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The bonding in hard, hydrogenated, amorphous carbon films (a-C:H) prepared by plasma decom-
position of benzene was investigated by high-resolution electron-energy-loss spectroscopy. In all as-
grown films we find that one-third of the carbon atoms are trigonally bonded and two-thirds of the
carbon atoms are tetrahedrally bonded. For the trigonally bonded part, the dielectric properties re-
veal a transformation from polymeric state for samples prepared with low ion energy to a more gra-
phitic state for films prepared with higher ion energy. Upon annealing, the number of carbon atoms
in sp configuration increases. The graphitization of the films is observed in two steps at 200'C and
at 400 C. A closing of the optical gap and a delocalization of the m electrons is observed between
400'C and 600'C.

I. INTRODUCTION

It has been known for about thirty years that "dia-
mondlike" films based on carbon and hydrogen can be
prepared via glow discharge decomposition of hydrocar-
bons. ' Only recently these films have received consider-
able attention due to their interesting properties like
extreme hardness, high transparency in the infrared, good
electrical insulation, and resistance to chemical attack.
These properties of hydrogenated amorphous carbon, also
called a-C:H in analogy to a-Si:H, are the result of the
microstructure of these films, i.e., the type of bonding of
the carbon atoms and the role of hydrogen incorporation.
The microstructure of these a-C:H films is still a matter
of continuing debate. The similarity of its properties to
diamond suggests the possibility that all carbon atoms are
tetrahedrally bonded and that the electrons of the carbon
are therefore in an sp configuration. In this model, we
expect a random network structure similar to that of
amorphous silicon. However, electron-energy-loss spec-
troscopy (EELS), electron spin resonance (ESR) spectros-
copy, near edge absorption spectroscopy, ' as well as
electron diffraction" give clear evidence of the existence
of trigonally bonded carbon with electrons in sp configu-
ration. Quite recently quantitative information on the ra-
tio of sp carbon to sp carbon in a-C:H films has also
been obtained by EELS,' by infrared spectroscopy, ' and
by optical spectroscopy. ' An analysis, assuming a-C:H
films to be composed of different components, was at-
tempted by optical spectroscopy in the energy range
1.45—S eV. ' The aim of the present contribution is to
give information on the microstructure of a-C:H films for
various preparation conditions, as grown and annealed, by
analyzing the dielectric properties of the films derived
from electron-energy-loss spectra in a wide energy range
(0.5—40 eV). Parts of this work together with extended

x-ray absorption fine structure (EXAFS) spectra on a
C:H films have already been published in a short com-
munication. '

II. EXPERIMENTAL

a-C:H films were deposited on NaCl substrates in a rf
plasma sustained by benzene vapor. ' The rf-powered
substrate is subject to a negative dc self-bias V~. In the
discharge region the hydrocarbons are ionized and the
positive particles are accelerated towards the substrate
under the negative voltage V~, thus forming a-C:H films.
The kinetic energy of the ions is an important quantity as
it determines many properties of the growing film. The
mean kinetic energy has been shown' to be proportional
to VzP ', where P is the hydrocarbon pressure.

The deposition parameters of our samples for a given
geometry of the preparation chamber are listed in Table I.
All four samples had a thickness of about 1000 A. De-
tails of the sample preparation are described elsewhere. '

The refractive index for E=0.62 eV was determined
from thin-film-optical interferences observed in transmis-
sion and reflection on equivalent but thicker samples. '

The densities of the a-C:H films were derived by weighing
substrates before and after coating and dividing the differ-
ence by the known f&lm volume. The relative concentra-
tion of bonded hydrogen has been determined from the in-
tegrated intensity of the CH stretch vibrational absorption
band. An estimate of the total hydrogen content of one
sample was made by an effusion technique. The hydrogen
effusion rate as a function of temperature has been deter-
mined by sealing the a-C:H sample in a quartz ampoule
and measuring the pressure increase.

