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Thin layers of amorphous hydrogenated carbon~a-C:H! deposited on~100!Si/SiO2 substrates were studied
using atomic force microscopy, electron spin resonance~ESR!, and internal photoemission spectroscopy.
Layers with optical band gap in the range 3–0.7 eV were found to be homogeneous with respect to the
interaction with oxygen under ultraviolet irradiation down to a lateral size of 5 Å. However, topographic
features are developed under oxygen plasma exposure, where the decrease in the optical band gap is found to
be correlated with the appearance of 300–500 Å lateral size features, ascribed to dense regions ina-C:H.
Electron states near the Fermi level ofa-C:H are related to electrically neutral diamagnetic network fragments.
In the a-C:H of smallest band gap delocalized unpaired electrons are revealed, the observed ESR anisotropy
suggesting a unidirectional ordering along the normal to the surface plain. Chainlike structures of carbon atoms
are proposed as the network fragments responsible for the variation in thea-C:H optical gap width.
@S0163-1829~96!04240-3#

I. INTRODUCTION

Amorphous hydrogenated carbon layers have unique elec-
tronic properties, propelling the efforts to trace the relation
between the spectrum of electron states and microstructure.
It is known that the optical band gap of amorphous hydroge-
nated carbon can be changed from almost zero to 4 eV just
by varying the deposition conditions.1 Yet the nature of the
band-gap ruling network units is still unclear. An early
model of Robertson and O’Reilly2 provided a large impetus
to the understanding of the electronic and optical properties
of carbonaceous materials by introducing the idea of struc-
tural heterogeneity: The band-gap narrowing has been asso-
ciated with the formation of clusters of six-fold aromatic
rings, separated by regions with predominantlysp3-bonded
configurations of carbon atoms. According to this model, the
typical optical band-gap values of 1–2 eV are related to the
presence of clusters containing 10–40 planar rings. Such a
degree of ordering, however, appeared unrealistic, particu-
larly for the dense and mechanically hard layers of amor-
phous hydrogenated carbon~a-C:H! deposited under condi-
tions of ion bombardment.3

Several theoretical works have recently addressed the na-
ture of the band gap in densea-C:H. The distortions of
sp2-bonded chains containing nonparallelsp2 pairs4 and
dangling bonds4,5 have been found to produce electron states
near the Fermi level and narrow the band gap. Distortion of
the six-fold ring from the planar configuration has been
shown able to reduce the band gap down to 1.16 eV.3 Even
more significant narrowing may result from a pair of five-
and seven-membered rings, down to 0.8 eV, if charge trans-
fer between the rings is incorporated.3 In the present work
we will provide experimental evidence that the reduction of
the optical band gap in thin layers ofa-C:H from 3 to 0.7 eV
is correlated with the presence of dense regions of 300–500
Å size. Inhomogeneity ofa-C:H oxidation, however, is not

observed down to a lateral size of 5 Å, suggesting the ab-
sence of large clusters with either puresp2 or sp3 bonding.
The unpaired electrons in narrow-gapa-C:H exhibit delocal-
ization and anisotropic behavior, which suggests the pres-
ence of some degree of unidirectional ordering in the mate-
rial. These observations support the hypothesis that the
narrowing of the optical band gap ina-C:H is caused bysp2

bonded chains of carbon atoms.

II. EXPERIMENT

The a-C:H samples were deposited by rf plasma decom-
position of methane ontop-Si~100! wafers covered with 660
Å of thermally grown oxide. For the optical measurements
witness samples were deposited onto transparent fused
quartz substrates. The temperature of the substrate during
deposition was maintained below 470 K. The thickness of
the a-C:H layer was 400650 Å, as determined by atomic
force microscopy~AFM!. By varying the bias of the sub-
strate duringa-C:H deposition, the properties of the layer
can be changed. The deposition parameters of three types of
the samples~labeledA, B, andC! are summarized in Table
I. The optical band gapEg of the depositeda-C:H layers was
determined by extrapolating the (ahn)1/2-hn plot down to
a50, wherea is the optical absorption coefficient of the film

TABLE I. Deposition parameters, optical band gap, and UV
oxidation rate ofa-C:H layers.

