more than several 10A. A typical image of the kink

<112> <119>

2 0.2nm b) o 1T
Fig. 2(a)(b) STM images of diamond(111) epitaxial film.
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is shown in Fig. 2(b). These results suggest that the steps are very stable and that bi-layer

kink growth can be carried out at the step.

3. Epitaxial Growth on Off-cut (001) Substrates

On the (001) surface, the boundaries of the two domains, 2x1 and 1X2, are mono—
atomic height steps and the two domains form layer by layer. Therefore, single—~domain
is formed on the surface with no steps or on the surface with bi-atomic steps, as was re—
ported for MBE-grown Si(001) surface on off-cut substrate.

In this section, the results of epitaxial growth on diamond (001) off-cut substrates are
reported. The normal of the substrate surface was mis—oriented from [001] toward [110]
direction by the angle from 1 to 5°. The epitaxial growth was carried out by MPCVD
with methane concentration from 1% to 6%.

The LEED pattern of thve sample grown on 4.3° mis—cut substrate with the methane
concentration of 2% is shown in Fig. 3. The superstructure spots from one domain are far
brighter than those from another domains, indicating a nearly perfect single-domain 2x1
surface. STM image also suggested that almost all dimer rows align in the same direction
and that the bi—atomic height steps are formed all over the sample. On the other hand, the
double—domain surface was observed after the growth with the 6% methane concentra-
tion. The formation of single-~domain and double-domain surface with various methane
concentration are summarized in Table 1. Single-domain 2x1 surface was formed after

the growth with the lower methane concentration on the substrate with larger off-cut.

Table 1. Formation of single and double
domain surface grown on mis—cut (001) sub-

strates,

CHa conc.| 1| 2| 4] 6

off-cut | | %| 3| %

1~2* D|D|(D|D

2.9° |-|-|D}|-

4.3° |S|S|-|D

5.0° |S|S|-|D
Fig. 3 LEED pattern of diamond(001) S: single-domain
showing nearly perfect single~domain. D: double~domain

-: no data
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These results can be explained by the difference of nucleation density with methane
concentration. The higher density of two—dimensional nucleation for the growth with
higher methane concentration make it impossible to grow by the step—flow. In the growth
with low methane concentration on the substrate with large off—cut, it is considered that
the growth is performed with the step—flow and that the two-dimensional nucleation
plays negligible contribution for the growth. The Sy steps catch up the S, steps, resulting
in the single-domain surface.

4. Activation Energy of Epitaxial Growth

The activation energy is one of the most fundamental information in chemical reac-
tions. The energy is generally known from the temperature dependence of the reaction
rate. In order to obtain the activation energy for diamond CVD growth, the measurement
of the epitaxial growth on single—crystal substrates is the appropriate experiment, because
the growth of poly—crystal films is quite complex.
Figures 4(a)—(c) show the Arrhenius plots for the growth rate using (001), (111) and
(110) substrates. There can be found the temperature having a maximum growth rate in
(001) and (111). Lower than these temperature, activation energies can be determined as
47, 100 and 61 kcal/mol for (001), (111) and (110), respectively. Larger activation energy
of (111) growth suggests the smaller amount of growth site which can be derived from
the STM observation.

Temp.[C] Temp{C} Temp [}
1000 800 600 400 1000 800 800 400 1000 800 600 400
1 Ll 1] l‘ T t ——r-..__,,,._" r 1 T _‘_‘”_______,,__‘q
i © 8mm : [Ea=37Ebk/mol ||
i ] [ kil
[Ea=26F axJ/mol | - B 4mmj} S

Ea=67= 7kJ/moi |

=
£
2
%
g 0.1k “ 0.1¢F E 0.1 h E
N\ i ] [ /N
[Ea=T00 18k /mol] (Ea-61:£8k)/mol]
O . O 1 W TTTTS CYTVITTRYT VIS UTETIIYTTITTIISIVITES 0 O‘] Flaad oot e ot 0 O O‘l w PPIVL YPTTTYTVT TVIS VYVNS (TPRVPTTTT I
> 0.8 1.2 ) 0.8 1.2 0.8 1.2
a
1000/T 1000/T c) 1000/T

Fig. 4 The Arrhenius plots of diamond homo-epitaxial growth.
(a) (001), (b) (111) and (c) (110).
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5. Growth of Thick Epitaxial Films

The epitaxial film thicker than 100um was grown on (001) substrates by MPCVD,
and the surface and bulk characterization were carried out.

Formation of un—epitaxial crystallites
and growth hillocks were formerly reported by
Kamo et al.®) for thick epitaxial films. It was
found that the majority of the un—epitaxial
crystallites was {111} penetration twins, which
were considered to be originated by the twin

nucleation on {111} facet on substrates or

epitaxial films (Fig. 5(a)). The penetration
twins with 4-fold symmetric location were also
observed by SEM and they are attributed to the > (111) twinplane
twin nucleation in reverse—pyramid pits on the b)
substrate surfacc. ) . o

Fig. 5 Schematic of (a) unepitaxial

It is also found that the growth hillocks are crystallite and (b) growth hillock in—
induced by the twinning structure with a pair of  duced by twinning structure.
parallel {111} twinning plane. Fig. 5(b)
shows the schematic of the growth hillock induced by the twinning structure. The twin-
ning structure is accompanied with reentrant corner on the surface where the growth rate
is enhanced, resulting in the formation of growth hillock.

After the observation, the growth surface was polished and the substrate crystal
was removed by mechanical polishing. Thus, the single-crystal CVD diamond was
obtained and characterized it by various methods.

The Raman spectrum of 1332 cm™ for the un—epitaxial crystallites found to be broad
with high background, indicating worse crystallinity. On the other hand, the normal
epitaxial region confirmed to be good crystallinity by Raman spectroscopy, CL, XRD and
optical transparency. The high-resolution Raman spectrum showed sharp peak at
1332cm™t, whose FWHM was 1.7cm™ which is the same as that of natural and of synthe-
sized 1la single crystal. In the CL spectrum, the strong emission assigned as the free
exiton was observed at room temperature. The FWHM for (400) reflection in the meas—
urement of double—~crystal XRD was 35", which is smaller than that of natural ITa dia-

mond. Optical transparency in infrared was quite good and showed no absorbance other
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than C-C bonding and small amount of C~H bonding. The transparency in the visible
and in the ultraviolet region was also good and the absorption edge at 225nm, assigned to

band-edge absorbance was clearly observed.

6. Conclusion

The surface observation and the characterization of the thin and thick diamond
homo-epitaxial films were carried out and the results obtained are summarized as follow,
1) The observation with atomic order resolution revealed the dominated growth of
dimer-row-extension on (001) and the kink growth on (111). Single—domain 2X1 surface
was obtained using an off-angle (001) substrate.
2) Single—-domain 2x1 surface of (001) was obtained using several degree mis—oriented
substrate and the methane concentration less than 2%.
3) Thick epitaxial films had good crystallinity, which was confirmed by Raman spectros—
copy, X-ray diffraction and cathodeluminescence.
4) Thick epitaxial films contain un—epitaxial crystallites, which were formed by twin

nucleation on the {111} facets.
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ABSTRACT

Growth defects in diamond films grown by plasma-assisted CVD have been studied and
characterised by high resolution electron microscopy. The main defects are shown to be based
on twinning and different twin boundaries of the type =3, ¥=9, ¥=27 and L=81 have been
identified. The higher order boundaries form by the interesection of lower order twins. By
considering the geometry of the higher order boundaries it is shown that they are indicators for
local growth directions, and their significance for possible growth mechanisms is discussed. The
central nucleation point in some grains can be traced back to a five-fold twin centre which acts
as a preferred nucleation site for new planes as the crystal grows.

INTRODUCTION

The majority of naturally occurring diamonds (type Ia), whilst containing abundant planar defects
on {100} planes ("platelets"), have a very low density of other planar lattice defects such as twins
and stacking faults. However, these defects are abundant in synthetic diamond films grown by
chemical vapour deposition (CVD). They are present as growth defects and careful
characterisation of these defects and their interactions can provide important information about
growth mechanisms, and may give clues about ways to improve film quality.

Intermediate voltage high resolution electron microscopy with structure resolution in the 0.15 -
0.2 nm range is an ideal technique for the study of lattice defects in diamond, since it 18 capable
of imaging both the {111} and {200} lattice planes in <110> oriented sections.

A number of groups have been applying HREM techniques to CVD diamond films, and have
succeeded in identifying a wide range of defect structures (e.g. 1 - 4). In this contribution we
describe some recent results obtained at Oxford, some of which may shed light on the growth
processes involved in CVD diamond film growth.

EXPERIMENTAL

The films used in our studies were prepared by microwave plasma-assisted CVD, on both silicon
(5) and molybdenum substrates. Details of the growth conditions have given elsewhere (5). After
film growth the substrates were removed chemically, and the free-standing diamond films cut into
3mm squares, sandwiched between copper grids and ion-milled to perforation. They were
examined in a JEOL 4000 EXII operating at 400 kilovolts, with a resolution of 0.16 nm. Images
were recorded at primary magnifications of 500,000 or 600,000X.

The films had a dominant <110> texture normal to the substrate; grains were therefore sought
which could be oriented into exact <110> orientations. Selected area electron diffraction
patterns and atomic-resolution lattice images were recorded, under conditions appropriate for the
optimum resolution of the instrument.
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RESULTS
Electron diffraction

The < 110> selected area difraction patterns
revealed a high degree of disorder. An example
of this is shown in Fig.1 opposite. In spite of
the apparent complexity of this pattern it may be
explained entirely as a consequence of five-fold
lattice twinning. This will be discussed later in
the text. It is noticeable that there is at first
sight a five-fold symmetry in the pattern. Close
examination however shows that this is not the
case. Again, the implications of this for sub-
grain boundary structures will be discussed.

Lattice defects

The structure images also showed considerable lattice disorder. The simplest boundaries
correspond to first order twinning on {111} planes and give rise to =3 boundaries, using the
coincidence site lattice notation (6). The twins were frequently present as large domains,
sometimes also as narrow lamellae only a few layers in thickness. Recurrent twinning on
successive (111) planes occasionally generated small portions of hexagonal stacking - forming
Lonsdaleite. In regions where % =3 twins overlap within the foil thickness with inclined
boundaries Moiré interference effects give rise to complex contrast, similar to that found in Si
and other fcc structures (7). It was found that 3 =3 twins increased in concentration towards the
surfaces of grains.
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Figure 2. Complex boundaries in a <110> CVD diamond grain.
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Other boundaries, identified by the rotation angle between the two components, according to the
CSL notation, were also found. They arise from the interaction of the simpler configurations.
Thus the interaction of two 2 =3 boundaries generates a % =9 boundary , and the interaction of
a 2 =3 with a 3, =9 boundary gives rise to a % =27 boundary. The highest order boundaries we
have identified so far correspond to % =281, with a twinning angle of 77.9°. These arise in two
ways: the relatively rare interaction of a % =3 with a =27 boundary, or as a result of the closure
gap of 7.36° around a five-fold twin centre. The former case is a chance result of local growth
conditions, the latter often propagates to the crystal surface as a topological fault. Examples of
complex boundaries are shown in Fig. 3.

2B EAY
SIS

AR LR e
 ; "."*4"‘.«5*¢.' Yiw At uy R
CRP ALY s Ba B P ALY
T # A s S ey
o tagitay Mgy d J‘{t«!a;:’ﬁ,%"‘%vti
* A b b ‘,g’d‘“‘».;.
e %y 3
.
k ':&9}" %
2%
st
#hgd
L
8t
» ¥l
whilp
£ 7 5h
L el T
s

RASg
7 i A
BV Wy,
e tx ;
i

R B N R O RN

‘ -

Bonih agh o o o b b & 5 8 8 % NSRS R N R
bbb aenab ot b e @ £ 5 R T B S R R e
e T R G

T Mottt i 8 8 R el o B
ittt & SR R R s A R
PR WP RN RIREFTER D AR R RO R R RN RN

Rl e L S T S R

i 44“.14 A""#%"‘?",,':\th'
pe PSS, X S % pEe R, ;
ii £y A Py &?}"g‘f{t LI %
i PAS PP o PN R P ey
% zz % " 4_"‘ i “"”"1*:‘;‘!’ C"f"’,#f“ia‘&
TP Ve ¥ ‘.,gt"cai;t*f. 4
i f ¢ Ay ra b I ey Ay
4 ) P ; S IP PSS Y B
?’g $ ah Yo nind ’i’c‘[ ' 4'5’»'1*:*?;;& x‘;’.{a’f;’;*?l‘af‘*t't’3&:’:" o ;’g‘t’i’l‘ b ot
g % By & Py PV St w0 A ; - $ ¢ A8y 0
§ ;g 5 g "’f ‘:‘ ;’r’ 3*4’3‘ ;lt‘i*n‘g"ﬁ!l‘ﬂgfﬁﬁ"li{{z;’('t‘/’”";’i:;q:,’?;‘ "‘?f et
bl % .“"”,",”,‘ b5y oy ,.4"*"’ilff?- ';‘:'# dg N §
g W , ; P P eI va 0y s vV na g N d R
" a,,'fi"”,’b,_'#, ALl g RIS ¥ "" %4
A 4 s S At s ,.,,'-u,f,«‘*;;,‘ﬁf“#.iﬁ‘ﬂ-,; tr 1:#,4'.“*,1
?ﬁ.‘,,. Y 6 4 ‘ * "'.ﬂ‘t g P, tg;’ ﬂ‘*" ;’/,l 9 '#‘?'__. ”g’_,“ .‘,g‘
\ Ttk ot L A S A LA LA A

Fig. 3 Complex, high order boundary interactions in < 110> oriented grain of CVD diamond.
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In the case of five-fold twin centres, these have been shown to be planar, 5-membered carbon
rings (8), which act as preferred growth nuclei, generating twin domains within the {110} planes,
and also propagating along the < 110> directions by a cage structure, as suggested by
a 5-fold centre is shown in Fig. 4.

SRR

Fig.4. 5-fold twinning centre (arrowed) in CVD diamond grain.

Amorphous layers

At incoherent, high order boundaries we have often found evidence for non-crystalline material;
also, such layers also occured in otherwise "coherent" boundaries, probably as a result of trapped
impurities. An example of this is shown in Fig. 5. Such layers may be understood in terms of
growing impinging on one another. As they approach, any local impurities will be incoroporated,
and become trapped in the grain boundary.

TH R N SR

% ; PR o

Fi mond. In this case the layers are parallel to 111 planes.
Intergranular amorphous carbon has been identified by electron energy-loss spectroscopy (10) and

shown to contain almost completely sp® bonding. Similar analyses have not yet been carried out
on the intragranular boundaries described here.
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DISCUSSION

Misfit boundaries represent the locus of points of intersection of growing planes from two
adjacent, non-matching twins. They are thus aligned along the local growth direction, and can
provide clues about local growth. An earlier analysis of a complete grain section has been used
to demonstrate that many such boundaries lead back to a 5-fold twin centres, preferred sites for
nucleation and growth (5). It was argued (5) that ¥=3 twinning is crucially important to CVD
diamond growth because a pair of parallel twin boundaries form a reentrant angle at the surface,
stabilising incoming carbon atoms and forming growth steps. This is similar to the model
postulated previously for the dendritic growth of germanium from the melt (11). An interesting
feature of CVD diamond film surfaces is the large number of twin grooves present. Also, the
small nuclei present at the start of film growth are frequently icosahedral in shape, with grooved
edges, and pentagonal indents at their vertices.

Scanning electron microscope studies of film cross-sections and surfaces reveal the types of twins
present (12). They are predominantly X=3, implying that these variants favour fast growth,
whilst the higher order twinning appears to be eliminated during growth of the film.

It would thus be reasonable to suggest that £=3 twinning is an important factor in encouraging
fast growth. Higher order boundaries which are also present, particularly at the centres of grains
(corresponding to early stages in growth), are likely to hinder growth and they (or even the grains
containing them) tend to be eliminated as the film develops.
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Spectroscopic Studies of Point Defects in CVD Diamond and

High-Pressure Synthetic Diamond

Alan T. Collins
Wheatstone Physics Laboratory, King's College London
Strand, London WC2R 2LS, UK.

Perfect diamond, free from chemical impurities or structural defects, would exhibit no electronic
transitions apart from the absorption edge at 5.49 eV and the free-exciton luminescence at around
5.3 eV. In fact most diamonds exhibit absorption and luminescence associated with the presence of
point defects. These systems cover the energy range from about 1.2 eV in the near infrared spectral
region to around 5.3 eV in the ultraviolet. In this article we will consider the optical centres in CVD
diamond, paying particular attention to the silicon-related 1.681 eV defect, and the absorption and
luminescence bands in high-pressure synthetic diamond produced by the presence of nickel.

1. INTRODUCTION

Optical spectroscopy has proved one of the most fruitful techniques for characterising point defects
in diamond. Even so, although well over 100 different systems are known, atomic models have only
been established with any certainty for about a dozen. Davies (1977) listed all the absorption and
luminescence bands known at that time, and Clark er al (1992) have provided the most recent
update to that information. In this article we will consider work recently completed, or currently in
progress, in two different, but vitally important areas. We will examine the absorption and
luminescence spectroscopy of CVD diamond, and present the evidence which suggests that one of
the most common optical bands, with a zero-phonon line at 1.681 eV, is associated with the
presence of silicon and probably involves a vacancy trapped at the silicon impurity. We will also
investigate the considerable number of optical centres in high-pressure synthetic diamond which
involve the incorporation of nickel. These are two particularly appropriate topics for the present
symposium since research workers from NIRIM have participated in many of these studies in
collaboration with King's College London and the University of Reading, UK.

The major spectroscopic techniques used for studying point defects in diamond are absorption,
cathodoluminescence, photoluminescence and luminescence-excitation. Additional information can
be provided by photoconductivity measurements. All these techniques have been applied
successfully in the infrared, visible and ultraviolet spectral regions. The majority of the optical
systems in diamond are associated with vibronic centres. These centres have their ground and
excited energy levels situated somewhere in the forbidden gap between the valence band and the
conduction band. The absorption process produces a sharp zero-phonon line and a band at higher
energy; in luminescence a sharp zero-phonon line and a band at lower energy are observed.
Absorption spectroscopy is the only truly quantitative technique; if a particular defect produces an
absorption band then the absorption coefficient is directly proportional to the concentration of -
centres present.

The photoluminescence and cathodoluminescence techniques as applied to diamond have

previously been described in detail (Collins 1992). Here we simply note that photoluminescence can
be a semi-quantitative technique if the intensity of the luminescence is compared to the intensity of
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the first-order Raman spectrum, and different optical centres can be selectively excited by changing
the wavelength of the excitation. Cathodoluminescence, on the other hand, is not a selective process
and the intensity of the luminescence bears no simple relationship to the concentration of defects
present in the sample.

Luminescence-excitation provides a convenient method of investigating the shape of an absorption
band when the absorption is too weak to measure directly. It also provides information about higher
excited states of an optical centre. The luminescence from the sample is monitored while the
wavelength of the light incident on the sample is scanned using a monochromator or dye laser; a
long-wavelength-pass filter prevents the exciting light from reaching the detector. Examples of
luminescence-excitation spectra from diamond, recorded using a monochromator or a dye laser, are
shown by Clark et al. (1992) and Collins et al. (1987), respectively.

2. SPECTROSCOPY OF CVD DIAMOND

In a study of polycrystalline diamond films grown by the microwave plasma method at NIRIM,
Collins et al. (1989) documented a number of cathodoluminescence lines that were not known in
natural or synthetic diamond, as well as lines known from studies of conventional diamond to be
associated with defect centres involving vacancies or interstitials. In a more recent investigation
Khong and Collins (1993) have shown that cathodoluminescence lines at 2.33, 2.42, 2.48, 2.57 and
2.99 eV are characteristic of CVD diamond, whether grown by the microwave, hot filament or
combustion flame techniques. In addition many specimens of CVD diamond exhibit a
cathodoluminescence line at 1.681 eV. This optical system was first reported by Vavilov er al.
(1980) in the cathodoluminescence spectra of CVD diamond grown by the thermal decomposition
of gaseous carbon compounds in a closed system. From ion-implantation measurements on natural
diamond they reached the conclusion that this emission line is associated with a centre containing
two interstitial silicon atoms. Vavilov et al. also presented evidence to show that the line at 2.33 eV
involves nitrogen and vacancies.

Because the 1.681 eV system is seen so frequently in CVD diamond it is one of the most studied
optical centres in that material. Collins et al. (1990) reported for the first time that the 1.681 eV
system could be seen in absorption in some samples, indicating that the defects were present in
appreciable concentration. They also repeated the Si-ion implantation measurements of Vavilov et
al. (1980) and confirmed that this led to the appearance of the 1.681 eV luminescence in natural and
synthetic diamonds. In these measurements the 1.681 eV system was most intense in synthetic
diamonds with a high substitutional nitrogen concentration, but more recent work (Collins ef al.
1994), showing that the 1.681 eV absorption can be strong in CVD diamond with a negligible
nitrogen concentration, rules out the involvement of nitrogen.

Clark and Dickerson (1991) have shown that the 1.681 eV photoluminescence increases
substantially following electron irradiation and annealing at 600° C. The electron irradiation
produces vacancies which become mobile at about 600° C, and these measurements suggest
strongly that this optical centre is due to a vacancy trapped at the silicon impurity. (Clark and
Dickerson have also confirmed that the 1.681 eV system is produced in natural diamond by
implantation with Si ions.) Collins ef al. (1994) have subsequently shown that the 1.681 eV
absorption coefficient is greatly increased by electron irradiation and annealing. This measurement
provides substantial support for the model proposed by Clark and Dickerson.
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The width of the 1.681 eV line in early specimens of polycrystalline CVD diamond was of the order
10 meV at 77 K (See, for example, the absorption and luminescence spectra in Collins e al.
(1990).) More recently the line width in high-quality CVD material has approached 0.7 meV at
temperatures below 50 K, and this has enabled Collins ef al. (1994) to demonstrate that the
1.681 eV "line" appears to be a doublet with an energy splitting of 0.8 meV. Temperature
dependence measurements of the relative intensities of the two components, in the temperature
interval 1.7 to 50 K, have indicated that the splitting is in the excited state (Collins et al. 1994).

