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Infiuence of annealing on the hydrogen bonding and the microstructure of diamondlike
and polymerlike hydrogenated amorphous carbon films
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The influence of hydrogen incorporation on the microstructure of hydrogenated amorphous carbon
(a-C:H) films has been studied in detail by applying several complementary methods, i.e., elastic recoil
detection analysis (ERDA), hydrogen evolution, and infrared absorption measurements, to two series of
samples prepared by two difFerent techniques, respectively representative of diamondlike and polymer-
like a-C:H. The analysis of the changes of the infrared vibrational spectra over a large frequency range
upon annealing at increasing temperatures up to 600 C allowed us to get insights into both the C—H
and C—C bonding modifications.

I. INTRODUCTION

Although hydrogen incorporation strongly affects the
microstructure as well as the electronic properties of both
hydrogenated amorphous silicon (a-Si:H) and hydro-
genated amorphous carbon (a-C:H), its role is
significantly different in the two materials. In the a-Si:H
case, hydrogen essentially saturates part of the dangling
bonds, which results in the removal of the corresponding
localized states from the pseudogap, and its effects on the
amorphous silicon network itself are comparatively of
minor importance. In the case of a-C:H prepared by
decomposition of hydrocarbons on the contrary, the hy-
drogen inhuence is far more determinant and complex.
By bonding preferentially to sp or sp -hybridized carbon
sites, it seems to control not only the sp or sp C ratio,
but also tht: morphology of the deposit, which in turn
determines the electron state density to a large extent. '
It is, therefore, very important to understand how the hy-
drogen incorporation, the material microstructure, and
its electronic properties are linked together. In the
present paper, we investigate such correlations in two
series of well-characterized a-C:H samples, which were
intentionally chosen because of the large differences be-
tween their properties, due to two difFerent methods of
preparation. We concentrate here on the analysis of the
infrared vibrational spectroscopy results over a large fre-
quency range, and on their modifications upon annealing
cycles at increasing temperatures up to 600'C. These
data are correlated with the simultaneous changes in the
electronic optical properties.

II. EXPERIMENT

The samples were thin films, 0.5 —2 pm thick, deposited
by two completely difFerent techniques to ensure quite

different material microstructures. Series I was prepared
by direct vapor deposition from a low-pressure cold
cathode device (Fast Atom Beam Source) supposed to
give mainly neutral species, with butane as the source
gas, on unbiased substrates. The deposition rate was low
(-300 nm/h) and the substrate temperature remained
close to room temperature ( &50'C). These films had a
low optical gap and were extremely hard [2000—8000 HK
(25 g)], with some elastic recovery. They can be con-
sidered as diamondlike samples. Series II was obtained
by electron gun evaporation of graphite in a butane plas-
ma, a dc bias being directly applied to the substrates; the
low-pressure discharge had to be sustained by a negative-
ly biased filament. The deposition rate was much higher
( —3 pm/h) and the substrate temperature increased up
to -350'C during deposition. The energy of the imping-
ing ions could be changed by varying the substrate bias.
These films had a larger optical gap and were brittle, with
poor adhesion to the substrate. They can be considered
as polymerlike samples.

The film thickness d was determined on films deposited
on Corning 7059 glass substrates from the analysis of the
interference fringes of the optical transmission spectra in
the near infrared (which also yielded the values of the re-
fractive index n), and measured directly on films deposit-
ed on glass and crystalline Si substrates with a Tenkor
P. 1 profilometer. The results of the two techniques
agreed within experimental uncertainties ( —5% ).

The total H atomic concentration, as well as its profile
over a -300-nm depth from the surface, were obtained
from elastic recoil detection analysis (ERDA) experi-
ments, performed with He nuclei with an energy of 2.9
MeV, at angles a=P= 10 . We checked that the results
obtained for films deposited simultaneously on Corning
glass 7059 and crystalline silicon substrates were identi-
cal, even if the film thicknesses were different; this was
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especially important for series II where the properties can
vary with the substrate bias.

H evolution experiments were performed on a few sam-
ples of the two series deposited on crystalline Si sub-
strates, in a quartz tube with a base pressure of 10
Torr, at a constant heating rate of 10 C/min. We ex-
plored the masses up to M = 17, and we followed the sig-
nals for H2+, corresponding to H2 evolution, and CH2+,
CH3+, CH4+, corresponding to CH4 evolution.