Sample

Deposition parameters

Band gap
~eV!

Oxidation rate
~Å/min!

Pressure
~mbar!

Bias
~V!

Time
~s!

A 2 2198 48 3.060.05 1061
B 1 2273 32 1.7460.03 1.160.1
C 0.05 2900 60 0.7060.02 0.860.1
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andhn is the photon energy;6,7 Eg was found to vary from
0.7 to 3.0 eV.

It has been shown that structural variation in amorphous
carbon influences the oxidation rate.8 Moreover, it has been
observed that during the annealing of sputtered carbon layers
in air the difference in vaporization rate between regions of
different structure results in development of topographic
features,9 which can be utilized for characterization of mi-
crostructure. The oxidation behavior ofa-C:H layers may
thus be expected to be sensitive to their deposition condi-
tions. This is clearly seen from Table I, which shows the
average oxidation rate ofa-C:H layers by exposing them to
air ~1 atm! at 330 K under Xe discharge~resonant linehn
58.48 eV! ultraviolet ~UV! radiation through a MgF2 win-
dow with 0.1-mm air gap referred to as UV oxidation. The
flux of UV photons beyond the window was about 131015

cm22 s21. In order to verify the presence or absence of re-
gions with different oxidation rate in thea-C:H layers the
surface topography was analyzed before and after UV oxy-
gen exposure using AFM operating in air.

The oxidation ofa-C:H was also studied under conditions
of rf oxygen plasma exposure@oxygen pressurep~O2!50.17
mbar, 0.86 1/h flow, 200 W# with the samples unbiased. In
addition to the combined effect of UV radiation and atomic
oxygen, attacking thea-C:H surface during UV oxidation,
the oxygen ions present in the plasma can affect the oxida-
tion rate through modifying the material by knock-on of car-
bon surface atoms and subplantation of oxygen. The com-
parison of the topographical features produced ona-C:H
surfaces by UV oxidation and oxygen plasma treatment pro-
vides the possibility to reveal the effect of ion impact on the
a-C:H structure.

The energy distribution of electron states in thea-C:H
layers was analyzed using internal photoemission of elec-
trons~IPE! from a-C:H into the thin SiO2 layer covering the
Si substrate. These experiments do not suffer from any modi-
fications of the outera-C:H layer possibly arising from ion
bombardment during deposition and/or uncontrolled absorp-
tion of impurities from the ambient. By contrast, the band
bending at the surface ofa-C:H has been shown to cause
problems in the evaluation of correlation energies for this
material from the data of external photoemission
spectroscopy.10 In the case of IPE, however, electrons are
optically excited withina-C:H and subsequently injected
into SiO2, thus producing a photocurrent. The physical pro-
cesses involved in IPE are identical to those operational in
external photoemission, except for the transport of electrons
into an insulating layer.11 Thus, the characterization of the
energy distribution of electron states in an emitter can be
done in essentially the same way as in the photoelectron
yield spectroscopy.10,12 In addition, thermally grown SiO2
represents a high-quality insulator, able to sustain high elec-
tron fields during the IPE experiment. It is possible to trace
the reduction of the interfacial barrier due to the Schottky
effect and characterize the distribution of the electrostatic
potential at the interface.11 The latter is of particular interest,
as the charged states are supposed to contribute to the den-
sity of states near the top of thea-C:H valence band.3

The samples for IPE experiments were prepared by form-
ing a-C:H electrodes of 0.530.5 mm2 size, with subsequent
metallization by a 13.5-nm-thick gold layer, intended to pro-

vide a laterally uniform electric field over the sample area.
Prior to IPE measurements, the structures were illuminated
for 100 s by UV from a high-pressure Hg lamp in order to
remove the holes trapped in the SiO2 layer during deposition
and processing of thea-C:H layers by neutralizing them by
electrons injected from silicon.13 Next, the
Si/SiO2/a-C:H/Au structures, with the gold electrode biased
negatively, were illuminated by light from a 150-W Xe lamp
dispersed with a monochromator~spectral resolution of 3
nm! and a cut-off filter. The relative light intensity was mea-
sured using a UV-sensitive Si photodiode either in combina-
tion with (4,hn,6 eV! or without ~2,hn,4 eV! a so-
dium salycilate phosphor. The dc photocurrent through the
oxide was measured using a Keithley 617 electrometer. The
relative quantum yield of IPE was determined in terms of the
photocurrent normalized to the incident light intensity. The
strength of the electric field in the oxide (F) was calculated
from the value of the bias applied between the silicon and
gold, the oxide thickness, and the work function difference
determined from the IPE current-voltage characteristics.11