In a collaborative investigation between NIRIM and the University of Reading , photoluminescence
measurements have been carried out on high-pressure synthetic diamonds doped with silicon during
growth. The 1.681 eV emission system is observed in these crystals, again confirming the réle
played by silicon in this defect, but the linewidths are much sharper (< 0.3 meV at 77 K) than those
observed in the polycrystalline CVD diamond studied by Collins et al. (1994). Clark et al. (1993,
1994) also find that at 77 K the zero-phonon transition is a doublet, with components at 1.6822 and
1.6831 eV, and they, too, find that the higher energy component decreases in intensity as the
temperature of the diamond is reduced to 1.7 K. However, the temperature dependence appears
more complicated than that observed by Collins ef al. (1994). Below 60 K each line in the doublet
splits into two sub-peaks with a width < 0.1 meV, and the intensity of the higher energy pair does
not decrease as rapidly with decreasing temperature as predicted by the Boltzmann distribution used
by Collins et al. Figure 1 compares the photoluminescence spectra from the CVD diamond used by
Collins et al. and the silicon-doped high-pressure synthetic diamond studied by Clark ez al.

(a)

(b)

Luminescence (arbitrary)

T T T T T T T U

1.678 1.680 1.682 1.684
Photon energy (eV)

Figure 1. Photoluminescence spectra from (a) a De Beers poly-
crystalline CVD diamond film at 50 K and (b) a high-pressure
synthetic diamond, doped during growth with silicon, recorded with
the specimen at 4.2 K.
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3. SPECTROSCOPY OF NICKEL IN SYNTHETIC DIAMOND

In a study of synthetic diamond abrasive grit Collins and Spear (1982, 1983) observed a number of
absorption and luminescence bands that occurred only in specimens grown using nickel, or a nickel
alloy, as the solvent-catalyst. In particular there were vibronic absorption bands with zero-phonon
lines at 1.40, 1.883 and 2.51 eV, and a broad featureless band with a maximum near 1.4 eV. The
dominant cathodoluminescence in the visible region was a vibronic band with a zero-phonon region
at 2.56 eV. The 1.40 eV system observed using CL, for which the zero-phonon transition is clearly
resolved as doublet, was also very intense in these diamonds. The 2.56 eV and 1.40 ¢V CL systems
had first been observed in synthetic diamond grit many years previously, but the association with
the presence of nickel had not been established. -

In a few specimens Collins and Spear (1983) were able to resolve the doublet nature of the 1.40 eV
transition in absorption. The relative intensities of the two peaks is constant in CL, but the lower
energy peak is "frozen out" in absorption as the temperature is decreased. This shows that the split-
ting is in the ground state, and Collins and Spear (1983) showed that the thermal activation energy
is equal to the spectroscopic splitting. In CL measurements on one large high-quality specimen the
zero-phonon region around 2.56 eV (484 nm) appeared to be made up of four overlapping peaks,
each with a separation of about 1.6 meV, and Collins and Spear showed that the temperature
dependence of this luminescence was consistent with the splitting being in the excited state.

An improved understanding of the nickel-related centres was reached by a collaborative
investigation between NIRIM, De Beers and King's College (Collins et al. 1990). In that work the
optical bands described above were studied in specimens grown using different concentrations of
nitrogen. It was found that the 1.883 and 2.51 eV absorption bands were dominant, and the 1.40 eV
absorption was very weak, in diamonds with a high nitrogen concentration (~ 250 ppm); the broad
1.4 eV band was the major absorption at intermediate nitrogen concentrations (~ 30 ppm) and at
lower nitrogen concentrations (~ 5 to 10 ppm) the 1.40 eV vibronic absorption band was very strong
and the 1.883 and 2.51 eV systems were very weak. These measurements suggested that the
different absorption bands were associated with different charge states of the nickel impurity. With
a high nitrogen concentration the centres are expected to be in a negative charge state, and this
appears to be borne out by an approximate correlation between the intensity of the 2.51 eV
absorption band and the concentration of negatively charged substitutional nickel atoms detected
using electron paramagnetic resonance (Kanda et al. 1990). Conversely, diamonds with a low

nitrogen concentration give an ESR signal due to Ni* (Isoya et al. 1990).

Vishnevskiy et al. (1975) and Lang (1980) had shown, respectively, that the 2.56 and 1.40 eV CL
can be produced only in the {111} growth sectors of synthetic diamond. Collins et al. (1990)
showed further that all the absorption and luminescence bands that they attributed to nickel occurred
exclusively in the {111} growth regions. Lang had also shown that the 1.40 eV emission is strongly
polarised, with the E-vector of the emission preferentially aligned with the growth planes, and the
polarisation dependence of the zero-phonon doublet was examined in more detail by Collins (1989).

The synthetic diamonds examined in these recent studies have been grown by the temperature
gradient method which has the potential to grow large (up to a few mm) diamonds of high crystal
quality and controlled impurity incorporation. In specimens grown from an iron-nickel alloy with
"getters" to reduce the the nitrogen concentration to a few ppm the components of the 1.40 eV
doublet are very sharp, and at low temperatures (10 K) structure due to the 5 stable isotopes of
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nickel can be detected (Davies ef ¢/. 1989). In these diamonds the substructure in the 2.56 eV zero-
phonon region is also very sharp (Collins er al. 1990) but this does not appear to be isotope-related.

Using luminescence-excitation Spear (1990) has demonstrated that the 2.56 eV centre can be very
efficiently photo-excited using wavelengths less than 400 nm. In figure 2 we show the photo-
luminescence excited by the ultraviolet lines of an argon ion laser at a series of temperatures from
1.8 to 16 K. We see that each of the peaks originally detected by Collins and Spear (1983) is, in
fact, a doublet. The lowest energy doublet, not detected in that early work, behaves in a different
manner to the other four doublets. At temperatures below 4.2 K the relative intensities of the
components in that doublet change, and it is clear that this pair of peaks is not the lowest energy
doublet of a group of five, but has a temperature dependence which is unrelated to that of the other
four. Work is currently in progress in this laboratory to try to understand this behaviour.

16 K
Figure 2
The 2.56 eV (484 nm)
zero-phonon  region
recorded in  photo-
8K luminescence at four
different temperatures
from a high-pressure
synthetic diamond
42K grown using Fe-Ni and
- nitrogen  getters  to
18K reduce the nitrogen
content to around 10 -

2.564 - 20 ppm.

Luminescence (arbitrary)

T T

2.556 2.558 2.560 2.562

Photon energy (eV)

We conclude this section by mentioning briefly recent work at NIRIM on nickel in diamond. When
virtually all the nitrogen is eliminated from a synthetic diamond grown using nickel the diamond
has a brown colour which is associated with a continuum absorption which increases with
increasing energy throughout the visible spectral region. In addition to the 1.40 eV absorption there
is a complex zero-phonon region between 1.21 and 1.24 eV. Like the 1.40 eV absorption, this
structure shows strong polarisation effects, and is detected only in the {111} growth regions.
Furthermore, this absorption and the 1.40 eV absorption show related photochromic effects. Lawson
et al. (1993) propose that this structure results from a different charge state of the 1.40 eV centre.

Lawson and Kanda (1993) have investigated the changes that occur in the 1.40, 1.883 and 2.51 eV
absorption systems as synthetic diamonds grown from different nickel-containing alloys are
progressively heated in the temperature range 1500 - 1900° C. They observe the decay of the
1.883 eV and 2.51 eV systems, and the concurrent growth of a complex array of absorption
structure - most particularly a vibronic band with a zero-phonon line at 1.693 eV, and a series of
sharp lines between 2.2 and 2.6 eV. The work of Lawson and Kanda indicates that the optical
centres producing this absorption involve both nitrogen and nickel.
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CONCLUSIONS

I have reviewed some of the work in two small areas of diamond physics, showing how
spectroscopic measurements are leading to a better understanding of point defects in diamond - in
particular silicon in CVD diamond and nickel in synthetic diamond. In both areas the gradual
improvement in crystal quality has enabled more detailed spectra to be obtained allowing some
phenomena to be interpreted more fully, but, inevitably, raising new issues requiring further
investigation.

ACKNOWLEDGMENTS

I am grateful to Dr Colin Clark of the University of Reading for allowing me to show the data in
figure 1(b) prior to publication, and to Lars Allers of this laboratory for recording the spectra shown
in figure 2, and for his assistance with preparing the diagrams.

REFERENCES

C D Clark, A T Collins and G S Woods (1992) in The Properties of Natural and Synthetic
Diamond (Ed. J E Field, Academic Press, London).

C D Clark and C B Dickerson (1991) Surface Coatings Technol. 47, 336 - 43.

C D Clark, H Kanda, I Kiflawi and G Sittas (1993), Diamond Conference, Bristol (unpublished).

C D Clark, H Kanda, I Kiflawi and G Sittas (1994), personal communication.

A T Collins (1989) J. Phys.: Condensed Matter 1, 439 - 50.

A T Collins (1992) Diamond Relat. Mater. 1, 457 - 69.

A T Collins, L Allers,, C J H Wort and G A Scarsbrook (1994) Diamond Relat. Mater. 3 (in press).
A T Collins, M Kamo and Y Sato (1989) J. Phys. D 22, 1402 - 5.

A T Collins, M Kamo and Y Sato (1990) J. Mater. Res. §, 2507 - 14.

A T Collins, H Kanda and R C Burns (1990) Phil. Mag. B 61, 797 - §10.

A T Collins and P M Spear (1982) J. Phys. D 18, 1183 - 87.

A T Collins and P M Spear (1983) J. Phys. C 19, 6845 - 58.

A T Collins, J Szechi and S Tavender (1987) J. Phys. C 21, 161 - 64.

G Davies (1977) Chem. Phys. Carbon 13, 1 - 143.

G Davies, A J Neves and M H Nazaré (1989) Europhys. Lett. 9, 47 - 52.

J Isoya, H Kanda and Y Uchida (1990) Phys. Rev. B 42 9843 - 57.

H Kanda, A T Collins and J Isoya (1990) Unpublished work.

Y L Khong and A T Collins (1993) Diamond Relat. Mater. 2, 1 - 5.

A R Lang (1980) Phil. Mag. B 41, 689 - 98.

S C Lawson and H Kanda (1993) J. Appl. Phys. 73, 3967 - 73.

S C Lawson, H Kanda and M Sekita (1993) Phil. Mag. B 68, 39 - 46.

P M Spear (1990) Diamond Conference, Reading (unpublished)

V S Vavilov, A A Gippius, A M Zaitsev, B V Deryaguin, B V Spitsyn and A E Aleksenko (1980)
Sov. Phys. - Semicond. 14, 1078 - 9.

A S Vishnevskiy, V. G Malogolovets, A F Nikityuk and L S Posunko (1975) Sinteticheskiye
Almazy 3, 215 - 219 (in Russian).

-162-



Homoepitaxial CVD Diamond Surfaces and

Their Application to Electron Devices

H. Kawarada, H. Sasaki, M. Aoki and K. Tsugawa
School of Science & Engineering, Waseda University, Ohkubo 3-4-1, Shinjuku-ku, Tokyo 169, Japan

The hydrogen-termination effects on the surfaces of homoepitaxial diamonds have
been investigated. Both (001) and (111) surfaces of homoepitaxial layers have been
investigated by STM in an atomic scale. The surface dangling bonds are terminated
by hydrogen atoms. In the metal contacts on the surfaces, the observed S factor, the
SBH dependence on metal electronegativity, is 1.0 indicating that the contact
properties obey the Schottky rule in p-type semiconductor. In the metals with higher
electronegativity such as Au or Pt, ohmic contacts have been obtained. The drastic
change from Schotiky to chmic contact on the same surface is one of the evidences
of diminished surface states on the hydrogen-terminated diamond surfaces. The
coexistence of ohmic and Schotiky contacts is advantageous for the MESFET
fabrication.

1. INTRODUCTION

The hydrogen-termination on diamond surfaces is expected 1o be effective in the
reduction of the surface states. If the surface states are decreased, the diamond
Schottky barrier heights (8BHs) might become metal-dependent. So far Schottky
characteristics have no dependence on metal work function or electronegativity [1-3],
because these diodes are usually fabricated on KNOg or CrOg treated surfaces [1-3]
where oxygen atoms are adsorbed. The surfaces are called as 'oxygen adsorbed
surface' later in this paper. The surface states are cobserved by valence electron
spectra on the surface.

In our preliminary work [4] , on as-grown CVD diamond layers where the surfaces
are terminated by hydrogen atoms, Schottky or ohmic contacts can be separately
formed according to the metal electronegativity below or above 1.8. Since the
samples are polycrystalline and the suifaces are not well-defined, the rehable SBHs
could not be measured.

In this study, on both (111) and (001) surfaces of homoepitaxial films we have
investigated the metal contacts based on the atomic scale characterization using
scanning tunneling microscopy (STM). P-type semiconducting surfaces on the as-
grown films are used for electric conduction. The surface conduction is considered to
be hydrogen relaied, i.e., the deep level passivation due to hydrogen termination [5]
or the band bending due to hydrogen termination at the surface [6]. The
metal/diamond contact properties are linked with the result of the STM observation.

2. EXPERIMENTAL

The homoepitaxial diamond films were grown by microwave plasma CVD. The
reaction gas was CO(5-10%) diluted with Ho. The total gas flow rate was normally 0.2
/min and the pressure was 35 Torr. The substrates were high-pressure synthetic
diamond (001) (1.5 x 2.0 x 0.3 mm in size). The substirate temperatures were kept
around 800-900°C during deposition.
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The depositions are completed with the pure hydrogen plasma treatment at 35 Torr
for 1 min. to remove non-diamond carbon layers which are formed by residual carbon
gas at the temperature descending process. The p-type surface conduction is
observed on the surfaces. The popular surface oxidation treatment such as CrO3
treatment was not carried out in our case. Tunneling currents in STM and metal
contact properties are measured using the surface semiconducting layer of undoped
epitaxial films.

The surfaces of homoepitaxial CVD diamonds have been characterized by atomic
scale STM using Seiko SAM 3000 type. Macroscopic surfaces were observed by
high energy reflection electron microscope.

Point contacts were formed by 14 kinds of metals and deposited contacts were
fabricated by 5 kinds of metals on the homoepitaxial CVD diamonds. Ag paste as
ohmic contacts covered a periphery of the surface and four sides of the sample. Hole
conduction is limited in the surface p-type conductive layer. The current-voltage (I-V)
characteristics were measured using a pico ampere meter combined with a voltage
source (HP 4140B type).

3. STM OBSERVATION OF HOMOEPITAXIAL DIAMOND SURFACES

Both (111) and (001) surfaces of homoepitaxial diamond have been examined by
atomic scale STM. The atomic scale image of (111) surface (Fig.1). shows a
hexagonal pattern with a distance between the individual bright spot of 0.25 nm.
Adsorbates are observed as bright protrusions on the terrace in addition to the
hexagonal structure. The hexagonal pattern corresponds to the position of carbon
atoms of the unreconstructed (111) diamond surface with a dangling bond per carbon
atom. The surface dangling bonds are already terminated by hydrogen atoms in the
hydrogen rich plasma as shown in the structure model shown in Fig.2. The individual
spot of the STM images is due to hydrogen atom.

e Hydrogen
@ Top layer carbon
() Second layer carbon

1 nm
Fig.1 STM image of homoepitaxial Fig.2 Schematic of hydrogen
CVD diamond (111). terminated diamond (111) 1x1 structure.
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As grown (001) surfaces of homoepitaxial CVD diamonds exhibit 2x1 [7,8]. In the
atomic scale STM images shown in Fig. 3, the dimer rows are reproducibly observed
on the as-grown (001) surfaces if tip conditions are optimized [9]. Double domains
are recognized by the two directional dimer rows observed in Fig. 3(a) as the white
stripes oriented along perpendicular direction. The distance of the dimer rows is 0.5
nm. Each dimer is resolved in the enlarged view shown in Fig. 3(b). The distance of
each dimer is 0.25 nm. The 2x1 reconstruction disappears after the popular surface
chemical treatment using KNO3 or CrO3. The hydrogen termination is lost
simultaneously at this stage.

From the tunneling spectroscopy measurement the as-grown (001) surface is p-
type semiconducting from an asymmetric current-voltage curve of tunneling current
and keeps a wide bandgap nature of diamond. Spectrum corresponding to surface
states has not been found until now. The dangling bonds which cause surface states
are thought to be terminated by hydrogen.

(a) mm (b)

Fig.3 STM images of homoepitaxial CVD diamond (001).
(a) general area. (b) enlarged area. A white oval corresponds to a dimer.

Fig.4 Schematic of hydrogen
terminated diamond (001) 2x1
structure.

O Dimer atoms
’ @ Bulk atoms
[110] * Hydrogen atoms
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4. METAL CONTACTS ON HOMOEPITAXIAL DIAMOND SURFACES

The SBHs have been measured by I-V methods in 14 kinds of metals. The |-V
characteristics of a Pb point contact and a Pb deposited contact on an undoped
homoepitaxial diamond (001) are shown in Fig. 5. The surfaces are reconstructed to
be the 2x1/1x2 structure. The linear region in the semilogarithmatic plots extend as
much as 5 orders in the point contacts. The ideality factors are 1.04 in the point
contact and 1.66 in the deposited contaci. The ideality factors in point contacts using
Al, Pb, and Zn are averaged 1.1-1.3 which is the nearest to unity ever reported in
diamonds. And those of Al and Pb in evaporated contacts (0.3 mm in diameter) are
averaged to be 1.6. The best ideality factors on the oxygen adsorbed surfaces are
reported to be around 2. in the present experiments it is found that the metals having
relatively lower electronegativities exhibit good Schottky characteristics from the
points of ideality factor and rectification ratio. The improved ideality factors are due 1o
the macroscopic surface flatness of the homoepitaxial films and the well defined (001)
2x1 structures in atomic scale.

The reason why the ideality factors of point contacts are betier than those of
evaporated contacts is not clear. We speculate that the reaction between metal and
diamond at the deposition process leads to the destruction of C-H bondings on the
surfaces and the formation of carbides. They are harmful for Schottky diode
characteristics.

The properties of Schottky contacts on (111)1x1 surfaces are not as good as those
of (001)2x1. The observed adsorbates on the (111) surfaces appeared in Fig. 1 are
detrimental for the metal coniacts. These adsorbates are not observed on (001)
surfaces by STM. ‘
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10 ‘ 1 .5 | I H t
" == 1.0} e
10 r § Pt
i i E‘i‘ R4
g_’ ; . < 0-5 — ”’ —
-8 4 3 »* Au
wzad 10 i = O “4
E i e I' )
= E 20
=Pl ] ] o
] = -0.5)- -~ -
. 5 /a‘"
1012 | O
-1.04 m
"14 L | | |
0.2 0 -0._2 0.4 -06 . -3 ) -1 0 1 2 3
Bias [V] Bias [V]
Fig.5 Current-voltage characteristics of Fig.6 Current-voltage characteristic of
Pb point contact (solid curve) and Au and_ Pt contacts on homoepitaxial
deposited contact (dotted curve) CVD diamond (001).

on homoepitaxial CVD diamond (001).
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In the metals with higher electronegativities such as Au or Pt, ohmic contacts
have been obtained. Au contact is shown in Fig. 6. This kind of ohmic contact has
never been obtained on the oxygen adsorbed surfaces [4].

The relationship between the metal electronegativities and SBHs of corresponding
metals is shown in Fig.7 [10]. As the metal electronegativities increases the SBH de-

creases. The S factor, the SBH ®$sBH dependence on metal electronegativity xm (8 =

ddser/dym) [11], is 1.0 indicating that the contact properties comparatively obey the
Schottky rule in p-type semiconductor. Moreover, the extrapolated SBH in Fig.7.
become zero in the electronegativity above 2.2 corresponding to those of Au or Pt.
The ohmic contact at higher electronegativities becomes reasonable considering this
trend shown in Fig.7. The overall tendency in Fig. 7 implies that the surface states are
effectively reduced at the hydrogen terminated diamond (001) surfaces for the first
time.

The change from Schottky to ohmic contact by the variation of metal
electronegativity can be explained if the electron affinity of the hydrogen terminated
CVD diamond surfaces is near zero or minus [12] as reported previously. The
coexistence of Schottky and ohmic contacts on the same surface is advantageous for
the fabrication of metal semiconductor FET (MESFET). A very thin semiconducting
layer on an insulating substrate is an ideal structure for the MESFET operation. In the
present case, this kind of structure can be realized using the p-type semiconducting
surface on undoped diamond as shown in Fig.8.

1.2

s=07
0.8
0.6F
0.4

0.2

Schottky barrier height @y [eV]

; i
. N . . I . . . 1 N (P‘t) L (A.u)
04 75 ) 55

Electronegativity x

Fig.7 SBHSs of various metals on homoepitaxial CVD diamonds as a function of
metal electronegativity.

p-type semiconductive
layer

Ohmic  Schottky  Ohmie

source(Au) gate(Al) drain(Au)

DN Fig.8 MESFET structure using a surface
p-type semiconduciting layer

on undoped homoepitaxial diamond.

i-Diamond subsirate (Ib)
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5. CONCLUSIONS

On the homoepitaxial surfaces of (111) and (001) diamonds, the atomic surface
structures and the metal contact properties have been investigated.
1) The hexagonal paitern due to (111) 1x1 structure and the dimer rows on (001) 2x1
siructure have been reproducibly observed by the atomic scale STM images.. One
dangling bond per carbon atom is terminated by one hydrogen atom in both cases.
2) On the (001) 2x1 surfaces, the highest quality Schotiky diodes with the ideality
factors being the nearest to unity ever reported in diamonds have been obtained
using the metals with low electronegativities.
3) The SBH depends on the metal electronegativity and ohmic contacts have been
obtained in the metals with higher electronegativities. [t indicates that the surface
states are effectively reduced by the hydrogen terminated (001) 2x1 surface.
Moreover, the surfaces with p-type semiconducting property lead to an ideal struciure
for the fabrication of MESFET.
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Donor and Acceptor Diamond Film Doping

B.V. Spitsyn
Institute of Physical Chemistry, Russian Academy of Sciences, Leninsky
Prospekt 31, Moscow 117915, Russia

fbstract

There were considered goals and bewefits of diamond doping in the
course of its growth from vapor phase. There were indicated ocpportunities to
get as equilibrium so vonequilibrium doping. In an approximation of carbon-
element bond ernergy redistribution coefficient for boron and  phosphorus
between growing diamond film and gaseous crystallization medium have been
calculated. The results of calculations became in the reasonable agreement
with experimental data obtairned by different techniques of diamond film
growth. As acceptor so donor doping of diamond are possible. But by accepbor
doping of diamond material by phosphorous its efficiency depends drastically
from coexistence in diamond  lattice infrinsic and impurity defects

particularly as chemically bonded hydrogen.