The infrared transmission experiments were performed
with a Perkin Elmer 580 8 conventional double-beam
spectrophotometer, on films deposited on 500-p,m-thick
crystalline Si substrates with both faces polished. An
identical bare substrate was put on the refe'rence beam in
order to compensate for absorption in the Si substrate.
The observation of a positive peak corresponding to SiO2
absorption in the series II transmission spectra indicated
that, in this case, the oxide surface layer of the sample
substrate was probably removed by ion bombardment
prior to deposition. The transmission spectra presented
interference fringes, which were eliminated by fitting the
corresponding background, outside the absorption bands,
according to the approximate transmission expression:
T(A, )=e "[A+8 cos(C/A, )] '. Uncertainties due to
this procedure, as well as bad signal-to-noise ratio,
renders the o: determination less reliable below 1000
cm ', but qualitative information could still be obtained
down to 500 cm '. No attempt at deriving quantitative
information on the bonded H concentration was made in
the absence of well-established values of the oscillator
strengths for the different CH„configurations.

The experiments were performed both on the as-
deposited samples, and on the same samples after succes-
sive annealing cycles at increasing temperatures up to
Tz =600'C, under a pressure of —10 Torr. The heat-
ing rate was 2'C/min, and the samples were maintained
at Tz for 2 h in each cycle. The film thickness and re-
fractive index were measured again after annealing. It
must be emphasized that one must take into account the
difference in the thermal kinetics during such annealing
cycles and during H evolution experiments, when corn-
paring the results of the two techniques.
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ly different. In series I samples, the evolving gas is main-
ly hydrogen, with only a small contribution from
methane CH4. The H2 and CH4 spectra have essentially
the same shape, with a very slow start at low tempera-
tures, a low plateau above -400 C, and a steep increase
at about 500'C, with a maximum at about 600 C in both
cases. However, while the CH4 evolution goes to zero at
about 700'C, the H2 one starts to increase again at that
temperature. Such a behavior suggests a rather dense
material, ' with, however, a non-negligible concentration
of CH„groups besides CH groups. In series II on the
contrary, the evolving gas is mainly CH4, with, however,
a significant H2 contribution. Again one first observes a
plateau (up to 400'C) but the evolution begins at lower
temperatures than in series I ( —150—200 C). Then both
H2 and CH4 start to evolve rapidly until about the same
temperature, of the order of 530'C. Here also the H2
evolution increases again at high temperatures (above
600 C), while the CH~ one goes towards zero. These re-
sults indicate a more porous material, ' and a large pro-
portion of polyhydride groups. The porosity is confirmed
by the presence of bulk contamination by oxygen and ni-
trogen, clearly evidenced by the IR absorption data.

The optical properties of series I samples are almost in-
sensitive to the deposition parameters [anode potential in

III. SAMPLE CHARACTERIZATION x 10-&
depth (A.)

The total H atomic concentration as measured by
ERDA is of the order of 25 at. % for all series I films, of
the order of 50 at. % for the series II films, with, howev-
er, a dispersion of +5 at. %, which does not correlate
with the substrate bias. Figures 1(a) and l(b) show typi-
cal examples of the total H content (expressed as the H/C
ratio) profile given by ERDA for series I and series II
films. These profiles are rather Bat, with, however, a
slight decay towards the surface. Upon annealing, they
remain fiat up to Tz =500'C. For Tz =600'C, Figs. 2(a)
and 2(b) show that there is a H deficit close to the surface
in series I, while on the contrary the H content decreases
towards the interface with the substrate in series II. This
is a first indication of different H incorporation.

Typical H evolution spectra are presented in Figs. 3(a)
and 3(b) for series I and II, respectively; they are striking-
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FICx. 1. Total H distribution profile vs probed depth for typi-
cal as-deposited a-C:H films of series I (a) and series II (b).
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FIG. 2. Total H distribution profile vs probed depth for typi-
cal a-C:H films of series I (a) and II (b) after annealing at
T~ =600'C.
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the Fast Atom Beam source, gas fiux]. The refractive in-

dex at 2 pm, no, is of the order 2.3—2.5, which is quite
high for a-C:H; the optical gap E04 (i.e., the energy at
which the absorption coefficient is equal to 10 cm ') is
always between 1.2 and 1.3 eV. On the contrary, the
properties of series II samples vary with the bias V, ap-
plied to the substrate, as expected since this parameter
determines the energy of the impinging ions during depo-
sition. If no remains equal to 1.6—1.7, which is much
lower than the series I values, Eo4 decreases with increas-
ing V from 3.3 eV for V, = 100 V to 2.8 eV for V, =600
V. There is no clear correlation between E04 and the to-
tal H content. We are more interested here in the varia-