To ensure that the IPE spectra are free from artifacts
caused by plasma exposure of the oxide duringa-C:H depo-
sition, the IPE from gold into SiO2 was studied in Si/SiO2/Si
structures prepared by evaporation of Au on the as-grown
SiO2 or subjected toa-C:H deposition followed by UV oxi-
dation of the carbon overlayer. No difference in the spectral
thresholds of IPE between these structures was found within
an accuracy of 0.05 eV, indicating the absence of substantial
changes in the energy of the edge of oxide conduction band
with the respect to the Fermi level of gold. No contribution
of the plasma-produced defects in SiO2 to the photocurrent
was observed. Noteworthy also is that the electrical break-
down measurements show no difference between Au and
a-C:H covered SiO2 layers: the breakdown electric field is in
the range of 9–10 MV/cm in both cases. Thus the effect of
plasma produced oxide defects on high-field injection and
transport of electrons in the oxide layer is concluded to be
insignificant.

The unpaired electron states in thea-C:H layers were
characterized by electron spin resonance~ESR! spectroscopy
at 4.3 K using aK-band spectrometer~;20.5 GHz!. The
system was operated in the derivative absorption mode under
conditions of adiabatic slow passage.14 The areal spin den-
sity was quantified by double numerical integration of the
derivative absorption spectra. Absolute spin densities~in
terms ofS5 1

2 centers assuming Curie susceptibility! were
obtained using a calibrated Si:P intensity marker withg~4.3
K!51.998 6960.000 02. The absolute accuracy reached is
estimated at'15%. ESR experiments were performed on
nonmetallizeda-C:H/SiO2/Si structures.

III. RESULTS

A. AFM topography studies

The AFM images of the as-depositeda-C:H layers~not
shown! are flat, characterized by a root mean square~rms!
height deviation of 2–4 Å for a scan area of 232 mm2; no
distinct features are discernible. After removal of approxi-
mately 50% of thea-C:H layer by UV oxidation~determined
by AFM step height measurements!, the AFM images remain
flat with similar rms values. The high-resolution images of
the samplesA, B, andC after the UV oxidation are shown in
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Figs. 1~a!–1~c!, respectively. For comparison, the image of a
cleaved mica sample is shown in Fig. 1~d!, from which the
lateral resolution of the AFM can be estimated to be better
than 3 Å. Yet, no difference between samplesA–C can be
distinguished, indicating the absence of regions with differ-
ent oxidation rate down to a lateral size of approximately 5
Å.

The oxygen plasma oxidation of thea-C:H layers leads to
substantial surface roughness, as evidenced by AFM images
taken after 10-min plasma exposure@Figs. 2~a!–2~c!#. The
etching time was restricted so as not to etch off the whole
a-C:H layer. The surface of the wide-gap sampleA shows
the development of hill-like structures of 0.2–0.3mm width
and 50–70 Å height. SampleB shows the same type of struc-
tures superimposed with more narrow features of 300–500 Å
lateral size and 40–60 Å height. The narrow-gap sampleC
shows both the small sharp features~similar to those ob-
served on sampleB! and deep~up to 200 Å peak-to-valley
height! features of larger size. As the plasma exposure time
increases, the features at the surface gradually smoothen and
the separation between them increases, though they remain
visible even after 50-min plasma oxidation. Taking into ac-
count the homogeneous character of oxygen interaction with
a-C:H observed during UV oxidation, the development of
the surface roughness during oxygen plasma oxidation likely
relates to the action of the oxygen ions, bombarding the
a-C:H surface.

