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Ab initio simulation of structure in amorphous hydrogenated carbon
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First-principles quantum molecular-dynamics simulations of the structure of hydrogenated amorphous car-
bon, a-C:H, at two densitie$2.0 and 2.9 g/cﬁ) have been carried out using the Car-Parrinello method. The
results for the low-density structure show good agreement with experiment in the manner in which the
hydrogen is incorporated, as judged by agreement with published vibrational density of states and neutron-
diffraction data at various levels of deuteration. The simulation reproduces the position and magnitude of the
hydrogen features in the pair-correlation functi@r) obtained from neutron diffraction. The nonhydroge-
nated carbon atoms are predominantly Bgbridized and the hydrogen atoms are largely “sandwiched”
between layers of gmtoms. The simulated high-density structure has a majority of nonhydrogenated carbon
atoms with sp hybridization. The results of this study show that a useful test for confirming the high-density
a-C:H structure is the presence of a small C-C-C bond angle and the occurrence of C-H bond stretching
frequencies above 3100 ¢rh

[. INTRODUCTION The aim of this work is to develop a structural model for
a-C:H usingab initio molecular dynamics and compare it
Hydrogenated amorphous carbon, also referred to awith observations. Previous simulationsa®fC:H have used
“diamondlike carbon,” is usually prepared by deposition a nonorthogonal tight-binding methdd.Ab initio models
from glow discharge plasmas containing hydrocarbon prebased on density-functional theory have successfully pre-
cursors. The material has properties which depend on thgicted structure in pure amorphous carbon matefiatéand
type of hydrocarbon precursor and on the deposition condiso it is useful to apply them to the related hydrogenated
tions, especially the temperature of the substrate and the immaterials, for which many experimental data exist.
cident energy of the depositing species. For a review of the |n this study we produce detailed structural models for
subject of amorphous hydrogenated carbon films the readgjoth a high-density and a low-density form afC:H for
is referred to the review of Robertson. comparison with experimental diffraction data and to make
The applications of the material make use of the properpredictions of physical properties which can be checked
ties of moderate hardness, low friction coefficient, and highagainst experiment. Densities of 2.9 gfcand 2.0 g/crﬁ
chemical inertness. The material prepared in this way has @ere chosen for the high- and low-density simulations, re-
density of approximately 2 g/chand contains up to 30 at. % spectively. Although previous simulation work has been car-
of hydrogen. ESR spectroscopy shows that annealing inied out ona-C:H.8*%these methods used a form of tight-
creases the number of unpaired electrons and as the hesihding technique whose results need to be checked against
treatment is extended to higher temperatures, the ESR signadore accurate methods such as the density-functional meth-
from these electrons is reduced as the size of the graphitelikeds. Tight-binding methods use a spherically symmetric re-
conjugated regions increasednnealing in a vacuum pro- pulsive potential which does not fully describe the strong
duces a change in the infrared-absorption spectrum whichnisotropy of the sphybridization. The tight-binding orbit-
corresponds to the elimination of hydrogen initially held in als also give a less complete description of the electronic
CHz and CH groups® Structural studiés® show the mate-  states than the large plane-wave basis set employed in the
rial consists Iargely of §phybridized carbon, with a small density-functional method used in this work.
fraction of sp carbon.
The preparation of a high-density form of hydrogenated Il. THEORETICAL APPROACH
carbon material has been reporfethis material has a den-
sity of 2.9 g/cni and a hydrogen content of approximately =~ We have sought to apply the most accurate molecular-
22-27 % A high degree of tetrahedral bonding of the car- dynamics modeling techniques available which allow for the
bon atoms is expected in this material which can be considmodeling of a sufficient number of atoms over a time scale
ered the hydrogenated equivalent of tetrahedral amorphodeng enough to reproduce the rapid quenching conditions
carbon(ta-O). applying to a film grown under energetic impacts. It has been
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shown in previous work that a cooling time of 500 fs is nal to one another. Figuresd and Xb) show the high-
sufficient to represent the cooling of a thermal spike pro-density structure. Figure(d) views the low-density structure
duced by an atom with 50 eV energy, incident on a carboralong the planes, which correspond to the minimum stress
film. A first-principles molecular-dynamics scheme based onjirections of the diagonalized stress tensor. Figufd) 1
the calculation of forces from electronic wave functions cal-shows a view of the low-density structure looking along the
culated from density-functional theory in the generalizedgirection perpendicular to the planes. In order to show the
gradient approximation was therefore chosen as giving &onding environments of the boundary atoms we include in

gooql level of accuracy with a level of computational COM-Fig 1 the six adjacent unit cells implied by the periodic
plexity amenable to a 64 atom system. A 64 atom system 'Boundary conditions.

