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Structural studies of argon-sputtered amorphous carbon films by
means of extended x-ray-absorption fine structure
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The temperature-dependent microscopic structure of plasma-deposited a-C:H and magnetron-

sputtered a-C films, in situ sputter cleaned by argon bombardment, has been investigated by near-

edge (NEXAFS) and extended (EXAFS) x-ray-absorption fine-structure studies. %'e find that the

microscopic structure of the two films becomes indistinguishable after sputtering with a loss of hy-

drogen for the a-C:H sample. The structure of the sputtered films at 30'C is characterized by a
first-neighbor C—C bond length of 1.445(10) A. Upon annealing the bond length approaches that
of graphite (1.421 A) with a value of 1.427(10) A at 1050'C, the highest annealing temperature used.

Analysis of the EXAFS amplitude of the first-neighbor shell leads to a two-phase structural model

consisting of a "graphitelike" network and a statically and dynamically disordered "random ma-

trix." The fraction of carbon atoms in the "graphitelike" network increases from 60(6)% at 30'C to
92(9)% at 1050'C. Analysis of the higher-neighbor-shell EXAFS signals leads to a model for the
"graphitelike" regions, consisting of a network of conjugated odd- and even-membered rings,
without long-range order. In contrast, the "random matrix" is suggested to be a mostly chainlike
network of double and single bonds. Our results suggest that the "graphitelike" matrix is a precur-
sor state for crystallization.

I. INTRODUCTION

The determination of the microscopic structure of
amorphous carbon (a-C) and hydrogenated amorphous
carbon (a-C:H) films is of considerable interest because of
the technological importance of such materials. ' Thin
films of these materials exhibit a variety of properties
which can be varied according to the deposition tech-
niques used. For example, a-C films prepared by sputter-
ing are electrically conducting and show high optical ab-
sorption at visible wavelengths. In contrast, by introduc-
ing hydrogen into the matrix a band gap is produced and
the films become electrically insulating and transparent in
the ir and rnid-visible spectral regions. The characteris-
tics of high hardness, optical transparency, high refrac-
tive index, and chemical inertness of these a-C:H films
have historically led to the terminology "diamondlike" to
describe their bonding. As a consequence of their prop-
erties, such films have found applications as protective
coatings and optical coatings for ir sensors. Since all of
these films are amorphous in structure, it is a misleading
terminology, however, to refer to the bonding as dia-
mondlike. Indeed, within the amorphous network of
these materials many bonding configurations are possible
and it is more likely that the atomic structure is made up
of distributions of bonds comprising varying degrees of
hybridization.

Carbon readily forms sp, sp, and sp' bonds, each of
which may occur to varying extents in these films de-
pending, for example, on deposition conditions and hy-
drogen content. The C-C nearest-neighbor distance, the
coordination number, and the C—C—C bond angle are
expected to differ significantly from one configuration to

the other. For the unhydrogenated films one might ex-
pect configurations similar to those in the two crysta11ine
configurations of carbon, diamond, and graphite. In sp-
hybridized diamond each carbon atom is tetrahedrally
coordinated (109.5' bond angle) with a bond length of
1.544 A, while in sp -hybridized graphite the bonding is
planar and trigonal (120' bond angle) with a bond length
of 1.421 A. In the presence of hydrogen a myriad of
bonding configurations can be imagined with bond
lengths ranging from 1.20 A (triple bond) to 1.55 A (sin-

gle bond) and bond angles from 180' (e.g. , two unsaturat-
ed adjacent C—C bonds) to 60' (as in cyclopropane), al-
though bond angles in the 110 -130' range are most like-
ly 4, 5

Several experimental techniques have been used in or-
der to investigate the microscopic bonding and structure
in a-C and a-C:H films and in related materials such as
glassy carbon. A review of this work has recently been
published by Robertson. Despite all this effort, the mi-
croscopic structure is far from being understood. Be-
cause of its local character the extended x-ray-absorption
fine-structure (EXAFS) technique is, in principle, well
suited for structural studies of disordered systems and it
has been extensively applied to the study of amorphous
materials, in general, and to covalent (hydrogenated)
amorphous semiconductors like Si (Ref. 8) and Ge (Refs.
8 —11), in particular, EXAFS has also been used to inves-
tigate a-C and a-C:H films, ' ' but because of the limit-
ed EXAFS range available and lack of experimental C-C
phase-shift data, a quantitative analysis of the data has
not been performed.