LoIntroduction

Recent progress in diamond CVD apen many ways to diamond  and
diamong Films as high-tech materials. To-date activity in area of growth
of single—crystalline and polyorystalline diamond Filwms (DF) reveals
many goals and benefits of diamownd film doping. The prospects for the
research and the development are very challengeable. Actually, diamond Film
doping open following opportunities:
- %o study kinetics of homogeneous and heterogenecus (on growing diamond
surface) reactions,
- to establish a growth mechanism of crystal (layer—-by-layer, normal etc.),
-~ to  change optimal range of  parameters (2. 8. crystallizabtion
temperatuwre) for DF growth,
- to get as egquilibrium so nonegquilibrium doping,
- to use new chemical system for diamond CVD,
- precise control of dopant concentration, and it chemical and just energetic
state before bonding to diamond lattice,
- to grow uwltra-thin (£ill sub-micrometer thickrness) uniformly doped diamond

films,
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~ to synthesize diamond films with desirable spatial dopant distribution and
also to pgrow multilayer diamond structurses.

The putting in diamond intrinsic and impurity defects are sole ways o
change in desirable direction physical, chemical and mechanical properties of
diamond. Defect origination and its interaction proceeds usually  in
novequlibrium conditions. BGewneration of electrically active dislocations by
impulse laser action [1] and by driving in impurities by ion implantationl2]
have been performing at extremely wnonequilibrium  and/or nonstationary
conditions. It impedes the control of desirvable defect formation.

It is why in the present time most attention paid to doping of diamond

films in the couwrse of it growth from vapor phase.

£. Geometrical and ernergetic factors for diamond doping

For estimation of opportunity of light element irdvoducing as
substitution impurity there were proposed to use the value of single bond
length between carbon atom and of corresponding element atom and also value of
the bond ernergyl3l. The corresponding values and it velative difference in
the comparison with gecmetrical and srergetical parameters of diamond lattice
listed in the Table 1.

Table I. Geometrical and ensrgetical parameters
of single element-carbon bonds

Relative radii Element— E-C to C-C "
Element Covalent difference carbon bond energy
radius Rg = RExiQD,% bord erergy difference
" Rp . {keal /mol) (keal/mol)
d
C 0,77 O az 0
B 0,83 + 10,4 a9 + &
N 0,70 - 9,1 73 - 10
P 1,10 + 43 &2 - 21
S 1,04 + 33 63 - 20
d

By using of the Table 1 necessarily take in the mind that the
accumulated data have been obtained on the base pgeometrical and energetic
parameters such element-organic molecules like B(CH3z) 5, N(CH3) 3, F{CH3) 3 and
§(CH3)o with ordinarily element-carbon o-bonds. But by introduction of

corresponding atom in the substitution position in diamond lattice two serious
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peculiarities arise. Firstly the coordination number of impurity atom by its
situation in substitutional position should be equal to four. Secondary as
sequence of the first the atom could be to reveal donor (nitrogen, phosphorus,
sulfur) or acceptor (bovron) behaviour in the relationship to surrounding
diamond lattice. It result to origination of permitted energetic level of
donoy  or  acceptor  type in  forbidden energetic gap of perfect single
crystalline diamond (5.5 eV). The theoretical calculation of permitted levels
of energy give not very save results to-date because not comprehensiveness of

theory of solid state.

3. In-the-growth diamond doping

It is why the main hope in the solution vow of dimond doping problem
give mainly experimental techniques based on diamond CVD. Some of them will
be shovrtly discussed in this communication.

Initial and very imnportant steps of in the course of diamond growth
doping are hetercgensous processes what involve breaking bonds in carbon and
dopant precursors and formation of new chemical {(carbov-carbon and carbon-
element) bonds on diamond surface. At this step coordination rumber ard
genergetics of dopant atom start o accommodate to its position in the bulk of
diamond lattice.

In +this stage, especially at low temperatures  of  chemical
crystallization process, there is possible wnonequilibrium doping. It means
that excessive or deficient captwe af impwrity element proceeds (at
crystallization temperature below about 800 "C). At the temperature “900 °C
obviously take \place much more equilibrium conditions, and egquilibrium
destribution coefficient of most important impurities in diawond reasonable to
estimate according to bond energy data (Table I). BGualitatively ratio:

Kg = (E/Cipp /7 (E/C)

vapor phase
should be dependent from Eq_p to Ep_p difference.

Thermochemical calculation for 1200 K give distribution coefficients.
They are for B and P equal to:
Kg ~ exp (6000 / 1.98°1200) = 12.3
and

Kp ¥ exp (- 210000 / 1.38 ° 1200)= 1.4 = 1074
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Above results are in reasonable agreement with sxperimental data
[4-6,81. Our results of diamond Film doping in the chemical fransport

reaction summarized in Table 11.

Teble 11. Some characteristics of in-the-growth
doped diamond films

Dopant Dopant Bpecific Film Egs Conduc—
concentrat ion, resistence, | thickress, gV tivity
atom® cm Ohm® cm um type
wped
Boron 1.7°101%4, 51081 106-ze 1073 o.1-2 | 0,37-0.05 n
Phosphorus 5e 1018-5- 11 109-10! 0.05-1 | 0.11-0.04 i
Sulfur 1050 109-109 0. 051 0.17 n*
d

#) accovding to high ronohmicity of electrical contacts to sulfur doped DF.

in more recent publications have been attained also high diamond Ffilm
doping level by phosphorus [7;8]1. Probably vot high conductivity of diamond
film [71 woriginates from bornded hydrogen [8]1 and awcther impurity and/or
intrinsic defects. It is why rnecessary careful study of hydrogen concentration

and bonding state in diamownd Films [91.

4, Conclusions

T summarize this papear we put Forward Following
conclusionss
— diamond doping have many challerngesable goals and berefits For
Ffundamental science and new techwalogy,

- as acceptor, so donor diamond Film doping are possible,
~ rumerical estimations of redistribution coefficients bstween
diamond film contained boron and phosphorous, and ovvstallization
mediunm are in reasonable agreement with experimental data.

Dovioy doping by phosphorous obvicusly is very sensitive to
presence of intrinsic and impurity (like Dbonded hydrogern) defect
in diamond material,

- the effective and comprehensive solving of problems related to
diamond  doping requests interdisciplinary and interrnational

fudulm] per"at 10V,
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Polycrystalline Diamond Devices-Fabrication
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Kobe Steel, Ltd., Electronics Research Laboratory, Takatsuka-dai 1-chome, Nishi-ku, Kobe 651-22, Japan

Abstract

Fabrication and characterization of two basic devices, diodes and field
effect transistors, made of B-doped semiconducting polycrystalline diamond
films, are described. The diode has a trilayer MiS structure consisting of an
aluminum electrode, undoped diamond and semiconducting B-doped p-type
diamond, fabricated on a low-resistivity Si substrate. The transistor has three
electrodes for source, gate and drain with a linear configuration, where the gate
region has the same structure as the MiS diode. The fabricated diodes showed
a good rectification up to 300 °C, while the transistors exhibited a drain current
modulation and cut-off up to 200 °C.

1. INTRODUCTION

Diamond is known to have many interesting properties for electronic
applications, and feasibility studies of diamond devices are extensively carried
out, including rectifyingl-2 and ohmic3 contacts, and field effect transistors
(FETs).4-8 At the present stage of diamond device research, it is most important
to establish microfabrication technologies such as selective deposition of
diamond, doping, formation of ohmic and rectifying contacts, and reduction of
contact resistance. To this end, polycrystallind diamond (PCD) films are most
relevant because a relatively wide area is available. _

In this paper, MiS-type diodes and FETs were fabricated using PCD
films. It was demonstrated that MiS diodes exhibit a high rectification, while
MS diodes showed only a poor rectification. On the other hand, it was not
obvious at the beginning that FETs made of PCD films would be operational as
PCD films have a low carrier mobility (on the order of 1 cm?/V-s) due to grain
boundaries and random orientation of diamond grains. However, in the

present work, modulation and cut-off of the drain current were achieved for the
first time in the PCD MiS-type FET.

2. METAL/INTRINSIC DIAMOND/SEMICONDUCTING DIAMOND (MiS)
DIODE

2.1 Fabrication process

The MiS diode structure is shown in Fig. 1. It has a multilayer structure
of a metal (Al) thin film electrode, an intrinsic semiconductor interlayer
(undoped diamond), and a semiconductor layer (B-doped p-type diamond),
fabricated on a low-resistivity Si substrate which is used as an opposite
electrode.?10

The substrate used was a 20 mm x 10 mm p-type Si with a resistivity of

less than 0.1 Q-cm, which were polished for 1 hour using 0.25 um diamond
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paste. The B-doped PCD layer was deposited by microwave plasma chemical
vapor deposition (MPCVD)!! using 0.5% CH4/Hy and 1 ppm ByHg as the
source gas (the B/C ratio was 400 ppm). The substrate temperature, gas
pressure, total gas flow rate, and deposition time were 800 °C, 35 Torr, 100
cc/min, and 7 hrs, respectively. The undoped diamond layer was deposited for
2 hours by MPCVD using 0.5% CH4/Hj and 0.1 % O3, The estimated layer

thicknesses was about 0.4 pum. The sample was then annealed at 850 °C for 30
min in vacuum, followed by CrO3z:H2504 and RCA cleanings. For electrodes,

0.2-pum thick Al film dots of 100 um in diameter were photolithographically
formed. Finally, the samples were pasted on a Cu plate with a silver paste.

Al electrode

o i-Diamond
. §p~Diamond

Fig. 1. Cross-sectional view of the MiS diode.

2.2 Current-voltage characteristics

Semi-logarithmic I-V characteristics of a MiS diode at room and high
temperatures are shown in Fig. 2. In the forward bias state at room
temperature, the turn-on voltage was 0.8 V, which decreased at elevated
temperature. The rectification ratio at 5 V was 107 at room temperature, and
decreased to 103 at 300 °C. From an Arrhenius plot of the reverse leakage
current, an activation energy of 1.0 eV was obtained. This value is similar to
that reported previously for undoped PCD films,12 indicating that the
undoped diamond layer is responsible for the potential barrier in the reversed
bias state. By contrast, it was found (not shown) that the rectification ratio at 5
V was only 3 for a MS diode which were fabricated in a similar manner.

1071 T N a—
B/C: 400ppm
1672 F Undoped Layer:0.4 ym ]
-3 a: Room Temperature |
10 b: 100°C
1074 e 200°C
2 10-5 d: 300°C J
: 108 } /.
ot
-7
g 10
3 10—8 < i
O 10°° =
10710 | b ;
1o-it b 1
(]
|0-|2 - 4
10"3 : 1 2 1
-5 0 5
Voltage (V)

Fig. 2. I-V characteristics of a MiS diode at (a) room temperature, (b) 100 °C,
200 °C, and (d) 300 °C.
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3. MiS FIELD EFFECT TRANSISTOR

3.1 FET structure

A schematic diagram of top and cross-sectional views of the fabricated
MISFET is shown in Fig. 3. It has a linear configuration with source and drain
(Ti/Au) and gate (Al) electrodes. The gate length, the length of the undoped
diamond layer under the gate electrode (gate insulator), the gate width, and the

source-to-drain distance were 5, 10, 500 and 10 um, respectively. Note that the
gate structure is the same as the MiS diode, and the FET is operated in the
depletion mode with a reverse bias voltage applied to the gate electrode.

pt-D layer p-D laver i-D laver
Gate

Source ; :

Fig. 3. Schematic diagram of MiSFET.

3.2 Fabrication process

For substrates, sintered, insulating SiaN4 was used, which had been
polished with 1-um diamond paste. First, 5-um thick undoped diamond layer
was grown on the substrate. Then a B-doped diamond layer was selectively
deposited!3 by MPCVD using 0.5% CH4/H2 and 0.5 ppm BoHg. The
estimated thickness of the B-doped layer was only about 0.03 um with a doping
concentration of about 5x1018 em3. In order to reduce the contact resistance for
the source and drain electrodes, a heavily B-doped (p*) diamond layer with a
thickness of 0.3 um was selectively deposited in the source and drain electrode
areas. The B-doping concentration in the p* layer was 1020 to 1021 em-® and the
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contact resistivity for Ti/Au electrodes was less than 10°4 Q-ecm?. The gate

insulator was selectively deposited to a thickness of 0.6 pm in the gate electrode
region by MPCVD. The sample was annealed in vacuum, followed by CrO3
and RCA cleanings. Finally, electrodes were formed by photolithography.

3.3 MiSFET characteristics

The drain current-voltage (Ip-Vp) characteristics of the fabricated
MISFET at room temperature and 200 °C are shown in Figs. 4. It is seen that Ip
was modulated by the gate bias Vg and almost entirely cut off when Vg was
greater than 24 V. The transconductance (gn) was 43 and 530 pS/mm at room
and 200 °C, respectively. The saturation in Ip at high Vp was not obvious
because the series resistance of the channel layer is significantly high.

16 ) i0 T 3 1 1 LI § LR} ¥ ) LI | 40
- T=221C
_ Vazo Vv 3
512 [ rpEie _: g 10
= £ 25
5 s
% 8 5 20 -
O ‘é 15 E-
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‘s 4 S 10 F
S H .pa-'i""' N a
Gasareses NG +8 .5
o L A s i w2y Sl S 0 =
0 -4 -8 -12 -16 -20 0 -4 -8 -12 -16 -20
Drain Voltage (V Drain Voltage (V
g

Fig. 4. Ip-Vp characteristics at room temperature and 200 °C.

4. CONCLUSION

MiS diodes and MiSFETs were fabricated using combinations of
undoped and B-doped PCD films. The MiS diodes exhibited high rectification
ratios of 10°-106 at 5 V, which were significantly higher than the corresponding
values for a MS diode. The rectification ratio of a MiS diode at 5 V was as high
as 103 even at 300 °C. The MiSFET exhibited drain current modulation and cut-
off from room temperature up to 200 °C. These results clearly indicate that
CVD diamond films can be used for high-temperature electronic device
applications.
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Diamond Substrate Interactions and
the Adhesion of Diamond Coatings

Benno Lux and Roland Haubner
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ABSTRACT

Formation of a diamond coating on a substrate requires a stable substrate
surface, especially during early deposition stages.

In many cases hydrogen and/or carbon react with the substrate surfaces
to form gases or solid carbide layers, to dissolve carbon, etc., leading to
changes in the diamond nucleation and growth. Certain substrate elements with
high vapor pressures can also cause detrimental effects.

All these interactions can affect the adhesion of the diamond coatings.
Intermediate layers applied prior to diamond deposition might finally prove to
be one of the best possible solutions for minimizing such detrimental substrate
interface effects.

KEY WORDS: CVD diamond, nucleation and growth, vapor pressure, substrate/gas

and diamond/substrate interactions, substrate surface treatments, intermediate
layers, adhesion.

1. INTRODUCTION

Very few materials are inert to the aggressive gas atmosphere needed for
low-pressure diamond synthesis. Changes in the substrate surface occurring
during deposition can significantly influence diamond nucleation, growth and the
adhesion of the final diamond coating {1-5]1.

Atomic (H®), molecular hydrogen (Hz) and carbon species cause reactions,
especially with ceramics, modify certain metallic substrates, and can form
intermediate layers, thus delaying the onset of diamond nucleation, growth and
the coating formation.

Atomic hydrogen is essential for avoiding the formation of non-sp® carbon.
The C/H ratic and the amount of atomic hydrogen are critical parameters. For
proper diamond nucleation and growth also the carbon supersaturation in the
gas phase must be kept relatively low in order to prevent the formation of
amorphous carbon or graphite.

The diamond nucleation can be heavily disturbed by the substrate
chemistry. During the early diamond growth two stages - isclated crystal and
layer growth - must be distinguished [6]. Only after formation of a diamond
layer can the diamond growth become independent of substrate effects. The time
needed to form a continuous film depends not only on nucleation density, but
also on the parameters chosen, such as carbon f{lux, substrate surface
temperature, etc.

The very early growth period is characterized by the increase in size of

the small, isolated crystals originating from the nuclei. During this stage
surface diffusion of carbon to the nuclei occurs from the relatively large
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diamond-free substrate surface areas surrounding them. Simultaneously the
activated gas phase continues to react with the substrate surface. As the
diamond crystals grow together, they form larger islands which spread until the
entire substrate surface is covered by the diamond coating. The substrate is
no longer affected by the aggressive gas phase but it can still dissolve the
diamond coating at the substrate/coating interface [7,8].

2. INTERACTIONS AT THE SUBSTRATE SURFACES: EXAMPLES [9]

- Diamond as a substrate permits nucleation and growth without a nucleation
step (homeo-epitaxial nucleation and growth). On high-pressure diamond
-~

particles with damaged facets the crystaliographic habitus of diamond is vrebuilt
rapidly during CVD growth [10].

—  ¢-BN : Hetero-epitaxial nucleation of diamond has been observed on cub-BN
crystals {111,

- Silicon : Hetereo-epitaxial nucleation is difficult due to formation of a thin SiC
layer prior to nucleation. Recently however special surface pretreatments have
permitted epitaxial nucleation and growth {12,13}

- Silicon carbide : SiC, a typical representative of a covalent bonded carbide,
is practically inert to the reactive gas atmosphere used for the diamond
synthesis. Having also a very low thermal expansion coefficient it is a nearly
ideal substrate for diamond coatings [14].

- Ceramic materials (oxides, nitrides, etc} : Thermodynamic calculations and
experiments showed that substrate surfaces of ceramics, such as Si0., Al,QOs,
ZrO,, AlN, etc., can be transformed by the hydrogen or the carbon into metals,
hydrides or carbides. The high reactivity with atomic hydrogen even allows
chemical reactions which would not occur with molecular hydrogen. Diamond

rmo £

nucleation usually starts only after a stable surface layer is formed {2,4].

- Pure metals : For the interactions occurring with metals the carbon species
are most important. Both carbide formation and carbon dissolution into the bulk
material take place.

* Carbide Formation

Refractory metals (Ti,Zr,Hf/ V,Nb,Ta/ Cr,Mo,W) form stable carbides in
the presence of carbon or hydrocarbons. Due to their high stability and
the low carbon solubility in these metals, intermediate carbide surface
layers form. The layer growth rate is influenced mainly by the substrate
temperature, the carbon concentration and diffusion coefficient in the
particular carbide. The overall growth rate is relatively slow {3,15,16].

Diamond nucleation starts readily after the surface is carburized.
Scratches leading to thin edges can accelerate local carbide formation,
thus promoting the onset of diamond nucleation.

* Carbon Dissclution

On metallic substrates which do not form stable carbides but which can
dissolve carbon (e.g. Fe,Co,Ni {4,5], Pt {171}, carbon diffusion intc the
substrate occurs until the entire substrate is saturated with it. The time
needed to reach saturation increases with the substrate thickness. This
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carbon diffusion can significantly delay the onset of diamond nucleation,
since a certain carbon concentration at the substrate surface must be
reached before stable diamond nuclei can be formed.

3. INTERACTIONS AT THE GRCOWING DIAMOND/GAS INTERFACE

— Catalysis of Non-Diamond Carbon Formation due to a
High Vapor Pressure of the Substrate

Certain elements can retard or even prevent the formation of a diamond
coating if in direct contact with the diamond being formed. For example iron
can lead to massive non-diamond carbon deposition at the substrate/diamond
interface. Only after this carbon layer is thick enocugh to prevent the diffusion
of Fe from the substrate can diamond nucleation and growth start on the
intermediate carbon deposit {4].

An excessive substrate vapor pressure can interfere detrimentally with the
growth of diamond crystals. The high vapor pressure of such substrates as Fe,
Co, Ni, Cr, etc., lead to contamination not only of the growing diamond on these
substrates but also to contamination of the surrounding area, including even
neighboring depositions on substrates with low vapor pressures [5]. This effect
has been observed for diamond growth on refractory metals, which (except for
Cr)} have a very low vapor pressure. There contamination by Fe, Co, Ni, Cr. etc.,
led to formation of numerous huge growth steps on the growing diamond crystal
facettes [3,5]1. Such growth steps occur when the impurities cannot be
incorporated into the crystal and therefore interfere with the normal atomic

-

attachment kinetics {18].

4. INTERACTIONS AT THE SUBSTRATE/DIAMOND COATING INTERFACE

In particular industrial wear protection as well as low-friction and specific
structural applications of alloys can be improved by diamond coatings. The
following two industrial alloy tvpes would be of special interest for use as
substrates:

~ Fe-, Co- and Ni-based Alloys

Experiments with lamellar and spheroidal cast iron substrates - which are
saturated with carbon -, showed that this saturation can help in achieving more
rapid nucleation and growth of  better adhering diamond coatings [4]1.

Prior to diamond deposition the substrate surfaces of pure iron or steel
must be protected by '"stable" intermediate layers in order to avoid the C
dissolution at the diamond/substrate interface, - to prevent detrimental
carburization of the alloys -, and -~ last not least - to counteract the effects of
the high vapor pressures.

Recent experiments have confirmed their feasibilty for diamond coatings by
special surface treatments. Diamond coatings adhered better on carbon- and
silicon-saturated cast iron alloys than on untreated iron alloys [4]. More
appropriate pretreatments for reliable stable substrate surface conditions
during the coating process and intermediate layvers with compatible expansion
coefficients sufficient to produce the required coating adhesion must still be
worked out.
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The detrimental effect of the proionged heat treatment must be solved by
an appropriate choice of heat-resistant steel substrates.

- WC/Co-based Hard Metais

Hard metals (WC/Co), already having exceilent properties for such
applications, could be even further improved by a superhard diamond coating.
The sintered alloys consist mainly of WC mixed with other refractory carbides
which are bound usually by a Co binder (5-15 wt %). the Co however has a
detrimental effect on diamond nucleation and growth [19-22]. The adhesion
problem increases with increasing Co concentration in the binder and with the
addition of refractory metal carbides other than WC [21]. The formation of
non~diamond carbon due to the direct contact with Co and to the relatively high
Co vapor pressure are supposedly the main reasons for the problems
encountered [20-231.

Pretreatments of the hard metal to enrich locally the Co binder with Si or
B at the substrate surface improved significantly the diamond coating adhesion
[7,8].

Also applying very thin and reactive interfacial intermediate refractory
metal layvers (Ti, Cr}, on a hard metal subtrate prior to the diamond deposition
proved to increase the coating adhesion. These layers react at least partially
during diamond depcsition to form carbides and thus directly improve the
adhesion, while simultaneously preventing undesirable surface reactions which
would otherwise occur during deposition {24].