large enough with periodic boundary conditions to give a
reasonable simulation of an amorphous material with a
single k-point sampling. We confirmed that for amorphous A. Stress tensor

structures, a singlé& point for a 64 atom simulation gives  The coordinate axes were rotated to diagonalize the stress
good agreement with multiplé point simulation. The tensors and thus align the axes with the principal stresses.
density-functional molecular-dynamics method of Car andryjs was done in order to determine the degree of anisotropy

Parrinello has been successfully applied to hydrogen-fregf the stress field. The stress tenséralues in GPain the
amorphous carbon at a density of 2.0 gidRefs. 10 and 1P thus rotated referénce frames are ar R

and a density of 2.9 g/ctit**?guiding our choice of density
for this study. In the Car-Parrinello technique, classical mo-

lecular dynamics of the atom cores is combined with ficti- 46 0 0
tious dynamics for the electrons in which the expansion co- 0 22 0
efficients of the electron wave functions in a plane-wave 0 0 14
expansion are the dynamical variables. The expansion coef-

ficients of the electron waves are allowed to evolve in such gq

way as to maintain the system close to its minimum energy

or Born-Oppenheimesurface at all times. The simulation is -6 0 O
performed in three stages. First, a liquid is formed by the

rapid melting of an unstable simple-cubic structure of the 0 12 0
desired density. The system is allowed to mix during a con- 0 0 14

stant temperature anneal at 5000 K for 360 fs, while the

system is in contact with a thermostat of the Nose-Hoovefespectively. Table | compares the average stresses of our

typel415 a-C:H structures with simulations 0&-C (Ref. 12 and
Finally, the liquid is quenched to a solid by the removal of shows that the two structures at the same density have simi-

energy according to a predetermined exponential coolindgr stress levels; in other words, the hydrogen is accommo-

curve over a period of 500 fs. In each case the plane-wavéated into the network without increasing the stress level.

cutoff energy was 50 Ry. We simula&eC:H at two different

densities with a fixed composition of 12 hydrogen atoms and B. Ring statistics

52 carbon atoms. The atom cores were described by pseudo-

potentials of the Goedecker typ&Periodic boundary condi-

tions were employed to eliminate surface effects, and

singlek point at the center of the Brillouin zone of the peri-

odically extended structure was used. Experimentally it i

A useful way of comparing networks is to calculate the
E§iistribution of ring sizes using an appropriate definition of a
ring. One such definition is theshortest path ringof
gzranzblaul,7 which is defined as a circuit for which there is

observed that ira-C:H there is a large variety of structure no s_hort_cut across the T"‘g for any antipodal pair. The size
possible, and in some cases, a “memory” exists of the hy_dlstr|but|ons of carbon rings found in each of the structures

drocarbon precursor in plasma synthesis. In our quuiaare given in Table Il where they are compared with d"?‘ta
drom a previously reported amorphous carbon calculation

with density 2.9 g/cm'? The low-density structure has a

Our simulation will therefore resemble those preparatiorPr‘r"\ferenC_e for five, six, and seven memb_ered nngs, with
pseven being the most common number. This agrees with the

methods which involve the most postdeposition modificatio its of F heiralthouah th . hasi
of the precursors, which in plasma deposition are hydrocar'eSults of Frauenheiiaithough there is a greater emphasis

bon fragments. These conditions are most likely to pePN Seven membered rings in our work. The high-density

achieved when the thermal spike is large and exists for gtructure shows a dominance of five membered rings com-
time similar to the duration of our simulation, approximately pared to hydrogen fre&_C at the same de’?S'Fy- We alsc_) find
500 fs. As noted above, this corresponds to approximately 5 at three membered rings have been eliminated entirely by
eV impact energy. These conditions may be difficult to "Ydrogenation.

achieve experimentally, especially for the higher-density

a-C:H material, since hydrogen may be readily eliminated C. Bond lengths and angles

from metastable configurations by the energetic impacts.

initial configuration by allowing the liquid to self-diffuse.

