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A simple tight-binding model is used to simulate the synthesis of a range of hydrogenated amorphous
carbons having differing compositions and formed under differing processing conditions from benzene and
ethene molecular precursors. The resultant structures are analyzed and we find both olefinic and delocalized
m-bonding systems. In the more dense structures we find highly defected graphitic inclusions crosslinked by
fourfold coordinated carbon atoms. In the less dense structures we find chains, weakly attached rings, and large
voids. There are both similarities and differences in the structures from different molecular precursors.
[S0163-18296)03246-9

. INTRODUCTION papers=>~8whose authors interpret their results to mean that
thesp? bonds are olefinifolefinic, hydrocarbon containing a

In recent years there has been growing interest in amorarbon-carbon double bond, the bond is localized;aro-
phous materials, which do not suffer from limitations im- matic (benzoic) hydrocarbon containing a phenyl ring, the
posed by grain boundaries and have interesting properties ifm bonds are delocalized around the rimgaphitic, graphi-
their own right. Many manufacturing routes for bulk amor- telike structure, ther bonds are delocalized over an area
phous materials have been developed but recently the depand not graphitic or benzoic. An earlier work also found
sition of amorphous coatings by vapor deposition processdscalization of electrons-®
has attracted a lot of interest. Such processes can be used toHydrogenated amorphous carbon films typically have a
make metastable coatings over wide ranges of compositioB0—50 at. % hydrogen conteHt;**#?°-?"a 1.5-2.5 g/crh
and several novel amorphous materials have been developegknsity!21322-25283nd an internal compressive stress of
Coatings based on amorphous hydrogenated silicon are noww-10 GP&*?*~27although films with values outside of these
finding applications in the electronics industry whereasranges have been produced. With increasing hydrogen con-
amorphous carbon layers, which may also be hydrogenatetgnt the density of the films drops>?%2°30and the films
are being developed for electronic, optical, and tribologicalend to become softéf;?**Calthough the opposite trend has
applications. been observetf and another group has seen no clear corre-

It has been found that the properties of hydrogenatedation between these properties and the hydrogen cofftent.
amorphous carbona¢C:H) are dependent on the deposition There have been comparative studies which find that the
conditions and hydrogen contert. This material is espe- properties ofa-C:H depend on the precursors used to manu-
cially interesting because its hardness, chemical inertnesacture the filid*?” while others conclude that the properties
and infrared transparency give it many potential applicationsare relatively precursor independéit® although each of
References 1 and 2 give general reviews on this materiathese studies has used a different method of preparation. It is
Reference 3 gives a review of some potential applicationgoncluded that the structure and properties@:H depend
and Ref. 4 contains many papers on uses of this materiagtrongly on the method and conditions used to synthesize the
However there is still disagreement about the structure ofaterial.
this material at the atomic level. Carbon can form several Modeling at the atomic scale is an approach which can
different types of bonds and so there are many possibilitieprovide detailed information about local atomic and elec-
of atomic structure. The experimental methods used to andronic structure. However it is clear that the model should
lyze samples of-C:H provide results which are averaged mimic as closely as possible the method and conditions by
over a very large number of atoms and so are usually unablhich any reala-C:H sample is made. This requirement has
to give information about local atomic and electronic struc-not been met in previous computer simulation studies. There
ture. From electronic structure calculations it has been sugiave been Monte Carlo simulations of the cooling of a mol-
gested that the structure afC:H is composed of graphitic ten carbon-hydrogen mixture based on empirical poterttals,
clusters of fused rings in asp® matrix® and some experi- and semiempirical density-functional simulations of the
mental observations have tended to support this id¥a. cooling of a molten carbon-hydrogen mixture using molecu-
However this view has been challenged in a recent series ¢&r dynamics®33-3¢ To our knowledge no reah-C:H
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samples have been synthesized by cooling a molten carbornenfiguration for the simulations using benzene precursors
hydrogen mixture. was ten benzene molecules placed in a cubic simulation cell,
There has also been a Monte Carlo simulation of thewith sides of length 12.6 A, with intermolecular separation
chemical kinetics of glow discharge deposition ®C:H  larger than the range of atomic interaction. For the simula-
from methan& and a simulation of the stoichiometry of a tions using ethene precursors 30 ethene molecules were
hydrocarbon film being deposited from a glow dischargeplaced in a simulation cell of identical size, again with inter-
plasma’® These simulations do not aim to produce a strucmglecular separation larger than the range of atomic interac-
tural model ofa-C:H, but they address the populations of tjon. The number of molecules was chosen such that the final

radicals and molecules in the plasma. samples would all contain 60 carbon atoms. Periodic bound-
In the first paper of this seri&s[referred to agl) from ary conditions were imposed.