In this paper we present near-edge x-ray-absorption
fine-structure (NEXAFS) and EXAFS measurements of
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a-C and a-C:H films which were in situ argon-sputtered
to eliminate surface contamination. Data were recorded
at room temperature as a function of annealing tempera-
ture up to 1050 C. Our EXAFS data extend to more
than 500 eV above the C K edge (284 eV) and are com-
pared with those of graphite and diamond, which served
as model systems. Our study shows that the sputtered
films consist of "graphitelike" regions embedded in a
"random matrix" of truly disordered (amorphous) ma-
terial. The "random matrix" is mainly composed of a
statically (single and double bonds) and dynamically
(Debye-Wailer factor) disordered chainlike network,
while the "graphitelike" regions consist of a network of
odd- and even-membered conjugated rings. During the
annealing process the number of carbon atoms in the
"graphitelike" regions is found to grow even though
there is always a lack of long-range order. The percen-
tage of carbon atoms in the "graphitelike" regions at the
different stages of the annealing process is estimated to
vary from 60% at room temperature to 92% at 1050'C.

accordance with the expected disordered nature of the
sample. The tetrahedral symmetry of diamond eliminates
polarization-dependent effects, per se. ' For the highly
oriented pyrolitic graphite sample an x-ray-incidence an-
gle of 55' from the basal plane ("magic angle" ) was used
in order to eliminate polarization-dependent effects on
the EXAFS amplitude. Both the diamond and the graph-
ite sample had been used in a previous EXAFS study. '

All spectra were normalized by the signal from a metal-
grid reference monitor which eliminated possible time-
dependent instabilities of the x-ray flux from the storage
ring and by the independently recorded signal from a
clean Si wafer which was used to eliminate energy-
dependent structures in the monochromator transmission
function, as discussed previously. '

III. NEXAFS RESULTS AND INTERPRETATION

In Fig. 1 we compare the NEXAFS spectra of the sput-
tered a-C sample at room temperature (RT) with graphite

II. EXPERIMENT

Thin films (=500 A) of a-C:H on Si(111) were
prepared using plasma deposition from methane in a con-
ventional rf-diode apparatus. ' ' The hydrogen content
in these films was measured using nuclear-reaction
analysis and was about 40 at. %. We also studied a-C
thin films made by dc planar magnetron sputtering. The
films were prepared at IBM and exposed to atmosphere
before they were inserted into the measurement chamber
at Stanford. In order to remove surface oxygen contam-
ination the samples were argon-sputtered in situ at a pres-
sure of 5)& 10 Torr for about 30 min at 500 V and at 1

keV accelerating voltage, respectively. The amount of
oxygen on the surface dropped drastically in the first 15
min of the sputtering treatment, after which it did not di-
minish anymore. As will be discussed later, the sputter-
ing treatment provoked structural changes in the thin
films. In fact, the two samples became nearly indistin-
guishable and there was no evidence for hydrogen in the
a-C:H sample after the sputtering. For this reason we
will refer to both samples simply as a-C. NEXAFS and
EXAFS measurements were made at room temperature
on both samples before annealing and on the in situ sput-
tered a-C:H sample after annealing for 30 s to 720, 900,
and 1050 C, respectively. The preparation of the graph-
ite and diamond samples has been reported before. '

The measurements were performed using the
grasshopper monochromator (1200 lines/mm holograph-
ic grating) on beam line I-l at the Stanford Synchrotron
Radiation Laboratory. The NEXAFS and EXAFS spec-
tra were recorded by total-electron-yield detection.
The spectra of the a-C films and the diamond single crys-
tal were recorded at normal x-ray incidence on the sam-
ple (E parallel to the surface). The normal-incidence
geometry was chosen out of convenience and because the
nature of the samples renders the EXAFS amplitude in-
dependent of x-ray-incidence angle. This was confirmed
by the fact that NEXAFS spectra from the in situ sput-
tered a-C:H sample revealed no angular dependence, in
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FIG. 1. C K-shell NEXAFS spectra of various molecules and
solids as indicated. The benzene (C6H6) and cyclohexane
(C6H») spectra were recorded for condensed films at 80 K. The
graphite spectrum is that of a highly oriented pyrolytic sample
(monochromator graphite) recorded with the x-ray E vector at a
55 "magic" angle with respect to the c axis, in order to elimi-
nate polarization-dependent effects. The resonance labeled sr*