For the EELS measurements, the films were floated off
from the NaC1 substrate in distilled water and were placed
on standard electron microscope specimen grids. For
comparison, an amorphous carbon sample was prepared
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TABLE I. Parameters for the 4 a-C:H samples. V~, negative self-bias; P, C6H6 pressure; p, density;
CH, hydrogen concentration; n, refractive index at 0.62 eV; Eg, optical gap; Ep, energy of o+~
plasmon; di, d value corresponding to maximum in the diffraction pattern with lowest momentum
transfer; C q, concentration of carbon atoms in sp configuration.
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by evaporating carbon with an electron beam gun onto a
Cu foil. The Cu foil was dissolved in a FeC13 solution and
the sample was placed again on a standard electron micro-
scope specimen grid. Heat treatments of the samples for
temperatures up to 1000'C were carried out at constant
temperature for periods of 1—4 h in a vacuum of 10
Torr. The EELS spectra were measured at room tempera-
ture with a high-resolution 170-keV electron-energy-loss
spectrometer, having variable energy and momentum
resolution. The spectra shown here were measured with
an energy resolution of 0.15 eV and a momentum resolu-
tion between 0.04 and 0.1 A ' with beam currents of
about 10 nA.

III. RESULTS

Typical electron diffraction spectra with momentum
transfer up to 6 A ' and energy loss equal zero taken
with the electron-energy-loss spectrometer are shown in
Fig. 1. For annealing temperatures below 800'C broad
maxima were observed in all cases. The positions of the
maxima near 3 A ' and near 5.4 A ' are independent of
the preparation conditions and annealing temperature. At

higher temperatures these maxima get more and more
pronounced and transform near 1000'C into the (101) and
the (112) reflections of graphite as shown in the upper
gart of Fig. 1. The low momentum transfer peak near 1.2
A ' is strongly dependent on preparation conditions and
annealing temperature. In Table I the d~ values corre-
sponding to the momentum transfer of these maxima are
listed for the samples. Except for sample 1, the d t values
decrease with increasing density. For higher annealing
temperatures the d ~ values strongly decrease and the max-
imum transforms near 1000'C into the (002) reflex of gra-
phite layers as shown in Fig. 1. This decrease of the d&

value as a function of temperature is shown for sample 3
in more detail in Fig. 6. Two transition points near 220
and 400'C are observed.

Electron-energy-loss spectra of sample 2 as prepared
and for the two annealing temperatures T= 585 and
1000'C are shown in Fig. 2. In order to avoid contribu-
tions from surface losses and radiation losses, the spectra
were taken at a momentum transfer of 0.1 A '. The elas-
tic line as well as the contributions from double scattering
are subtracted. The most pronounced structure in these
spectra is the o.+~ plasmon near 20 eV. With increasing
annealing temperature, the o.+m plasmon energy de-
creases as shown in Fig. 6 for sample 3. Sample 2 was in-
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FIG. 1. Electron diffraction patterns of the a-C:H sample 2
as grown and for the annealing temperatures indicated, taken
with the EELS spectrometer with energy loss equal to zero.
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FIG. 2. Electron-energy-loss spectra taken with momentum
0

transfer q =0.1 A ' on the a-C:H sample 2 as grown and for
the annealing temperatures indicated.
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FIG. 3. Imaginary part of the dielectric function ez for vari-
ous a-C:H samples. The curves are labeled according to the
sample number.

vestigated also at higher temperatures: above 700'C the
energy of the plasmon increases again. In the spectra
shown in Fig. 2, a weaker second maximum near 6 eV is
observed originating from excitations of m electrons.
With increasing annealing temperature this maximum
gets more and more pronounced. At T = 1000 C a strong
m plasmon is observed as in graphite. For sample 2 we
have measured the momentum dependence of the n. exci-
tations. Below about 500'C no dispersion of the m excita-
tions is observed. At 585 C annealing temperature a
dispersion coefficient a =0.25 is obtained. a is defined by

E =Eo+a(A'~/2m )q
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FIG. 5. Plot of E (e~)' vs energy for various a-C:H sam-
ples. The curves are labeled according to the sample number.

mined using the refractive indices for E=0.62 eV as ob-
tained by optical spectroscopy (see Table I). The dielectric
functions are strongly dependent on preparation condi-
tions. We only show the imaginary part ez for the four
samples in Fig. 3. As in graphite or in polymers with m.

electrons, there are two strong interband transitions con-
tributing to ez, below 8 eV corresponding to m-m* transi-

It is a measure of the delocalization of the m electrons. At
T =1000'C the dispersion coefficient reaches a value of
0.50.