here orj we presented a parameterization of a tight-bindi'ng The interval between deletion of hydrogen atoms was
model of hydrocarbons. We showed that the model describeg,gsen as 56 time steps for those simulations using benzene
accurately the energetics and conformations of a wide rangGrecursors, while for those simulations using ethene precur-
of hydrocarbon molecules and hydrogenated surfaces of bulkyys 4 reduced interval of 25 time steps was chosen as many
diamond samples. In the second paper of this sBrige- 50 hydrogen atoms were to be deleted. This operation was
ferred to ag(ll) from here o we applied this model to the ¢ first stage of the simulation and was carried out under
well-known free radical polymrization reactions of polyeth- ,ngitions of constant temperature and pressure. The volume
ylene (polyetheng, polypropylene(polypropeng and poly- ot the simulation cell decreased as radicals, formed by the
styrene(polyphenyletheneand showed that our model de- gjimination of hydrogen atoms, gradually combined to form
scribes well the electronic rehybridization during the making; sqjid. The algorithm for the solution of the equations of
and breaking of bonds and the molecular conformations of,otion is that given in “run 5” of Ref. 45, which is a com-
hydrocarbon molecules and free radicals. In this paper Wgjination of Andersen’s meth8d with a damped force
apply our model to a situation where an accurate descriptiofethod. This stage of the simulation was carried out at 1000
of rehybridization concomitant with the making and breakingk  a pressure of either 10 GPa or 1 GPa was imposed to
of bonds is again essential, namely a simulation of the synraquce the time between collisions in the gas phase. The
thesis of hydrogenated amorphous carbon bulk material frofgressure was maintained once the solid phase was formed to
molecular precursors. The quantum mechanical nature of 0Wimy|ate internal stresses generated by the ion bombardment.
model brings an internal consistency which enables us tqs stage of the simulation was continued until samples of

describe the formation of localized bonds and delocalizedyy 4t o4 H (GoHag), 20 at. % H (GgH1e), and 10 at. % H
7 bonds naturally and correctly. Our simulations of the po-(c, 1.y were obtained. '

lymerization of styrene irfll) established the delocalized na- ~ 1o samples were then equilibrated for a further 1500

ture of bond formation in aromatic systems. time steps under the same conditions of constant temperature
and pressure to allow the completion of any reactions, and to
enable the sample to settle to its final structure. The samples
were then cooled exponentidilyto 300 K over a period of
We take as the process we wish to simulate that patented00 time steps under conditions of constant volume. The
by AEA Technology**~** This process produces films of samples were then equilibriated for a further 1500 time steps
density~ 1.8 g/cnt containing about 10 at. % H and with under conditions of constant temperature and volume for the
average internal hydrostatic stresses of order 1 GPa. An odalculation of distribution functions. At this stage of the
precursor, typically polyphenyl ether, is sprayed onto thesimulation the equations of motion were integrated using
substrate to be coated while being bombarded with 40—8Beeman’s algorithitf and the temperature maintained by a
keV nitrogen ions. Various oil precursors have been triedhermostat which rescaled the velocities whenever the tem-
and found to give rise to a range of properties. The level operature went outside a tolerance bandt#0%. Configu-
nitrogen bombardment is also found to affect the structureations were recorded at every time step during this stage.
and properties of the film. The role of the ion bombardmentFinally the samples were cooled to 10 K and then relaxed
is to break bonds in the oil, releasing volatile species such assing a variable metric energy minimizatibhReal a-C:H
hydrogen and oxygen, thus allowing the resultant radicals tevould not be stable at 1000 K owing to decomposition and
rebond and form a three-dimensional network. We havesvaporation of hydrogen. Nevertheless, during the ion bom-
modeled aspects of this process by considering ethene afrdment and the subsequent formation of bonds between
benzene as molecular precursors. To simulate the ejection ofactive species the temperature of the material is likely to
hydrogen atoms by ion bombardment, randomly chosen hyreach at least 1000 K locally. The lifetime of this local heat-
drogen atoms were deleted from the simulation cell at reguing will be very much shorter than that required for signifi-
lar intervals. cant hydrogen diffusion. Therefore, for the duration of the
In our simulations we impose local charge neutrality as arreactive phase of our simulatidne., 4.5 p$ we are model-
appropriate form of self-consistency as described)imnd a  ing a small reactive region correctly by maintaining an el-
finite electron temperature &z T=0.5 eV to facilitate the evated temperature.
achievement of local charge neutrality when bonds are made It was found necessary to make some small modifications
or broken. As in(ll) the bond energy and Hellmann- to this general scheme in certain cases. In the sample pre-
Feynman forces are found by direct diagonalization of thepared from benzene precursors, at an imposed pressure of 10
TB Hamiltonian using the parametrization @f. A time step  GPa and with a composition of 10 at. % H, it was found that
of 1 fs was used at all stages of the simulations. Our initiakthe partial radial distribution function for carbon atoms did