FIG. 3. Hydrogen evolution spectra for series I (a) and series

II (b) samples.

tions of the optical parameters upon annealing, which are
presented in Table I for two typical samples of series I
and II. It can be seen that annealing at Tz =300 C has
practically no efFect for both series, except for the gap of
the series II film, which decreases significantly without
any corresponding change in no and/or d. Annealing at
higher Tz produces a gradual decrease of the thickness
d, an increase of the refractive index no, and a decrease of
the optical gap, which is much more important in series
II. We will come back to these data in the following dis-
cussions.

TABLE I. Values of the thickness d, the refractive index at 2-pm np, and the optical gap Ep4 for two
typical films of series I (~H=0. 26) and series II (xH =0.44), as-deposited and after annealing at in-

creasing T&.

As-dep
300
400
500

d (pm)

0.840
0.806

Series I
np

2.34
2.37

3.31

Ep4 (eV)

1.33
1.33

d (pm)

1.206
1.211
0.819
0.603

Series II
fl p

1.70
1.66
2.05
2.10

Ep4 (eV)

3.30
2.76
2.20
1.37
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IV. INFRARED ABSORPTION SPECTRA

A. As-deposited samples

The optical-absorption spectra obtained over the whole
infrared range investigated (4000—500 cm ') for typical
samples of series I and II are compared in Fig. 4. One
clearly distinguishes two main absorption bands. The
high-frequency band around 2900 cm ' is due to the
stretching vibrations of the C—H bond in its different
configurations, while the low-frequency one below 1800
cm, which is much wider and presents well-defined
structures, has a more complex origin, as we will discuss
below. The additional bands observed for the series II
samples around 3400 and 1700 cm ' are due to bulk con-
tamination by ambient atmosphere (which does not exist
for series I samples) and are attributed to vibrations of
the OH and C=0, C=N groups, respectively. Such a
contamination indicates an open porous microstructure,
which is consistent with the particularly low values of the
refractive index n, . The impurity bands decrease gradu-
ally upon annealing, and disappear completely for
T~ =500'C.

The C—H stretching bands are compared in more de-
tail in Fig. 5. These spectra are, respectively, typical of
each series. Their line shape remains the same for all
samples in one series, even if their intensity may vary
somewhat with deposition conditions in series II. It can
immediately be seen that the concentration of bonded H
is much larger in series II than in series I, the ratio of the
total band areas being of the order of 4 (Table II). This
has to be compared with the values of the total H concen-
tration as deduced from ERDA experiments, the ratio of
which is only of the order of 2. Such a discrepancy is
surprising, since the presence of unbonded H (Ref. 7),
which could explain a lack of consistency between the IR
and ERDA results, is expected in series II rather than in
series I. Our data then suggest possible differences in the
oscillator strengths of the various sp CH and sp CH
groups present in different proportions in the two series
of samples.

Although the assignments of the high-frequency
stretching modes are well established, * it is important to
determine the respective contributions of the different
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possible C—H configurations. From extensive studies of
hydrocarbons, ' it is well known that the stretching
(and the bending) sp C—H vibrations in methyl (CH, )

and methylene (CH2) groups are rather insensitive to
their environment, both in frequency and in IR absorp-
tion intensity. Although such conclusions strictly apply
to unstrained hydrocarbons in which these groups are
only linked to other C atoms, they are likely to remain
valid, to a certain extent, in the case of a-C:H. The sub-
peak at 2870 cm ' and the shoulder at 2960 cm ', which
are clearly observed in series II, can then be attributed to
in-phase (symmetric) and out-of-phase (antisymmetric)
CH3 stretching vibrations. In the same way, the max-
imum at 2925 cm ' can be ascribed to out-of-phase CH2
stretching vibrations; the corresponding in-phase CH2 vi-
brations are certainly responsible for the tailing of the
band towards low frequencies. This indicates large pro-
portions of CHz and CH3 groups in series II, which is
consistent with the "polymeric" character of these sam-
ples. One may also expect a faint contribution from the
stretching vibrations of CH groups around 1915 cm
The series II stretching band below 3000 cm ' can
indeed be easily decomposed into five Gaussian com-
ponents centered on these frequencies, as shown in Fig.
5(b). The only ambiguity concerns the respective
strengths of the 2915- and 2925-cm ' components be-
cause of their strong frequency overlap; but, when leav-
ing all parameters free in the fitting procedure, the latter
is always much more intense than the former (by a factor
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FIG. 4. Comparison of the infrared absorption spectra ob-
tained for as-deposited series I (dashed line) and series II (con-
tinuous line) samples from 4000 to 500 cm