corresponds to a transition to m.* antibonding orbitals. Between
290 and 310 eV transitions to o.* antibonding orbitals, or o.*

bands in case of the solids, are observed, as indicated. In the
hydrocarbons a C-H resonance is observed at 287.5 eV, especial-
ly visible for cyclohexane. The assignment of the resonances
follows that of Outka and Stohr (Ref. 24).
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and diamond, ' ' and condensed films of benzene (C6H6)
and cyclohexane (C6Hiz). ' The spectra shown are in

good agreement with those reported earlier in the litera-
ture for crystalline graphite, diamond, ' benzene,
cyclohexane, and disordered carbon films. ' ' ' The
assignment of the various features in the K-shell absorp-
tion spectra has also been discussed in these previous pa-
pers and the labeling in Fig. 1 rejects that assignment.
The presence of a m* resonance at 285 eV is characteris-
tic of unsaturated (sp or sp ) carbon bonds. Its prom-
inent intensity in the a-C sample therefore indicates the
presence of unsaturated bonds as in benzene and graph-
ite, but in contrast to cyclohexane and diamond. In
linear hydrocarbons the energy position of the o' reso-
nance provides a sensitive measure of bond lengths and
therefore bond hybridization, varying from 291 eV for
single bonds to 310 eV for triple bonds. ' In aromatic
rings or in solids, interactions of adjacent bonds cause a
splitting of the resonances through conjugation or long-
range band formation, and the simple correlation be-
tween bond length and resonance position is lost. The
structureless, broad o' feature for a-C arises from a su-
perposition of the signatures of many different bonding
configurations in the matrix. Its position and width (also
see Fig. 2) indicates that there is no significant sp-bonded
component which would give rise to a 0' intensity
around 310 eV. It is interesting to note that there is no
structure in the spectrum of the RT a-C sample corre-
sponding to the C—H resonance present both in the ben-
zene and cyclohexane spectra. This can be interpreted as
a first indication that the in situ sputtering eliminated the
hydrogen from the film, vide infra.

In Fig. 2 we show the NEXAFS data as a function of
annealing temperature and compare them to those of
graphite. It is evident that with increasing annealing
temperature the spectra become more graphitelike: the
m* resonance grows, indicating a growing number of un-
saturated bonds, while structures appear in the e' re-
gion, indicating increasing structural order in the sample.
It is important to note, however, that even after anneal-
ing to 1050'C the NEXAFS spectrum of a-C is still
significantly different from graphite. The lack of pro-
nounced structure in the cr* region indicates that the
structural transformation in the film has not created a
unique short- or long-range order. Either the matrix is
heterogeneous and only a fraction of the atoms are part
of a well-defined structure (e.g., small crystallites), or the
matrix is homogeneous, but the network does not exhibit
long-range periodicity. Unfortunately, for our isotropic
bulk samples, NEXAFS only provides a qualitative pic-
ture of the structure changes.

IV. EXAFS RESULTS AND ANALYSIS

A. Overview of experimental results

In order to understand the microscopic structural
changes in more detail, it is necessary to analyze the EX-
AFS region of the absorption spectra. Even after sputter-
ing, the EXAFS spectra of the RT and 720-'C annealed
samples revealed the presence of some residual oxygen
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FIG. 2. NEXAFS spectra of a plasma-deposited a-C:H film

on Si, which was in situ argon-sputtered, and is denoted "a-
Carbon. " Spectra were recorded at 30'C after temporary an-
neals of the film to the indicated temperatures. For comparison,
the spectrum of graphite recorded at the magic angle is shown
on top.

contamination through the presence of a E-edge jump at
about 540 eV. The size of the oxygen 1-edge jump, how-
ever, was very small compared to that of the C I(: edge,
being 3% and 1%, respectively, at RT and 720 'C.
Therefore it was possible to remove the oxygen contribu-
tion simply by subtracting an appropriate step function
from the two spectra. A simple step function is sufficient
because the EXAFS due to oxygen is negligible (l —3%%uo)

relative to that due to bulk carbon. After annealing to
900 and 1050 no oxygen edge jump was present in the
spectra. In the following we shall only show and discuss
data where the spurious oxygen contribution, if present,
has been subtracted. Figure 3 shows the normalized EX-
AFS signals of the a-C sample as a function of annealing
temperature, and those of graphite and diamond, for
comparison. All data were processed by using the same
normalization procedure, i.e., subtraction of a spline po-
lynomial and normalization to the edge jurnp. This en-
sures that the amplitude of the oscillations is normalized
to the total number of carbon atoms in the x-ray beam.
The a-C spectra displayed in Fig. 3 refer to the in situ
sputter-cleaned a-C:H sample, but, as shown in Fig. 4,
the EXAFS signal from the magnetron-sputtered a-C