IIl. METHOD OF SIMULATION
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BENZENE PRECURSORS 10 GPa.  ETHENE PRECURSORS BENZENE PRECURSORS 1 GPa. ETHENE PRECURSORS

20 at%H

10 at%H : 1

10 at%H

FIG. 1. (a)—(f) a-C:H samples synthesized with an imposed pressure of 10 @Rdl) a-C:H samples synthesized with an imposed
pressure of 1 GPa. Structures synthesized from benzene precursors and having final compositions of 30, 20, and 10 at. % H are shown in
panels(a)—(c) and(g)—(i). Structures synthesized from ethene precursors and having final compositions of 30, 20, and 10 at. % H are shown
in panels(d)—(f) and(j)—(I). Carbon atoms with four nearest neighbors are shown by light grey spheres, those with three nearest neighbors
by dark grey spheres, those with two nearest neighbors by black spheres, and hydrogens by open spheres. Atoms in the central computationa
cell are shown by the larger spheres, those in periodically repeated cells that are bonded to atoms in the main cell are shown by smaller
spheres.

not go completely to zero in the trough between first andsynthesis ofa-C:H, most of which were carbon-carbon
second nearest neighbor peaks. The sample was equilibratednds. Only in structures formed from ethene at 1 GPa pres-
for a further 1500 time steps at the high temperature stage afure did we observe carbon-hydrogen bond breaking.
the simulation and then the remaining stages carried out, but
no change of structure resulted. Samples with lower densities
displayed a small gap where the carbon-carbon radial distri-
bution function went completely to zero, and the width of the  The relaxed structures of all 12 samples are shown in Fig.
gap increased as the density decreased. The high density Consider the samples synthesized at 10 GPa pressure
samples have some first neighbor carbon bonds which afé€igs. {a)-1(f)]. In the sample with 10 at. % H produced
more stretched, and second nearest neighbor bonds which &em benzene precursofEig. 1(c)], it can be seen that there
shorter than in those samples of lower densities. It appeais clustering of the threefold and fourfold coordinated atoms,
that this reflects the larger degree of frustration that exists invith the threefold coordinated atoms tending to form parallel
the higher density structures, where carbon bonds are occptanes and the fourfold coordinated atoms providing
sionally unable to achieve their usual optimum lengths. crosslinking between these planes. The corresponding struc-

A problem arose with samples prepared from ethene preture formed from ethene precursdisig. 1(f)] also has the
cursors, with an imposed pressure of 1 GPa. In samples witthreefold coordinated atoms tending to form planes, but not
final hydrogen contents of 20 and 30 at. % two hydrogerparallel. As the proportion of hydrogen increases the struc-
atoms were not bonded to the final structure. In the case dfires become more open, with voids appearing. Hydrogen is
the 30 at. % H sample a hydrogen molecule was present, araften found on the inner surfaces of the voids, which inhibits
in the case of the 20 at. % H sample two uncombined hydroerosslinking and promotes the stability of these voids.
gen atoms were present. It was decided that these unattachedThe samples synthesized at 1 GFdg. 1(g)-1()] are
hydrogen atoms should be among those removed from theore open with larger voids. Hydrogen appears on the inner
samples, to simulate their diffusion out of the material insurfaces of these voids with a frequency in proportion to the
reality. In all cases the final compositions werggs, hydrogen content of the sample. Several of these structures
CeogH1s, and GoH-. contain a significant number of carbon chains.

A considerable number of bonds were broken during the Figure 2 shows the total radial distribution functions. Fig-

lll. STRUCTURES
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FIG. 3. Partial carbon-hydrogen radial distribution functions.