In order to evaluate the dielectric functions from the
measured loss spectra by a Kramers-Kronig analysis, we
closely followed the procedure described by Daniels
et al. ' The absolute value of the loss function was deter-
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FIG. 4. Imaginary part of the dielectric function eq for a-
C:H sample 3 for annealing temperatures indicated.
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Fig. 6. Variation of parameters of a-C:H sample 3 as a func-
tion of the annealing temperature. d&, d value corresponding to
the diffraction peak with the lowest momentum transfer; C z,

SP

concentration of carbon atoms in sp configuration; E~, energy
of the o.+m plasmon; Eg, optical gap.
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tions and above 8 eV corresponding to o-o* transitions.
With increasing kinetic energy of the ions in the prepara-
tion process, the oscillator strength of the m electron tran-
sitions increases. In Fig. 4 we show the imaginary part of
the dielectric function for sample 3 at various annealing
temperatures. The annealing time was 4 h for each tem-
perature. With increasing temperature the oscillator
strength of the m-electron transitions increases as well.

The optical gap Ez can be extracted from the energy
dependence of e2 via the relation'

E [e2(E)]' =c(E Es)—,

where c is a constant depending on the minimum metallic
conductivity arid the width of the tail-state region either
at the top of the valence band or at the bottom of the con-
duction band. Although this relation is based on several
approximations which might not be adequate for a-C:H
films, it fits our data in a certain energy range as shown in
Fig. 5. With increasing kinetic energy of the ions in the
preparation process, the gap decreases. Values of the gap
are listed in Table I. Similar curves were evaluated for
annealed samples in order to get information as a function
of annealing temperatures. The values extracted are
shown in Fig. 6. Extrapolation of the data to higher tem-
peratures yields a closing of the gap near 600'C.

IV. DISCUSSION

We first discuss the influence of the preparation condi-
tions on the properties of a-C:H films. There are two im-
portant parameters for the preparation, the negative self-
bias voltage Vz and the benzene pressure P. The quantity
VzP '~ is proportional to the mean kinetic energy of the
ions-impinging on the substrate. ' It is this quantity
which has proven to be the crucial parameter for many
properties of the a-C:H films. For small VzP '~ (sam-
ple 1), one gets a polymerlike film having a small density,
a low refractive index and a large gap of 2.05 eV as shown
in Table I. We get more insight in the structure of this
film by looking at Ez shown in Fig. 3(a). It is well known
that for all pure hydrocarbons, interband transitions for
energies less than about 8 eV correspond to transitions in-
volving m electrons, whereas interband transitions with en-
ergies larger than 8 eV correspond to cr-o* transitions.
For graphite, Taft and Philip' found ~-m* transitions at
4 eV and o or* transitions near 12-eV. The fact that
strong interband transitions are found with energies less
than 8 eV implies the presence of carbon atoms having m.

electrons, i,e., carbon atoms in sp configuration. In order
to obtain the effective number of m electrons and o. elec-
trons per carbon atoms, the sum rule

m E.
N,g= 2 2 J Ee2(E)dE

is evaluated, where N, ff is the effective number of elec-
trons per atom contributing to interband transitions in the
energy range 0 to E„N is the density of atoms and m is
the electronic mass. Integrating up to 8 eV gives the

4m.e A jeff

1/2

with n, rr characterizing the density of electrons which
participate in the plasmon resonance. Using the density
and the hydrogen concentration given in Table I, good
agreement of the calculated plasmon energy is obtained.
Going to samples with higher refractive index, the density
increases but the hydrogen content decreases and thus the
calculated plasmon energy does not vary. For sample 4
we find a difference of 1A eV between the calculated and
the experimental value of the plasmon energy. The origin
of this discrepancy is not yet understood. The value for
the first maximum in the diffraction patterns correspond-
ing to the d~ values shows a variation. These d& values

number of carbon m. electrons and integrating up to 40 eV
gives the number of all electrons, the ~+o electrons of
carbon and the electrons of the hydrogen atoms forming a
o bond with the carbon atoms. For sample 2 the sum rule
yields a ratio of m. to o+n. electrons of 0.08 which gives
with a hydrogen concentration of 50 at. % a portion of
39% of the carbon atoms in the sp configuration and the
rest in sp configuration having no m. bonding. As an ad-
ditional test we have also measured pure graphite films.
Using the sum rule we obtain for the ratio m/o+m elec-
trons the value —,

