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Films were deposited from glow discharge plasmas of acetylene–oxygen–argon mixtures in a
deposition system fed with radio frequency power. The principal variable was the proportion of
oxygen in the gas feed,Xox . The chemical structure and elemental composition of the films were
investigated by transmission infrared spectrophotometry and x-ray photoelectron spectroscopy.
Optical properties—refractive index, absorption coefficient, and optical gap—were determined from
transmission ultraviolet-visible spectroscopy data. The latter also allowed the determination of film
thicknesses and hence deposition rates. It was found that the oxygen content of the films and, within
limits, the refractive index are controllable by the selection ofXox . © 1996 American Vacuum
Society.

I. INTRODUCTION

It has been known for thirty years that amorphous hydro-
genated carbon films can be readily deposited from glow
discharges of hydrocarbons.1 The structure of the deposited
material depends strongly on the deposition parameters such
as the gas pressure, the power applied to the discharge, and
the substrate bias voltage and temperature. From a suitable
choice of these, a soft, highly cross-linked polymer2 or a
hard, diamondlike material3 may be produced. Addition of
inorganic substances to the hydrocarbon discharge may also
cause important changes in film structure and composition.
Successful examples of this procedure are the incorporation
of nitrogen and fluorine into materials deposited from dis-
charges in which the hydrocarbon component is mixed with
nitrogen4–6 or with fluorine-containing7–9 compounds. Oxy-
gen may be also incorporated into the film material if an
oxygen-containing organic compound is used as a monomer,
i.e., the starting material, as in the case of organosiloxanes,10

or if oxygen-containing substances, such as CO and H2O, are
used as a comonomer.11 Oxygen atoms cause polymer etch-
ing in glow discharges12 but the presence of hydroxyl and
carbonyl groups in films deposited from hydrocarbon–O2
discharges shows that oxygen is also chemically incorpo-
rated into the film structure.13

As reported in another investigation,14 oxygen produces
significant plasma concentrations of the species CO and OH
in C2H2–O2–Ar discharges and also contributes to the for-
mation of species that do not themselves contain oxygen,
such as CH. Since CH and OH~both free radicals! are very

likely precursors of film formation, the increase in both CH
and OH plasma concentrations due to oxygen gives clues as
to how oxygen contributes to film formation.

In this work we report on the structural and optical prop-
erties of polymer films deposited from C2H2–O2–Ar plasmas
at various proportions of oxygen in the feed. Structural fea-
tures were delineated by transmission infrared~IR! spectros-
copy and x-ray photoelectron spectroscopy~XPS!. Transmis-
sion ultraviolet-visible spectroscopy~UVS! allowed the
determination of film thicknesses and the following optical
properties of the films: refractive index, absorption coeffi-
cient, and optical gap.

II. EXPERIMENTAL DETAILS

A full description of the deposition system~in-house de-
sign! was recently published.6 Briefly, it consists of a cylin-
drical stainless steel chamber, fitted with water-cooled paral-
lel plate electrodes connected to a radio frequency~rf!
generator~40 MHz, 100 W maximum power! via an in-line
wattmeter and an impedance matching network. The sub-
strates were placed on the grounded electrode~anode!.

Prior to deposition, the chamber was pumped by a two-
stage rotary pump to about 1022 Torr, and subsequently by a
diffusion pump to about 1025 Torr for several minutes. Dur-
ing the depositions the chamber was continuously evacuated
by the rotary pump.

The gases C2H2, O2, and Ar, of minimum purity 99.5%,
were fed to the chamber via precision electronic mass flow
controllers. Films were deposited at various proportions of
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O2 in the gas feed at a constant rf power of 70 W. The total
gas flow and the Ar flow, 8.0 and 2.0 sccm, respectively,
were also kept constant. Consequently, both the C2H2 and the
O2 flows varied from one deposition to another.

Crystals of KBr were used as substrates for film infrared
analysis using an IR spectrophotometer~Perkin-Elmer,
16PC!. For analysis by an ultraviolet-visible spectrophotom-
eter ~Perkin-Elmer, Lambda 9!, films were deposited onto
fused quartz substrates. Both spectrophotometers were oper-
ated in the transmission mode.