7514 G. COMELLI, J. STOHR, C. J. ROBINSON, AND W. JARK 38

I I I I I I I I I I I

C

CO

rg

(0
C
CFi

GO

V)
LL

X
LU

0)
I4

tg

E
0
Z

Diamond

I I I

300 400 500 600 700 800
Photon Energy (eV)

FIG. 3. EXAFS signals of diamond, graphite (recorded at the
magic angle), and the "a-Carbon" sample after annealing to
different temperatures. The EXAFS signals were obtained from
the raw data by subtraction of a spline-polynomial background
and normalization to the edge jump and are plotted vertically
offset on the same scale.

increase of the overall EXAFS amplitude, occurs equally
at all energies. This is best visualized by inspection of
Fig. 5, where we have superimposed the EXAFS signal of
graphite and of the RT a-C sample. The latter spectrum
has been normalized by eye to the graphite one, using a
multiplicative factor of 1.8. It is evident that the overall
EXAFS amplitude in a-C at RT relative to graphite is
simply reduced by this energy-independent constant fac-
tor.

In order to extract physical parameters from the EX-
AFS signals, the energy scale was converted to wave-
vector scale, using the absorption edge of graphite, 284
eV, as the "zero" of energy. We then Fourier-
transformed the data in the range 350—750 eV (4 (k ( 11
A ') after weighting by k and multiplying by a window
function to minimize data-truncation effects. The result-
ing magnitude of the Fourier transforms for the different
spectra are shown in Fig. 6(a). The position and width of
the first two peaks in

~

F(r)
~

is almost exactly the same
for all cases. These peaks are related to the three C-C
distances within the six-membered ring. The first-
neighbor C-C distance (1.421 A) corresponds to the first
peak, while the second (2.461 A) and third (2.842 A) C-C
distances cannot be resolved and contribute to the second
peak. Another interesting point is that there are no

film, subjected to the same in situ cleaning procedure,
yielded a nearly indistinguishable spectrum. Note that
raw data are compared in Fig. 4 and that the small
differences would disappear almost entirely upon back-
ground correction. This indicates that the in situ sputter-
ing process is responsible for the microscopic structure of
the measured films, and, in the case of the a-C:H sample,
leads to a depletion of C—H bonds.

Without detailed analysis, some important conclusions
can be drawn from the EXAFS signals in Fig. 3. First, it
is apparent that for all a-C spectra the fundamental fre-
quency of the EXAFS is closer to graphite than to dia-
mond. For example, the diamond signal has a maximum
around 620 eV while the graphite and a-C signals exhibit
a minimum. It is evident, however, that the EXAFS of
graphite contains more (higher) frequencies than that of
a-C. During the annealing process two main changes
occur with increasing temperature: (i) the higher-
frequency structure, especially at the lowest energies, be-
comes more pronounced, and (ii) the overall size of the
EXAFS amplitude increases. The largest effect is the
growth of the single peak around 326 eV. We have previ-
ously shown for graphite' that this peak cannot be ac-
counted for by the conventional single-scattering EXAFS
theory, and it was therefore excluded from the energy
range used for the graphite analysis. Multiple-scattering
calculations for graphite by Vvedensky indicate that the
intensity of this peak appears to be related to the micro-
scopic short-range order in the sample. The peak is ab-
sent for the nearest-neighbor distance, first appears when
the second-shell contribution is added, and is nearly fully

0
developed when all shells within 4 A are taken into ac-
count. The other effect of the annealing process, i.e., the
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FIG. 4. Comparison of the raw EXAFS data recorded for the
plasma-deposited a-C:H film and a magnetron-sputtered a-C
film, after both were subjected to the same in situ argon-
sputtering treatment. The spectrum shown (solid line) is that
used to generate the EXAFS signal at the bottom of Fig. 3. The
two EXAFS signals shown would become nearly indistinguish-
able after processing the data with standard background-
subtraction procedures that would eliminate long-wavelength
components arising from instrumental drifts and other experi-
mental factors.
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titative analysis of the data.
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B. Analysis of first-neighbor shell:
Need for a two-phase model

FIG. 5. Comparison of the EXAFS signals of graphite (mag-
ic angle) and the in situ sputtered plasma-deposited samp e
(d d " -C 30'C") after background subtraction and norma1-

1 hasization to the edge jump. The amplitude of the a-C signa as
been multiplied by a factor of 1.8. Note that both amplitudes
show the same decrease with energy.