Figures 2a) and 2Zb) show pair-correlation functions
G(r) calculated from each of theC:H structures. The po-
sition of the hydrogen peak is shifted to a lower distance

Views of the twoa-C:H networks are shown in Fig. 1. (1.06 A) in the high-density structure compared with the C-H
The two views of each structure were chosen to be orthogadistance of 1.1 A found in the low-density structure. This

Ill. RESULTS AND DISCUSSION
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FIG. 1. (a) and(b) show views of the 2.9 g/cirstructure. The 2.0 g/cfmetwork is shown viewecc) parallel to the graphitelike planes
and(d) perpendicular to the planése. looking along the direction of lowest strgsghe dark atoms correspond to carbon and the light ones
to hydrogen.

shows that the hydrogen atoms are under considerable comeutron-diffraction measurements of Burieal® The mea-
pression to allow them to be accommodated in the highsurements were made @C:(H,D) material with three dif-
density structure. ferent compositions. In view of the opposite signs of the
Figures 2b), 2(c), and 2d) compare thé5(r) data calcu- scattering lengths of H and D, these measurements clearly
lated for our low-density(2.0 g/cn?) network with the distinguish distances in the network which involve a hydro-
gen atom from those that do not and are therefore a more
sensitive test of agreement between the simulation and ob-
servation than a single measurementas@:H. A distance

TABLE I. Average stress foa-C:H simulations compared with
average stress for simulations @-C of equivalent density,

(Ref. 12.
TABLE Il. Ring statistics.
Simulation Average stre46Pg  Optical gap(eV)
Simulation 3 4 5 6 7 8 9
a-C:H (2.9 g/cn?) 27.3 1.18-0.2
a-C:H (2.0 g/cnd) 6.7 -0.5%0.5 a-CH(®29glen¥) 0 3 17 14 15 1 1
a-C (2.9 glcnd) 28.0 —-0.5+0.2 a-CH(@O0glm) 0 O 3 4 6 2 1
a-C (2.0 glcnd) 6.0 -1.9+0.2 a-C(29glen®) 2 6 9 14 10 11 3
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FIG. 2. Reduced density function&(r), obtained from(a) the 2.9 g/cm a-C:H structure andb) the 2.0 g/cm a-C:H structure.
Neutron-diffraction data froma-Cgy 75:Hg 25 (Ref. 5 are also shown for comparison. The plots given(dh and (d) show comparisons
between neutron-diffraction data published by Buekeal. (Ref. 5 for a-Cq 74:Dg g9:Hp.17 @anda-Cqy 75:Dg o7 respectively, with theoretical
calculations obtained from our 2.0 g/&mtructure using scattering factors which account for the presence of the deuterium.

which includes at least one hydrogen atom changes from distribution of carbon coordinations observed and the num-
negative feature to a positive feature in tB€r). Examples ber of CH, and CH groups found in each structure are given
of such distances are indicated in the figure at 1.1, 2.15 anith Table IIl. The results show that the *fraction increases
2.87 A. The species involved in each of the distances can baith the addition of hydrogen at both densities. This trend is
determined by detailed examination of the network. The disalso evident in the work of Frauenheiet al.® although we
tance of 1.1 A arises from C-H bonds. The 2.15 A separatiombserve a more dramatic effect, with the fraction going from
has contributions from both C-H and H-H pairs. There are 23%% to 16% as compared with 19% to 23%. The fact that the
distances in the range 2.1®.055A all of which involve calculated values of Sdraction are higher in the work of
hydrogen. Of these 13% are H-H pairs and the rest are C-ifrauenheimet al. may be partly attributed to their calcula-
pairs. In the range of 2.870.05 A there are 16 C-C, 16 C-H tion being at a somewhat higher density of 2.2 gicm
and 2 H-H distances. A shoulder appears at this position in
both the simulated and experimental curves for the the fully
deuterated case. It is not as pronounced as the previously
mentioned features because of the smaller fraction of hydro- The high-density(2.9 g/cm) structure is dominated by
gen containing distances. There is good agreement betwedetrahedrally bonded carbon. Even among carbon atoms
simulation and experiment in both the position and magniwhich are not bonded to hydrogen there is a majority 6f sp
tude of the features involving hydrogen, indicating that thehybridized atoms. The dmarbon atoms have a tendency to
simulation is able to reproduce the characteristics of the hyeccur in chains. There are 1Zsgtoms forming one chain of
drogen incorporation. four, one chain of three, and a chain of two. The remaining
Nearest-neighbor distances and bond angles obtainetiree are not bonded to other?satoms, but in all cases
from the G(r) curves together with statistics describing the hydrogen is closely associated. Two of the others are bonded

D. Topology of the networks

TABLE lll. Nearest-neighbor distances and percentage coordination calculated for carbon atoms in various networks.