X-ray photoelectron spectroscopy analysis of films depos-
ited on aluminum substrates was carried out using a McPher-
son ESCA 36 spectrometer employing the AlKa x-ray line
~1487 eV! for photoelectron excitation. The atomic ratios
were computed from the integrated peak areas of the spectra,
corrected for electron escape depth, spectrometer transmit-
tance, and photoelectron cross sections for the photon energy
of 1487 eV.15 To investigate various binding states of the
carbon atoms in the film, the carbon 1s spectra were decom-
posed into various Gaussian peaks using a least-squares fit
computer program developed by the Surface Science Group
of the State University of Campinas.

The optical parameters were determined using the
relationship16,17

T5
A exp~at !

B exp~2at !1C exp~at !1D
, ~1!

which holds for the transmissionT of light at normal inci-
dence on a system formed by a thin film deposited onto a
thick substrate. The parametersa and t are the absorption
coefficient and the film thickness, respectively;A, B, C, and
D are functions of the optical parameters of the film and the
substrate. Coherent multiple reflections at the thin film inter-
faces and incoherent multiple reflections at the thick sub-
strate interfaces are considered in its derivation. The film
material should be homogeneous and all interfaces should be
plane and parallel. No other restrictions apply to Eq.~1!.

In the nonabsorbing region,T is fully modulated by the
interference of the multiple reflected light in the film and the
substrate. Each transmission extrema~maximum or mini-
mum! is found at a wavelengthlm given by

4nt

lm
5m, ~2!

wheren is the refractive index andm is an integer that can
be easily determined.18

Using Eq.~2! anda50 in Eq. ~1!, we have, whenn is
larger than the refractive index of the substrate,ns , the trans-
mission at the minima:

Tmin5
4nsn

2

~ns
21n2!~11n2!

. ~3!

Equations~2! and ~3! allow the determination ofn and t,
respectively.

To calculatea, Eq. ~1! is rearranged as follows:

exp~at !5
~A/T2C!1A~A/T2B!224BD

2B
. ~4!

As A, B, C, andD depend weakly ona, an iterative calcu-
lation converges rapidly. This method was used to calculate
a as a function of the photon energyE.

III. RESULTS AND DISCUSSION

A. Deposition rate

The film deposition rateR is shown in Fig. 1, as a func-
tion of the percentage of O2, Xox , in the gas feed. WhenXox
varies from 0% to'6%, a steep decrease inR is produced,
from 50 nm/min to a minimum of'30 nm/min. For percent-
ages of O2 higher than'6%,R increases at a relatively small
rate, reaching a maximum atXox'30%.

To interpret the dependence ofR on Xox , we should first
remember that an oxygen plasma is a powerful etchant of
organic polymers. The oxygen atoms formed in the discharge
react vigorously with the carbon and hydrogen atoms at the
polymer surface, forming volatile CO, CO2, and H2O
species12 which are pumped from the vacuum chamber. On
the other hand, in glow discharges containing both oxygen
and an organic component, CO, CO2, and possibly other
species containing C, O, and H arise from gas phase reac-
tions between carbon-containing species and oxygen. In fact,
in optical spectroscopy studies of the C2H2–O2–Ar dis-
charges reported earlier,14 it was shown that the plasma CO
concentration increases with increasing proportions of O2 in
the gas feed. As will be shown from IR and XPS analyses in
the forthcoming sections, oxygen is incorporated into the de-
posited material. Thus, oxygen-containing species are among
those which, upon adsorption onto the film surface, contrib-
ute significantly to film formation. Consequently, film
growth in C2H2–O2–Ar discharges must be considered as a
balance between the rate of adsorption of the reactive species
at the film surface—including oxygen-containing species—
and the rate of etching.

According to these ideas, the initial steep decrease in the
deposition rate strongly indicates that at small O2 percent-
ages~up to about 6%!, the etching mechanism interferes sig-
nificantly with film formation. ForXox values higher than

FIG. 1. Deposition rate as a function of the percentage of O2 in the feed.
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'6%, the proportion of atomic oxygen in the discharge—
and the etching rate—are expected to increase. However, as
Xox is increased, the plasma concentration of the species con-
tributing to film formation rise faster than the etching rate,
and the deposition rate increases.

B. XPS analysis

Figures 2~a! and 2~b! show, respectively, the O 1s and C
1s XPS spectra of three films, labeled 1, 2, and 3, deposited
at various values ofXox . The same x-ray source intensity and
the same number of scans were used for all the carbon and
the oxygen spectra. As may be seen from Fig. 2~a!, the
greater incorporation of oxygen into the films asXox is in-
creased is indicated by the greater areas of the O 1s peaks.
The ratio@O#/@C# of the total oxygen to carbon atoms in the
films, calculated according to the procedure outlined in Sec.
II, is given in Table I. These ratios range from 0.08 to 0.40 as
Xox changes from 0% to 37.5%.