Using the C-C phase shift previously determined from
grap ite, we canh't ' e can obtain the C-C nearest-neighbor dis-
tances for the different cases from the first peak in

~

F(r) ~. The results are reported in Table I and are
found to be close but not identical to the value for grap-
ite, 1.421 A. The small but systematic decrease of the de-
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TABLE I. First-shell parameters for a-C sample.

a-C 30'C
a-C 720 C
a-C 900'C
a-C 1050'C

C-C distance'
(A)

1.445(10)
1.441(10)
1.429(10)
1.427(10)

"Graphitelike"
fraction (%)

60(6)
80(8)
87(9)
92(9)

0
'Using graphite with R =1.421 A as our standard.

rived C—C bond lengths towards the graphite value with
increasing annealing temperature is indeed meaningful.
EXAFS data of good signal-to-noise level and a data
range extending to k & 10 A ' typically give first-
nearest-neighbor distances within +0.01 A, independent
of the analysis procedure. The accuracy of the result
then hinges on the reliability of the phase-shift —trans-
ferability procedure. In our case, the graphite model
and the a-C sample are so similar that the phase shifts
should be identical and not introduce any additional er-
ror. This has been checked previously by comparing the
EXAFS of graphite and diamond. ' Thus the listed dis-
tances in Table I are reliable to &0.01 A and indicate
that with increasing annealing temperature the nearest-
neighbor distance becomes slightly shorter and ap-
proaches graphite at the highest temperatures.

Any microscopic structural model for a-C has to fulfill
three criteria for the first-neighbor shell imposed by our
data: (i) a C—C bond length around 1.42 A, (ii) a k-
dependent EXAFS amplitude close to graphite, and (iii)
an overall amplitude reduction relative to graphite which
decreases with annealing temperature. In order to ex-
plore the implications of various structural models on the
C-C nearest-neighbor EXAFS signals, we performed
model-dependent EXAFS simulations using single-
scattering EXAFS theory. We employed the graphite C-
C phase shift, ' but ignored the damping terms and the
C-C backscattering amplitude function, since we are only
interested in comparing the amplitudes of the calculated
EXAFS signals for different models to that of the graph-
ite standard. In Fig. 7 we show the distribution of C-C
distances for the models used, the calculated EXAFS sig-
nals, and their transforms

~

F(r) ~. Model A takes into
consideration only the C-C distance of graphite and
serves as a reference for the other models, according to
the three criteria given earlier. Model B describes a situ-
ation in which two different distinct bond lengths of
equal abundance are present, namely C—C single (1.54
A) and double (1.34 A) bonds. Model C uses a continu-
ous distribution of bond lengths from the double-bond to
the single-bond value. Model D assumes two types of
bonds, like model B, but with two differences. First, the
number of double bonds is half the number of single
bonds, as suggested by a previous study of hydrogenated
amorphous carbon films. ' Secondly, the possibility of
deviations from the "ideal" bond lengths is taken into ac-
count. Our distribution in distances is taken from the
range of values for molecular hydrocarbons with a mix-
ture of single and double bonds. In such molecules

Model
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FIG. 7. Model calculations of the EXAFS signal for different
C—C bonding configurations. The models A—E are shown in
column (a), the calculated EXAFS signal in (b), and the corre-
sponding Fourier-transform magnitude

~

F ( r )
~

in (c). Model A
represents the case of graphite and serves as a standard for the
observed energy dependence of the EXAFS amplitude and the
average bond length obtained from

~

F(r)
~

. Model B assumes a
mixture of equally abundant discrete C—C single (R=1.54 A)
and double (R=1.34 A) bonds, while model C assumes a con-
tinuous distribution of bond length in between those values.
Model D allows for a distribution around the double-
(1.32 (R ( 1.34 A) and single- (1.49 (R ( 1.54 A) bond values
with half the number of double than single bonds. The distribu-
tion uses the fact known from hydrocarbons (Ref. 5) that conju-
gation shifts the average length of "single" bonds to lower
values and causes a larger spread in bond lengths relative to
double bonds. Model E assumes a distribution of bond lengths
(1.37 (R ( 1.45 A) around the value in graphite.

bond-conjugation effects lead to a larger spread in
"single-band" than "double-bond" distances similar to
that assumed for model D.