The properties of thea-C:H layers are strongly affected
by oxygen plasma exposure. First, all layers become me-
chanically soft as compared to the as-deposited state: they
can be easily scratched by a steel needle. Second, the
oxygen-plasma treateda-C:H layers can be easily dissolved
in aqueous base solutions of NH4OH ~10%, 80 °C! or KOH

~20%, 60 °C!, in contrast with the as-deposited or UV-
oxidized layers. No difference is observed between the layers
deposited under different conditions after 50-min plasma
oxidation. It thus appears that oxygen ion bombardment in-
duces substantial structural changes withina-C:H.

B. IPE spectroscopy of electron states

The quantum yield of IPE froma-C:H into SiO2 as a
function of photon energy is shown in Fig. 3 for the samples
A–C measured under equal bias (F54 MV/cm!. The cube
root scale of the yield is chosen following the general de-
scription of the quantum yield spectral dependence for the
case of photoemission from the valence band of a
semiconductor.15 The cubic increase of the electron photo-
emission yield into vacuum has been reported fora-C:H
previously,16 thus warranting this approximation. It is clearly
seen that in the wide-gap sampleA the spectral threshold of
IPE is almost 1 eV higher than for the narrow-gap sampleC.
The yield curve of intermediate band-gap sampleB appears
to be a superposition of those of samplesA andC. All spec-
tral thresholds were found to be field dependent, suggesting
significant Schottky reduction of the interfacial barrier.

At a certain photon energy above the thresholds, the yield
starts to deviate from the third power behavior. The spectral
position of this deviation~5.5–6 eV in sampleA, 4.7 eV in
sampleB, and 4.5 eV in sampleC! is independent of the
applied bias. This is likely related to excitation of optical
transitions within thea-C:H emitter.11 The observed energies
are close to thep→p* transitions observed in optical spectra
of wide-gapa-C:H @5.5,16 5.4, and 6.3 eV~Ref. 17!# and
graphitelike material@4.9 ~Ref. 18! and 4.8 eV~Ref. 16!#. A
similar shift in p→p* excitation energy between wide-gap

FIG. 1. High-resolution AFM images of the surface of samples~a! A, ~b! B, and~c! C ~see Table I! after UV oxidation.~d! The AFM
image of a freshly cleaved mica surface is shown for comparison.
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a-C:H and graphite~from 6.5 to 4.5 eV! has been observed
in the electron-energy-loss spectra.19 On this basis we as-
cribe the observed reduction in the IPE yield with the up-
comingp→p* transitions ina-C:H.

The UV oxidation was found to have little effect on the
IPE characteristics. In contrast, the oxygen plasma exposure
modified the IPE spectral curve drastically. Figure 4 shows
the IPE yield of the wide-gap sampleA subjected to 50-min
plasma oxidation for various electric-field strengths in the
oxide. The spectrum resembles that of the as-deposited
narrow-gap sampleC ~Fig. 3! in terms of the yield value, the
IPE spectral threshold, and thep→p* transition feature.
Similar spectral distributions of the IPE yield were observed
after plasma oxidation of samplesB andC, suggesting con-
version by plasma oxidation of all the layers to a carbon
phase close to narrow-gap carbon.

The IPE spectral thresholds ofa-C:H layers are plotted in
Fig. 5 as a function of the square root of electric field in the
oxide, together with the IPE from a Si~100! surface into
SiO2. The ideal image force potential barrier should exhibit
linear reduction15 of the barrier height versusAF. It is seen
that this dependence is observed in all the cases indeed.

Moreover, the slope of the plot for as-depositeda-C:H layers
is close to that for IPE from silicon up to the highest field~4
MV/cm! applied, suggesting a nearly ideal image force bar-
rier. Only for the layers subjected to plasma oxidation is the
slope reduced, likely because of oxide charging. The ex-
trapolation of the spectral threshold field dependence to
F50 provides the true barrier height between the initial state
of photoexcited electron and the bottom of the conduction
band of SiO2. It appears to be 4.6 eV for sampleA and 3.6
eV for samplesB andC. Taking into account the electron
affinity of SiO2 of 0.9 eV,20 the latter value coincides with
the Fermi level of graphite as determined by photoelectron
spectroscopy~4.5 eV!.16

C. ESR spectroscopy

In Figs. 6~a!–6~c! the ESR spectra are shown for each
sample (A–C) in the as-deposited state, after UV oxidation
~1000-s exposure!, and after plasma oxidation~50-min
plasma exposure!. Sample A shows a distinct signal at
g52.0006, with characteristic powder pattern. This signal,
corresponding to a density of about 131013 cm22, originates
from dangling Si bonds in the SiO2 layer (E g8 center!.