The presence of oxygen in the film obtained without O2 in
the gas feed is attributed to postdeposition reactions. It is
known from the literature19–21that as-deposited plasma poly-
mers usually contain a large concentration of free radicals.
Incorporation of oxygen into the polymer chains thus results
from reactions between the free radicals and O2 and H2O
molecules from ambient air.11 In films obtained from C2H2
discharges, the free radical concentration is particularly
large.11As our films were unavoidably exposed to air prior to
XPS analysis, the oxygen-containing functionals are formed
as a consequence of reactions between these radicals and
oxygen and water from the atmosphere. Clearly, these post-
deposition reactions are expected to occur also in the films

prepared with oxygen in the discharge. In the latter, however,
the reaction rates involving O2 and H2O from air should be
smaller, as the density of free radicals in polymer films pre-
pared in C2H2 discharges containing oxygen is relatively
small.22

Differences in the C 1s spectra exhibited in Fig. 2~b! are
due to different degrees of incorporation of oxygen into the
film structure, which increase from film 1 to film 3. Because
of the higher electronegativity of oxygen with respect to car-
bon, positive binding energy shifts of the 1s electrons of the
carbon atoms bound to oxygen are expected. In fact, the C
1s peak can be resolved into separate gaussian components,
the most intense being that due to carbon in hydrocarbon
structures at 284.6 eV and the others being at 286.5 and
288.4 eV. As proposed by Clark and co-workers,23,24positive
C 1s energy shifts of 1.6 and 4.0 eV are due to ether~–C–
O–! and carboxyl @–C~O!–O–# structures, respectively.
Similar energy shifts were obtained here, namely, 1.9 and 3.8
eV, respectively. It is thus clear that the relative rise of the C
1s peaks at 286.5 and 288.4 eV asXox is increased is due to

FIG. 3. Transmission IR spectra of films deposited at different percentages
of O2 in the gas feed:~A! 0.0%;~B! 6.3%;~C! 12.5%;~D! 25%; ~E! 37.5%.
Film thicknesses:~A! 880; ~B! 730; ~C! 720; ~D! 640; ~E! 610 nm.

FIG. 2. XPS spectra of films deposited at various percentages of O2 in the
gas feed.~a! O 1s spectra.~b! C 1s spectra. Film 1, 0.0%; film 2, 18.8%;
film 3, 37.5%.

TABLE I. Ratios of oxygen to carbon atoms and ratios of the carbon atoms in the hydrocarbon–C–O–, and
–C–~O!– structures, designated C1, C2, and C3 respectively, to the total carbon atoms.

Film Xox ~%! @O# / @C# @C1# / @C# @C2# / @C# @C3# / @C#

1 0.0 0.08 0.930 0.056 0.014
2 18.8 0.20 0.800 0.152 0.048
3 37.5 0.40 0.627 0.236 0.137
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the increase in the concentration of carbon–oxygen bonds in
the film material.

Table I also shows the calculated ratios of the carbon
atoms in the hydrocarbon,–C–O–, and –C~O!–O– struc-
tures to total carbon atoms, respectively,@C1#/@C#, @C2#/@C#,
and@C3#/@C#. As we can see from the table, the hydrocarbon
structures decrease with increasingXox while those associ-
ated with oxygen increase. Thus the proportion of oxygen in
the deposited material is controllable by selection ofXox .

C. Infrared analysis

Figure 3 shows a sequence of IR transmission spectra
obtained from films deposited at different values ofXox in
the range 0%–37.5%. The film thicknesses decrease from the
film corresponding to spectrum A to that of E.

Consistent with the XPS data, the IR spectra show that
oxygen is incorporated into the films. Since the sensitivity of
the IR spectrometer was the same for all the spectra of Fig. 3,
the increase in the proportion of oxygen in the films asXox is
increased as evidenced by the increase in the hydroxyl and
carbonyl absorption bands peaked at 3450 and 1700 cm21,
respectively. For proportions of O2 in the feed of 25% and
higher, a sudden increase in the oxygen incorporation into
the film structure is indicated by the strong increase in these
two bands. Also, for these proportions of O2, a large density
of C–O bonds becomes apparent from the prominent C–O
stretching absorption band centered at 1200 cm21.