It was recently also shown that the Co binder dissclves the diamond
coating during the prolonged heat treatment resulting from the diamond
deposition conditions. Thus the interface diamond coating/hard metal is not
stable during the diamond deposition {7, 8}. This can have alsc conseguences
on the coating adhesion.

5. CONCLUSION : INTERMEDIATE LAYERS to control
SUBSTRATE SURFACE INTERACTIONS

Of the many approaches now being proposed to deal with these various
problems, that of applying intermediate layers -which was articulated many
vears ago [25], - might well prove to be one of the most feasible possibilities for
practical industrial solutions.

The idea of putting an inert or an at least "compatible" intermediate layer
between the diamond coating and the substrate - prior to the coating deposition
- is thus not new. It has been successfully applied for CVD coatings on cutting
tools for decades {[26].

Properly utilized, this technique not only prevents substrate interactions
prior to the formation of a diamond coating, it alsc stops the diamond dissolution
at the diamond/substrate interface during deposition, and it could even help to
reduce the interfacial stress problems through the choice of an intermediate
layver with an appropriate expansion coefficient.
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INTERFACE
INTERACTIONS

Diamond coating

Substrate

Effects due to:

. Reaction gases (C, H, H°)
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- vapor pressure b) Hydrogen: C, B ———»CH.,/ BHG/ etc.
- diffusivity of elements ¢} Hydrogen & Carbon: MeO, — Me, MeC, etc.
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- reactivity with H and C il. Heat treatment
- interaction substrate / coating - Substirate Evaporation «—— Nucleation, Crystal Growth
- expansion coefficient - Diffusion Adhesion
* gutwards (WC/Co ——+Co) Substrate — Surface
* inwards (C—Co) Surface —— Substrate

Fig.1: Substrate / interface requirements and effects occuring during CVD diamond
deposition.

Co vapor pressure:
delays diamond nucleation
castalyzes non diamond carbon formation

- influences crystal growth

Co migration:
leads to formation of Co droplets

C diffusion:
delays diamond nucleation
leads to diamond dissolution
changes Co binder composition
Co/WC ratio at the surface

Fig.2: Influence of the hard metal Co binder phase on the diamond deposition process
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Synchrotron X-ray Studies of Hexagonal Hard

Materials under Pressure
Akifumi Onodera, Masaki Ueno™ and Minoru Yoshida
Faculty of Engineering Science, Osaka University, Toyonaka, Osaka 560, Japan
Osamu Shimomura® and Ken-ichi Takemura
National Institute for Researches in Inorganic Materials, Tsukuba, Ibaraki 305, Japan

The room-temperature equations of state and pressure-induced structural phase
transitions, as studied by in situ angle-dispersive x-ray diffraction using a synchro-
tron source to some extent and an imaging plate detector to a great part, are
presented for AIN, GaN, and InN, all crystallizing in the hexagonal wurtzite-type
structure at ambient conditions. QOur studies on much harder materials, w-BN, 6H-
SiC, and 3C-SiC, are also included. We find satisfactory agreement between the
experiments and most of the existing first-principles calculations on the bulk moduli
and transition pressures. The general trends in these parameters can reasonably
be systematized by first-principles ionicity scales.

1. Imtroduction

Among binary octet AVB 5V compounds, III-V nitrides and SiC are interesting semi-
conductors in that they have wide bandgaps, high hardness, and high thermal conductivities
(see Table I). For these reasons, many of them are under current development for novel
electronic devices.! Another point of interest is the high stability towards the hexagonal
structure at ambient conditions. Indeed the wurtzite-type structure is possessed by each
ambient-pressure phase of AIN, GaN, and InN. Boron nitride is an exception to the nitride
family: it crystallizes at ambient pressure in the graphite-like form but one of the high-
pressure phases is the wurtzite-type structure (w-BN). In SiC, 3C-type and 6H-type rather
than the wurtzite (2H)-type are the most common forms among the various polytypes.

Like other AYB %Y compounds, the I1I-V nitrides and SiC are expected to undergo pressure-
induced structural phase transition. A naive approach based on the Phillips ionicity % leads to
an expectation that AIN, GaN, and InN would transform into the NaCl-type structure
whereas the p-Sn-type structure is expected for SiC.2® Recent first-principles
calculations *7 show prevalence of the NaCl-type structure for the high-pressure phase of SiC,
however.

Table 1. Selected properties of III-V nitrides and SiC.

6H-SiC 3C-SiC w-BN AIN GaN InN

Bandgap (eV) 2.9 2.3 6.4° 6.3 3.4 2.0
Microhardness (GPa) 23 19 702 18 2 ?
Thermal conductivity a
- ?
WhnK) 490 490 1300 320 130 .
Axial ratio¢/a 4.900 1.000 1.647 1.600 1.622 1.611

a Data for the zinc-blende form
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In the meantime, the Phillips ionicity? was questioned from first-principles approaches 57
on ionic charges and it was pointed out that upward revisions be needed in the ionicity of
compounds containing first-row elements. The compounds of the present interest just fall in
such cases. Itis, in turn, of great importance to know how the revised ionicity can be applied
to the problem of high-pressure transitions.

This study therefore aims at (i) reconnaissance of structural phase transition in BN, AIN,
GaN, InN and SiC; (ii) comparison of the measurement with first-principles calculations; and
(iii) systematization of the general trends in these materials in terms of ionicity.

II. X-ray diffraction

The experimental procedure pursued in this study was angle-dispersive x-ray diffraction
technique in situ under pressure in a gasketed diamond-anvil cell employing, in most cases,
an imaging plate (IP) detector.® The x-ray source used was either a monochromatized MoKa
or a synchrotron radiation (BL-3A or 6B at the Photon Factory, National Laboratory for High
Energy Physics). _

Figure 1 shows x-ray diffraction patterns of 3C-SiC recorded by IP on both up- and down-
strokes.® The patternsin Fig.1(a) were taken using the MoKa radiation while those in Fig.1(b)
were from the synchrotron study. In the pattern at 36 GPa, peaks responsible for the zinc-
blende (111), (200), and (220) reflections are recorded. Owing to hit of the MoKa radiation,
gasket lines (labeled by G) appear in each pattern in Fig.1(a) and eventually disturb the
reflection(s) of interest. This occurs actually in the patterns taken at 85 and 105 GPa. Under
such a difficult situation, we notice appearance of a new peak Iabeled by an arrow in the 105
GPa pattern. No further information can be obtained from this unless the gasket lines be
eliminated. The small divergence of the synchrotron radiation enables to eliminate the gasket
lines. The resulting pattern is shown at the top of Fig.1(b). It obviously demonstrates that
the new peak is by no means spurious. This and the two additional peaks appearing at higher
angles can be unequivocally assigned to the NaCl-type structure. Consequently, we find that
3C-SiC undegoes a structural phase transition into the NaCl-type by 105 GPa. On
downstroke, this transformed high-pressure phase returns back to the ambient-pressure
phase by about 35 GPa [Fig.1(b)].
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Fig.1 X-ray diffraction patterns for 3C-SiC.
The letters 3C and RS respectively
represent the 3C and NaCl phases.
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Our studies on other compounds yielded the following results: 6H-SiC persists to about 95
GPa, with a premonition of phase transition presumably into the NaCl-type structure ?;
AlN (at 22.9 GPa; Ref.10), GaN (at 52.2 GPa; Ref.11), and InN (at 12.1 GPa; Ref.11) all trans-
form into the NaCl-type structure; w-BN remains stable at least up to 106 GPa.!2

The equation-of-state curves for the nitrides and SiC are shown in Fig.2. The phase transi-
tions in AIN, GaN, InN, and 3C-SiC take place at the discontinuities in volume. The bulk
modulus (B,) and its pressure derivative (B,") deduced from Fig.2 (also Ref.13) are summarized
in Table II. We also list in Table II the transition pressure (P, and volume change (AV)
accompanied by the transition.

Table II. Elastic and transition parameters for I1I-V nitrides and SiC.

B (GPa) By P, (GPa) AV (%) Method Reference
w-BN 390+3 3.5+0.8 no transition to 106 GPa x-ray diffraction 12,13
390 6.3 LCAO 14
AIN  2079+63 63%09 229+0.2 18.5 x-ray diffraction 10,12,13
195 3.74 12.9 22.5 psuedopotential 15
221 16.6 18.1 LMTO-ASA 16
205 12.5 19 LMTO-FP 17
GaN 237+ 31 4.3+ 2.0 52.2+3.0 17.9 x-ray diffraction 11-13
239 65 10 LMTO 18
244 55 11 psuedopotential 19
190 2.92 55.1 14 psuedopotentail 20
InN 1255+46 127+14 121%02 17.6 x-ray diffraction 11-13
165 25.4 LMTO 21
6H-SiC 260x9 2.9+0.3 x-ray diffraction 9
3C-SiC 260+ 9 29+03 105 20.3 x-ray diffraction 9
212 3.7 66 18.5 psuedopotential 5

-187-



1.010

1.005

1.0001

’\f Fig.3 Presseure dependence of the axial
}é ratio for the nitrides and 6H-SiC.
3 0.995

0.900

0.985 L ' L :

!
0 20 40 60 80 100 120
Pressure (GPa)

In the hexagonal crystal system the axial ratio ¢/a is an important parameter to know the
distortion. Figure 8 shows the axial ratio normalized to the ambient-pressure value for w-BN,
AIN, GaN, InN, and 6H-5iC, each in the hexagonal phase. The compounds in Fig.3 can be
classified into four groups according to the changes in ¢/a: compounds exhibiting a marked
decrease in c¢/a with pressure and undergoing the transitions at relatively low pressures (AIN
and InN); compound which shows little pressure-induced change in ¢/a but undergoes the
transition (GaN); compound showing a conspicuous increase inc/a in the vicinity of the premo-
nition of phase transition (6H-SiC); and compound exhibiting a large change in ¢/a but, never-
theless, persisting in the hexagonal phase (w-BN). The axial ratios in AIN and InN at ambient
pressure (see Table I) already deviate significantly from an ideal value, 1.633, for the hexago-
nal packing. The decrease in ¢/a in these two compounds indicates that the distortion from the
ideal geometry is not redeemed but instead is enhanced with the application of pressure and,
incidentally, the phase transitions take place when the normalized ¢/a reaches a value of
0.995. The phase transition in GaN occurs without such a change in ¢/a from the ambient-
pressure value. In 6H-SiC, the axial ratio at ambient pressure is close to three times of the
ideal value. It eventually shows a steep rise from about 80 GPa and crosses a value of 1.005 at
90 GPa where we find a premonition of phase transition. This situation is similar to the casses
of AIN and InN in that each lattice becomes destabilized at the 0.5% change in ¢/a from the
ambient values. Although the change is relatively large in w-BN, the axial ratio approaches
1.63 with increasing pressure. The approach to the ideal value probably gives rise to a further
stabilization of w-BN in the wurtzite structure.

III. Comparison with calculations

Theoretical studies>*# for the elastic and transition parameters are joined in Table II. An
excellent agreement is achieved between the measured and calculated elastic parameters of
w-BN. The calcualtion * on the other hand predicts a phase transition to occur in BN from the
zinc-blende to wurtzite-type at 133 GPa. In AIN and GaN, many of the calculations for B,
agree reasonably well with the experiment. All the predictions underestimate P; of AIN,
whereas overestimations are met in P; of GaN. The calculated B, and P, are significantly
higher than the measured values in InN. Underestimations occur in B, and P, of 3C-SiC.
We note that there is no problem in the underestimation because the calculations achieved
on P; are for the equilibrium pressure and, hence, that comparison of P, between the calcula-
tion and experiment becomes valid after the transition pressures on up- and downstrokes are
determined.
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1IV. General trends

Although the first-principles calculations shown in Table II can interpret the elastic proper-
ties and transition parameters reasonably well, the interpretation is limited to within each
compound. No general trend or systematization is given for the nitrides we are studying.

Such arguments have been made from rather simple points of view. Cohen 2 put forth a
relation between the bulk modulus ( B) and the nearest-neighbor-distance (d) of tetrahedrally
bonded solids to be B, xd*5. Majewski and Vogl* tried to find trends in B, and also the
transition pressures of AVB®Y compounds in terms of unit cell volume V' and showed B« V16
in comparison to the experimental values B, V11* to V°. No nitrides were treated in these
reports. Instead of plotting B, against V or d, we show in Fig.4 plots of B, against charge
asymmetry coefficient g derived by Garcia and Cohen.” 1t was shown that g's for the nitrides
are significantly higher than the Phillips ionicity (f).? In Fig.4 we find, in particular, the high
values in B,'s in the nitrides. Also, very smoothed lines connecting respective series of Al,
Ga, and In compounds can be delineated.
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Fig.5 Plots of transition pressure against (a) g and (b)f.
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Plots of transition pressure (P,) against two ionicity scales are compared in Figs.5(a) and (b).
In the P;-vs-g plots, Fig.5(a), SiC falls close to the family of nitrides and, furthermore, the
prevalence of the NaCl-type structure for SiC at high pressure can reasonably be interpreted.
In addition, discrimination among the series of compounds as well as the smoothed plots within
each series are better achieved in Fig.5(a) than those in Fig.5(b) which gives P;-vs-f; plots. Such
plots can also be attained for the nitrides (see Ref.11) by first-principles ionicity scales of
Christensen ef al.® and Yeh et al. 2

V. Summary

Our x-ray diffraction study has revealed that the trends in the bulk moduli as well as the
transition pressures in III-V nitrides and SiC are in harmony with the trends in the first-
principles ionicity scales.
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Efficiency Characteristics of Diamond Synthesis / Review /

N.V. Novikov
Institute for Superhard Materials, Ukraine

The review presents the results, describing direction, the
main tasks and place of researches in diamond synthesis, carried
out at the Institute for Superhard Materials. A limited length of
this lecture does not permit a wide presentation of the recent
results, and there is no possibility to describe the methodical
features. However, the author hopes, that the additional
information can be found in editions of the Institute, as well as
in the papers of our employees at International Conferences.

Contents of the review: 1. Computer simulation of fields of
temperature and pressure 1in high pressure apparatuses (HPA).
2. Diamonds synthesized by spontaneous crystallization. 3. Large
diamond crystals. 4. Physico-mechanical properties of diamond.
5. The use of diamond properties.

Computer simulation of fields of temperature and pressure in
HPA: Diamond synthesis is performed in HPA, the efficiency of
which is characterized by its service life (the number of working
cycles before destruction), yield of diamonds (the productivity)
in one cycle, cost of a set of HPA components, including a
reaction cell. The magnitude of these characteristics depends on
a combination of many factors. Thus, according to our data, in
the case of a belt-type HPA with a hole 40 mm in diameter, the
average service life of components of HPA, made by various
European companies under certain conditions was in the range from
904 to 104 cycles. In terms of tungsten consumption per 1000 ct
of synthetic diamond the distinction in durability have made from
2,0 up to 3.2 kg.

To find out the reasons of the distinctions, we use the
analysis of fields of pressure and temperature in HPA. This
characteristics permits the determination of the dependence of a
diamond yield on main parameters (pressure, temperature, time),
as well as on features of constructive fulfillment of a reaction
cell and on physical properties of materials, used for its
manufacturing. We  have  conducted numerous calculations of
temperature fields in HPA of a recessed anvil-type and belt-type.
Our programs permit us to solve coupled problems on electro- and
heat conductivities and to determine the variation of a
temperature field with electric heating of a cell depending on
design features, electric conductivity and  thermophysical
characteristics of materials used. Solving nonlinear problems on
the deformable solid mechanics it is possible to construct a
field of distribution of pressures in HPA in compression by the
force of a press. 1In calculations, additional thermal stresses
are taken into account. In determining the pressure distribution
in view of characteristics of elasticity and plasticity of
materials wused, the conditions of friction on contact surfaces
when loading HPA and extruding a deformable gasket are taken into
consideration.

Figure 1 gives calculated fields of  temperature (a),
pressure (b), excess of temperature of solvent metal melting at a
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given pressure (c) and excess of pressure above the equilibrium
line for phases A and B at a given temperature.

In a similar way the

g 5 &”5 concentration of diamonds, which are
52 being crystallized during  phase

72 . transformations in a reaction
mixture can be calculated. The

process of crystallization initiates
in the =zone indicated in Fig. 1
(crosshatched) from the moment (tg)
of the fulfillment of a  given
criterion of graphite - diamond
phase transition.

Diamonds emerge in the centre,
then the area of possible synthesis
is expanded. Difference of

' , temperature on the vertical axis 1is
% ) 4-5 times more than on  the
C .3 089 o horizontal one. At an initial moment

of diamond crystallization  the

Fig. 1 pressure gradient does not exceed

0.15 GPa. With increase in diamond

concentration the pressure drops owing to changes in density of

the reaction mixture and the pressure gradient increases up to
0.75. It is necessary to maintain the pressure.

Kinetics of changes in thermostressed state of the reaction
volume can be shown as p,T-parameters on the phase diagram of
carbon and the melting of a solvent metal.

From positions of the nonlinear mechanics, we have executed
the analysis of p,T-conditions of diamond nucleation in graphite
and in a metal melt. Instant changes of the microvolume are
analytically accounted for in  graphite - diamond  phase
transition. It is found that for diamond nucleation in graphite
and maintenance of equilibrium pressure (4.94 GPa and 1200 C) an
external hydrostatic pressure of 16.7 GPa is needed. Formation of
a metal melt reduces pressure, necessary for phase transition by
a factor of 3.3.
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By applying the developed technique, it is possible to take
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into account the features of a HPA design, and changes in
stresses when interference assembling of its components as well
as to determine equivalent stresses and to plot isolines of
allowable cyclic loads (Figs. 2, 3) for  components  of
recessed-anvil (A) and belt (B) HPA (die—unit, punch, surrounding
rings). In the calculation the criterion of a limiting mechanical
state is given.

The calculated data derived on the basis of computer
simulation point to the representativeness of the characteristics
of fields of distribution of pressures and temperature in a HPA
working zone in synthesis of diamond, sintering of polycrystals
or composites of superhard materials, as well as in solving
various technological problems. For example, for choice of
materials for a reaction cell or optimization of its design.

Diamonds of spontaneous crystallization: The crystals of
synthetic diamonds do not basically differ from natural ones in
shape and crystallography. But the differences are found out when
analyzing impurities, inclusions, and bulk and surface defects.
This is revealed first of all by studies of thermophysical and
optical characteristics as well as by evaluation of internal
stresses and submicrostructure heterogeneity.

Consider now some results of studies of such characteristics
as crystal habit, quantity of metal inclusions and level of
internal stresses.

Figure 4 shows the relation between the diamond crystal
habit and inclusion content. On axes relative values of pressure
and temperature are indicated. P, is the pressure, used to
produce  heat  resistant diamonds, and T, is the eutectic
temperature for a two-component melt of metals with carbon at
pressure P, . The areas of p,T conditions are shown where the
distribution of inclusions throughout the whole bulk of a crystal
(@ ), half bulk ( 8 ), the distribution of oriented inclusions
( ® ) and rare single inclusions are possible ().

The studies have confirmed a

~ significant effect of alloying of

Fffi / | a solvent metal with getters of
P nitrogen (titanium, zirconium,
14 l _ boron)  which change the ratio
(To) .%} //// between carbide-forming,

CB @9// graphitizing and inert  with

2 Ej / respect to carbon components. To
/ L/<:E§R) obtain impurity-free crystals, the

/ pd way of their accommodation in the

~

10 X
' B &xﬁpziﬂ reaction cell volume, and the
¥ d v degree of perfection of a graphite
038 T structure are important. So, it is
b shown, that the dissolution of
06 graphite crystals due to the
" 083 100 L6 T 150 183 T addition of alloying elements and
R A ' " T. resulting changes of the melt
IE temperature can essentially hinder

diamond crystallization.
Fig. 4 The composition of a solvent
metal influences also the metal
inclusion content, and hence physico-mechanical properties of
diamond grits. Their quantitative content and, accordingly, the
degree of the influence are judged about from the data of
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measurements of a failure load on a grain as well as from
electromagnetic properties of powders, and implicitly - from the
results of thermal treatment. Thus, in laser processing of
diamond powders 400/315 m in grit size, taken from various lots
of synthetic diamonds, the strengthening factor K = 1.25 + 1.45.

Lot of synthe Initial characteristics
tic diamonds a— K
p, N L+ 10" m /kg | P, Ohm * m
5 60 3.7 2.3 « 103 |1.08
2
9 71 11.5 9.3 * 10 1.23
11 64 12.8 1.1 * 107 |1.45

1t should be noted that the quantity of bulk defects in
synthetic  diamond (SD) influences the diamond magnetic
susceptibility ( £ ), which varies from - 0.6 * 102 m3/kg up to
160 * 10'8m3/kg. Electrical resistance (P ) decreases in the
range from 102%to 1070hm*m, the number of defects on grain surface
of SD being increased.

To separate synthetic diamond grits to the degree of surface
imperfection, and surface development, an efficient method of
adhesion—magnetic separation was  used. Ferromagnetic  high
dispersion particles are applied on diamond grits, the mass of
the former makes 0.01-6.0 % of diamond mass. Their adhesion is
the merit of the imperfection of diamond particle surface. The
subsequent classification of diamond particles into a number of
fractions 1is carried out in a controllable magnetic field. The
method permits the obtaining of practically defectless synthetic
diamond  powders with increased uniformity of strength and
electrical ‘resistance. Large diamond crystals: When growing large
diamond single crystals on seeds in variable temperature and
pressure fields the choice of elements of a growth system as well
as a solvent alloy and carbonaceous material is of major
importance. As seed natural and synthetic diamonds crystals are
equally used.

In experiments under consideration as seeds, AC 100
315/250 m synthetic diamond grits have been used with <111> and
<100> without growth steps, traces of dissolution  and
mirror—-smooth when examining. The choice of relatively small
crystals was dictated by the necessity to reduce volume of a
defective zone under a seed. 1Its effective diameter makes from
3.5 and to 1.2 a, where a is the average size of a seed’s face.

As a result of computer simulation of a temperature field in
the growth volume of HPA, the conditions for carbon concentration
control in axial and radial directions were optimized. A
feasibility was  established of obtaining flattened and
full-volumed crystals when alloying a main solvent metal.
Depending on rate and conditions of growth the impurity content
changed. In experiments single crystals, containing nitrogen in
amount of 2 + 4 * 10®atoms/cm have been received. Heat
conductivity of the crystals 1.5 -4 mm in size was 1500 -
- 1600 Wt/m.K. The ratio between the octahedron edge and a
crystal height was 1.8 to 2. Depending on a given size, seven to
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thirty single crystals were grown simultaneously for 20-36 hours.
An optimum rate of single crystal growth with a minimum of a
solvent metal inclusions makes 1-3 mg/h.
Carbon atoms diffusion to the surface of a growing crystal
is given by:

D(Ca = Céim )/L = A(Caim = Cw )[1=1/1+(Cgtm— Cw /& Co )1

where D is the diffusion factor; L 1is the thickness of a
diffusion layer; Cp , Cr, Cym are the limited dissolution of
carbon, respectively at the boundary between solvent  and
carbonaceous material, solvent and the crystal and in a layer of
a solvent; « Cois the concentration of carbon which corresponds to
the transition from a spiral growth mechanism on screw
dislocations to a mechanism of growth on two-dimensional seeds.