FIG. 2. Normalized radial distribution functions. Lab¢s—(I) Labels(@)~(1) are defined in the caption to Fig. 1.
are defined in the caption to Fig. 1. In the total radial distribution function curvéBig. 2), the
first peak between 1.0 and 1.2 A is that of the carbon-

ures 3 and 4 show the carbon-hydrogen and carbon-carbdiydrogen bonds, as can be seen from its presence in the
partial radial distribution functions of the 12 samples. Thecarbon-hydrogen partial radial distribution functitifig. 3
same normalization of the total radial distribution function isand its absence in the carbon-carbon partial radial distribu-
applied to the partial distribution functions so that the sum oftion function (Fig. 4). The carbon-hydrogen equilibrium

all partial distribution functions gives the total distribution bond length decreases slightly with decreasing coordination
function. number of the carbon, as discussedlin. The width of the

TABLE |. Time-averaged structural dat® is the pressurdGP3 imposed during formation of the
samplesyp is the density in g/ct N4, N3, andN, refer to the number of atoms with 4, 3, or 2 nearest
neighbors.®N4, ®N3' and@)NZ refer to the mean bond angle on atoms with 4, 3, and 2 nearest neighbors.

N¢ is the average number of nearest neighbors of the carbon atoms.

Precursor P at. % H p N, N3 N, G)N4 ®N3 ®N2 Nc

@ Benzene 10 30 2.48 18 40 2 109.1 118.2 1256 3.27
(b) Benzene 10 20 2.54 15 43 2 109.2 118.7 1216 3.22
(© Benzene 10 10 2.88 23 35 2 109.1 1189 1450 3.35
(d) Ethene 10 30 2.37 18 40 2 109.2 119.2 157.7 3.27
(e Ethene 10 20 2.43 10 45 5 109.3 119.1 137.6 3.08
f) Ethene 10 10 2.43 16 43 1 109.1 118.0 111.6 3.25
(9) Benzene 1 30 1.61 5 52 3 109.3 119.2 126.8 3.03
(h) Benzene 1 20 1.63 9 41 10 109.2 1190 138.8 2.98
(@) Benzene 1 10 2.07 4 51 5 109.1 118.3 150.8 2.98
) Ethene 1 30 1.43 5 42 13 109.4 119.7 1533 2.87
(k) Ethene 1 20 1.22 7 41 12 109.2 1191 1535 292
) Ethene 1 10 2.21 9 47 4 109.2 119.2 1634 3.08
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length in our model as 1.233 A and in Fig. 5 we see a very
small number of bonds with lengths around this value. Hence
FIG. 4. Partial carbon-carbon radial distribution functions. La- V& €& qttrlbute this feat.ure to a small number of carbon-
bels(a)—() are defined in the caption to Fig. 1. carbon triple bonds. In Fig. 1 we can see that these bonds
occur where two twofold coordinated carbon atoms are near-
C-H peak in Figs. 2 and 3 is a reflection of the range ofést neighbors as in a carbon chain. In Fig. 4 we can identify
coordination numbers of carbon atoms bonded to hydrogerthe hump around 2.4-2.5 A with carbon-carbon second near-
The main peak between 1.2 and 1.7 A in Fig. 2 arises fronest neighbors. There are small peaks or inflexions in Fig. 2 at
the carbon-carbon nearest neighbor bonds, as can be seb8 A and 2.1-2.15 A. Figures 3 and 4 identify these as
from Fig. 4. Looking at the radial distribution functions, we predominantly carbon-hydrogen features. Referring to the
see that those samples synthesized at 10 GPa tend to hasecond nearest neighbor separations of Table Il we identify
broader, flatter peaks, while those samples synthesized at 1
GPa are narrower. Table | gives time-averaged structural TABLE Il. Interatomic separations in our tight-binding model.
data from the equilibration stage at 300 K, the data are la= , i
beled (a)—(1) as in Fig. 1. The coordination of each carbon Neare:t neighbor separations

atom was calculated by counting atoms at a separation les-C b 1518
than the mimimum between the first and second neareét = C 1.338
neighbor peaks of the partial radial distribution functions. -+ ¢ 1.395

We see that those samples synthesized at the higher pressywe. ~ d

. . 1.233

have a greater proportion of fourfold coordinated atoms tha . )
. . econd nearest neighbor separations

those synthesized at the lower pressure. Table Il gives relz~ c.Hya 5136
evant interatomic separations in our model. From these datél —C.Hb 2'106
we can attribute the broadening and flattening of carbon-" "~ 2'145
carbon peaks of samples synthesized at 10 GPato the greater ** c - H © '
proportion of fourfold coordinated atoms, leading to ag@H-c-HP 1.846
greater number of longer bonds. This is confirmed by Fig. SpPH-Cc-H? 1.780

which shows the distribution of carbon-carbon bond lengths
in the relaxed samples. The bonds are stretched or squeeZzi&ihane time-averaged room temperature separation, procedure as
according to local stresses, but we clearly see a greater prosec. Il, paper Il
portion of longer bonds itt@)—(f), corresponding to samples PEthene time-averaged room temperature separation, from Sec. I,
synthesized at 10 GPa. paper .