The bands peaked at 2950 and 1620 cm21, corresponding,
respectively, to stretching vibrations of the C—H and CvC
bonds, are other important features of the spectra. The in-
crease in the CvC stretching absorption amplitudes from
spectrum A to E shows that the CvC bond density increases
as the proportion of oxygen in the feed is increased. The
C–H stretching absorption band, on the other hand, de-
creases asXox is increased, but in spectrum E it is still clearly
defined. This observation is again consistent with the XPS
results described in Sec. III B. As can be seen from Table I,
the ratio@C1#/@C# of carbon atoms in hydrocarbon structures
to the total carbon atoms decreases from 0.93 to 0.63 asXox

is varied from 0% to 37.5%. Thus, even at high proportions
of oxygen in the discharge, a significant density of C–H
bonds is still formed in the polymer films.

It should be remembered that the structure of plasma
polymers obtained from hydrocarbon–oxygen mixtures gen-
erally differ according to the nature of the monomer used and
the deposition parameters. As shown by Prohaska and
Nickoson,13 the C–H bond density of films prepared from rf
discharges of ethylene–oxygen mixtures depends strongly on
the proportion of oxygen in the gas feed, and for percentages
of O2 in the gas feed as low as 16%, the C–H stretching
absorption is no longer detected in the IR spectrum, indicat-
ing that a ‘‘pure polycarbonate’’ film, i.e., a polymer with a
negligible hydrocarbon content, is formed. In our study,
however, the spectra of Fig. 3 show that polycarbonatelike
films of high hydrocarbon and oxygen content can be formed
from discharges of C2H2, O2, and Ar mixtures.

FIG. 4. Ultraviolet-visible transmission spectra of films deposited from an
C2H2–O2–Ar discharge with 6.3% and 18.8% O2 in the gas feed.

FIG. 5. Experimentally determined refractive index~d! as a function of the
photon energy in films deposited at various percentages of O2 in the gas
feed. The continuous lines are least-square fits of the experimental values by
the Wemple–DiDomenico equation.
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D. Optical properties

Optical transmission spectra in the range 250–2700 nm of
two of the films deposited from the C2H2–O2–Ar discharge
onto a quartz substrate are shown in Fig. 4. These spectra are
typical of relatively thick~;1 mm! plasma polymer films,
showing a very pronounced absorption edge in the ultraviolet
region and various interference maxima and minima at
higher wavelengths. Also typical of these materials is the
high transparency in the near-infrared region. In the spec-
trum of the film deposited with 6.3% O2 in the gas feed, for
instance, the transmittance at the maxima,TM , varies in the
infrared region from 0.87~at 810 nm!, to 0.915~at 1990 nm!.
The latterTM value is very close to the transmittance of the
quartz substrate alone~0.92!.

The values of the refractive index as a function of the
photon energy for various films deposited from the
C2H2–O2–Ar discharges are shown in Fig. 5. The continuous
line is the least-square fit of the experimental points by the
dispersion equation proposed by Wemple and DiDomenico:25

n2~E!215
E0Ed

E0
22E2 , ~5!

wheren is the refractive index,E is the photon energy, and
Ed and E0 are energy parameters related to the electronic
structure of the material. The values ofEd and E0 corre-
sponding to the best fit for each film are given in Table II.

The Wemple and DiDomenico~WD! model leading to Eq.
~5! is based on one-electron excitation and provides an ex-
cellent fit to the experimental dispersion curvesn(E) of a
large number of crystalline and amorphous materials. For our
films, inspection in Fig. 5 shows that the rise in the refractive
index with increasing photon energy can be adequately de-
scribed by the WD model.

Figure 6 shows the refractive index of the films for the
photon energy of 1.5 eV as a function ofXox . The values of
n were obtained from the WD curves of Fig. 5. An overall
decrease inn can be seen in the figure asXox is increased.
Thus, incorporation of oxygen into the film material de-
creases the refractive index. The decline inn is small for
proportions of 0%–25% O2 in the feed but becomes very
large in the range 25%–37.5%. We interpret this steep de-
crease inn as a consequence of the sudden increase in the

oxygen incorporation into the film material for proportions
of O2 in the gas feed of 25% and higher. The particular value
of n for Xox531.3% apparently lies considerably off the
trend of the curve of Fig. 6. Probably the thickness inhomo-
geneity of this sample prevented a correct determination of
the refractive index. An anomalous behavior ofn vs E for
this film is also observed in Fig. 5.