The findings permit the calculated and experimental
dependence to be found between the growth rate and temperature
and concentration differences with thickness of a solvent layer.
For a Ni-C sample the growth rate of a crystal height (h) made
1.5 mm/day. The results were as follows:

Height of a sol-| Difference of carbon Temperature
vent layer H, mm concentration, mass % difference, aT, K
2.0 0.120 8.4
4.0 0.137 9.6
6.0 0.154 10.8
8.0 0.160 11.2
10.0 0.190 13.2

Note the necessity to achieve a small error in calculated
and experimental determination of temperature, no more than £ 1
K. With certain combinations of temperature and concentration
gradients the crystal growth rate decreases sharply.

The results of growing of high-grade crystals have allowed
the relationaT = 2.5 (H-h) to be found. The computer simulation
permits the calculation of the concentration gradient variation
in a solvent layer in a real time of crystallization. The
forthcoming solution of an equation for a three-dimensional model
will allow the calculation of a probability of development of
various faces of a diamond crystal as it grows and the search of
the  best technical decisions to grow single crystals of
controlled habit and sizes.

Physico—mechanical properties: To optimize the technological
parameters, it is important to use a wide spectrum of methods of
diamond testing. Consider some results, adding the information,
received with application of widespread tests, such as wusing a
Friatester, tests on heat resistance and abrasive ability.

It is expedient that these characteristics of diamond, as of
a  high-strength, brittle material, should be added with
determination of fracture toughness Ki , static and dynamic
hardness (H), strength (&) in view of quality of crystals. Below
are the results derived when testing up to fifty natural (type
1a) diamond (ND) 315/250 um crystals, which were defect-free
octahedrons of the highest purity, and up to three hundred
synthetic (type 1b) diamond (SD) crystals, cubooctahedrons,
315/250 and 400/315 um in grit size.
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The analysis of the experimental data permits the following

conclusions (

Fig. 5):
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Fig. 5
Diamond | P, N Kie
grade MN . m¥2
Synthetic| 0.49 4.5
type 1b 0.98 4.9
diamond 1.96 5.0
4.91 4.6
9.81 4.8
Natural 1.96 5.4%0.6
type 1a | 4.91 | 4.5+0.4
diamond 9.81 4.9+0.4

- K;¢ value for ND crystals
varies only slightly up to 1225 C.
At higher temperatures a rapid
increase of K 1s observed, as a
result of formation of a quazi-

plastic zone at the tip of a crack.

- A good agreement @ is
observed between our results and
the equations of Antis, et al.
Kie = 0.16( E/H )72 ( p/c )¥2 and
Niihara K, = 0.18(E/H)¥¥Ha 72/(c/a-
_1)’//2;

- K, values for ND and

SD are practically identical at
various loads on an indenter.

The data in Figs. 6 and 7
show a temperature dependence of
static and dynamic hardness, and
strength of diamond in view of
temperature effect ( 77-300 K ).

The  range of  loading - rate
variations is 3 * 107% - 2.3 *
* 10® GPal/s. The strength

variation of diamond as a brittle
hard substance with a loading
rate does not show itself at room
temperature  in defect - free
crystals (without a crack, 1) and
with a «crack (at 300 K, 2; at
77 K, 3). 1In cooling the rate of
a pre-existing crack propagation
increases and the strength of
diamond reduces. A brittle
fracture mode of natural and SD

is observed when being compressed at the temperature from 77 up
to 1373 K. Fig. 7 shows
according to Zhurkov’s equation for diamond crystals of a perfect

structure.

Fig. 6

0 200 %0 600 800 1000 200 T°C

a curve (dotted 1line), constructed

-24

-29

20

G,
GOa

o

_ -
P -
5 /‘F' T
A -~
+ - -2 -2
4 g 4 tht)

-196-



The use of the characteristics. Synthetic diamond crystals
of a perfect habit and high quality are needed for their
effective wuse in wear resistant tools or diamond composites. An
efficient application of diamond crystals in electronics is a
special problem.

Consider a problem of manufacturing diamond-containing
composites based on the requirements to characteristics of
diamond powders. At our Institute, such composite materials as
Slavutich, Tvesal, KAM have been produced and patented.

Tungsten carbides (WC-Co) are used as a matrix for
diamond-containing materials for the manufacturing of working
elements of rock-breaking cutters, drilling bits and augers. SD
and ND powders of various grit sizes are used as fillers.

The problem resides in the fact that by a combination of two
highly hard wear resistant materials one has to receive a
composite with a higher wear resistance as compared with carbide
and not to suffer losses 1in fracture toughness and dynamic
strength in doing so. For this end, a high heat resistance of
diamond is needed along with a minimum of metal impurity content,
a high fracture toughness (the lowest K value), and optimal
characteristics of a crystal surface to ensure its high retention
in the matrix. 5

Figure 8 shows the compression strength <G;% of KAM with a
vitreous _matrix as a function of a degree of a diamond
damage (£%. The results of computer simulation at 5*‘equa1 to 0
or 0.1 are compared with experimental findings.

<6, M

Fig. 8 Fig. 9

Figure 9 shows the strength as a function of a degree of
diamond damage conditioned by the means of diamond production (is
taken into account by factor K) and sintering technology.

BK6 + ND 400/315 m are used in Slavutich material, whereas
BK6 + AC82T 315/250 m in Tvesal. Curves 1, 2, 3 are calculated
ones, and in KAM (3) a degree of diamond damage (&%) is taken to
be zero.

Computer simulation permits us to calculate for a certain
composition of a composite material, for example, BK6 + ND
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500/400 m the conditions of damage to obtain the highest
strength. The volume fraction of diamonds (SD) in the composite
and the value of residual temperature stresses are taken into
account. The latter are determined by a technological gradient of
temperature 0< T < 770

An imitation computer analysis of various structures of
composites, accounting for a level of internal stresses, a set of
characteristics of the both phases, and some experimental
results, has allowed us to establish the following:

- The formation of a rigid diamond skeleton at a large
diamond concentration in a matrix and reduction of residual
stresses increase the compression strength of a composite.

- The resistance to propagation of cracks, initiated on a
working surface of a composite at friction against a counterbody
(rock, abrasive) at large specific loads, is increased in the
case of the increasing of a mechanical contact and adhesion
between a diamond particle and a matrix material.

% Figure 10 shows the
<¢>ﬁ variation of the compression
!

MPa

strength <@ "% of a diamond
composite with a size of
diamond grits® The analysis
shows, that one of the
main  factors, determining
strength, 1is the degree of
damage of diamond grits. & =
=fc4, d, K). This dependence
can be expressed analytical-
ly , as E" =mNKd (1+7%) (5~
-49") / 240. Here, V¥ is
Poisson’s  factor for a
composite, N 1is the number
of diamond grits per its
] ' unit volume. Obviously, that
‘ ’ ‘ the reduction of grit sizes
Q7 0z g3 g% KA and increase in grit
strength and heat resistance
(a smaller K wvalue) result.
Fig. 10 in increase of a composite
strength. Through experiments
it has been found that by reducing grit size  from 400/315 or
315/250 m down to 60/40 m, and optimizing sintering parameters
(p, T, t) it is possible to lower the degree of grit damage by a
factor of 6 and to increase the compression strength of a
composite by a factor of 1.3.

Conclusion. The findings given above show the possibilities
of further improvements 1in processes of diamond synthesis and
sintering diamond-containing composites. A great number @ of
characteristics and factors affecting them points to the
necessity of further development of researches in this area of
various scientific centres as well as of an active exchange of
results, and collective discussion thereof.

The author is grateful for the given opportunity of such a
discussion within the framework of cooperation between high
pressure research centres of NIRIM and ISM.
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Molecular Rearrangement and Chemical Reaction

in Molecular Solids at Very High Pressure

K. Aoki
National Institute of Materials and Chemical Research, Tsukuba, Ibaraki 305, Japan

High-pressure structural study of molecular solids provide us a valuable insight into the nature of
chemical bond. A number of molecules with triple bond such as acetylene and hydrogen cyanide
have been found to undergo phase transition and chemical reaction in a pressure range up to several
gigapascals. In a sub-terapascal region, polymerization or dissociation may be observed even for
very stable molecules such as carbon dioxide and nitrogen. These high-pressure behaviors are
interpreted in terms of changes in inter or intramolecular bonds. Recent high-pressure results for
solid acetylene and carbon dioxide obtained by Raman scattering, infrared absorption, and x-ray
diffraction are presented.

1. Introduction

Molecular arrangement in solid is interpreted in terms of intermolecular forces such as van der
Waals and electrostatic forces. When condensed, molecules regularly algin in crystals to minimize the
cohesive energy. The contribution of each intermolecular force to the cohesive energy varies with
distances between the interacting molecules, and hence depends on pressure. Alternation of the
contribution subsequently causes phase transitions with molecular rearrangement. As well as volume
compression data, the structural data for high pressure phases provide us an insight into the
intermolecular forces, and are of very valid for construction of the reliable theoretical models of
intermolecular potentials.

- Reconstruction of intramolecular bonds occurs in highly densified molecular solids. Intramolecular
bonds, which are stronger than intermolecular bonds roughly by a factor of several tens, are influenced
little on compression. This allows an assumption of rigid molecules in interpretation of high
pressure effects on molecular solids. When molecules approach beyond a threshold distance at very
high pressure, formationof new bonding between adjacent moleculesis expected. Monomers polymerize
into large molecules or dissociate into atoms. Polymerization of acetylene with sp to sp° rehybridization
is the former example[1]; metallization of iodin is the latter example[2].

We can thus observe various changes in inter and intramolecular bonds with increasing pressure,
and consequently extend and deepen our understanding of the nature of chemical bond.

Table I. Phase transitions and chemical reactions in molecules with double or triple bonds.
Crystal structures are those of high-pressure phases appearing at room temperature.
Reaction pressures are those at room temperature.

molecule formula crystal structure reaction pressure reference
acetylene CH, Pa3, Cmca 3.5 GPa 3,4
hydrogen cyanide HCN I4mm, Imm?2 1.5 GPa 5,6
cyanoacetylene HCCCN P2,/m 1.5 GPa 7,8
cyanogen CN, 1(?), 1I(?), 1I(?) 3.5 GPa, 10GPa 9, 10
acetonitril CH,CN P2,/C,Pbam or Pmmm(?) 15 GPa 1
tetracyanoethylene ~ (CN),CC(CN), Im3, P2;/n 6 GPa 12
benzen CH, 1(?), 01(?), 11I'(?) 20 GPa 13,14
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2. Gigapascal Region

Several unsatulated molecules have been found to undergo phase transition and polymerization at
high pressure (Table I). For study of rehybridization process, the simple molecules with triple bonds
are of particular interest. Triple bond, which consists of one sp hybrid orbital and two s orbitals,
likely converts into double bond and further into single bond as a consequence of rehybridization.
For several molecules with CC and CN triple bonds, phase transition and chemical reaction have
been investigated by Raman scattering, infrared (i) absorption, and x-ray diffraction. The results for
acetylene, C,H,, which seems to be most appropriate to show how phase transition and polymerization
takes place under pressure, will be described below.

2.1 Phase Transition in Solid C,H,

The outline of the phase diagram for C,H, is drawn using limited low-temperature and
high-pressure experimental data (Fig.1). The low temperature phase appearing between 191 and 133
K at atmospheric pressure is cubic with Pa3 space group[15]. Below 133 K an orthorhombic
structure with Cmca space group becomes stable[16]. Their crystal structures are illustrated in Fig.2.
Molecular axes are oriented along one of the body diagonals of the cube in the Pa3 structure, whereas
they are aligned in the same planes parallel to the base plane in the Cmca structure. They are
converted to each other by rotation of the molecular axes. Along an isotherm at 298 K, the same
sequential transitions take place: the liquid to the cubic phase at 0.7 GPa and to the orthorhombic
phase at 0.9 GPa.

500
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Fig.1. Phase diagram of C,H,. Fig.2. Pa3 and Cmca structures of solid C,H,.

The intermolecular forces between C,H, molecules have theoretically been studied[17,18].
Acetylene is a linear molecule having a large quadrapole moment (+3.0 X 10 esu cm?). Lattice
energy calculation for various linear molecules has shown that both the cubic Pa3 and orthorhombic
Cmeca structures are favored for the molecules with a large quadrapole moment, and hence for C,H,.
Another intermolecular force playing a major role in arrangement of C,H, molecules is the hydrogen
bond formed between the CC triple bond and the hydrogen atom[17]. This short-distance interaction
tends to force molecules to algin in the T-shaped configuration, which can actually be recognized in
the orthorhombic structure. Prior to the experimental observation, the cubic to orthorhombic transition
under pressure has been predicted successfully by theoretical study in which the hydrogen bond is
explicitly taken into account[18].

The variations of the cell dimensions with pressure are shown in Fig.3. The equivalent three cubic
edges split into the a,b, and c edges at 0.9 GPa. Among them, the c edge shows a faster decrease
with pressure. Since it corresponds to a half of the interlayer spacing, the large compressibility is
attributed to the relatively weak bonding between the molecular layers. It is noted that the length of
the a edge approaches that of the b edge; the rectangular base plane is gradually converted to a
square. At 4.2 K and atmospheric pressure, the two molecular axes in the T-shaped configuration
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forms an angle of about 80 degree[16]. The resulting a/b ratio is 1.03. At 2.8 GPa and room
temperature, the a/b ratio decreases to 1.01 very close to 1, suggesting the molecular rotation into the
correct T-shaped configuration. This molecular rotation may be driven by strengthening of the
hydrogen bonding as the molecules approach.
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Fig.3. Variation of the lattice parameters of
C,H, under pressure. Broken curves
are those of calculation[18].

Fig.4. Variation of the CH stretching frequency
of C,H, under pressure. '

It is interesting to see how the molecular rearrangement affects the vibrational property.
Significant spectral change in the lattice vibrational region has been observed in associated with the
phase transition by Ramanscattering[3]. The intramolecular vibrational frequencies are rather insensitive
to the phase transition, but particular intramolecular modes show drastic changes.

Figure 4 shows the variation of the C-H stretching frequencies with pressure. The v, mode is
the Raman-active symretric stretch and v, is the ir-active antisymmetric stretch[19]. These frequencies
are very sensitive to the molecular arrangement since the C-H bond participates in formation of the
hydrogen bond. Both the v, and v, frequencies discontinuously decrease at 0.9 GPa, indicating
formation of the hydrogen bond in the T-shaped molecular arrangement. For the v, mode of the
orthorhombic phase, the A, and B;, splitting is shown to increase with pressure. This is also ascribed
to strengthening of the hydrogen bonding as well as the variation of the a/b ratio described above.

2.2 Polymerization in Solid C,H,

Polymerization occurs at pressures above 3.5 GPa. As the reaction proceeds, the transparent
solid turns yellow, red, and finally black. Raman spectra show that the reaction product contains
conjugated linear polymers (polyacetylene)[4]; the Raman peaks at 1100 and 1500 cm™ are those
from the coupling vibration of C-C stretch and C-H deformation and the mainly C=C stretch,
respectively. Presence of cis-polyacetylene, another isomer of polyacetylene, has also been shown in
resonant Raman spectra.

The overall structural aspect of the reaction product has been obtained by ir absorption[19]. The ir
spectra taken for the reaction process at 4.2 GPa show that new peaks are observed around 1000,
1600, and 3000 cm™” in addition to the monomer peaks, indicating formation of polymers with
conjugated backbone. While the pressure is increased to 10 GPa, the intensity of the absorption
peaks related to C-H stretching of saturated carbon hydride increases but those from conjugated
polymer backbone change little. Formation of sp” polymers is accelerated at higher pressures and the
opaque sample returns transparent again. Thus the successive rehybridization from sp to sp’, and
finally to sp’ can be seen in solid C,H,, as the pressure increases.
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3. Sub-terapascal Region

At very high pressure beyond one megabar, chemical reaction is expected to occur even in very
stable molecules such as nitrogen, N,, and carbon dioxide, CO,. Polymerization of N, has been
suggested experimentally by shock compression[20], under which a high temperature exceeding a
few thousand degrees is generated simultaneously with rapid compression, and theoretically predicted
to occur around 100 GPa under hydrostatic compression[21]. A recent theoretical calculation for a
newly proposed structure has bravely lowered the polymerization pressure to 55 GPa about a half of
the previously predicted pressure[22]. Several experiments have already confirmed that N, molecule
still exists at least up to 180 GPa[23,24]. One likely explanation for the discrepancy between the
theory and the experiment is a presence of a large potential varier along the reaction pass. High
temperature may be required to drive the inhibited reaction.

Neither experimental nor theoretical work has been made for the solid-state polymerization of
CO,. In contrast, phase transitions in the molecular phase have been extensively investigated both by
theory and by experiment.

3.1 Phase Transition in Solid CO,

Dry ice with a cubic Pa3 structure has been the only known crystalline phase of CO, for a
pressure range up to 20 GPa and a temperature range up to 300 K. This is very contrast to the high
pressure behaviors of other simple molecules. Nitrogen, for instance, is found to exhibit six crystalline
phases in the corresponding pressure and temperature ranges[25]. As well as C,H,, CO, has a very
large quadrapole moment of -4.3x10™ esu cm®. So that the wide ranged stability of the Pa3 structure
can be interpreted in terms of the quadrapole-quadrapole interactions. Further more, a transition into
an orthorhombic structure has been predicted intuitively by analogy with the phase transition observed
for C,H, and theoretically by cohesive energy calculation.

A structural transition into a high pressure phase was first observed at about 18 GPa and ambient
temperature by Raman measurement[26]. Recent ir measurement has revealed that the transition
occurs at about 12 GPa[27], which has been confirmed very recently by x-ray diffraction[28]. Low
temperature Raman measurement has also confirmed appearance of the high pressure phase about 11
GPa at temperatures of 40 and 80 K[29], indicating that the transition pressure is little influenced on
temperature. Such temperature insensitive feature of the cubic to orthorhombic transition is in agreement
with the calculated results, although the agreement in the transition pressure with the experiment
seems not satisfied[30,31].

The high pressure structure has been determined by x-ray diffraction to be an orthorhombic
structure belonging to Cmca space group[28]. The cell dimensions containing four molecules are
a=4.330+0.015, b=4.657=0.005, and ¢=5.963=0.009 A at 11.8 GPa. The angle ¢ between the
molecular axis and the crystallographic b axis is about 52°. (The arrangements of CO, molecules in
the cubic Pa3 and orthorhombic Cmca structures are same as those in the cubic and orthorhombic
structures of C,H,, respectively. See Fig. 2) These lattice parameters are in good agreement with the
calculation which gives a=4.17, b=4.65, ¢=6.02 A, and ¢=52° at 12 GPa[30].

The volume compression data show that the volume reduction associated with the transition is
very small (Fig.5). The molar volume of the orthorhombic cell at 11.8 GPa is 18.03 cm’/mol,
whereas that of the cubic structure coexisting at 11.8 GPa is 18.10 cm”/mol. The volume change can
be considered to be zero within the experimental error. Another characteristic feature concerning with
the phase transition is that the two phases coexist for a wide pressure range. The reflection peaks
from the cubic structure are observed even at 18 GPa. This may be related to the very small volume
difference between the two phases.

The phase transition has been detected by ir absorption measurement[27]. The CO, molecule
has three normal vibrational modes, the symmetric stretching mode v;, the bending mode v,, and the
antisymmetric mode v;. The frequency shifts of the normal modes, v(P)-v(0), calculated from the
observed combination ir frequencies are plotted in Fig.6. For the cubic phase, the calculated results
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agree well with the experimental data, reproducing the overall aspects of the frequency shifts measured.
However, agreement is shown to be a little poor for the high-pressure orthorhombic phase. The
calculation predicted frequency decrease for all the normal modes and a remarkably large change in
the antisymmetric stretching mode vj[31]. The experiment has revealed that the frequency of the
bending mode v, increases and the symmetric stretching mode v, shows the largest decrease at the
phase fransition.
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Fig.5. Variation of the molar volumes of Fig.6. Freguency shifts of the normal vibrational
solid CO, under pressure. modes of CO, with pressure: open and solid symbols
represent the cubic and orthorhombic phases,
respectively. Solid curves are fitted to the data of the
cubic phase.

3.2 Polymerization in Solid CO, 500

The presence of CO, molecule has been liquid GOz
confirmed at least up to 50 GPa by x-ray o' _
diffraction[32]. No reaction has been © g0 1L ° Orthorhombie .
observed (Fig.7). However, there still §
remains a possibility of polymerization g 200 1
of CO, as observed for CS,, and it may F oo b
occur at higher pressure and probably )
at very high temperature. Initiation of 0. P Y R
polymerization by laser heating is being Pressure (GPa)

examined.
Fig.7. Phase diagram of CO,

4. Summary

The high pressure experiments on solid C,H, and CO, were described. The observed phase
transition and chemical reaction were shown to be interpreted in terms of gradual or abrupt changes
in chemical bonds between or within the molecules. Structural study by x-ray or neutron diffraction
will be required to determine exactly molecular arrangement through phase transition or chemical
reaction. Extension of temperature range up to a few thousand kelvin is also required to drive
chemical reaction. Diffraction measurement with a use of intense synchrotron x-ray beam and high
temperature generation by laser heating will be of essential techniques for advancing these measurement
on molecular solids.
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Spectroscopic and X-Ray Studies of Materials at High Pressure:
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Abstract. Recent studies of oxygen, sulfur, and nitroanilines illustrate some of the
complex behaviors of nominally simple molecular solids at high pressures. We describe: a
general method for analyzing diffraction patterns from a sample consisting of several small
crystals used to characterize the structure of € -O2; Raman spectra of sulfur at high pressures
that further corroborate our impression that photoreaction mechanism at high pressures are
not simple; and changes in the lattice, NH and -NO, regions of Raman and inelastic
neutron scattering spectra of ortho- and para»nltroanlhne w?Fnch provide evidence of structural
phase transitions at moderate pressures.