It is evident that none of the models B—D satisfies all
of our criteria. The EXAFS signal either shows an
energy-dependent amplitude modulation due to two
different bond lengths, an energy-dependent amplitude
reduction due to a distribution in bond lengths (similar to
a Debye-Wailer factor), or a peak in

~

F(r)
~

which is
shifted from the correct position. We tried many varia-
tions of model D with different mixtures of single and
double bonds. By varying the distribution and relative
number of two types of bonds, we could never obtain
both an energy-independent amplitude-reaction factor
and the correct position of the peak in

~

F(r)
~

. The only
model which gives the proper C-C distance and a nearly
energy-independent amplitude function is that labeled E
in Fig. 7. This model uses a distribution of values around
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the C-C distance of graphite and gives an EXAFS signal
and

~

F (r)
~

very similar to those of model A.
The EXAFS frequency and the energy dependence of

the amplitude thus leads to a "graphitelike" microscopic
structural model. However, one striking result obtained
from our data remains unexplained: the overall reduc-
tion in EXAFS amplitude which gradually disappears
with increasing annealing temperature as revealed by the
data in Fig. 3 and the transforms shown in Fig. 6. The
energy independence of the observed amplitude reduction
cannot be explained by a single phase of connected rings
which is homogeneous over macroscopic dimensions.
For a homogeneous matrix an energy indep-endent ampli-
tude reduction relative to graphite could only occur if the
average coordination number of carbon was reduced
below three. At 30'C the EXAFS amplitude is only 60%%uo

that of graphite, which formally corresponds to an aver-

age coordination number of 2 per carbon atom and is
therefore unphysical. Note that static and/or dynamic
disorder in the nearest neighbor C—C bonds would lead
to an energy-dependent amplitude reduction, which is in

disagreement with the comparison shown in Fig. 5.
Therefore, we need to postulate the coexistence of two
phases which differ significantly in their microscopic
structure. We suggest that one region is a "random ma-

trix, " in which all possible C—C bonds are present par-
ticularly chainlike units together with dangling bonds.
The second region is "graphitelike" and has a distance
distribution around 1.42 A in between models A and E.
We shall discuss this structure in more detail later after
considering the implications of the two-phase model.
The random matrix does not generate a relevant EXAFS
signal in the range k g 4 A ' because of the presence of a
high static and dynamic disorder. Both the larger distri-
bution in bond lengths and the larger Debye-Wailer fac-
tor quench the EXAFS signal at high k. Here we point
out that the in-plane Debye temperature of graphite is

very high ( —1300 K), and thus ringlike units, especial-

ly when made more rigid by conjugation, are expected to
have significantly smaller mean-square relative displace-
ments than chainlike units, which are suggested to dom-
inate in the random matrix. This is confirmed by EXAFS
studies of polymers. For example, polybutadiene, which
contains chains with a mixture of single and double
bonds, exhibits an EXAFS amplitude that is less than
half the amplitude of the a-C sample at 30'C. For our
model the measured EXAFS amplitude can be explained
as follows. Atoms in the "random matrix" contribute to
x-ray absorption and therefore contribute to the mea-
sured jurnp at the C E edge. They do not give rise to a
sizable EXAFS signal, however, in the k range (& 4 A )

used for the present analysis. Since in the analysis pro-
cedure the EXAFS signal is normalized to the edge jump,
i.e., to the number of absorbing atoms, a reduction in am-
plitudes is observed which is proportional to the relative
number of atoms in the "random matrix. " With the an-

nealing process more C atoms pass from the random
matrix" to the "graphitelike" regions, and the EXAFS
amplitude grows as discussed quantitatively below.