Neighbors Coordination No. %
Ave. Bond No. No.
Simulation 1st 2nd 1 2 3 4 5 Coord. angle(°®) CH, CH
a-C:H (2.9 g/cn‘T’) 1.52 2.44 0 0.27 23.42 75.18 1.13 3.77 106.8 0 12
a-C:H (2.0 g/cm°’) 1.46 2.46 0 10.96 73.08 15.96 0 3.05 114.8 2 8
a-C (2.9 g/cm°’) 1.50 2.51 0 0 50 50 0 3.5 114 NA NA
a-C (2.0 g/cm°’) 1.47 2.53 0 15.2 78.4 6.4 0 2.9 118.8 NA NA




PRB 62 AB INITIO SIMULATION OF STRUCTURE IN . .. 3075

power
power

0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
4 4
wave number (cm ) wave number (cm’)
16 - 50 -
(b) ol (d)
30|
3 8 o
2 5 2 20
[+] Q
D- : ) J
10 |
2
0 0
2 N 1 L 1 L 1 N 1 L | 1 1 1 1 ]
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
- -1
wave number (cm™) wave humber (cm')

FIG. 3. Vibrational density-of-states spectra calculated ftahthe carbon andb) the hydrogen atoms in the 2.9 gf&structure, and
from (c) the carbon andd) the hydrogen atoms of the 2.0 g/&structure.

to sp’ atoms which have a C-H bond and the other has a C-Hpon and hydrogen atoms separately are shown in Fig. 3. The
bond itself. The hydrogen atoms in the high-density networkDOS for hydrogen atoms shows strong maxima in the re-
are all monohydrides and there are some quite close H-igion of C-H stretching modes in the vicinity of 3000 ¢
approaches. and in the region of bending modes below 1600 ¢nmAs

The low-density structure is dominated by sarbon and ~ expected, the VDOS for carbon atoms does not show fea-
shows a strong tendency to form graphitelike planes a#ires in the C-H stretching region, because the large mass
shown in Fig. 1c) where the structure has been rotated sddifference between C and H ensures that the carbon atom
that thec-axis-like direction is vertical. The tendency to form motion in such vibrations is very small. The carbon VDOS
planes can be quantified by summing the bond lengths preshows additional features below 2000 ‘chwhich are con-
jected onto the axis normal to the planes and comparing thigistent with the vibrations of the C-C network. The low-
with the sum of bond lengths projected onto the two in-planedensity VDOS agree with experimental infrared absorption
directions. The graphitelike anisotropy of the structure isfor a-C:H films of similar density in that the C-H stretching
demonstrated by the fact that the total bond length projecte@Pectrum is confined to a relatively narrow region around
onto thec-axis-like direction amounts to 95.9 A which is 3000 cmi™.
significantly lower than that calculated for two orthogonal ~ For the high-density material, this is no longer the case
directions(123.5 and 125)3 The planes are somewhat buck- and the C-H stretching modes become spread over a wider
led and cross-linked in a number of places by bpnds ~ region above 3000 cnt. This is a key prediction of our
between atoms of adjacent sheets. The hydrogen atoms tefinulations and can be regarded as a signature of a high-
to be attached to the surfaces of the sheets in C-H “monodensity ta-C:H film which could be tested experimentally.
hydride” or C-H, “dihydride” configurations, so that a hy- In order to identify which atoms in the structure produced
drogen rich layer is sandwiched between the carbon layerghe C-H vibrations above 3000 crh we calculated an indi-
There are examples of monohydride hydrogen atoms atidual VDOS for each hydrogen atom. We found that two
tached to aromatic ($onded ring structures as well as to hydrogens bonded to opposite sides of a four membered ring
sp? bonded atoms, although there is a preference for hydrovere producing the Cl'H stretching mode of the highest fre-
gen atoms to be bonded to ar? ybridized carbon atom. Of duency at~3400 cm ~. These are the only hydrogen atoms
the 12 hydrogen atoms in the structure, 7 are bonded%o SFp_onded to a four membered ring, all the others are on five or
carbon atoms even though there are only 8apms in the ~ SIX membered rings. These hydrogens have nonbonded car-
low-density structure in total. This shows that the nonhydroon atoms at distances of 1.77 A and 1.85 A, the closest
genated part of the low-density network is mostly? sp norjbonded C-H distances in the structure. Such clos_e inter-
bonded. These &mtoms tend to be included insponded ~ actions would have the effect of increasing the oscillation
rings with the bond to the hydrogen atom directed perpeniréquency.
dicular to the plane of the ring.