Simple molecular solids often behave in complex ways at high pressures as recent
studies of oxygen, sulfur, and the nitroanilines show. Crystals of these materials are intensely
chromatic at high pressures, with colors varying dramatically with crystal orientation and
pressure.'HS Optical and infrared vibrational spectra in solid ¢ -O,, indicate that its bonding and
electronic structure are especially unique. Sulfur and the nitroanilines are photosensitive at
pressures of the order of 5 GPa. Oxygen and sulfur are reported to become metals near 85
and 82 GPa, respectively.s’7 In order to interpret the spectra, possible insulator-to-metal
transitions, magnetic and transport properties of these solids on the atomic scale, the
structures of the relevant phases must be established. Structure determinations are difficult
for relatively simple crystals at high pressures, and work on these structures are further
complicated because they cannot be prepared at ambient pressure and have relatively low-
symmetry cells containing many light atoms. This report describes progress on defining the
properties, spectra, phases, and structures of these solids at high pressures and
understanding how the structures relate to the optical properties and dynamics of these
systems.

Diffraction studies with single crystals usually provide the most accurate structural
information on materials. For phases that are stable only at high pressures, however, it may
be impossible to grow a crystal large enough and suitably oriented for collecting reliable
structural data. Efforts to elucidate the structure of €-O, illustrate some of the problems.
Powder diffraction studies have provided structures for many high pressure phases but not
for €-O,. While several groups have obtained powder patterns of € -O,, at pressures from 10
o 61 GPa,S’9 these patterns have not been interpreted successfully. Crystals of € -O,, suitable
for single crystal work have been grown only by heating samples under pressures above 16
GPa to or near melting in a Merrill-Bassett diamond-anvil cell with beryllium backing plates
and slowly cooling the crystals to ambient temperature. The beryllium is highly stressed and
prone to failure during heating, risking loss of both the sample and cell. Thus, when samples
consisting of several 25-um-diameter crystals with different orientations, as evident from
different colors in polarized light, were obtained after one or two heating Cycles,10 we were

" Deceased January 21, 1994
Current address: Department of Chemistry, University of California, Riverside, CA.
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motivated to extend single-crystal procedures to several-crystal samples.

Our initial approach was to collect diffraction data from the sample using a Rigaku
rotating Mo-anode generator and a Picker diffractometer. This source illuminated all of the
crystals at the same time so that reflections were simultaneously collected from several
different crystals with unknown, different orientations. This several-crystal approach is a mixed
blessing which may be typical of high pressure-high temperature diffraction work. For any
one crystal, the metal components of the diamond-anvil cell mask scattering from many
reciprocal lattice points needed to solve the structure. With some luck, scattering from these
points will points will not be masked for some other crystals with other orientations. The
crystallographic challenge is then to identify reflections from crystals of the same structure
with different, unknown orientations. Of course, one wants to avoid samples where reflections
from different crystals overlap, for example, a twinned crystal.

Our general Procedure for analyzing several-crystal diffraction patterns is described in
detail elsewhere!' and is only briefly outlined here. The first step of the analysis is to
determine the centered diffractometer angles 8, o, x, and¢) where each reflections appears.
The Cartesian components of a jth reciprocal lattice vector, v, in the ¢-axis system12 and the
angle ¥, between the jth and kth reflections can be ex ressed in terms of the X-ray
wavelength, A4, and sines and cosines of 8, », %, and ¢. ' The value of the angle T is
significant if reflections corresponding to v; and v, originate from the same crystal; in this
case, ‘Y}k relates directly to the angle between planes of atoms in real space. Certain values
of ¥, like 60°, 90°, 120°, 270° or the 35° angle between 111 and 100 reflection for a cubic
struéture are especially interesting because they suggest both that the jth and kth reflections
may originate from the same crystal and that the unit cell may have higher than triclinic

symmetry.

The tasks of identifying reflections from the same crystal involves searching for
reflections, vj, Vi and Vi which are related by vector summation:

= CVi + CuiVy (M

Y Vi

where ¢ and ¢, are constants, ideally small integers. The diffractometer angles for
possible v)m‘s can be calculated from the measured diffractometer angles for Vi and v, and
the diffractometer can be driven to search for diffracted intensity in the vicinity of the
appropriate angles. If intensity is observed, the reflection can be centered. If the centered
reflections satisfy (1) within an acceptable uncertainty, the reciprocal lattice vectors, v, v,
and v, can be confidently assigned to a reciprocal lattice plane of the same crystal.
Extension of the analysis to three dimensions to identify non-coplanar lattice vectors leads
to the solution of the unit cell of the material in questions. The matches do not have to be
developed from the same crystal. Once the required maiches have been developed, the unit
cell of the sample and orientation matrices of individual crystals can be determined. More
complete intensity data sets can then be collected for individual crystals as a basis for solving
the full crystal structure, including atomic positional and thermal parameters.

We used this approach to determine that € -0, has an 8-molecule monoclinic cell with
lattice constants: @ = 3.649 A; b = 5493 A; ¢ = 7.701 A; g = 116.11°. The space group
could not be definitely determined because the several observed intensities were low; but
systematic absences for three crystals in the €-O, sample suggest that the space group is
A2/m. The data collected with the rotating anode source also were insufficient to determine
precise atomic positional and thermal parameters. Further work with more intense
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synchrotron sources collimated to illuminate
individual crystals in the sample is needed to define
these parameters. Again, the orientational
information obtained from the several crystal work
will be helpful here in reducing the amount of
synchrotron time required to locate reflections from
the individual crystals.

Sulfur is the most complex Group VIA element
at high pressures. More than 25 years after Vezzoli,
Dachille, and Roy 13 comprehensively summarized

sulfur at ambient and higher temperatures o 10
GPa, efforts to confirm and extend the diagram
continue to yield serious discrepancies among
studies using the same ftechniques, and
contradictory results befween techniques--even ai
ambient temperature. For example, Nagata et al'
recorded Raman spectrum showing a reversible
phase transition at 5.2 GPa, while their X-ray
diffraction patterns showed no sign of phase
changes up to 8.3 GPa. Such persisting confusion
surrounding the phase behavior of sulfur is less
surprising in light of our discovery of the wavelength
dependence of Raman spectra of sulfur at high
pressures.4 At higher pressures (> 20 GPa) without
the complications of laser irradiation, recent X-ray
results>1® have converged on a clearer view of the
sequence of phase ftransitions at ambient
temperature leading to metallic sulfur in the 100-GPa
range.

The influence of photochemistry on sulfur to 10
GPa has been a focus of our work. Fig. 1 shows
Raman spectra excited by a 605-nm dye laser of
sulfur at ambient temperature at 2.1, 4.8, and 7.3
GPa which are characteristic of a-Sg or ghases vV
and IX of Vezzoli, Dachille, and Roy At this
wavelength and these pressures, sulfur is not
photoreactive. The photosensitivity of sulfur to 530.9-
nm light at ambient temperature is shown in Fig. 2
by Raman spectra of powdered sulfur at 7.7 GPa
obtained in sequence with 647.1, 568.2, 530.9, and
568.2-nm excitation. X-ray diffraction patterns of
"phototransformed” sulfur have not been detected,’

M L

0

L

00 600

Raman shlft/cm !

Fig. 1. Raman spectra of sulfur
with 805-nm excitation at ambient
temperature and 2.1, 4.8, and 7.3
GPa. These spectra show no
evidence of the photoproduct.

4 leading one group to conjecture that

the product may occur only at the illuminated surface of the sample, although the intensities
of features of transformed sulfur in Raman specira likethe lowermost trace in Fig. 2 suggest
that the extent of transformation may be high at least for powders. Preliminary Raman spectra
of sulfur at high pressures and low temperatures further complicate the interpretation of the

photomechanism.

Raman and inelastic neutron diffraction specira of triaminotrinitrobenzene (TATB) at
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high pressures show that the nitro
substituents are perturbed by
hydrogen bonds to amine
groups.19 A strong deuterium
isotope effect also is observed.
The coupling between lattice
phonon modes and higher energy
vibrational modes, promoted by
hydrogen bonding, also has been
suggested as a mechanism for
depositing the mechanical ener%
of a shock wave in a detonation.
Exactly how this is accomplished
is not known.

Because these perturbations
may be inter- or intra- molecular in
origin, we have sought toO
compare these observations for
TATB with properties of related
nitroanilines with  (o-nitroaniline,
ONA) and without (p-nitroaniline,
PNA) intramolecular hydrogen
bonds to define more clearly the
sources of the perturbations.
These Raman and companion
inelastic neutron scattering (INS)
studies of ONA, PNA, and the ring
or amine perdeuterated
isotopomers (ONA-d,, ONA-Nd,,
PNA-d,, and PNA-Nd,) at high
pressures also detect phase
changes and variations of the
mode coupling between phases.
infrared spectra at ambient
pressure of the nitroanilines in an
argon matrix at 20 K or thin films
at ambient to 20 K were collected
to aid in interpreting the high
pressure spectra.

The lack of good normal-
mode bases is a major problem in
interpreting the nitroaniline
spectra. Previous studies have
interpreted these specira in terms
of symmetry modes of benzene;
however, the ring, nitro, and
amine modes are SO strongly
mixed that this is not a good
approximation.21 Better symmetry

2

v

-500  -400  -200 0
Raman Shift {cm™)

Fig. 2. Raman spectra of sulfur at 7.7 GPa taken in
order with 847.1 (top), 568.2, 530.9, and 568.2-nm
(bottom) excitation. The sample was phototransformed
at 530.9 nm and shorter wavelengths. Features of
untransformed sulfur very weak in the 568.2-nm
spectrum after photoreaction.
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modes have been determined for PNA;  however, we used an ab initio routine, SPARTAN,
to identify normal modes for these molecules. This routine first computes an optimal
geometry for an isolaied molecule and then calculates the normal modes and their
approximate vibrational frequencies for this geometry. The calculations were done at the
(restricted) Hariree-Fock level of theory using the 6-31G  basis set which allows for
polarization so effects of hydrogen bonding are included. Computations for PNA were
performed assuming the molecular symmetry to be G, which has the lower minimum energy,
or the planar C,,..

The computations vielded good vibrational assignments for the infrared spectra of ONA
and PNA in Ar matrices. However, for PNA films at 20 K or INS spectra at 15 K, better
assignments were obtained by assuming G, symmetry, suggesting that this is the molecular
symmetry at low temperatures. Under ambient conditions, the crystal structure of PNA is
layered, with chains of the molecules aligned head-to-tail in layers with the rings tipped
slightly out of the layers.23 At lower temperatures, the crystal axis in the layers and normal
to the chains elongates. The other axes contract,” and the rings appear to flatten into the
layers, forcing the amine group to be more co-planar with the ring and the molecule to adopt
C,, symmetry and improving intra-layer hydrogen bonding. The structure of ONA is not so
!ayered which may explain why the assignment of modes for the infrared spectra of ONA
isolated in Ar can be easily correlated with spectra of ONA crystals at ambient conditions.

Raman spectra of the ONA's were collected to nearly 6 GPa by which the material has
turned from orange to black and spectra are of poor quality. Lattice-mode spectra like those
in Fig. 3 locate a phase transition at 0.2 GPa which explains the many differences in
intensities between INS patterns of ONA-d, at ambient pressure and 1 GPa. INS and Raman
spectra of the internal modes show that the hydrogen bonds of these two phases are very
different. Other splittings and changes of relative intensities in the lattice and internal mode
spectra at 2 GPa and higher pressures do not appear to occur at a particular pressure as
if there were another phase transition.

| WM'
Fig. 3. Lattlce mode (30 to WM
200 cm’ ) Raman spectra i
of ONA-d, at (from bottom W
to top) ambient pressure,
0.3,07, 1.1,21,3.1,36, } \M/\UL
45, 4.8, and 55 GPa. w
Differences between the
spectra at ambient i ]
pressure and 0.3 GPa are W

attributed to a phase

transition also detected in I W _
INS spectra.

00
Raman shift (cm-1)
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Raman spsctra of good quality have been collected for PNA to 8 GPa, where it is deep
red. Changes of the lattice-mode spectra between 0.7 and 1.0 GPa, corresponding to
changes reported at ambient pressure and low temperatures attributed to alignment of the
rings in the Iayers.z'4 Further changes between 3.0 and 4.6 GPa correlaie with a phase
transition established by Block and Piermarini.® At higher pressures, PNA is black (making
Raman work difficult) and undergoes further chemical or phase changes. Raman specira
collected at pressures as low as 0.8 GPa from PNA samples that had been subjected to
pressures above 10 GPa differ qualitatively from spectra of PNA samples that had not been
so highly pressurized, suggesting that a different form of PNA or reaction product formed at
higher pressure. The conditions where this species forms are not well established; however,
the process is not photochemical. The material has not yet been recovered at ambient
pressure. The lattice modes and several other features in the NH,, and NO,, regions of the
Raman spectrum of this material differ from those of other PNA phases; and this material
seems o undergo a phase transition below 1.6 GPa. A more complete description of the
many detailed changes of ONA and PNA specira at high pressures is in preparation.
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ABSTRACT

We have characterized experimentally and naturally-shocked quartz (both synthetic and natural
samples) by solid state nuclear magnetic resonance (NMR) spectroscopy. Relaxation analysis of
experimentally-shocked samples provides a means for quantitative characterization of the amor-
phous/disordered silica component. NMR spectra demonstrate that magnetization in both the amor-
phous and crystalline components follows power-law behavior as a function of recycle time. This
observation is consistent with the relaxation of nuclear spins by paramagnetic impurities. A fractal
dimension can be extracted from the power-law exponent associated with each phase, and relative
abundances can be extracted from integrated intensities of deconvolved peaks. NMR spectroscopy of
naturally-shocked sandstone from Meteor Crater, Arizona (USA) led to the discovery of a new amor-
phous hydroxylated silica phase. Solid state NMR spectra of both experimentally and naturally-
shocked quartz were unexpectedly rich in microstructural information, especially when combined
with relaxation analysis and cross-polarization studies. We suggest solid state NMR as a potentially
useful tool for examining shock-induced microstructural changes in other inorganic compounds, with
possible implications for shock processing of structural ceramics.

INTRODUCTION

Identification of shocked minerals and determination of their degree of shock metamorphism has
become an increasingly important problem in earth and planetary science as the relative importance
of hypervelocity impact processes has been recognized. Diagnostic methods for examining shock fea-
tures in minerals have traditionally relied on qualitative examination of microstructures by optical
and electron microscopy. Silicon-29 NMR spectroscopy offers the potential for quantitatively assess-
ing the degree of shock metamorphism in silicates by probing the local bonding environment of sili-
con. We have performed NMR analysis of both laboratory-shocked synthetic quartz powders, and of
naturally-shocked quartz from Meteor Crater, Arizona, USA.

NMR analysis of the recovered products from controlled explosive shock-loading experiments
was performed to investigate shock-induced amorphization processes. Si-29 NMR spectroscopy is an
excellent probe of the local bonding environment of silicon in minerals and is capable of detecting
and characterizing amorphous and disordered components. NMR spectra obtained for the recovered
materials exhibit a narrow resonance associated with the shocked crystalline material, and a broad
component consistent with an amorphous phase, despite the absence of evidence for glass from opti-
cal microscopy. The NMR measurements were performed over a range of recycle times from 1 sec-
ond to 83 hours.

We have also collected spectra from five naturally-shocked Coconino Sandstone samples from
Meteor Crater, with the goal of examining possible correlations between NMR spectral characteris-
tics and shock level. We had previously found a strong correlation between the width of the Si-29 res-
onance and peak shock pressure for experimentally-shocked quartz, due to the shock-induced
formation of amorphous silica, which increases as a function of shock pressure between 7.5 and 22
GPa [1,2]. We had suggested that NMR spectra could be used as a “shock barometer”, or at least as a
screening tool and sensitive method for identifying shocked quartz. However, because the duration of
shock loading can be many orders of magnitude longer for natural impacts than for laboratory experi-
ments, we examined the naturally-shocked specimens as well.
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EXPERIMENTAL

The shock recovery experiments using quartz powder samples were carried out in the same man-
ner as those for the study of Cygan et al. [1]. The experiment made use of the Sandia National Labo-
ratories “Momma Bear” explosive loading fixture to achieve a well-characterized shock state. These
recovery fixtures allow samples to be shocked in a controlled, reproducible manner. Shock pressure
and temperature histories were determined numerically by two-dimensional computer simulations
[3]. The peak shock pressure was 22 GPa. The starting material was synthetic o-quartz sieved to a
mean grain size of less than 38 pm (-325 mesh). The quartz was annealed at 900°C for 20 hours to
minimize the initial defect densities that initially broadened the (101) X-ray diffraction peak [1].

The NMR spectra of the experimentally-shocked samples were recorded on a Chemagnetics spec-
trometer, which detects radio-frequency re-emissions from active S5i-29 nuclei that have been excited
to a high-energy state while the sample is immersed in a magnetic field of 4.7 T. Direct polarization, a
comb saturation sequence, and magic angle spinning (MAS) at 4 kHz were employed to provide
spectra with significantly reduced dipolar interactions and improved signal-to-noise ratio. The num-
ber of scans ranged from 36,000 for short pulse delays to 1 for long pulse delays.

The five samples of shocked Coconino Sandstone were obtained from Meteor Crater to represent
the range of shock pressures associated with the impact. The samples are identical to those first exam-
ined by Kieffer using X-ray diffraction and optical microscopy [4]. The NMR spectra were obtained
at a frequency of 71.5 MHz with an applied magnetic field of 8.45 T. The MAS frequencies were typ-
ically at 3.5 kHz, and the pulse recycle time was 30 s. Approximately 200 to 300 mg of sample pow-
der was used for each NMR analysis.

RESULTS

Experimentally-Shocked Synthetic Quartz:

Representative spectra collected at two widely dif-
ferent pulse delay times are shown in Figure 1 for
the unshocked and shocked synthetic quartz sam-

ples. Resonance frequencies are provided in terms

of chemical shift (ppm relative to an external stan-
dard) and are related to the local bonding environ- @) w
ment of silicon-29 nuclei and to the Si-O-Si bond Wﬁ”‘“’“.\ w ol

angle distribution. The two spectra of the ®

unshocked sample have qualitatively similar fea- L
tures, independent of recovery time. The spectra
for the shocked sample, however, appear quite dif-
ferent for short and long recovery times. For short
recovery times, the spectra of the shocked sample
exhibit both broad and narrow components. The
narrow component corresponds to the normal
ordered phase and is similar to that observed for
the unshocked sample, while the broad component
corresponds to a disordered phase produced by the
shock wave. For short recovery times the narrow
component dominates to the extent that the contri- &  we | 1a0ppm
bution of the broad component is not observed.

These spectra illustrate the importance of recog-
nizing the relaxation characteristics of complex

Figure 1. Spectra of unshocked o-quartz at (a)
erial 10 s and 100,000 s and of shocked o-quartz at
materiat. (c) 10 s and (d) 90,000 s delay time.
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Figure 2. The magnetization recovery of an o- Figure 3. The magnetization recovery of o~
ry
quartz sample on a log-log scale, which follows quartz shocked to 22 GPa, which consists of
power-law behavior over 5 decades of time. components with differing relaxation behavior.

Figure 2 shows the magnetization recovery for a sample of the unshocked o-quartz. The recovery
is plotted as a function of pulse delay time on a log-log plot, from which it is clear that the magnetiza-
tion follows a power-law behavior over 5 decades of time. Calibration of the spectrometer with other
silicate samples having shorter relaxation times confirms that the magnetization is near equilibrium
for the longest pulse delay times recorded. A least-squares fit to the magnetization data yields a
power-law exponent of 0.54. Figure 3 shows the magnetization recovery of an o-quartz sample which
has been subjected to a 22 GPa shock wave. The recovery again displays a power-law dependence on
pulse delay time, only now the exponent has been reduced to 0.39.

Naturally-Shocked Quartz Sandstone: Figure 4 provides the MAS NMR spectra for the five natu-
rally-shocked samples; numbers in the figures are the same as those used by Kieffer [4]. The spectra
are presented in relative order of increasing shock pressure. The ability of MAS NMR to discriminate
among the silica polymorphs and amorphous phases is demonstrated by these results. The following
is a summary of our observations: Sample #8: mostly quartz, small amounts of coesite and possibly
amorphous silica, no stishovite. Sample #4: mostly quartz, more coesite than sample #8, some amor-
phous silica, and stishovite. Sample #33: same as sample #4, but with an additional peak, due to Q3
(one OH) silicon sites in a dense form of hydroxylated amorphous silica. Sample #7: mostly amor-
phous silica, with some quartz and coesite, no stishovite, contains a less intense peak associated with
the same Q3 site as in sample #33. Sample #9: almost entirely amorphous silica, no stishovite. A rep-
resentation of the different tetrahedral silicon sites is presented in Figure 5.

DISCUSSION

Experimentally-Shocked Synthetic Quartz: By analyzing the spectra of the experimentally-
shocked quartz, we were able to estimate the ratio of disordered to ordered phase and determine the

fractal dimension of each phase. The spectra of the shocked quartz were numerically fit with two
components: a narrow Lorentzian component corresponding to an ordered crystalline phase and a
broad Gaussian component corresponding to a disordered phase. A Lorentzian lineshape provides the
best fit for the entire spectrum of the unshocked material as well as the best fit for the narrow compo-
nent of the shocked material. A Gaussian lineshape provides the best fit for the broad component of
the shocked material. Figure 6 shows the relative intensity of each component as a function of pulse
delay time. As stated earlier, each component can be described with a power-law pulse delay time
dependence. The exponent of the broad Gaussian component equal to 0.32 and the exponent of the
narrow Lorentzian component equal to 0.49.

Power-law behavior of the magnetization recovery has been observed previously for paramagnet-
ically doped sol-gel derived silicate samples [5]. Power-law dependence for spin-1/2 nuclei is
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component.

of hydroxylated amorphous silica (Q3 sites).
Sample numbers are those of Kieffer [4].

expected whenever the sample is undergoing MAS and its relaxation is dominated by randomly-dis-
tributed paramagnetic impurities. Although the samples in this study were not intentionally doped,
they contain low levels of paramagnetic impurities [6]. The power-law exponent was shown by
Devreux et al. [5] to be equal to 1/6 of the fractal dimension of the material containing the observed
nuclei. The power-law exponent of 0.54 for unshocked quartz is reasonably close to the value of 0.50
predicted for a three-dimensional material. The narrow Lorentzian component, corresponding to rela-
tively undisturbed crystalline material, has a power-law exponent of 0.49--consistent with relaxation
controlled by a three-dimensional morphology. By contrast, the power-law exponent of 0.32 for the
broad Gaussian component is suggestive of relaxation in a two-dimensional system, implying the
amorphous phase is lamellar in structure.