FIG. 5. Decomposition of the high-frequency C—H stretch-
ing bands of the IR absorption spectra into Gaussian com-
ponents for as-deposited series I (a) and series II (b) samples.
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TABLE II. Values of the areas under the total stretching band and under the components of this
band ascribed to sp CH and sp CH stretching vibrations for the same a-C:H samples as in Table I.

('C)

As-dep
300
500
600

Total

54
57
49.5
19.5

Series I
sp

40
39
34.5
0

sp

13
18
15
19.5

Total

185
167

8.5
8

Series II
SP

175
155.5

0
0

sf'

10
11.5
8.5
7.8

of 3.5 —4). A decomposition along the same lines proves
to be more difticult for series I because of the lack of
well-defined structures in the absorption band (which is a
common feature of all diamondlike films). It appears,
however, that the stretching band is in this case dominat-
ed by the contributions of CH2 and CH groups, with a
much smaller participation of CH3 groups. In fact, the
band below 3000 cm ' can as well be reproduced by us-

ing only two Gaussian components centered at 2920 and
2855 cm ', respectively, as shown in Fig. 5(a).

Differences between series I and II also appear in the
high-frequency range of the stretching band. For series I,
the data are well reproduced by two Gaussian corv, -

ponents centered at 3000 and 3045 cm ', with compara-
ble intensities [Fig. 5(a)], which may be ascribed to
stretching vibrations of olefinic and aromatic sp CH
groups, respectively. For series II, the presence of the
nearby contamination band makes the subtraction of the
background more difficult. The tailing of the stretching
band towards high frequencies, which is nevertheless ob-
served, cannot just be attributed to broadening effects,
and an olefinic contribution is definitely observed at 3000
cm [Fig. 5(b)]. The aromatic contribution, if present, is
certainly very small.

Complementary information can be gained from the
analysis of the IR absorption spectra below 1800 cm
This region has comparatively received less attention
and, although several experimental spectra were reported
in the literature, " ' the assignments of the different
features are still uncertain. ' ' In the following, we will
rely heavily on the hydrocarbon data, ' and confirm our
interpretations by following the changes of the main
structures upon annealing.

The low-frequency IR absorption bands of our as-
deposited series I and series II samples are compared in
Fig. 6(a); the sharp minimum centered at 1105 cm ' in
all series II spectra is an artifact coming from substrate
effects —due to the SiOz surface layer —which could not
be compensated for in this case, as explained in the exper-
imental section.

The most prominent feature in the series-II spectrum is
the sharp doublet centered at 1455—1375 cm '. It can
without ambiguity be ascribed essentially to out-of-phase
( —1450 cm ') and in-phase ( —1375 cm ') deformation
vibrations of the sp CH3 groups, which are known to
give rise to good group frequencies like the stretching vi-
brations of the same groups; the 1375-cm ' component
can even be considered as a signature of the presence of
methyl groups. ' This is consistent with the presence of
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FIG. 6. Comparison of the low-frequency part of the IR ab-

sorption spectra of series I (dashed line) and series II (continu-
ous line) samples: as-deposited (a) and annealed at T& =600 C
(b).

well-defined features at 2870 and 2960 cm ' in the
stretching band, which are also characteristic of methyl
groups. On the contrary, the 1455—1375-cm ' doublet is
absent in the series-I spectrum, again in agreement with
our conclusions from the analysis of the stretching band.
We rather observe in this case a broader but still well-
defined peak centered at about 1430 cm ', and only a
faint structure around 1370 cm ', which can hardly be
detected over the background. The 1430-cm ' peak can
then be ascribed to the sp CH2 scissors mode, since H is
mainly bonded to sp C sites as CHz (and CH) groups. It
could also include some contribution from aromatic sp
CH bending modes, since series-I samples contain a non-
negligible fraction of aromatic CH groups.