F. Electronic DOS

E. Vibrational DOS The electronic density of statéEDOS of the networks
Vibrational density of state§VDOS) spectra calculated was calculated from the Kohn-Sham eigenvalues. Jones and
from velocity-velocity autocorrelation functions of the car- Gunnarssoff have discussed the fact that while these eigen-
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........ a-C:H (2.0 g/cc) where g, is the DOS for occupied states below the Fermi
a-C:H (2.9 g/ce) energy andg, is the DOS for unoccupied states above the
............ ta-C (2.9 g/cc) Fermi energy. The value @&y is obtained from the linear

part of the plot and is shown in Table I. The uncertainty
ranges are determined from the range of possible fits to the
approximate straight section of the plot.

The gaps have small or even negative values. This under-
estimation is expected because of the finite cell size and the
generalized gradient approximation which, like the local-
density approximation, underestimates the band gap in semi-
conductors. The values of the optical gap are therefore to be
used only for comparative purposes. Hydrogenation clearly
increases the band gap, as does an increasé’ iftaspion.

EDOS (arb.units)

IV. CONCLUSIONS

20 -15 10 5 0 5 10 The calculations show that the characteristics of the simu-
Energy (eV) lated low-densitya-C:H structure compare well with experi-
ment in many structural details. The manner in which hydro-
FIG. 4. The electronic density of states for 2.0 glcand 2.9  gen is incorporated is well reproduced as indicated by the
glen® a-C:H structures and a 2.9 g/éra-C structure. good agreement with neutron diffraction at three levels of
deuteration. Other points of agreement are the presence of a
values have not yet been shown to have a relation with th@ayered structure in the carbon framework; the existence of
real eigenvalues of the electronic Hamiltonian, they agregarge C-C bond angles approaching 120°; the coordination
well with excitation energies at least in the case of semiconnumber of approximately three; and the vibrational density
ductors. We compare in Fig. 4 the EDOS as calculated fromyf states showing C-H stretching in the vicinity of 3000
the distribution of Kohn-Sham eigenvalues for the twocm™1,
a-C:H networks with a ta-C network of density of 2.9 g&m  our simulations indicate that a high-density hydrogenated
The results show that hydrogenation of the network at &arbon structure with a majority of the nonhydrogenated car-
density of 2.0 g/crhgives a band gap similar to a pure car- hon atoms in a tetrahedral configuration could be created
bon network with a density of 2.9 g/cmThis agrees with  experimentally under favorable conditions. However, there is
the fact that botte-C:H and ta-C are observed to be ratherinsufficient experimental data so far to achieve the level of
transparent in the visible spectrum. Hydrogenation at a derncomparison between theory and experiment that we have
sity of 2.9 g/cni produces a pronounced deepening of thepeen able to achieve with the low-density structure. Never-
minimum in the gap DOS compared with a pure carbon nettheless, our simulation results provide tests for the existence
work of the same density. This is in agreement with theof this high-density form o&-C:H. These are the presence of
observed effect of bonded hydrogen of eliminating some;y small C-C-C bond angle, even smaller than the tetrahedral
states in the gap region resulting in a strong increase in transralue, a shortened C-H bond length, and the presence of

parency and a reduction in electrical conductivity. some exceptionally high C-H infrared bond-stretching fre-
quencies above 3100 ¢th When compared with the non-
G. Optical properties hydrogenated forms of carbon at the same density the hydro-

The optical or Tauc gapH(,) in an amorphous semicon- genated form has a larger electronic and optical gap.

ductor is defined by
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