The equilibrium intensities of each component are proportional to the amounts of material in each
phase. For times of 10,000 s and above, the broad resonance was a fairly minor component of the
total signal and could be ignored. Thus, a reasonable estimation can be made of the equilibrium signal
corresponding to the ordered phase. The intensity of the equilibrium signal corresponding to the dis-
ordered phase can not be quantitatively determined; however, because the spectra were difficult to fit
in the 1000 to 3000 s time regime. We estimate that the disordered phase accounts for less than 10%
of the shocked quartz.

Naturally-Shocked Quartz Sandstone: Of particular interest in these results are the strong stisho-
vite resonances in samples #4 and #33; the stishovite peak observed by Yang et al. [7] is significantly
weaker. We also observe a more intense X-ray diffraction line (26 = 30.2°) for stishovite, implying
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there is more of this phase in our samples. The only samples for which we observe stishovite are
those from the intermediate shock pressures.

The presence of the resonance with a chemical shift of about -98 ppm in two of our samples (#33
and #7) is especially noteworthy. There is no X-ray diffraction evidence for significant amounts of
any crystalline material other than the three silica polymorphs. There are several lines of evidence
that this resonance corresponds to silicon in tetrahedra with one hydroxyl group in a dense form of
hydroxylated amorphous silica: 1) Variable recycle time NMR experiments indicate the resonance
has a very short relaxation time (T;), consistent with previous observations for shock-produced amor-
phous silica. 2) The shift to higher frequency (smaller negative ppm value) is consistent with a denser
phase than a similar phase formed at one atmosphere for a given silicon coordination. A dense amor-
phous phase has been identified in NMR spectra obtained by Nellis et al. [8] from crystalline quartz
shocked to 33 GPa, with a resonance centered at about -106 ppm, an upfield shift of about 6 ppm from
-112 ppm for normal-density silicon glass [9]. The resonance for Q3 (one OH) silicon sites in a nor-
mal-density gel is at about -102 ppm [10]. Our observed peak position of about -98 ppm would be
consistent with densification by roughly the same amount as the amorphous silica associated with
shocked quartz. 3) The peak is broad, indicating a wide range of Si-O-Si bond angles typical of amor-
phous material, and is inconsistent with silicon in clay or feldspar. 4) The target Coconino Sandstone
was wet, and there is TEM evidence for vesicular “froth” (consisting of amorphous material produced
by steam separation) in the intermediate shock samples [11]. 5) We have observed in a previous NMR
study of clinoptilolite that shock loading can generate hydroxyl groups [12].

The strongest evidence for the existence of a densified form of hydroxylated amorphous silica is
provided by cross-polarization NMR experiments, referred to as CPMAS when using magic-angle
spinning. Cross polarization transfers nuclear spin from protons to other NMR-active nuclei, thereby
providing additional structural information and preferentially eliminating spectrum signal from anhy-
drous phases. Figure 8 provides a comparison of the CPMAS and MAS spectra for sample #33. The
enhanced CPMAS signal for the -98 ppm resonance confirms the occurrence of the hydroxylated tet-
rahedral silicon (identified as Q3). A less intense peak at -86 ppm associated with Q2 silicon is also
observed in the CPMAS spectrum. No significant CPMAS signal is observed for sample #9; the “A”
peak is due to Q4 silicon in amorphous silica.

CONCLUSIONS

The silicon-29 NMR spectra of experimen-
tally-shocked synthetic quartz consist of two
components corresponding to ordered and dis-

ordered phases. The spin-lattice relaxation of Q° CPMAS

each phase exhibits power-law behavior which

suggests that the disordered phase has a two Q?

dimensional morphology while the ordered

phase is three dimensional. The relative inten- b el s

sities of the fully relaxed spectra yield relative c MAS
abundances of each phase; by this means, we
found that the disordered phase accounts for
less than 10% of the total material.
Silicon-29 NMR spectroscopy can also e e T T T
provide considerable microstructural informa- CHEMICAL SHIFT (ppm)
tion on high pressure crystalline and amor-
phous phases resulting from natural impacts.
Cross-polarization techniques can be used to Figure 8. MAS and CPMAS SI-29 NMR spectra
enhance silicon resonances near protons to for Meteor Crater sample #33 exhibiting the
analyze hydrated phases. Using this approach hydroxylated Q3 and Q4 sites for silicon.
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we have identified a new naturally-occurring shock-produced phase--a densified hydroxylated amor-
phous silica.

It is clear from these results that solid state NMR is an extremely powerful tool for examination of
shock-induced microstructural changes in quartz, yielding quantitative information on existence of
phases, their relative abundances, morphology, and relaxation behavior. Application of similar NMR
spectroscopic techniques to the examination of shock-induced microstructural changes in other inor-
ganic compounds--particularly structural ceramics--would be likely to yield similarly useful informa-
f1on.
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Materials Synthesis and Processing at Ultrahigh Pressures:
Applications of the Diamond-Anvil Cell

Raymond Jeanloz
University of California, Berkeley, CA 94720-4767, U.S.A.

INTRODUCTION

The development of the diamond-anvil cell over the past quarter century has made it possible to
synthesize, process and fundamentally study materials at sustained ultrahigh pressures of the Megabar
(1011 Pa ~ 106 atm) range.!-2 Such pressures are significant for at least two basic reasons. First, the
pressure—volume work done in compressing matter to the 1011 Pa range is on the order of electron
volts; that is, comparable to the energies of chemical bonding.2 Thus, one expects profound changes
in the chemical properties of materials at ultrahigh pressures, the archetypal example being the
transformation of hydrogen to the metallic state first predicted theoretically more than 50 years ago.3
This transition is of broad scientific interest, with the single most abundant material in the Universe
probably being metallic hydrogen located deep within stellar and giant planetary interiors. Though not
yet fully confirmed, and still an active topic of experimental and theoretical research, it does appear
that metallic hydrogen has been produced in the laboratory in the past few years.3: 4

The second reason is that the strengths of materials are typically far smaller than the stresses
achieved in ultrahigh-pressure experiments, even the strongest solids yielding under differential
stresses of the order of 109-10 Pa. Therefore, deformation (plastic flow) associated with slightly
nonuniform pressures, typical at ultrahigh-pressure conditions, results in full-density, super-hard
polycrystalline aggregates of even the strongest and most brittle materials. Large strains achieved
during compaction produce textures of closely interlocking crystals, the grain boundaries being
physically welded together to yield an ultrastrong compact that is optically clear if the constituent
grains are transparent. The ability to produce high-strength aggregates at ultrahigh pressures has yet
to be fully recognized by the research community, yet may have far-reaching implications for the
synthesis and production of novel materials at these extreme conditions.

A significant motivation for research at ultrahigh pressures has been the “applied” reason that
such conditions exist deep inside planets, the pressure at the Earth’s center being 365 GPa, for
example.2 Thus, the diamond cell has revolutionized our understanding of planetary materials, for
instance revealing that a single phase -- the perovskite high-pressure form of (Mg,Fe)SiO3 --
comprises nearly half our planet.5 Despite more than 102! tons being present at depth, however, this
phase was not discovered until 1976 and is only available in j1g-mg quantities in the laboratory.®

TECHNIQUES

The basic design of the diamond-anvil high-pressure cell is simg)le, with the sample being
compressed between the points of two gem-(lluality diamonds.!- 2, 7.8 Small dimensions of the
sample area ensure that high pressures (~1010-11 Pa) can be achieved even with a relatively modest
force (~ kN) on the anvils. The geometry is essentially uniaxial, meaning that a gasket must be used
to contain the sample between the anvils. In fact, two of the key advances that were required to
achieve Megabar pressures with the diamond cell were the recognition that a gasket is essential and
parallel alignment of the culet faces is critical; these factors serve to maintain adequate sample
thickness between the anvils and to minimize stress concentrations in the diamonds.

An obvious reason for using single-crystal diamond for the anvils, high strength, is matched by
other distinct advantages: the transparency of diamond to a wide range of electromagnetic radiation
and its refractory, chemically inert nature. The high thermal conductivity of diamond also means that
the anvils can remain relatively cold and unaffected, even if the sample is heated to temperatures of
thousands of kelvin. Consequently, materials are not only effectively contained at extreme
conditions of pressure and temperature, during synthesis or processing, but can also be examined in
situ, directly through the anvils.1 2, 8-1

Due to the transparency of the anvils, it is especially convenient to use optical probes with
diamond cells. Examples range from infrared and visible spectroscopy (including Raman and
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Brillouin scattering) through x-ray diffraction and M&ssbauer (y-ray) spectroscopy, all of which can
be used to examine the sample at ultrahigh pressures. Moreover, calibration of pressure and
temperature is often accomplished by fluorescence spectroscopy and spectroradiometry, respectively.!

Maintaining alignment of the anvils, critical to reaching ultrahigh pressures, is one of the most
tedious aspects of using the diamond cell. With improved capabilities in machining, however, it is
becoming 1possible to construct pre-aligned (non-alignable) diamond cells that can achieve Megabar
pressures.!! In addition to improved convenience of use, current efforts in diamond-cell techniques
are concentrating on expanding the range and improving the accuracy of pressure—temperature
calibrations, as well as extending the ability to probe the sample in situ at extreme conditions. For
example, x-ray diffraction has been carried out to over 200 GPa at 300 K, whereas electrical
resistivity and Seebeck coefﬁc1ent measurements have been performed over temperatures of 150-3000
K at pressures above 60-80 GPa.l, 11-14

Among static techniques, multi-anvil devices sacrifice pressure in order to compress larger
samples (~10-0 - 10-31vs.< 10-12 ] typical for the diamond cell).8 Also, the geometry is intrinsically
more suited to generating uniform pressures than is the uniaxial configuration of the diamond cell.
Therefore, a design concept for the future is to merge these approaches into a multi-anvil diamond
cell, the gasket between the diamond anvils being replaced by four metal anvils in order to achieve
both a larger sample volume and the ability to independently control the 3 normal stresses on the
sample, while retaining the diamond cell’s advantages of optical access and ultrahigh pressures.

MATERIALS SYNTHESIS AND PROCESSING AT ULTRAHIGH PRESSURES
Synthesis of Novel Amorphous Phases

Most crystalline substances transform to one or more denser phases when compressed to high
pressures. Complex crystals, such as those typical of many ceramic and alloy systems, usually
exhibit a rich diversity of phases as functions of pressure or temperature, and much work has gone
into determining the equilibrium transitions among these polymorphs.

An interesting question arises, however, when experiments are carried out at such low
temperatures or during such short time intervals that phase transitions cannot occur: What is the fate
of a crystal compressed to ultrahigh pressures while being kinetically prevented from transforming to
its equilibrium structure? To be sure, the equilibrium transition pressure and temperature are
surpassed as the kinetically blocked sample is taken to increasingly metastable conditions. But the
surprising result, recognized only in the past decade, is that a new type of transition can ultimately
take place; once it becomes sufficiently metastable, the original crystal undergoes an instability and
collapses to a dense amorphous structure, 15

The initial discovery of this pressure-induced amorphization came from shock-compressed
materials, with the observation of “diaplectic” glass in samples that had been subjected to
hypervelocity impact, either in the laboratory or, due to meteorite impact, in nature.1®0 The
characteristic feature of diaplectic glass is that it retains the original shape of the crystal from which it
was formed. After shock compression, certain polycrystalline materials are thus a mixture of
crystalline and glassy phases, both of which exhibit their original crystal boundaries. The unmodified
crystal shape provides convincing evidence that the glass is not formed in the classical manner, by
quenching from the melt, but is produced by amorphization in the solid state.16, 17

The nature of pressure-induced amorphization was significantly clarified by the discovery that
three tetrahedrally bonded systems, HyO Ice Ih at 80 K, and Snly and SiO, quartz at 300 K, become
amorphous under hydrostatic pressures.!8-20 Prior to this, it was thought that shock am01ph1zat10n
might occur on decompression, or that perhaps shearing was a necessary ingredient. The static
compression experiments proved, however, that uniform compression under hydrostatic pressures
suffice for converting a crystal to the amorphous state.

Subsequently, a wide variety of ionic, covalent and metallic crystals have been shown to
amorphize under compression (Table 1). Two types of amorphization transitions have been found,
reversible and irreversible. In the first case, the amorphous state created on compression reverts back
to the original crystalline structure on decompression, whereas in the second the amorphous material
can be retrieved metastably to ambient conditions,

It is unclear what kinetic or other factors determine whether a given material exhibits reversible
or irreversible amorphization. For example, SiO, quartz amorphizes irreversibly, whereas the
isomorphous AIPOy berlinite exhibits a reversible transition. The reversibility suggests a close
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Table 1: Examples of Pressure-Induced Amorphization

System Transition Pressure (GPa) Reference
Reversible

Snly 12 (£2) up, 4 (1) down 19
Gely 23 (£10) up, 1.0 (0.7) down 42
Sg Sulfur 25 up, > 0 down 43
LiKSOy 14 (&2) up, > 0 down 44
Al(PO)4 Berlinite 15 (#3) up, 5 #2) down 23
Ca(NO3)2/I\IaNO3 9 up, > 0 down 45
Ca(OH), Portlandite 12 (£1) up, 4 (1) down 46
Co(CH), 11-40 up, 7-11 down 47
Mg3zSirO5(0OH)4 Serpentine 18 (#4) up, > 0 down 29
o-StZrFg 10 up, > 0 down 48
B~BaZr2F10 4 up, > 0 down 49
poly(4-methyl-pentene-1) 0.2 50

Irreversible (Glass is Quenched)

H,O (80 K) Ice Iy, (stable < 0.5 GPa) 1.0 18
Ice VIII (stable > 2 GPa) <0.3 ondecompression
Si0y Quartz (stable < 3 GPa) 25-30 20
Coesite (stable < 7 GPa) 30-35
GeOy Quartz (stable < 1 GPa) 7 21
CaAl,SinOg Anorthite (stable < 3 GPa) 22-28 28
MgAl,Oy Spinel (stable < 25 GPa) 30-40 51
Fe,S104 Fayalite (stable < 5 GPa) 35-45 32
CaSiO3 Wollastonite  (stable < 3 GPa) 25 52
Perovskite (stable > 20 GPa) <1  ondecompression
R-AlsLizCu 23 53
GaAs =20  ondecompression 54
Ceo High-P Phase (stable > 20 GPa) 26  ondecompression 35

similarity in short- to intermediate-range structures between the crystalline and amorphous states. In
contrast, irreversible transitions have played an important role in the initial studies of amorphization:
because the glassy state formed at high pressures is recuperated to ambient conditions, it can be
examined in minute detail by electron microscopy and other techniques.2l, 22 This was significant in
proving that the pressure-amorphized state is not a microcrystalline state, but is truly a glass in
possessing no long-range structural order.

Due to the system being kinetically blocked, one would expect that amorphization involves only
small movements of the ions away from the original crystal structure. Proof of this is dramatically
illustrated by the crystal structural “memory” effect discovered in AIPO4, in which a single crystal,
amorphized under hydrostatic conditions, is found on decompression to revert back to a single crystal
having the same orientation as the starting sample.23 That is, despite a loss of long-range order, the
structure of the amorphous state apparently remains close enough to that of the original crystal to
revert back to the exact configuration of the starting material.

These observations suggest that different amorphous structures are formed depending on the
crystal structure of the starting material. Indeed, different crystalline polymorphs of a given
compound should transform to distinct “polymorphs” of the amorphous state. This has, in fact, been
established by spectroscopic investigations.24 Moreover, a first-order phase boundary has been
observed between distinct amorphous phases of HyO Ice.25

Based on limited experimental observations and molecular dynamics simulations, pressure-
induced amorphization itself appears to be a first-order transition involving a finite volume change.18,
26,27 Furthermore, there is both theoretical and experimental evidence suggesting that the collapse of
the crystal structure is driven by a phonon instability, perhaps involving elastic destabilization; if there
is a volume change, the bulk modulus must be among the vanishing moduli.26-29 Little more is
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currently known about the specific process causing amorphization, although it seems plausible that
several mechanisms operate, in detail, depending on the initial crystal structure, strain rate,
temperature heterogeneity of stress, and other variables involved.

It does appear, however, that the amorphization taking place under static conditions is closely
related to the formation of diaplectic glass under shock compression (differences in strain rate and
thermal histories probably cause the greatest differences between shock- and statically amorphized
samples). The high strain rates and short durations of shock experiments are apparently mimicked by
the kinetically low temperatures of the static experiments in preventing the sample from transforming
to its equilibrium high-pressure (crystalline) phase. Thus, current thinking is that the “high-pressure
phase” branch of the shock Hugoniot -- the densified state achieved at peak pressure under dynamic
loading -- is actually a pressure-amorphized material that can be recovered as diaplectic glass on
decompression.28.30-32 Hence, the study of pressure-induced amorphization illustrates the manner in
which static experiments can help reveal the processes occurring in materials under shock
compression.

Two of the more novel amorphous phases created in this manner are antiferromagnetic Fe,SiOy
and “collapsed” Cgq. Crystalline Fe,SiO,4 (fayalite), which becomes antiferromagnetic at
temperatures below 65 K, amorphizes when compressed above 40 GPa at room temperature.32
Magnetic susceptibility and Mossbauer spectroscopy demonstrate that the amorphized material
exhibits antiferromagnetic ordering at the same temperature as the crystalline Néel transition; that is,
with surprisingly little “frustration” despite the loss of long-range order.33 Indeed, this appears to be
the first example of true antiferromagnetism in a glassy material, and serves to emphasize the close
relationship between the atomic configurations in the crystalline and the pressure-amorphized sample.

When C69 buckminsterfullerene is compressed at 300 K, it transforms to a new crystal structure
above 30 GPa.’4. 35 On decompression, the high-pressure phase transforms to a new amorphous
phase of carbon, a “collapsed” fullerene.35. 36 Little is yet known about the properties of this
amorphized carbon phase, but the rich behavior of crystalline fullerenes suggests promising
possibilities. Incidentally, this is not the first instance of a crystalline high-pressure phase becoming
amorphous on decompression (Table 1); metastability appears to be the key to amorphization, whether
for a low-pressure phase on compression or a high-pressure phase on decompression.

High-Temperature Experiments

Elevated temperatures facilitate the synthesis and processing of new materials at ultrahigh
pressures. Chemical reactions are typically found to proceed rapidly at temperatures exceeding 1000
K, and stress variations across the sample are reduced or eliminated during the thermal annealing.
Few laboratories have so far explored the pressure-temperature regime above 30-50 GPa and 1000-
2000 K, however, so there are only a limited number of illustrative examples to consider.

One set of investigations has concentrated on nitride compounds. For example, new transition-
element nitrides can be formed by reacting the metal with fluid nitrogen at pressures of 30-100 GPa;
in particular, high-pressure Fe-nitrides have been formed in this way.37 Similarly, cubic structured
(diamond-like) compounds have been investigated in the B-C-N ternary system, the objective being to
create materials harder than diamond. Although cubic B-C-N compounds have been successfully
created at elevated pressures and temperatures, these have so far proven to have bulk moduli no
greater than that of diamond; instead, they appear to be nearly intermediate in properties between cubic
BN (borazon) and C (diamond).38

An especially interesting direction for materials synthesis is to use pressure to modify the
chemical bonding in the sample, in this way enabling altogether new types of compounds to be
formed. Thus, oxygen transforms from an essentially ionic constituent at ambient conditions -- the
primary component of traditional ceramic crystals -- to a metallic alloying component at ultrahigh
pressures (indeed, some evidence suggests that elemental O, becomes metallic above 100 GPa).39

A prime example of this bonding transformation is FeO, which becomes metallic when taken to
simultaneous pressures and temperatures exceeding 70 GPa and 1000 K; in contrast, it is a non-
metallic ceramic at zero pressure.!3.40 The change in bonding character, thought to involve a Mott-
like transition, explains why it is that oxides are found to react vigorously with liquid Fe above ~30-
50 GPa, the oxygen combining with (alloying into) the metallic phase at high pressures.4!

Qualitatively, it appears that oxygen takes on a chalcogenide-like behavior at high pressures.
The resulting chemical reactivity of liquid iron alloys with respect to oxides at ultrahigh pressures is of
particular geophysical interest because it implies that vigorous chemical reactions take place between
the metallic core and rocky mantle deep inside large terrestrial planets, such as Earth and Venus.41
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SIGNIFICANCE AND CONCLUSIONS

Because the effect of compression is to alter the chemical properties of matter, ultrahigh
pressures offer a special means of synthesizing novel materials. Entirely new compounds can be
formed, and retained metastably to ambient conditions. Thus, pressure can play a role analogous to
that of chemistry; it provides an alternative means, instead of changing composition, for tuning the
bonding properties of materials. The primary disadvantage, the difficulty of achieving ultrahigh
pressures, 1s at least partly mitigated by the fact that condensed-matter theory is far better suited to
modelling the effects of varying pressure than of varying composition. At the same time, the stress-
and thermal-processing of materials at ultrahigh pressures can lead to novel polycrystalline textures,
including super-dense and strong aggregates. Further developments of such aggregates will no doubt
help produce the anvils required for large-scale synthesis at these extreme conditions.

So far, research at ultrahigh pressures has emphasized basic principles, rather than the
development of new technological materials. This trend is likely to change, however, with more
attention being focused on synthesis. The discovery of pressure-induced amorphization has already
led to the discovery of novel materials, while also revealing some of the key processes taking place
during shock-compression of materials.

More significantly, amorphization under hydrostatic compression is the simplest example of a
wide class of crystal-structural instabilities now being recognized.!7> 35-57 These instabilities occur
due to a strong driving stress being imposed under kinetically blocked conditions. Indeed, shearing
seems to help trigger the amorphization instability, and comguter simulations indicate that similar
instabilities take place under large tensional strains, as well.35-58 This general form of strain-induced
amorphization appears to define the stability limits of crystals, and includes the Born criterion for
instability.55-57

In fact, the stress-strain conditions with which crystals amorphize under pressure are close to
the local conditions achieved in dislocation cores and the “process zone” at fracture tips.5® Because
dislocation cores involve a complex stress field that is heterogeneous on the atomic scale, however,
their formation and dynamics are far more difficult to characterize than the lattice instability achieved
under hydrostatic compression. In this sense, pressure-amorphized material is an ideal bulk sample
of dislocation core, and the amorphization transition appears to be a large-scale model for the
instability that ultimately leads to the failure (yielding) of materials at the microscopic level.
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Structures and Properties of Perovskite-type Compounds

Synthesized Under Very High Pressures

Takehiko Yagi
Institute for Solid State Physics, University of Tokyo, Japan

1. Introduction

Perovskite structure is one of the most common crystal structures among ABO;-type
compounds. In this structure, one of the cations together with the oxygen ion form face
centered cubic close packing lattice and hence this structure has very high density. At
atmospheric pressure, only the large cations, such as Ca and Sr, can form  perovskite
structure. Under high pressure, however, oxygen ions are compressed more than the cations
and even a small cations can form perovskite structure. Figure 1 shows the synthesis pressure
vs unit cell volume of many perovskite-type compounds formed at elevated pressures. With
increasing pressure, compounds containing smaller cations transform into perovskite structure
and the resulting unit cell volume decreases as well. The perovskite-type compound with the
smallest unit cell volume so far synthesize is MgSiO,"?, which can be formed above about 24
GPa.