The well-defined band centered at 1580 cm ', which is
observed in the series-I spectrum, must be ascribed to
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C=C double-bond stretching vibrations. The skeletal
ring breathing modes of aromatic systems are for exam-
ple found in this spectral range. ' ' The width of this
band suggests that the C =C bonds are found in many
di6'erent configurations, both olefinic and aromatic (in

agreement with the conclusions drawn from the C—H
stretching band) and that these configurations are prob-
ably distorted. This can be related to the rigidity of the
sp C matrix connecting the ~-bonded clusters, since this
matrix contains little hydrogen. The broadening of the
C=C band could also come from some interaction be-
tween the C=C vibrations and the adjoining sp C—H
vibrations. A peak centered at 1600 cm, with a slight
shoulder around 1560 cm ', is also seen in the series-II
spectrum, and must have the same origin. It is unfor-
tunately partially overlapped by the contamination band
mentioned earlier, due to C=0 (1700 cm ') and C =N
(1670 cm ) stretching vibrations. The presence of an in-
tense and sharp peak in this spectra1 range, characteristic
of C =C double bonds, indicates that, although the pro-
portion of sp C atoms bonded to H is quite small (Table
II), these samples contain an important fraction of sp C
atoms bonded to other C atoms only (i.e., not bonded to
H). This is in agreement with the results of our previous
electron-energy-loss spectroscopy studies. The shift of
this peak to higher frequencies with respect to that in
series-I samples confirms the predominance of olefinic
configurations in series-II samples.

If we now turn to lower energies, we observe a strong
absorption just below (and partially overlapping) the sp
CH deformation vibration peaks. In series I, it appears
as a broad maximum centered at about 1270 cm ', with
a faint shoulder around 1170 crn '. In series II, where
the contribution of the different sp CH deformation vi-
brations is much more important because of a much
larger concentration of bonded H, two corresponding
features at about 1265 and 1170 cm ' can be detected on
the decreasing background. At this point, it is rather
dificult to ascribe these features to particular vibrations,
although olefinic sp CH and sp CH bending modes are
expected around these frequencies. According to the hy-
drocarbon studies, this band could also be due to C skele-
tal vibrations (mainly mixed sp /sp modes) enhanced
by a more or less important coupling with CH group vi-
brations. '

As for the absorption that is still clearly observed
below 1050 cm ' in series I, but is practically absent in
series II, it corresponds essentially to H bonded to sp C
sites, and confirms the difference between series I and
series II in this respect. The sharp structures around
600—700 cm ' suggest the presence of well-defined envi-
ronments in series-I samples.

differences in the kinetics of the two types of experiments.
The IR data are summarized in Figs. 7(a), 7(b), and 8(a),
8(b) for the high- and low-frequency ranges, respectively.

1. Series I
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For T~ =300'C, the part of the C—H stretching band
corresponding to sp CH groups is practically un-
changed. The only modification of that band with
respect to the as-deposited sample is an increase of the
contribution of aromatic sp CH groups ( —3045 cm ')
at the expenses of that of the olefinic sp CH groups
( —3000 cm ). This is in agreement with the very little
loss of H (mainly as CH4) below 400 C in this series. The
atomic rearrangements responsible for the increase of
aromatic configurations are accompanied (Table I) by a
small decrease of the film thickness d, the refractive index
n, remaining roughly the same. They could consist in
the formation, for energetic reasons, of sp C (H) cycles
gathering into small isolated aromatic clusters, in regions
where the sp C (H) sites were initially organized in
neighboring fragments of olefinic chains. This could ex-
plain the slight unexpected shift of the high-energy part
of the optical-absorption edge and the appearance of a
faint luminescence, as already reported. Within our ex-
perimental accuracy, it is dificult to detect any change in
the 1600-cm ' region (ascribed to C=C stretching vi-
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B. Annealing effects

In order to check our interpretation of the different
structures in the IR absorption spectra over a wide fre-
quency range, we have studied their modifications upon
annealing at increasing temperatures Tz up to 600'C,
and we have analyzed the results in relation with the H
evolution spectra discussed above, keeping in mind the

2750 2800 2850 2900 2950 3000 3050 3100 3150

Frequency (cm ')