21 The

FIG. 2. Wide scan AFM images of the surface of samples~a! A,
~b! B, and~c! C after 10-min plasma oxidation.

FIG. 3. IPE yield as a function of photon energy for the as-
deposited samplesA ~s!, B ~h!, and C ~n!, measured at the
strength of electric field in the oxide of 4 MV/cm. The electron
transitions during IPE are schematically shown in the inset.

FIG. 4. IPE yield as a function of photon energy for sampleA
subjected to 50-min plasma oxidation, measured at electric field
strengths in the oxide of 0.5~s!, 1.0 ~h!, 2.0 ~n!, and 3.0~,!
MV/cm.
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generation of large amounts of these centers in an electrically
neutral state during illumination of SiO2 by 10-eV photons
through a semitransparent Al electrode has been recently
reported.22 The latter conditions are close to those encoun-
tered during plasma-assisted deposition ofa-C:H in the
present experiments; the appearance ofE g8 centers is thus not
surprising. The only observed signal belonging toa-C:H is a
broad isotropic line atg52.003160.0002. Signals with
close g values were reported earlier in variousa-C:H
layers.7,23–27 This signal slightly increases after UV oxida-
tion. After plasma oxidation theE g8 center becomes invisible
by ESR, apparently due to passivation of the dangling bonds
by hydrogen released from thea-C:H layer, also the
g52.0031 appears to have disappeared; only a weak
g52.0055 line remains.

The ESR spectrum@Fig. 6~b!# of the as-deposited sample
B shows an intense, isotropic broad line withg52.0019,
corresponding to 1.531015 spins/cm2, superposed by a sec-
ond signal. After UV exposure the main line is substantially
reduced and the second characteristic two-peak signal can
now be recognized as theE g8 center (g52.0006). Clearly,
plasma oxidation~curve 3! eliminates both signals.

The as-deposited sampleC shows only one intense signal
@Fig. 6~c!, curve 1# of '231015 spins/cm2, barely affected
by UV exposure~curve 2!. This narrow line~peak-to-peak
widthDBpp52.23 G at 4.3 K! shows anisotropy with respect
to the orientation of the applied magnetic fieldB; at 4.3 K,
gi52.001 8360.000 04 andg'52.002960.000 04 for B
parallel and perpendicular to the main sample surface, re-
spectively. As the temperature increases, the anisotropy col-
lapses, resulting in an isotropic behavior above'30 K. It is
interesting to note that a single narrow line spectrum was
reported ina-C:H at higher temperature (T.77 K!.27,28The
absence of a powder pattern and dipole broadening suggests
that this signal stems from delocalized electrons among sev-
eral accessible sites, while the anisotropy suggests preferen-
tial alignment of these sites along one direction. This situa-
tion can be compared to that for graphite, where a strong
anisotropy is found at 77 K (gi52.127 andgi52.0026!.29

However, the anisotropy observed here is much weaker than
found in graphite. It seems unlikely that the present ESR

signal is due to graphite inclusions ina-C:H. Plasma oxida-
tion removes the anisotropic signal~curve 3!; only a weak
line remains atg52.0055, like in sampleA.

IV. DISCUSSION

The experimental results demonstrate that variation of the
deposition conditions ofa-C:H layers induces changes not
only in the optical band-gap width and energy distribution of
electron states, but also in the medium-range microstructure
~10–100 Å range! and type of ESR active states. Moreover,
all these properties appear to be sensitive to an oxygen
plasma exposure. Based on these findings, we will try in this
section to infer some correlation between the structure and
electronic properties ofa-C:H. It is recognized that the
present results may not be general, but merely reflecting the
properties of only a particular type of densifieda-C:H layers
produced by plasma-assisted decomposition of methane.
Nevertheless, the conclusions about the nature of electron
states in our layers may be of interest for other carbonaceous
materials, as the common nature of the band gap, originating
from sp2-bonded fragments, has been evidenced by numer-
ous theoretical investigations.1–5