In some radial distribution functions we see a small fea-“Benzene time-averaged room temperature separation, procedure as
ture between 1.2 and 1.3 &ig. 2, curvese, h, j, k, 1). Sec. Il, paper II.
Figures 3 and 4 confirm these as carbon-carbon feature$thyne time-averaged room temperature separation, procedure as
Table Il gives the time-averaged carbon-carbon triple bondSec. Il, paper II.
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TABLE Ill. Bonding data.P is the pressurdGP3g imposed
during formation of the samplesN§® is the number of six-
membered rings composed entirely of threefold coordinated atoms.
NS$™ andN§™ are the numbers of fourfold and threefold coordinated
carbon atoms with one hydrogen atom bonded to them, respec-
tively. NEHZ and N,EHZ are the numbers of fourfold and threefold
coordinated carbon atoms with two hydrogen atoms bonded to
them, respectivelyN,/N; shows the ratio fourfold to threefold
coordinated atoms.

Precursor P at. % H N3° N§™ Ng™ NZ™ NS™ Ng/Ng

(@) Benzene 10 30 1 14 12 0 0 0.45 §

(b) Benzene 10 20 1 8 7 0 0 0.35 ©

(c) Benzene 10 10 1 3 4 0 0 0.66

(d) Ethene 10 30 1 9 13 2 0 0.45

(e) Ethene 10 20 2 7 4 2 0 0.22

(f) Ethene 10 10 3 5 0 1 0 0.37

(g) Benzene 1 30 3 5 21 0 0 0.10 A

(h) Benzene 1 20 2 7 8 0 0 0.22

(i) Benzene 1 10 6 2 5 0 0 008 ... e k
() Ethene 1 30 0 1 13 4 2 012 S

(k Ethene 1 20 1 2 7 2 1 017 = T 7|
() Ethene 1 10 1 2 3 0 1 019 100 125 150

6 (A8 = 0.5 degree)

the feature at 2.10-2.15 A with carbon-hydrogen second
nearest neighbor separation, but cannot break it down a?.-
cording to the type of carbon bond. The feature at 1.8 A
appears to be the separation between a hydrogen and the first
carbon to which it is not bonded. In our tight-binding model Samples, they are associated with the chains and weakly at-
the carbon-hydrogen interaction reaches zero at 1.85 A andti&ched rings.
is possible that this feature at 1.8 A may be a consequence of Figure 6 shows the time-averaged nearest neighbor bond-
our model. From Table Il we see that the hydrogen-hydroge@ngle distribution functions of the 12 samples. The normal-
second nearest neighbor spacing of Qjoups would also ization is such that the area under each distribution is equal
contribute to this feature in those samples where they art0 the time average number of bond angles per atom. From
present. this figure we see that the peaks of those samples synthesized
In Fig. 5 we see a spread of carbon-carbon bond length&t 1 GPa pressure tend to be skewed towards 120°, reflecting
We attribute some of the bond lengths around 1.35 A tdhe preponderance of threefold coordinated carbon atoms in
carbon-carbon double bonds. However the numbethese samples, while those samples synthesized at 10 GPa
of bond lengths around 1.4 to 1.45 A implies that there ispressure, having more fourfold coordinated atoms, have a
also delocalized = bonding present. We see from more even distribution of bond angles or even a split peak.
Table 1l that there are generally very few six-memberedThe exception to this trend is the sample with 10 at. % H
rings composed entirely of threefold coordinated atomssynthesized from ethene precursors at 1 GPa prefSigere
(the exception being the structure with 10 at. % H synthe6(l)], which has the highest density of the low pressure
sized from benzene precursors at 1 GPa pregsiree  samples. From Table | we see that the time-averaged bond
spread of bond lengths is more reminiscent of a conjugatedngle on fourfold coordinated atoms is very close to 109°,
molecule such as penta-1,3-diene which can be written ashile that on threefold coordinated atoms is 118°-120°.
CH,=CH-CH=CH,-CH,;, but has carbon-carbon relaxed This is of course an average over all the relevant atoms in the
bond lengthgin our TB mode) of 1.354 A, 1.430 A, 1.359 structure and individual bond angles vary to a greater or
A, and 1.485 A indicating the delocalization of the lesser extent, depending on the local environment.
7 bond along the chain. It seems likely there are Figure 7 shows the density of the 12 samples plotted
delocalizedr-bond systems, but more along chains or sec-against the average coordination of carbon atoms. As ex-
tions of rings rather than around complete rings, althougtpected, the structures formed with lower imposed pressures
rings composed entirely of threefold coordinated atoms willhave lower densities. The density increases monotonically
have delocalized7-bond systems. In the high density with the average coordination of carbon atoms. From Table |
samples the threefold coordinated carbon atoms are clusteratdd Fig. 7 we see that the density generally decreases with
so the delocalizedr-bond systems can be associated withincreasing hydrogen content, the single exception being the
highly defected graphitic regions. In the low density 30 at. % H sample produced from ethene precursors at 1