FIG. 7. Changes of the high-frequency C—H stretching
bands of the IR absorption spectra of series I (a) and II (b) sam-
ples with annealing temperature T~: as-deposited (continuous
line); T& =300 (dashed line), 500 (dotted line), and 600 C (emp-
ty circles).
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brations), which could confirm this explanation.
For T~ =500'C, the C—H stretching band is strongly

modified. It now practically reduces to two Gaussian
components centered at -2920 and 3045 cm ', respec-
tively. The contributions of sp CH2 groups and of
olefinic sp CH groups seem to have almost completely
disappeared, and H is then essentially bonded to sp C
sites as CH groups, and to sp C sites as aromatic CH
groups. At this annealing temperature, only a small
amount of H has evolved from the film in the form of
both H2 and CH4. It must be concluded that a significant
proportion of sp C sites bonded to H have been convert-
ed into sp C sites without losing the bound H. The cor-
responding structural rearrangements are accompanied
by a large decrease in d and increase in no as well as by
an important shift of the absorption edge to lower ener-
gies (Table I). Meaningful modifications are also ob-
served in the IR absorption spectra at low frequencies.
The broad maximum in the 1600-cm range, indicating
a large variety of C =C configurations, has changed into
a well-defined and more intense peak centered at 1580
cm '. This suggests, not only an increase of the propor-
tion of sp C sites, but also a better organization of these
sites into aromatic and/or graphitic clusters. The simul-
taneous increase and narrowing of the peak centered at—1430 cm ' is, on the other hand, in agreement with an

2400

increase of the concentration of aromatic sp CH groups,
and confirms our previous interpretation of the compos-
ite origin of this peak in the as-deposited films. It is
worth noticing that the underlying wide absorption band
is also significantly enhanced. A last annealing effect can
be seen below 1100 cm ': the line shape of the spectrum
is completely modified and sharp, well-defined structures
can now be observed, especially the peaks at 880, 810,
and 760 cm '. Such peaks are tentatively ascribed to
rather localized deformation vibrations of aromatic CH
groups.

For T~ =600'C, a temperature which corresponds to
the maximum of the H evolution spectrum for both H2
and CH4, the stretching band corresponding to sp CH„
groups has completely disappeared, while the subband as-
cribed to aromatic sp CH groups at 3045 cm ' has be-
come more intense. This is the continuation of the pro-
cess described for T~ =500'C, but now the strong depar-
ture of H has eliminated all sp C sites bonded to H, an
important proportion of these sites being transformed
into sp C sites without losing the bound H. In the low-
frequency range, the IR spectrum reduces to an intense
broad band from 1700 to 950 cm ', centered around
1350 cm ' and exhibiting a well-marked shoulder (or
peak?) at about 1580 cm ', and to another band below
950 cm ' presenting the same peaks as for Tz =500'C,
but sharper and more intense. The whole IR absorption
spectrum must then be dominated by the vibrations of
the sp -bonded C skeleton, more or less strongly coupled
with the vibrations of the remaining sp CH groups.
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FIG. 8. Corresponding changes of the low-frequency part of
the IR absorption spectra of series I (a) and II (b) samples with
annealing temperature T& . as-deposited (continuous line);
T& =300 (dashed line), 500 (dotted line), and 600 C (empty cir-
cles).

2. Series II
For T~ =300 C, the contributions of all the sp CH

groups to the C—H stretching band have already de-
creased, by about the same amount. This is consistent
with the H evolution observed from 150—200 C, mainly
as CH4 but also as H2. The absorption due to the stretch-
ing vibrations of sp CH groups, which is now easier to
analyze due to the reduction of the OH contamination
band, does not seem to have changed very much. In the
low-frequency range, the only annealing effect is a de-
crease of the intensity of the doublet at 1455—1375 cm
consistent with the decrease of sp CH3 groups. The
peak at 1600 cm ' attributed to C=C stretching vibra-
tions remains exactly the same. Note that the C=N
component of the contamination band overlapping this
peak has disappeared, as well as the absorption between
800 and 900 cm ', which may also be due to contamina-
tion by ambient atmosphere. On the other hand, al-
though a certain amount of bonded H has already left the
sample, there is practically no variation either in d or in
no (Table I), which is at first sight rather surprising.
However, there is simultaneously a large decrease of the
optical gap, as well as a reduction of the photolumines-
cence intensity. This indicates that the departure of
CH3 groups does change the connectivity of the C net-