' in agreement with the results from opti-
cal spectroscopy. ' For evaporated amorphous carbon
films we get the same ratio indicating the nonexistence of
carbon atoms in sp configuration. Similar results have
been obtained by neutron scattering by Mildner and Car-
penter. Looking in more detail on the structure of the
m-m. * transitions in Fig. 3(1) the most pronounced max-
imum is near 6.5 eV which is close to the most prominent
'His 'Ei„ tr—ansition of be'nzene having an energy of 7
eV. A shoulder at lower energies is also observed in
EELS spectra of oligomers of polyparaphenylen ' which
are chains of benzene rings. This low-energy transition is
due to m. electrons being delocalized over several benzene
rings. Thus the low-energy part of e2 suggests that most
of the carbon atoms in sp configuration are bonded in
benzene rings.

Increasing the energy of the ions in the preparation pro-
cess reduces the intensity of the 6.5 eV maxima of e2 and
increases the low-energy shoulder. For sample 4 having
V~P '~ ='275(V @bar '~

) the m-m transitions show a
peak near 4 eV as it is also observed in graphite. Howev-
er, the width of the transition is strongly broadened in
comparison with that of graphite. Going from sample 1

to sample 4, the portion of carbon atoms with sp config-
uration does not change very much. However, other pa-
rameters show a considerable change. The density as well
as the refractive index increases and the optical gap de-
creases as shown in Fig. 5 and in Table I. The values for
the optical gap derived from EELS data are in excellent
agreement with values derived from optical spectroscopy'
on the equivalent samples. The content of bonded hydro-
gen is reduced by a factor of about 4. With increasing ion
energy in the preparation process, the energy of the o+vr
plasmon increases. The energy of the plasmon should be'
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might be interpreted as distance between puckered carbon
atom rings, as they approach at higher annealing tempera-
tures the interplanar spacing of graphite planes. Going
from sample 1 to sample 2 there is an increase in d& but
then for higher ion energy d& decreases leading to a
denser structure. All these variations of the measured pa-
rameters show a transition of the carbon atoms in sp
configuration from a polymerlike form with loosely bond-
ed benzene rings with low density, high optical gap, and
low refractive index to a more graphitic form with higher
density, small optical gap, and higher refractive index.
The complete transition to graphite was never observed in
our samples prepared at room temperature. Also a
plasmon near 34 eV corresponding to the diamond
plasmon was never observed. This absence of diamond-
like microstructure in our samples was also demonstrated
recently by EXAFS measurements. ' The ratio of carbon
atoms in sp configuration to those in sp configuration
in the room-temperature prepared samples was already
published earlier. ' Infrared spectroscopy measuring the
stretch vibrations of H—C bonds and C—C bonds on
equivalent samples' yields identical results, i.e., 68% sp
carbon for as grown samples. This indicates a homogene-
ous distribution of the hydrogen atoms on sp carbon and
sp carbon. From optical spectroscopy McKenzie et al. '

have deduced the presence of 0.47 ir-bonded electrons per
carbon atom in a-C:H films prepared from acetylene.
This value is slightly higher than our value.

Annealing the films leads to a strong variation of most
of the properties. The refractive index increases. Also all
parameters derived from EELS measurements change for
annealing temperatures higher than 220' as shown in Fig.
6. The d i value, interpreted as the mean distance of poor-
ly ordered carbon planes decreases and merges into the d
value corresponding to the interplanar spacing of graphite
layers. The number of sp carbon atoms increases and
reaches about 50%%uo near 500'C. The optical gap decreases
and closes near 600'C. All these parameters show a vari-
ation corresponding to a transition into a more graphitic
state. This view is also supported by looking at eq plotted
versus annealing temperature in Fig. 4. At low tempera-
ture, the 6.5 eV shoulder due to benzene rings is clearly
detectable. At higher temperatures this shoulder disap-
pears and the graphitic 4 eV m-m. * transition get more and
more pronounced.