FIG. 6. Bond-angle distribution functions. Labéks-l) are de-
ed in the caption to Fig. 1.
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NO OF ATOMS IN RING

) ] ) ] ] FIG. 9. Shortest-path ring statistics for theC:H samples. La-
GPa, which has a slightly higher density than that with 20pels (a)—(1) are defined in the caption to Fig. 1.

at. % H.

Figure 8 shows the variation of the average coordination :
of ca?bon atoms with respect to the hydrogeg content of the, 1aPle Il shows the numbers of different types of carbon
12 samples. Those samples obtained at 10 GPa pressure h&#¢S Which have hydrogen atoms bonded to them. We see
a minimum at 20 at. % H, reflecting the fact that the numberthat for the_:se sites the ratio of fou_rfold coordln_ated to three-
of fourfold coordinated atoms is at a mimimum at this com-fold coordinated atoms is much higher than this ratio for all
position. Of the simulations carried out at 1 GPa, sample§arbon atoms. Samples synthesized from benzene precursors
synthesized from ethene precursors show a decrease in tH8 NOt have any Chigroups present. This is not surprising as
average coordination with increasing hydrogen content, rethere were no Chigroups present in the precursor molecules
flecting a decrease in the number of fourfold coordinatec®d we did not observe significant diffusional motion of hy-
atoms and increase in the number of twofold coordinatedfogen in these samples during the synthesis. Samples
atoms. Those synthesized from benzene precursors show/@fmed from ethene precursors do have @roups present,
small increase, although the numbers of fourfold and twofolc@nd in the samples formed at 10 GPa these carbon sites are

coordinated atoms vary in a similar manner with hydroger@ll fourfold coordinated. In samples synthesized at 1 GPa
content. from ethene precursors there are twice as many fourfold as

threefold coordinated C)kites, with the exception of the 10
at. % H sample, which has only one g€hroup and that site
is threefold coordinated.

We have adjusted the volume to achieve zero pressure
prior to cooling from 1000 K for a representative range of
our samples, and then continued the simulation steps as be-
fore. Very little change was observed. There was no bond
making or breaking and the distribution functions differed
only in fine detail. This process resulted in a lowering of the
density by 2.5-3.0 % for the samples synthesized originally
at 10 GPa, and by 0.3-0.7 % for the samples synthesized
originally at 1 GPa.

o - IS w 'S

N
©
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IV. RING STATISTICS

AVERAGE COORDINATION OF CARBON ATOMS

N
©

10 20 ‘ 30 ' Shortest path ring statistics were calculated for the relaxed
at% HYDROGEN structures and are given in Fig. 9. The definitfbaf such a

ring is that the shortest path between any two opposite mem-

bers of the ring must be around the perimeter of the ring.

FIG. 8. A plot of the average coordination of carbon atomsSome rings cross the boundaries of the computational cell

against the hydrogen content. The symbols are as defined in Fig. 2nd are closed in neighboring periodic cells. This must be
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TABLE IV. Correlation between five-, six-, and seven-membered riRgs. the pressuréGPa imposed
during synthesis of the sample&s, N, A7 are the number of rings with five, six, and seven members,
respectivelyC,_, shows the number of rings of sire which are correlated.e., have at least two adjacent
members in commarto rings of sizen, divided by the total number of rings of size.

(@) Benzene 10 30 5 11 1 08 10 02 045 064 018 10 1.0 -
(b) Benzene 10 20 5 7 4 00 10 08 086 029 057 075 075 05
(c) Benzene 10 10 13 13 6 092 092 069 1.0 092 092 10 10 10
(d) Ethene 10 30 9 3 1 089 056 022 10 00 033 10 1.0 -
(e) Ethene 10 20 6 5 1 00 083 017 08 04 02 10 1.0 -
(f) Ethene 10 10 9 10 3 067 10 033 10 09 04 10 1.0 O0.67
(9 Benzene 1 30 2 10 0 00 1.0 - 05 04 - - - -

(h) Benzene 1 20 3 10 2 00 10 067 05 07 06 05 10 o00
(i) Benzene 1 10 5 12 0 04 038 - 05 0.92- - - -