Our two-phase model is similar to that proposed by
Stern et al. ' from their EXAFS analysis of amorphous

Ge. In that case the model was derived from analysis of
the second-shell EXAFS signal since opposite to carbon
the first-nearest-neighbor shell in crystalline and amor-
phous Ge is identical in distance and coordination. The
second-shell signal is sensitive to disorder which affects
the tetrahedral bond angle. Bond-angle distortions lead
to a distribution in second-nearest-neighbor distances
and, also, to a larger mean-square relative displacement
of second-nearest neighbors. '

The fraction of atoms in the two phases at the various
annealing stages can be obtained from the EXAFS ampli-
tude of the first shell in a-C relative to that in graphite.
It is directly given by the ratio of the area of the first
peak in

~

F(r)
~

in a-C relative to graphite, or can be ob-
tained by a detailed analysis of the amplitude ratio in a
k-dependent plot. We investigated the reliability of the
two methods for our case by comparing two EXAFS
spectra of single-crystal graphite, recorded at two orien-
tations of the c axis relative to the electric field vector of
the x rays, i.e., 90' (normal incidence) and 55' (magic an-
gle). From theory one would expect a ratio of 1.5 be-
tween the effective coordination numbers. ' With the k-
dependent amplitude-ratio method we obtained a
factor of 1.64, while the peak-area method yielded 1.46,
in better and satisfactory agreement with theory. The
larger error for the k-dependent amplitude-ratio method
is due to the fact that the decay of the C backscattering
amplitude with increasing energy and the short C-C dis-
tance, giving rise to only few EXAFS oscillations, cause a
greater uncertainty in the slope of the amplitude ratio
than in the peak area, which corresponds to a k-averaged
amplitude. We therefore used the peak-area method for
our amplitude analysis of the a-C data relative to graph-
ite. Our analysis tacidly assumes that the Debye-Wailer
factors in the "graphitelike" phase of a-C and in graphite
are the same. The comparison of the energy dependence
of the amplitudes for a-C and graphite shown in Fig. 5 in-
dicates that this is indeed a reasonable assumption. We
find that the "graphitelike" component grows from
60(6)% at 30'C to 92(9)% at 1050'C. The results are
summarized in Table I.

C. Analysis of higher-neighbor shells:
Structure of the "graphitelike" network

The signature of the higher shells contains important
information on the crystallographic structure of the
"graphitelike" network. There are two simple intuitive
models for the microscopic structure of the "graphite-
like" phase. The first simply consists of graphite crystal-
lites, the second of a network of rings, including five- and
seven-membered rings. The temperature dependence of
the EXAFS amplitude for the second- and third-neighbor
shells and the absence of a higher-shell signal allows us to
discard the first model.

Figure 6(b) reveals that when the first peak in
~

F(r)
~

for the a-C samples is normalized to that of graphite, the
second peak is still significantly reduced in intensity rela-
tive to that for graphite. This means that the disorder in

the second- and third-nearest neighbor shells is
significantly higher than in the first shell. Also, the rela-
tive amplitude of the second peak does not increase any
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further after annealing to 720'C. This is confirmed also

by the data obtained after annealing to 900'C, which are
not shown. We know from analysis of the first-neighbor-
shell amplitude that, after the final anneal to 1050'C,
92% of the carbon atoms are in the "graphitelike" region
of the matrix. This allows us to exclude a model based on
graphite crystallites in an amorphous matrix. In-such a
model the second-neighbor peak in the transform would
be reduced relative to the first one if the crystallites are
small. Then the carbon atoms on the periphery of the
small crystallites would have a distorted second and third
coordination shell, leading to an EXAFS amplitude
reduction. Simulations show that the strong reduction in
the second- to first-peak ratio observed at 1050'C (see
Fig. 6) requires the graphite crystallites to be very small
(less than five rings}. Also, the missing peaks in the a-C
transforms in Fig. 6, corresponding to neighbors in the
fourth, fifth, etc. shells, are only compatible with a small
size of the crystallites. The small size, however, leads to
an unphysical result in that it is inconsistent with the fact
that only 8% of the atoms occupy the connecting random
network. For example, for a microcrystal composed of a
symmetric arrangement of seven six-membered rings, i.e.,
a total of 24 carbon atoms, half of the atoms are left with
open bonds. Thus the interconnection of such microcrys-
tals would require a large fraction of atoms in disordered
bridging positions, even if the void density is assumed to
be as high as several percent.