The optical absorption coefficienta is plotted in Fig. 7 as
a function of the photon energy for various films. In all the
films a rises sharply withE, as observed for other materials
such as amorphous hydrogenated silicon26 ~a-Si:H! and ni-
trogenated germanium27 ~a-Ge:N!. As anticipated from Fig.
4, the optical absorption of the films is very low in the low
energy region. In the 0–0.5 eV range, the values ofa for
some of the films lie below 102 cm21. While the dependence
of a on the proportion of oxygen in the gas feed in the
photon energy range 0–2.5 eV does not show a well-defined
trend, for E.2.5 eV the absorption coefficient at a given
photon energy generally decreases with increasingXox .

The onset of the optical absorption of materials is usually
characterized by an optical gap,Eg . In a-C:H ~Ref. 3!,
a-Si:H ~Ref. 28!, and a-Ge:N ~Ref. 27! films, Eg is very
often determined using Tauc’s method,29 which consists in
plotting (anE)1/2 vs E and obtainingEg from extrapolation
of the linear portion of the graph to (anE)1/250. The
(anE)1/2 vs E plots for our films, however, do not exhibit a
linear region and Tauc’s method can not be applied. We have
thus defined as an optical gap the photon energyE04 where
the absorption coefficient equals 104 cm21. This procedure
has already been used by Freeman and Paul28 to characterize
amorphous hydrogenated silicon. The gapE04, determined
from the data of Fig. 7, is plotted in Fig. 8~a! as a function of
Xox . An increase inE04 from 2.62 to 3.21 eV is produced
whenXox is increased from 0% to 37.5%.

Another point that should be emphasized is the decrease
in E04 with increasing refractive index, illustrated in Fig.
8~b! for the values ofn at the photon energies of 0 eV~static
refractive index! and 1.5 eV. This behavior is typical of ma-
terials such asa-Si:H anda-Si:H:N with varying composi-
tion and hence varying electronic structure,30,31and it can be
explained by a relationship between the static refractive in-
dexn0 and the spectrum of the imaginary part of the dielec-
tric function, e2:

32

FIG. 6. Refractive index at a photon energy of 1.5 eV as a function of the
percentage of O2 in the gas feed.

TABLE II. Wemple–DiDomenico parameters for films deposited at various
percentagesXox of oxygen in the gas feed.

Xox ~%! E0 ~eV! Ed ~eV!

0.0 7.2 24.6
6.3 8.4 29.5
12.5 7.1 23.4
18.8 7.9 25.5
25.0 7.5 23.2
31.3 7.5 14.7
37.5 8.4 13.8
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n0
2511

2

p E
0

` e2~E!

E
dE. ~6!

This equation can be rewritten as

n0
2511

hc

p2 E
0

` n~E!a~E!

E2 dE ~7!

using the well known equationse252nk, a54pk/l, and
E5hc/l, wherek, h, l, andc are the extinction coefficient,
Planck’s constant, and the wavelength and speed of light in
the film, respectively. From Figs. 5 and 7 we can readily see
that increasing proportions of oxygen in the gas feed shift the
n(E) curves towards lower values ofn and the absorption
edge of thea(E) curves towards higher energies. Thus an
increase in the optical gap—which is equivalent to an in-
crease in the oxygen content of the films—produces a nega-
tive contribution ton0 due to the decrease in the integral of
Eq. ~7!.

IV. CONCLUSIONS

Amorphous oxygen-containing hydrogenated carbon films
were deposited from rf discharges of mixtures of C2H2, O2,

and Ar at deposition rates in the range 50–30 nm/min. As
confirmed by IR spectroscopy and XPS, the degree of oxy-
gen incorporation into the films is controllable by selection
of the proportion of oxygen in the feed. An oxygen to carbon
atomic ratio as high as 0.40 was found for the film deposited
with the highest percentage of O2 in the gas feed~37.5%!.
Since hydrocarbon structures were present in all the films
studied, we conclude that polycarbonatelike films of high
oxygen content can be formed from C2H2–O2–Ar dis-
charges.

The oxygen content also influences some of the film op-
tical parameters. AsXox varies from 0% to 37.5%, a rela-
tively large decrease in the refractive index~2.13–1.64! and
an increase in the optical gap~2.62–3.21 eV! were mea-
sured. The dependence of the optical gap on the refractive
index was also investigated. The results are similar to those
obtained in other amorphous materials~a-Si:H and
a-Si:H:N! and were interpreted in terms of a theoretical re-
lationship linking the static refractive index to the imaginary
part of the dielectric function.
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