() Ethene 1 30 2 1 1 10 00 05 o0 - 00 1.0 0.0 -
(k) Ethene 1 20 7 2 3 071 029 086 10 10 05 10 0.66 0.67
() Ethene 1 10 6 8 3 067 083 033 075 088 083 067 1.0 0.0

kept in mind when comparing the ring statistics with theat a pressure of 1 GPa. The 10 at. % H sample synthesized
structures shown in Fig. 1. The less dense structures aldoom benzene precursors retains seven original six-
have a few larger rings which are not shown in Fig. 9. Inmembered rings, that with 20 at. % H retains five, and that
general, as the hydrogen content increases, the number with 30 at.% retains eight. These samples have more
smaller rings decreases, and larger rings form a more signifsix-membered rings than the samples synthesized from
cant proportion of the total number of rings. This is to beethene precursors and they have more six than five-
expected because hydrogen atoms inhibit ring formatioomembered rings. In samples synthesized from ethene precur-
since they are always singly coordinated. We also see thabrs, the number of six-membered rings drops as the propor-
samples synthesized at a pressure of 10 GPa generally hatten of hydrogen increases. The number of five-membered
more rings than those synthesized at 1 GPa. This is again tings increases from 10 to 20 at. % H, and while there are
be expected, because the samples synthesized at 10 GPa haeey few rings in the sample with 30 at. % H, there are
a higher average carbon coordination number. slightly more five-membered rings than six-membered rings
Comparing those samples synthesized from benzenglthough very few of either We see only one four-
and ethene precursors at 10 GPa, we see that 10 at. % dembered ring in all of the samples, and we would consider
samples have comparatively large numbers of smaller ringshe formation of four-membered rings to be a very rare
including significant numbers of five- and six-memberedevent.
rings in approximately equal proportion. The sample We have investigated the correlation between five-, six-,
synthesized from benzene precursors has more five- and sigand seven-membered rings in the samples, i.e., whether rings
membered rings at this composition. At 20 at. % H theshare at least two adjacent members. Table IV shows the
sample synthesized from benzene precursors has a slighthumbers of rings of each size that are correlated with at least
increased ratio of six- to five-membered rings, whileone other ring, divided by the number of rings of that size.
in the sample synthesized from ethene precursors this ratio Consider the structures synthesized at 10 GPa pressure. In
decreases slightly. In the sample synthesized from benzergeneral we see a high degree of correlation and it is very rare
precursors with 30 at. % H, there are far more six-memberetb find an uncorrelated five-, six-, or seven-membered ring.
rings than five-membered rings, while the reverse isThere tend to be more five- and six-membered than seven-
true for the sample synthesized from ethene precursors. Thimembered rings formed and so there are more five- and six-
may be reflecting the fact that eight of the ten original ben-membered rings that are not correlated with seven-membered
zene rings rupture during the formation of the sample withrings. The 10 at. % H samples have the largest number of
10 at. % H, and in the sample with 20 at. % H seven of thesmall rings, and each ring tends to be correlated with many
original rings rupture, whereas in the sample with 30 at. % Hother small rings. The 20 and 30 at. % H samples have fewer
only two of the original rings rupture. This maintains a high small rings but many are still correlated with several other
proportion of six-membered rings in the sample with 30small rings.
at. % H and so less five-membered rings can form. In those The structures synthesized at 1 GPa pressure in general
samples formed from ethene precursors, as the proportion @lso show a high degree of correlation. Again there tend to
hydrogen increases, more five-membered rings are formed be more five- and six-membered than seven-membered rings
the expense of six-membered rings. Generally fewer severiermed (the structures with 10 and 30 at. % H synthesized
membered rings are formed than either six- or five-from benzene precursors have no seven-membered rings at
membered rings. all), and so there are more five- and six-membered rings that
The same trends can be seen in samples synthesizade not correlated with seven-membered rings. The structures
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with 20 and 30 at. % H synthesized from benzene precursomigated the effect of choosing benzene or ethene as molecular
have low densities and retain many original six-memberegrecursors. The removal of hydrogen by nitrogen ion bom-
rings and several of these rings are uncorrelated with otheésardment in the real synthesis process was simulated in our
small rings. The structures with 20 and 30 at. % H synthework by removing hydrogen atoms at regular intervals. In
sized from ethene precursors also have low densities, byhis way we believe our simulations provide the most accu-
uncorrelated small rings are rare. It is less common for smallgte models to date of hydrogenated amorphous carbon syn-
rings to be correlated with several other rings in the structnesized from molecular precursors. Nevertheless, our simu-
tures synthesized at 1 GPa than at 10 GPa pressure. lations were subject to the usual limitations of molecular
dynamics and computational resources. In particular, to use a
V. COMPARISON WITH EXPERIMENT quantum mechanically based description of atomic interac-