We are led to the conclusion that the "graphitelike"
network must contain non-six-membered rings which
cause the reduction in the second- and third-shell ampli-
tudes through a simple distribution in higher-neighbor-
shell distances. The constancy of the second peak in Fig.
6(b} in the (720—1050)-'C range indicates that the forma-
tion of new six-membered rings is accompanied by the
formation of non-six-membered rings in the same propor-
tion, so that the static disorder for the higher shells
remains constant. At even higher temperatures the
"graphitelike" network will eventually convert into
graphite. The presence of odd-membered rings also ex-
plains the missing EXAFS signal from higher-neighbor
shells in Fig. 6 since the static disorder due to the pres-
ence of these non-six-membered rings grows dramatically
the further the neighbor shell is separated from the cen-
tral atom. Odd-membered rings can play the role of con-
necting elements between the planar aromatic rings, al-
lowing a randomly oriented network of rings as recently
suggested by Van Vechten and Keszler. Such linking of
odd- and even-membered rings has molecular analogues
in indenyl (C9H7) (Ref. 38) or indene (C9Hs) (Ref. 5) con-
sisting of joined five- and six-membered rings with an
average C—C bond length of 1.42(1) A or azulene

(CIOH6), consisting of joined five- and seven-membered
rings and an average C—C bond length of 1.40 A. Thus
the C—C bond-length distribution expected for a strong-
ly conjugated connecting-ring structure is indeed cen-
tered around the 1.42-A value of model E in Fig. 7.

V. SUMMARY AND CONCI. USIONS

Our KEXAFS results can be summarized as follows.
The sputtered films contain a significant fraction of sp

hybridized carbon bonds as revealed by the presence of a
prominent m.* resonance. With increasing annealing tem-
perature this resonance grows, indicating the formation
of an increasing number of unsaturated C—C bonds.
The o.* resonance or band region is largely structureless
at 30 C, which is attributed to a distribution in bonding
configurations in the film. The presence of a significant
fraction of sp-hybridized carbon is excluded from the po-
sition and width of the ca* feature. Even after annealing
to 1050'C the o.* region remains rather structureless rel-
ative to graphite or diamond, indicating the absence of
long-range order in the film.

The EXAFS data yield a more quantitative structural
picture. The C—C bond length in the film is found to be
within 0.025 A that of graphite (1.421 A) at all annealing
temperatures used. In contrast, the bond length is short-
er by more than 0.10 A than that in diamond (1.544 A).
This shows that the films are more "graphitelike" than
"diamondlike" in structure. A reduction of the first-
neighbor-shell EXAFS amplitude for a-C relative to
graphite leads to a two-phase structural model consisting
of a "graphitelike" network and a "random matrix. " The
"random matrix" is suggested to consist of different kinds
of C—C bonds, in particular, chainlike units and dan-
gling bonds, and it is characterized by a high static and
dynamic disorder. With increasing annealing tempera-
ture the amplitude of the nearest-neighbor EXAFS signal
reveals a growth of the "graphitelike" fraction from 60%
at room temperature to 92% at 1050'C. Analysis of the
higher-neighbor-shell EXAFS leads to a model for the
"graphitelike" regions in terms of a network of conjugat-
ed even- and odd-membered rings.

The qualitative structural picture of the sputtered a-C
films revealed by the NEXAFS data is quantitatively
confirmed by the EXAFS results which allow us to derive
a model for the microscopic structure of the films. Our
model suggests a unique crystallization process for graph-
ite from a truly disordered matrix via a "precursor
phase" consisting of a network of odd- and even-
membered rings. The first-neighbor coordination in this
second "graphitelike" phase is well defined in terms of
distance (1.42 A) and coordination (3), but the distribu-
tion in the C—C—C bond angles and the different spatial
orientation of the ring planes leads to a lack of intermedi-
ate and long-range order. In this sense the "graphitelike"
phase is similar to the situation encountered in amor-
phous Si and Ge. The unique bonding properties of car-
bon complicate the amorphous to crystalline transition
relative to a-Si or a-Ge in that there are two phases
which could be called amorphous, the "random matrix"
and "graphitelike" phases. Starting from a random
chainlike network containing single and double bonds of
different length, thermal bond activation leads to the for-
mation of stable heavily conjugated even- and odd-
membered rings with an average bond length intermedi-
ate between the single- and double-bond values. This net-
work lacks medium- and long-range order. The conver-
sion to crystalline graphite at temperatures well above
1000'C is envisioned as a growth of the six-member-
ed —ring component in the network of even- and odd-
membered rings.
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