The development of surface asperity under oxygen
plasma exposure, in contrast to UV oxidation, points to the
importance of the impact effect of oxygen ions as a primary
source of lateral nonuniformity. We suggest the lateral fluc-
tuations in thea-C:H layer density to be responsible for the
observed development of the surface asperity. The projected
range of the primary oxygen ions will decrease as the local
density increases, so dense regions will screen underlying
a-C:H layers. Moreover, secondary carbon ions, knocked off
from the surface layers ofa-C:H, will efficiently be stopped
inside the dense regions thus adding to their size, in balance
with the sputtering action of primary ions. The low-density
regions, by contrast, allow deep implantation of oxygen, thus
increasing the effective layer volume available for oxidation.
The result is an enhanced oxidation of less dense regions in
the plasma, leading to a ‘‘porous’’ surface. The development
of a porous surface was recently observed during low-
temperature oxidation of carbon layers prepared by sputter-
ing of graphite in Ar plasma onto Si substrates;10 after ther-
mal oxidation the surface of amorphous carbon consists of
graphitelike regions 300–500 Å across. As mentioned, fea-
tures of the same size are observed here after plasma etching
of samplesB andC ~Fig. 2! and the IPE spectrum after the
plasma oxidation~Fig. 4! resembles that of the graphitelike
material~Fig. 3!. After prolonged plasma oxidation only the
densified carbon phase seems to remain. Within the frame-
work of the density fluctuational model, the main structural
difference in the as-deposited state between the wide-gap
sampleA and narrow-gap samplesB andC is the presence of
densified regions in the latter. Note that all three samples
show a laterally uniform oxidation in the absence of ion
bombardment. Taking into account the difference in the rate
of oxidation by atomic O by factor of 30–50 betweensp2-
~graphite! and sp3-bonded~diamond! carbon,8 the uniform
oxidation suggests laterally homogeneous distribution of
sp2- andsp3-bonded fragments. Two factors may be respon-
sible for the local variations of thea-C:H density: one, the
variation of hydrogen content, as suggested by nuclear mag-

FIG. 5. Spectral thresholds of IPE as a function of the square
root of the applied electric field in the as-deposited samplesA, B, C,
and sampleA subjected to 50-min plasma oxidation (D). The
thresholds of IPE from Si~100! into SiO2 measured on a Si/SiO2/Au
structure are shown for comparison (E).
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netic resonance studies,30 and the other, the changes in the
network topology, which, in turn, may also affect the behav-
ior of hydrogen.31 In both cases, the compact microstructure
is believed to provide the highest resistance against
oxidation.8

The presence of the dense regions in the as-deposited
samplesB andC and in all three samples after the plasma
oxidation correlates with the development of electron states
near the Fermi level of graphite and with the shift of the
p→p* transition from 5.5 to 4.5 eV, the value characteristic
for graphite. This allows us to call this distribution of elec-
tron states the graphitelike one. However, ESR spectroscopy
clearly shows either large differences in the unpaired elec-
tron states@compare samplesA andB, Figs. 6~a! and 6~b!#, or
the near absence of the ESR active states after plasma oxi-
dation@Figs. 6~a!–6~c!#. It thus appears that the graphitelike
electron spectrum is not always associated with the graphite-
like structure, known to produce a distinctly anisotropic ESR
signal.29 The densities of the unpaired electrons in the as-
deposited samplesB andC do not differ more than 30%, but
the density of the graphitelike states in sampleB is approxi-
mately one order of magnitude lower than in sampleC, as
observed by IPE~cf., Fig. 3, note the cube root yield scale!.
Consequently, we cannot correlate the density of states near
the Fermi level with the presence of unpaired electrons.