) ] 0 ) tions we were obliged to include a relatively small number of
The simulated sample with 10 at. % H synthesized fromy,gjecyles. Although the use of periodic boundary conditions

tbe?ﬁerﬁ precur;ors gtbl GA'T;A\h_?S ahdelnsity tgatt It?\ Com.para@ﬁabled us to model a three-dimensional solid, the size of the
0 the Tims produced by ecnhnology, but tNEre IS NOw. i e js very small. This inevitably limits the size of

atomic level structural information available with which we . .
our simulated structural features, such as voids.

can compare our results. However we may gain some indi- - X
. . . . We have found both olefinic and delocalizeebond sys-
cation as to the accuracy of our simulation by comparison . y
ems. In the more dense structures the delocalizdabnd

with experimental data available elsewhere. A number of s oo )
experimental groups have used benzene as gystems appear to be hlghly defected graphitic mplusmns of
precursot?12.1318.21.25-2851-58 t ethene seems only rarely fused small rings, cross Ilnked by fourfold coordmatec! at-
to be used®®* A structure has been synthesized using ben®MS. By contrast, low density structures are less cross linked
zene as a precursor with a density of 2.4 gicencomposi-  With large voids and have a structure more of chains, some-
tion of 20 at. % H and an inferred ratio of fourfold to three- times with pendant rings attached. We have observed that
fold coordinated atoms equal to 0.26This compares with there is a minimum in the number of fourfold coordinated
our 20 at. % H sample synthesized from benzene precursoggrbon atoms when the sample has a composition of 20 at. %
at a pressure of 10 GPa which has a density of 2.54 j/cnH for the (more densestructures synthesized at 10 GPa, but
although our ratio of fourfold to threefold coordinated atomsnot for the(less densestructures synthesized at 1 GPa. We
is higher(0.35. Films using ethene as a precursor have beesee some similarities in the structures synthesized from ben-
produced with 24—-29 at. % kRef. 20 but no further struc- zene and ethene precursors, such as the density and numbers
tural information was provided. of fourfold and threefold coordinated carbon atoms in the

In our structures we found that Glgroups were absentin samples with 30 at. % H synthesized at 10 GPa, and the
samples produced from benzene precursors, but present dfistribution of rings in the samples with 10 at. % H synthe-
samples produced from ethene. Some experimental groug§zed at 1 GPa. We also see differences. For instance, the
have observed that in films produced from benzene precukiryctures synthesized from benzene precursors contain no
sors hydrog226|258 dommantly present in CH groups and NOEH, groups, while those produced from ethene precursors
CH, groups2>?528pyt analysis of films grown using ethane do, in agreement with experimental observatigig:2854

: 54,55 S i X
as a precursor has shown strong evidence of gfdups: Clearly this important difference could only be obtained by a

It has been suggested that ring opening processes are neccg;

sary for the synthesis ai-C:H from benzene precursci ulation which employed molecular precursors. Finally,
. ' o > low density samples synthesized from benzene precursor
As discussed in Sec. IV, we found that many of the original W Sty pies sy 'z z precursors

six-membered rings were ruptured during the synthesis 0?_ontaln significant numbers of unruptured six-membered

our samples, the samples with less hydrogen having mordngs: while low density samples synthesized from ethene

rings rupture. We have inferred the presence of delocalizeare_l(_:#rsorsi:ﬁnld t'[ior:ormnftljv;me?;]b?r(taid nrlngfs. lvmerization
m-bond systems as well as olefinic bonds in all our t.eses.; I:Ja ons, a Ie Sf ulatio Sf_Oldpofy € ato
samples and some experimental work on films from a varietj€actions in(ll), are examples of a new field of computa-

of precursors has found the presence of graphitic or benzoitéonal materials science, which we call computational mate-

ring$1913140r delocalizeds bondst? although others have rials synthesis. In further papers in this series we will exam-
found mainly olefinic bond$S™° and one result finds both ine the detailed electronic structure and mechanical
olefinic and aromatic bondS.We have seen in Sec. IIl that Properties of our samples, and relate them to the similarities
the ratio of fourfold to threefold coordinated atoms with hy- and differences of their atomic structures.

drogen atoms bonded to them is much higher than this ratio

for all carbon atoms. This is consistent with experimental

observations where it has been found that hydrogen atoms ACKNOWLEDGMENTS
tend to be bonded to fourfold coordinated carbon atoms
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