work even if it does not modify the film thickness. The
resulting atomic rearrangements must favor the forma-
tion of larger m-bonded clusters and lower the barriers
between these clusters coming from the "matrix. "
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For higher T~, the gradual decrease of all the com-
ponents of the C-H stretching band due to sp CH
groups continues, but is now accompanied by a decrease
of d and an increase of no (Table I). This is consistent
with the steep rise observed in the H evolution spectrum,
especially for CH~ (and probably higher hydrocarbons).
For T~ =500'C, a temperature close to the maximum of
the H evolution spectrum, all the sp CH„groups have
completely disappeared and the C—H stretching band
reduces to a faint single Gaussian centered at 3045 cm
(which had already emerged at T„=400 C). This shows
that the remaining H atoms are only bonded to sp C
sites in aromatic configurations. There is, however, a
difference with series I, since now only a very small pro-
portion of the newly formed sp C sites remains bonded
to H. These conclusions are confirmed by the analysis of
the low-frequency part of the IR absorption spectrum.
The component of the doublet centered at 1375 cm ' and
attributed to sp CH& groups has disappeared, while an
intense peak can still be observed at 1450 cm '. This
peak is then essentially ascribed to aromatic sp CH
bending modes. As for the peak in the 1600-cm ' range,
which can now be observed entirely due to the disappear-
ing of the C=O contamination band, it is also very
sharp and intense, and it has slightly shifted to lower fre-
quencies. This indicates a large concentration of sp C
sites unbonded to H. Another striking feature is the ap-
pearance at Tz =500'C of an absorption band below
1100 cm ' which, although less intense, resembles that
seen for series I after annealing at the same T~. For
Tz =600 C, the peak at 1450 cm ' merges into a wide
absorption band again very similar to that observed in
series I for the same T„,while the C =C peak, which is
now centered at 1580 cm ', remains very intense.

The striking similarity between the samples of the two
series after annealing at Tz =600'C is emphasized in Fig.
6(b). The same features are observed in both cases: a
strong peak or pronounced shoulder centered at 1580
cm ' corresponding to localized stretching vibrations of
the C=C double bond in aromatic and/or graphitic
configurations (A), a wide band centered at about 1350
cm ' with very similar shape (B), and sharp peaks at
well-defined identical frequencies below 900 cm ' (C).
The lower intensity of part (C) in series II is ascribed to
the lower bonded H content. The remaining H atoms are
certainly very strongly bonded to aromatic sp C sites in
both cases, since they start to evolve as Hz at quite high
temperatures ( )600 C, even )700 C in series I).

The IR absorption peak centered at 1580 cm ' is
strongly reminiscent of the main sharp "graphitic" peak
observed at the same frequency in the Raman spectra of
the annealed samples (T„=600'C), as already noticed. "

As for the wide IR absorption band centered at 1350
cm, it is tempting to compare it to the low-frequency
broader component of the same Raman spectra, peaking
at about 1360 cm '. Although the IR data probably
still include contributions from C—H vibrations, this
similarity suggests that, at least for films annealed at high
temperature, the IR and Raman features may have a
common origin.

V. CONCLUSION

The comparison of the results of several complementa-
ry experiments performed as a function of annealing on
two series of a-C:H films prepared under quite different
conditions illustrates the complexity of the role of hydro-
gen on the a-C:H microstructure. In particular, a careful
analysis of the IR vibrational absorption spectra over a
wide frequency range down to 500 cm ' allows us to fol-
low the changes in both C—H and C—C configurations
upon annealing. Our work confirms that the bonded H
concentration or the respective proportions of sp and sp
C sites are not the pertinent parameters for understand-
ing the relations between the electronic properties and
the microstructure. The preferential attachment of H to
sp or sp C sites as well as the variations in the C
skeleton morphology when changing the deposition con-
ditions has been clearly demonstrated. In particular, the
~-bonded configurations seem to be more distorted in our
hard, small gap samples, probably due to the stiffness of
the sp C matrix containing little hydrogen. In addition,
we have shown that, if the breaking of sp C—H bonds
upon annealing tends to favor the transformation of these
C sites into sp C sites, as commonly admitted, these
newly created m-bonded C atoms may either remain
bonded to H (in diamondlike films) or be linked to other
C atoms only (in polymerlike films). These different
behaviors are correlated with the initial sample micro-
structure, and correspond to different processes in H evo-
lution. Another important result is that samples having
initially quite different morphologies tend to exhibit very
similar IR absorption and Raman spectra after annealing
at high enough temperature (600'C in our case), even if
they still retain different bonded H contents and different
optical gaps.
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