The field dependences of the spectral threshold of the IPE
from the states near the top valence states ofa-C:H into SiO2
obey the ideal image force model. It means that there are no
electric fields, such as, charged centers ina-C:H, perturbing
the image force potential. Within the accuracy of the IPE
data we can estimate the strength of the perturbing field not
to exceed 0.3 MV/cm. It means that there are no uncompen-
sated charges within a distance of 3–4 nm from the point of
electron emission, i.e., the mean distance between charged
defects is larger than 6–8 nm. Using this estimate, the vol-

ume concentration of uncompensated charge is calculated to
be less than 531018 cm23. This amount is insufficient to
account for the states near Fermi level and the unpaired elec-
trons, for which a volume concentration of~3–5!31020 cm23

is obtained in samplesB andC if assuming uniform distri-
bution of unpaired spins over the 400-Å-thick layer. This
indicates that the electron states near the Fermi level origi-
nate from neutral network fragments in dense regions of
a-C:H and are related to paired electron states.

Support for the above hypothesis can be inferred from the
ESR data of narrow-gapa-C:H samples. The anisotropy of
the ESR signal observed in sampleC (gi,g') is inverted
with respect to graphite (gi.g').

29 If the same type of elec-
tron states~electrons delocalized insp2-bonded fragments!
are responsible for both signals, the inversion of anisotropy
can be explained by changes in the spatial orientation of
these fragments with respect to the sample surface, i.e., the
equivalent states ina-C:H have some degree of alignment
along the normal to the sample surface. As the temperature
increases, the anisotropy is motionally averaged out, which
indicates the presence of equivalent states in the direction
parallel to the surface, yet less favorable energetically. This
behavior suggests a chain structure similar to the one pro-
posed recently by Walters and Newport,32 with some unidi-
rectional ordering along the normal to the surface plane~co-
lumnar structure!.

The correlation between the density of ESR active centers
and the conductivity ofa-C:H has been reported earlier,28

indicating that the electron states near the Fermi level of
a-C:H can be responsible for the presence of unpaired elec-
trons. Our results are in line with these observations: strong
ESR signals are observed only in the samples showing a
well-developed graphitelike spectrum of electron states~cf.,
Figs. 3, 4, and 6!. However, some degree of order has to be
present in the layer to allow free motion of an unpaired elec-

FIG. 6. K-band~;20.5 GHz! ESR spectra~T54.3 K! of samples~a! A, ~b! B, and~c! C. Shown for each sample type is the spectrum
observed in the as-deposited state~1!, after 1000-s UV oxidation~2!, and after 50-min plasma oxidation~3!. The spectra are taken at a
microwave power<30 nW to avoid saturation effects. The signal atg51.998 69 stems from a Si:P marker.
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tron between equivalent states. When the density of states
near the Fermi level is low, like in sampleB, theg value of
the ESR line remains the same as in sampleC ~high density
of states!, but the signal broadens, suggesting nonequiva-
lency of electron states. The broadening has been shown to
be associated with the presence of hydrogen,28 and C-H
bonds can be considered as a factor that reduces the number
of available equivalent sites for an electron. In the wide-
band-gap sampleA the ESR signal from delocalized elec-
trons disappears and only the signal withg52.003 is left,
ascribed to isolated carbon dangling bonds.25,26,33 We hy-
pothesize that delocalization of electrons occurs among the
states near the Fermi level of graphitelikea-C:H. Some per-
centage of the corresponding network fragments, e.g.,
chains, may contain an odd number of electrons thus being
ESR active.

From the correlations between width of the optical gap of
thea-C:H and the properties studied in the present work, we
propose that graphitelike electron states may be related with
densified regions ofa-C:H. These fragments contain chain
elements and have a low concentration of bonded hydrogen.
This inference, of course, requires further affirmation.

V. CONCLUSION

The optical band-gap narrowing in thina-C:H layers pro-
duced by plasma-assisted deposition is found to be correlated

with the presence of densified regions in thea-C:H layer,
not, however, with the formation of regions of different
chemical carbon configuration. The electron states near the
Fermi level were found to be paired and related to electri-
cally neutral network fragments. In the narrow-gap layers,
delocalization of electrons is observed, but not correspond-
ing to a graphitelike configuration; the anisotropy of the ob-
served ESR signal suggests unidirectional ordering in
narrow-gapa-C:H layers along the normal to the surface
plane. Chainlike structures ofsp2-bonded carbon atoms are
hypothesized as the network elements responsible fora-C:H
optical gap narrowing.
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