In graphite, the plasmon energy is observed at 27 eV.
The variation of the plasmon energy upon annealing the
samples is opposite to the expected direction. However, as
the plasmon energy is proportional to the square root of
the density of valence electrons, the decrease of the
plasmon energy can be explained by a decrease of the den-
sity or by a release of hydrogen atoms. Assuming a
release of all hydrogen without a change in density upon
annealing up to 600'C, an 11% and a 9%%uo decrease of the
plasmon energy is expected for sample 2 and sample 3,
respectively. The experimental values for the two samples
are 11% and 8%%uo. This excellent agreement between cal-
culated and experimental decrease of the plasmon energy
upon annealing makes it highly probable that the varia-
tion of the plasmon energy is only caused by the hydrogen
release at constant density. As we have not measured the

density of our samples as a function of the annealing tem-
perature we cannot exclude that the decrease of the
plasmon energy is partially caused by a variation in densi-
ty. In this context we mention that only minor changes of
the density for annealing temperature less than 500'C
were observed by Smith. ' At temperatures above 600'C
the plasmon energy increases again. For sample 2 a 1 eV
increase was found between 600 and 1000 C as can be
seen in Fig. 2. This increase can be explained by an in-
creasing density for higher annealing temperatures, also
observed by Smith. '

The stepwise changes of all parameters at T, =220'C
and at T, =400 C are not understood completely. Prob-
ably there exist two activation energies for the bonded hy-
drogen, leading to a step-wise release of hydrogen. In this
interpretation a 20% hydrogen release has to be assumed
near 220'C, the rest is released between 400 and 600'C.
In fact a strong increase in the hydrogen effusion rate is
observed at 500'C with a maximum at 580'C. The hy-
drogen release causes a transformation of H—C bonds
into C=C double bonded carbon, increasing the number
of sp carbon atoms. This is observed in the C 2 values

SP

shown in Fig. 6.
At higher annealing temperature a pronounced

plasmon at 6 eV is found like in graphite. From the
momentum dependence of the energy of the m. plasmon,
information on the delocalization of n electrons can be
obtained. Excitations of localized electrons in narrow
bands show no dispersion in momentum transfer whereas
excitations of delocalized n electrons in wide bands show
a large dispersion. For sample 2 and annealing tempera-
tures less than 405 C, the dispersion coefficient a is zero,
indicating a complete localization of the m electrons. At
T, =585'C, o, =0.25 is observed, i.e., between 400 and
585'C a delocalization of vr electrons occurs. This is con-
sistent with the observation of the closing of the gap near
600 C. Also, a strong increase in conductivity is found in
this temperature region. These results can be explained
in terms of a simple percolation theory for m electrons al-
ready proposed by Gambino and Thomson. The mean
number of conductivity bonds per site must exceed a criti-
cal number for delocalization and thus conductivity to
occur. A simple calculation gives that at least 50% of the
carbon atoms must be sp bonded to reach the critical
concentration for delocalization of the m. electrons. Our
evaluation of the loss function yields a concentration of
50% sp carbon near 500'C as shown in Fig. 6 in excel-
lent agreement with this model. Also infrared spectros-
copy reveals a 50% concentration of sp carbon in equally
treated samples. ' However, we do not want to conceal
that a detailed comparison of the temperature dependence
of the sp carbon concentration shows differences between
EELS data and infrared spectroscopy data for higher an-
nealing temperatures.

At annealing temperature above 600 C the dispersion
coefficient increases indicating a broadening of the m.

band. For 1000'C the dispersion coefficient a is found to
be 0.5, which is very close to the value 0.=0.55 found for
graphite. Thus for this annealing temperature, the band
width of the ~ electrons is already very close to that of
graphite.
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V. CONCLUSIONS

The imaginary part of the dielectric function for a-C:H
films as deduced from loss spectra gives information on
the structure of the films. In all as-grown films, about
one third of the carbon atoms is in the sp configuration
and two thirds is in sp configuration. For small ion en-
ergies in the preparation process, most of the m. electrons
are localized in weakly bonded benzene rings, whereas for
higher ion energies, m electrons are bonded in more gra-

phitic rings. Upon annealing the films, a transformation
to a graphitic state via two steps at 250 and 400'C is
found. The two steps are probably caused by two dif-
ferent activation energies for hydrogen release. As the
number of carbon atoms in sp configuration increases
upon annealing, above 400'C a percolation of m. electrons
with a delocalization of the vr electrons is observed. The
gap is closed near 600'C. Above 600'C, after hydrogen
release, the transformation of the amorphous carbon to
the graphitic structure is observed.
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