Perovskite-type compounds are widely used as important materials in many fields, yet
the variety is rather limited at atmospheric pressure. It is clear that using pressure, much
variety of compounds can be crystallized into perovskite structure. With the aid of a laser
heated diamond anvil technique, which can cover very wide range of pressure and temperature,
variety of perovskite-type compounds have been so far synthesized. Inthis paper, the properties

of perovskite-type compounds synthesized under very high pressures are reviewed.

2. Mg and Ca bearing silicate perovskites

Because of its geophysical importance, MgSiO, perovskite is one of the best studied
high pressure minerals. It has orthorhombic symmetry and is quenchable to ambient condition,
although it transforms back into a low pressure enstatite phase or into an amorphous state
when it is heated above several hundred degrees centigrade at atmospheric pressure. An
important mineral containing Ca in the mantle, CaSiO,, transforms also into perovskite
structure above 14 GPa>*. Both of these two perovskites have similar structures but there are
two distinctly different properties in CaSiO, perovskite. One is that it has cubic symmetry,
instead of orthorhombic, and the other is that it is unquenchable on release of pressure and
transforms into an amorphous phase at room temperature. The structural analysis of CaSiO,
perovskite, however, has been made only at high pressures and there are still some ambiguities.
The solubility of MgSiO,and CaSiO, are very limited and diopside, CaMgSi,O, decomposes
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into two perovskites assemblage, MgSiO, +
CaSi0,, when it is heated above 24 GPa**®.
Compared to these silicate perovskites
formed from pyroxene compositions, much less
is known about the perovskites formed from
gamet compositions. Pyrope (Mg,ALSi,0,,),
for example, transforms into perovskite above
about 27 GPa, but the transformation pressure
and the unit cell dimension differ significantly
the Another
characteristic feature of garnet is the slow
In case of MgSiO, and
CaSi0,, a complete transformation into high

depending on studies”,

transformation rate.
pressure phase occurs easily just above the

On the other hand, when

garnets are converted into perovskite using a

transition pressure.

laser heated diamond anvil, the low pressure
phase always remains even when the heating
was made more than 10 GPa above the transition
pressure’.

Veryrecently, anew high pressure phase
of grossular (Ca,Al,Si,0,,) was found using an
in situ x-ray observation’. Fig. 2 is the x-ray
diffraction patterns obtained at 5.4 GPa and at
atmospheric pressure after the crystalline
grossular was heated above 1000 °C at about
30 GPa. In this study, in order to get hydrostatic
environment, argon was used as a pressure
transmitting medium. In the lower figure,
diffraction pattern from the high pressure phase
can be observed together with those from solid
On

complete release of pressure, diffractions from

argon and unreacted starting material.

the high pressure phase and argon disappeared
completely, as shown in the above figure. The
diffraction profile of the high pressure phase is
very similar to that of CaSiO, perovskite.
However, some of the diffraction lines of this

high pressure phase are wide and there are some

30 |- _ -

i I MgSiO, ]MgGeoB[MnGECH

20 =

CaSi0;
+ CdGeOs
ISCA!O;, l ICoGe03

ISrGeOs ]

Pressure, GPa

1 MnVOQ3

CaTiOg
| ) ks
200 . 220
Unitcell volume, A®

!
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Fig.1. Synthesis pressure vs unit cell volume of
perovskite-type compounds.
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Fig. 2. Ca,ALSi,O,, perovskite observed at 5.4 GPa
(below) and after complete release of pressure
(below). Diffractions from the unreacted starting
material (circle), and solid argon (cross) are also
observed together with those of the orthorhombic
perovskite (triangle). Itis clear thatthe high pressure
phase is unquenchable on release of pressure.
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extra lines which cannot be explained by a cubic perovskite structure, which indicates that the
structure is slightly distorted from cubic symmetry. Among many possible distortions, the
orthorhombic perovskite similar to that of MgSiO, explains the observed diffraction pattern
well. Although no direct measurement of the chemical composition was made yet, it is
believed that the high pressure phase has the same composition from the starting material
because of the two reasons. One is that no diffraction lines other than this perovskite phase
was formed at high pressure. The other is that the unit cell volume of the unreacted starting
material remain unchanged. The result of this study is quite different from the previous

studies™!!

. At this moment the reason of this discrepancy is not clear but the differences of
the starting material and the way of observation are the possible explanations. This study has
clarified the existence of a new type of perovskite compound which is unquenchable but has
distorted from cubic. However, the distortion from the cubic symmetry became clear only
whenthe experiment was made under hydrostatic condition usingargon as a pressure transmitting
medium, otherwise all the diffractions are very broad and it was impossible to notice the
broadening of the lines caused by the distortion of the structure. So far, no precise analysis
of the structure of CaSiO, was made under hydrostatic environment and it may be necessary
to reinvestigate it carefully.

Unit cell volumes and the bulk moduli of silicate perovskites are summarized in Table
1. When the unit cell volume of Mg perovskite and Ca perovskite with the same chemical
composition are compared, it is clear that the substitution of Mg into Ca increases the unit cell

volume about 11%. This is because the ionic radius of Ca is much larger compared to Mg. In

40 . : , T
K-Vm relation -0 BaTiOj
for perovskite structure CasSn03
ey
- ko SrTiO3
€351
5 Fe+4 CaTio
O 3 CdGeO3
& s SmAILO3
| S— =1 EUA[O3
E 5ol feg8 5 Cate0y GdAIO3 |
'g CaAl,Si, 0y, YALO3
>
5 Lot oy ScAlO3
5 CaSiOg
= KV,,=639 |
25 ey MgSiOg
/ 1 { 1 {

3.0 4.0 5.0 6.0 7.0
1/ Ks (x 1036GPal)

Fig. 3. Molar volume vs inverse of the bulk modulus
for many perovskite type compounds. The product
KVm is almost constant for many perovskite but
those containing Ca has different trend.
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spite of the expansion of the unit cell volume, the bulk modulus of Ca perovskite increases
compared to that of Mg perovskite. It is known that in many compounds having the same
structure, the products of bulk modulus, K, and molar volume, V, is almost constant. In
Figure 3, molar volume is plotted as a function of inverse of the bulk modulus for many
compounds with perovskite structure. It is clear from this figure that the product KV is about
640 GPa cm’/mol for most of the compounds. As is clear in Fig.3, however, if the compounds
containing Ca, including present Ca,Al,Si1,0,,, are selected, it has clearly different trend. This
fact indicates that the elastic property of Ca containing perovskite is slightly different from
other compounds.

‘3. Other unquenchable compounds with perovskite structure

Properties of perovskite-type compounds seem to vary systematically with the ionic
radios of the component ions. Figure 4 shows crystal structures of ABO ;-type compounds as
a function of cation radius™. The parameter t is a Goldschmidt tolerance factor in perovskite
structure which is defined as t=(A+0)/(2(B+0))"?, where A+0O is the sum of the radii of the
divalent cation and oxygen, and B+0O is the sum of the radii of the tetravalent cation and
oxygen”. In the region where tolerance factor is larger than 0.84, we can synthesize
perovskite-type compounds under high pressure and quench it to ambient condition. For the
compounds with smaller t, the high pressure phase was believed to have LiNbO , type structure,

based on the quench experiments. High pressure in situ x-ray observations on MnSn0, and

Table 1. Crystallographic data of silicate perovskites”. o AN B“04
: _casioy g CaGe0, /,m, i T,
composition V(A % K,(GPa) K & o S o
Ca,ALSLO , 183.96 28347 4 coes ey /e,
2% . s ‘
Ca,Si,0,, 182.32 288+13 4 _oost ; ,
-:{’ , ’ , ’ , ’
181.48 2814 4 5
g A ‘ ‘
Mg3A12513012 165.34 5 osh e o M:Ge% :wc; nmm.o3 uncs’«fo3
Mg,Si,0,, 162.35 260+20 35 3 2 L
< e ,%, 291503/ .
162.75 r ; ,:P' % 060, . S alLinboy)
o 73 'MqSiOJ ‘/, DMgGe03 ’/,
L I -

‘B’ Cation Radius (A)

Fig. 4. Goldschmidt diagram for selected perovskite-forming com-
pounds. A" is the divalent cation radius in sixfold coordination,
* B’ is the tetravalent cation radius in sixfold coordination. Dotted
lines are contours of the perovskite tolerance factor. Filled circles:
perovskite-forming compounds. Open squares: lithium niobate
quench products. Triangles: stable lithium niobate compounds (tri-
valent cations only)"®
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A

FeTi0,, however, clarified that the real high pressure phase has a perovskite structure and
LiNbO, structure observed in a quench product was a metastable phase formed retrogress
vely from the perovskite phase during the pressure release.

Compounds which has LiNbO, structure from the beginning, such as LiNbO, and
LiTa0,, transform into much denser phase above 32 GPa®. The density increase is as much
as 20 %, although LiNbO,-type structure is already a very dense structure. X-ray diffractions
from this high pressure phase is well observed, as shown in Figure 5%, but the analysis of the
crystal structure is so far unsuccessful. The diffraction pattern has some similarity to that of
perovskite structure but the difference between observed and calculated d values are larger
than the uncertainty of the experiment when the indexing are made based on the perovskite
structure.

It is quite interesting to note that the diffraction pattern of the high pressure phases of
LiNbO,and LiTaO, are very similar to that obtained from the high pressure phase of Fe,0.(Fig.6),
which is formed above 60 GPa at room temperature”. Mdssbouer study on this phase
suggests that the irons in this structure have two different electronic state and are placed in
two different environment, which means that the chemical formula should be expressed as
FeFe'O,. If so, this unknown structure seems to be an important structure which can be
stabilized under very high pressures for many ABO, type compounds and its structural analysis
is strongly desired.

1012} — T i
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Fig. 5. D-values observed in LINbO, (lefi) and LiTaO, Fig. 6. D-values of Fe O, as a function of pres

(right) as a function of pressure.*
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5. Conclusions

High pressure is a powerful tool to synthesize variety of compounds having perovskite
structure. The nature of the perovskite-type compounds are largely controlled by its constituent
ions and there are many compounds which cannot be quenched to ambient conditions. In situ
x-ray observation plays essential role to study the nature and behavior of these compounds.
High pressure phase of LiNbO, seems to be an important structure as a very dense structure of

ABO, type compounds.
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ABSTRACT -— The use of pressure {o alter physical states of materials is as fundamental as the use
of temperature or chemical composition. With recent breakthroughs in diamond-cell technology, a
wide range of physical measurements can be conducted in sifu at ultrahigh pressures to several
hundred gigapascals. In the small number of systems investigated, a variety of pressure-induced
transitions have been observed in solids under ultrahigh pressures. Examples of materials with
interesting or potentially useful properties include pressure-amorphized solids, pressure-induced
metals, van der Waals compounds, new dense clathrates, high-T superconductors, and the high-
pressure phases of hydrogen.

INTRODUCTION

Pressure, temperature, and chemical composition are three fundamental variables controlling
physical state of materials. Historically the impact of high pressure on the condensed-material
physics had been negligible in comparison to that of temperature and composition. This does not
reflect the relative significance, but rather reflects the experimental capability. Intrinsically, the
temperature variable is limited by the melting and boiling points of the material, and the composition
variable is limited by the number of compatible elements in it. The pressure variable is not bounded
by these limitations; it thus complements these other parameters and could cover a potentially greater
field. In contrast to the evolution of techniques exploiting temperature or composition, the
development of the pressure capability had been very recent.

With breakthroughs in diamond-cell technology, static pressures of several hundred
gigapascals (GPa), an order of magnitude higher than the previous maximum, can be reached
routinely in the laboratory. Even more significantly, physical properties of materials can be
characterized accurately in-situ at high pressures [1]. The newly acquired capabilities enable us to
explore the full power of the pressure variable. An average of two or more high-pressure transitions
has been observed in each solid in this wide range of pressures. The added dimension is particularly
exciting to material science. It provides the prospect, for example, of potentially tripling the number
of known materials. Discoveries of new materials, perhaps with novel physical and chemical
properties, are within sight.

HIGH-PRESSURE DIAMOND CELL

Since pressure is force divided by area, enormous pressures can be generated by opposing
anvils with a very small tip (culet), providing that the anvil material is strong enough to withstand the
pressure without yielding. Flawless single-crystal diamond is chosen for its strength. The anvils
exert pressure on a thin metallic gasket within which a circular sample chamber is confined (Fig. 1).
Samples immersed in pressure-transmitting media are sealed in the chamber. The gasket also
functions as a supporting belt without which the anvils will fail at 2 maximum pressure of only 35
GPa.

Diamond is transparent to much of the electromagnetic spectrum — including high energy
x- and y-radiation above 10 keV and low energy ultraviolet-visible-infrared (UV-VIS-IR) radiations
below 5 eV. Numerous diffraction, scattering, and absorption probes can be employed for
determination of electronic, dynamic, and structural properties of samples under pressure. A main
constraint of the diamond cell technology is the limited anvil size (~0.2-0.4 carat, 1 ct. = 0.2 gm).
At a constant anvil size, higher pressures are reached with a reduction in sample volume: there is a
tradeoff between the maximum pressure and the maximum volume of the compressed sample. For
instance, diamonds with 1-mm large culet diameter are generally limited to pressures below 5 GPa;

diamonds with 20-pm small culet diameter are needed for pressures above 300-400 GPa. The
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diamonds with 20-pm small culet diameter are needed for pressures above 300-400 GPa. The
diameter of the sample chamber is approximately one haif of the culet diameter, and the thickness,
one tenth. Studying minute samples requires development of microsampling techniques.
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Figure 1. Schematic diagram of diamond-anvil cell.

Great progress in microsampling spectroscopies has resulted from recent advancement in two
fronts — radiation sources and the detector systems. Lasers and synchrotrons provide collimated
beams of electromagnetic radiations many orders of magnitude more brilliant than those from
conventional light sources. Multichannel detector technology — such as energy dispersive x-ray
detectors, two-dimensional position sensitive x-ray detectors, storage-phosphorous x-ray imaging
plates, image intensifiers, intensified diode array detectors, charge-coupled detectors, and new
Fourier-transform interferometer techniques — allows simultaneous detection in thousands of
channels, thus providing sufficient measurement sensitivity for studying ultrasmall samples at
ultrahigh pressures.

PRESSURE TUNING OF PHYSICAL PROPERTIES

When pressure is applied to matter, atoms are brought closer together. Interactions among
atoms increase, and physical and chemical properties of the material change accordingly. Pressure
provides the ideal means of such continuous tuning of interactions and properties. In contrast,
changing interatomic distances by varying composition is restricted by the discrete nature of chemical
elements, and tuning by temperature is complicated by thermal excitations (i.e., vibrations).
Measurements of physical properties tuned over extended pressure range provide crucial
experimental basis for testing and developing new theories of condensed matter.

Physical properties of fundamental and technological interest, such as superconductivity, can
also be favorably tuned or enhanced by pressure. For example, the mercury-based oxides
HgBapCay-1CuyOopy2406 (0 = 1, 2, 3) have superconducting onset temperatures (7¢) of 94, 128, and
135 K, respectively. Their T.’s were found to increase with pressure [2]. When studied in a
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diamond cell with the four-lead electrical conductance technique (maximum pressure of 45 GPa) [3],
record high T¢’s of 164, 154, and 118 K were reached (Fig. 2).
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Fig. 2. T¢ vs P. Open symbols, from Ref.[2]; solid symbols, diamond-cell data from [3].

NOVEL TRANSITIONS

At several hundred GPa, the density increases as much as 50% for the most incompressible
materials, and 1000% for very soft ones. Numerous transitions occur in this compressional space,
including novel types of pressure-induced transitions.

Insulator-Metal Transitions — In general with increasing density, electrons in a material
become increasingly unstable localized in bonds and near atomic cores. From the early days of
quantum theory it was predicted that above a critical density electrons in all materials must delocalize
into conduction states thus forming a metal. The metallization process could involve, for example, a
change in molecular or crystallographic structure, or an overlap of electronic valence and conduction
bands. The insulator-metal transition occurs in iodine at 16 GPa is well established, and has become
a classic an example of such a pressure-induced transition of this type [4]. Recently, its phase
transitions, crystal structures, and electronic properties were studied by and optical and x-ray
diffraction measurements and band-structure calculations to 276 GPa [5].

Pressure Amorphization — When a crystalline material is compressed to pressures well
outside of its stability field, it may convert to an amorphous material if the temperature is too low for
it to recrystallize to the equilibrium high-pressure crystalline phase. This phenomenon was first
documented in ice-I, which transforms to a high-density amorphous form at 1 GPa and 77 K [6].
Such pressure-induced amorphization transformations have been observed in a growing number of
materials during the past ten years [7, 8]. Such transformations may access unusual metastable
states with varying degrees of disorder and possibly unique properties.
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Phonon Localization Transitions — Most solids can be described by harmonic
approximation; in some others, anharmonicity prevails. In the harmonic case, noninteracting
phonons couple strongly and form a broad continuum band. In the anharmonic case, strong
interaction of phonons leads to the formation of states of bound quasiparticles only weakly coupled
in the crystal. For example, in two-phonon vibrational spectroscopy, the quasiparticle is a biphonon
acting as a molecular oscillator. The biphonon forms a sharp peak separated from the origin of the
broad two-phonon continuum band by the quantity of its anharmonicity. The condition that the
harmonic and anharmonic cases overlap has been a problem of great interest in condensed systems.
It was postulated that if the relative magnitudes of the continuum band width and the anharmonicity
could be varied so that the former would exceed the latter, the bound biphonon would disappear into
the continuum band. Such a transition has been observed for the first time by varying pressure in

solid deuterium [9]. As shown in Fig. 3, at ambient condition the anharmonicity is 60 cm~1 while

the continuum band width is only 2.2 cm~1, so that the bivibron is well separated from the
continuum. At high pressures, the anharmonicity remains nearly constant, while the continuum band
width, which is a measure of the intermolecular coupling, increases sharply. The two become equal
at 36 GPa, and indeed, the bivibron vanish into the continuum. Calculations with a parameter-free
model Hamiltonian agree exactly with the experimental results.
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NEW MATERIALS

In general bonding properties in materials can be altered considerably under pressure, in
some cases drastically as the relative energies of the valence electrons change in response to
compression. Thus, chemical affinities of the elements can become very different from those at
ambient pressure. For example, above 200 GPa, the inert-gas solid Xe with van der Waals bonding
and the alkali halide CsI with ionic bonding become very similar; both have metallic bonding [10,
11] and transform to the same hep-like structure {12, 13, 14].

Van der Waals Compounds — Inert-gas molecules interact weakly at low density through
van der Waals force. They also do not readily form stoichiometric compounds at ordinary pressure.
However, we now know that such solid compounds can be made at high pressures, as was first
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demonstrated with the synthesis of He(N3)11 [15]. Since then, two more compounds of this novel
type, NeHe; [16] and Ar(Hj), [17] have been observed at high pressures. Their crystal structures
and stoichiometry can be rationalized in terms of molecular packing efficiency arguments.

High-Density Clathrates — Clathrate hydrates consist of hydrogen-bonded networks of
cages in which large guest molecules are contained, interacting with the lattice by van der Waals
forces. They are unstable at moderate pressures as the open networks break down under
compression. In a high-pressure study of Hy-HO binary system, a novel type of clathrate with 1:1
ratio was discovered [18]. In this high-pressure clathrate, H,O and Hy form two interlocking
networks, both with the diamond structure (Fig. 4). With the efficient packing of molecules
afforded by the structure, the new type of clathrate is stable to at least 30 GPa.

Fig. 4 . Crystal structure of
the high-density clathrate.
The dumbbells are idealized
representations of the
rotationally disordered hydro-
gen molecules; the large
spheres denotes the oxygen of
the HoO molecules.

ULTRAHIGH-PRESSURE HYDROGEN

Study of highly condensed hydrogen is an archetypal problem which may contribute to
understanding problems described above [19]. At low pressures and temperatures, hydrogen is an
insulating molecular solid. Elementary theory predicts that at extreme pressures, the molecules will
dissociate to form a monatomic metal. Between these two diametrically opposed types of solids, a
number of unexpected transitions and new phenomena have been documented experimentally.
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Ultrahigh pressures above 250 GPa have been reached with minute hydrogen samples in
diamond-anvil cells [20]. However, due to the strong absorption of the probe laser radiation by the
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diamond anvils and the sample, properties of hydrogen in this pressure region have yet to be
unambiguously characterized. At lower pressures where the experimental difficulties are less severe,
micro-Raman and infrared spectroscopies have been applied to probe hydrogen successfully. Some
of the most profound transitions in hydrogen are observed around 150 GPa. A symmetry-breaking
transition occurs at low temperature and very high pressures (phase I to II; Fig. 4). At higher
pressures, phase III shows a precipitous drop in Raman vibron frequency and an enormous increase
in infrared vibron absorption [21]. The results reveal the electronic nature of the transition.

The boundary between I and III terminates at a critical point, above which the transition
becomes continuous, The topology is strikingly similar to that associated with a Mott transition [22],
in which there is an electron spin-ordered antiferromagnetic phase (Phase II for hydrogen) at low
temperatures, a disordered phase at high temperatures (Phase I), and an electron delocalized phase at
high pressure {Phase III), with both a triple point and a critical point in the phase diagram.

NOVEL PHYSICS

It is conceivable that novel physical phenomena may emerge with detailed study of matter in
the new pressure dimension made possible by the development of new techniques. Analogy could
be drawn to the discoveries of superfluidity and superconductivity. These properties were
unpredicted and unexpected, and could only be found with the application of extreme temperature
conditions and careful experimental observations. Searching for novel physical phenomena that is
unique to the extreme pressure condition requires similar efforts.
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