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ABSTRACT: Amorphous, hydrogenated silicon–carbon
(a-Si:C:H) films were produced by remote hydrogen plasma
chemical vapor deposition (RHP-CVD) with hexamethyld-
isilane (HMDS) as the starting compound. Microwave hy-
drogen plasma was the source of the atomic hydrogen active
species. The susceptibility of particular bonds in the HMDS
molecule toward the initiation step was established with
tetramethylsilane as a model compound. The reaction mech-
anisms proposed for the RHP-CVD process revealed the
important role of polymerization in film growth. The tem-
perature dependence of the film growth rate implied that the
investigated RHP-CVD was a nonthermally activated pro-
cess. The a-Si:C:H films produced at different deposition

temperatures were characterized in terms of their chemical
structure, surface and bulk composition, surface morphol-
ogy, surface free energy, density, corrosion resistance, me-
chanical properties (adhesion and hardness), and optical
properties (refractive index and optical band gap). The dep-
osition temperature appeared to be a key parameter, pre-
cisely controlling the structure and properties of the result-
ing films. Based on the results of these studies, reasonable
structure–property relationships were found. © 2002 Wiley
Periodicals, Inc. J Appl Polym Sci 86: 1445–1458, 2002

Key words: cold plasma; films; structure

INTRODUCTION

Remote plasma chemical vapor deposition (CVD), also
termed indirect or downstream plasma chemical vapor
deposition, has become in recent years a very important
method for the fabrication of defect-free, high-quality
thin-film materials for advanced technology.1,2 This
technique substantially differs from conventional di-
rect plasma chemical vapor deposition (DP-CVD) in
two major aspects. First, the plasma generation and
film deposition take place in spatially separated re-
gions. Second, the plasma is induced in a region free of
a source compound, unlike DP-CVD, with a simple,
non-film-forming gas that is either chemically inert
(e.g., argon or helium) or reactive (e.g., hydrogen,
oxygen, nitrogen, or ammonia).1,2 The selected active
and electrically neutral species are transported from

the plasma region, through the remote section (a trap
for electrons, ions, and ultraviolet photons), to the
reactor, where they induce the CVD process. Because
of these aspects, remote plasma CVD offers well-con-
trolled growth conditions free of film damaging ef-
fects, such as charged-particle bombardment or high-
energy ultraviolet irradiation, which are inherently
involved in DP-CVD.3

In this work, we used molecular hydrogen as an
upstream gas for plasma generation. In this way, the
CVD process was induced with an exclusive contribu-
tion of ground-state hydrogen atoms fed to the reactor
from the plasma region.4–7 This allowed us to predict
the chemistry of the CVD process, which was deter-
mined by the reactivity of the source compound in the
atomic hydrogen environment. It is noteworthy that
remote hydrogen plasma chemical vapor deposition
(RHP-CVD) has been successfully used for the fabri-
cation of a broad class of technologically important
thin-film materials, including silicon-based films such
as amorphous hydrogenated silicon (a-Si:H),8–13 sili-
con carbide (a-Si:C:H),5,14–20 silicon nitride (a-Si:N:
H),21,22 and silicon carbonitride (a-Si:N:C:H)23 and
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metal-based films such as Zn:S:Se,24 Ga:As,25 Cu,26

Ti:N,27 and Ta:N.28

Taking into account the results of our earlier
study,6,7 which determined the susceptibility of a
number of alkylsilanes and alkylcarbosilanes to the
RHP-CVD process, we selected hexamethyldisilane
[HMDS; (Me3Si)2] as a very effective source com-
pound for the production of the a-Si:C:H films. In
view of our most recent studies,29 HMDS forms films
suitable for the surface modification of polymer ma-
terials. Polycarbonate and polypropylene coated with
HMDS films revealed marked surface hardening and
improved resistance to degradation by ultraviolet ir-
radiation.29 This article characterizes the chemistry
and kinetics of the RHP-CVD process, as well as the
resulting a-Si:C:H thin-film materials, in terms of the
effect of the deposition temperature on the film struc-
ture, composition, surface morphology, and proper-
ties important for practical applications.

EXPERIMENTAL

Remote plasma CVD system

The remote plasma CVD system used for the produc-
tion of the a-Si:C:H films, similar to that described
earlier,6 is schematically shown in Figure 1. The appa-
ratus consisted of three major parts: a plasma gener-
ation section (made from a Pyrex glass tube with a
28-mm i.d.) coupled via a resonant cavity and a wave
guide with a 2.45-GHz microwave power supply unit;
a remote section equipped with a Wood’s horn photon
trap; and a CVD reactor (made from Pyrex glass by
HWS, Mainz, Germany) containing greaseless conical
joints, 20-cm-diameter flat flanges sealed with an O-
ring, and a stainless steel 13-cm-diameter substrate
holder equipped with a heater. A source compound
injector (4-mm i.d.) was located approximately 4 cm in
front of the substrate holder. Deposition experiments
were performed at a total pressure of p � 0.56 Torr (75
Pa), a hydrogen flow rate of F(H2) � 100 sccm, a
microwave power input of P � 150 W, and a substrate
temperature of TS � 30–400°C. The HMDS source
compound was fed into the CVD reactor at an evap-
oration temperature of 25°C at a flow (or feeding) rate
of F(HMDS) � 3.6 mg min�1 � 0.6 sccm. The flow rate
of hydrogen was controlled with an MKS (Andover,
MA) mass-flow controller. For the source compounds,
a mass-flow controller was used to maintain a con-
stant flow, and the flow rate was estimated gravimet-
rically. Films were deposited on Fisher microscope
coverglass plates (50 mm � 45 mm � 0.2 mm) for
kinetic measurements, on p-type c-Si wafers for spec-
troscopic analyses, on Asahi Glass quartz plates (18
mm � 18 mm � 0.5 mm) for optical absorption and
scratch-adhesion measurements, and on polished car-
bon steel plates for corrosion tests. The distance be-

tween the plasma edge and the source compound inlet
was 30 cm. No deposition was observed in the plasma
region; this indicated that there was no back diffusion
of a source compound.

Ellipsometric measurements

The thicknesses and refractive indices of the films
deposited on c-Si wafers were measured ellipsometri-
cally with a Nippon Infrared Industrial Co. EL-101D
(Tokyo) ellipsometer equipped with a 632.8-nm
He–Ne laser.

Spectroscopic measurements

Fourier transform infrared (FTIR) absorption spectra
of the HMDS source compound and the a-Si:C:H
films, deposited on p-type c-Si wafers, were recorded
in the transmission mode on an Infinity ATI Matson
(Madison, WI) FTIR spectrophotometer. The spectrum
of the HMDS liquid source compound was recorded

Figure 1 Scheme of the remote plasma CVD apparatus
used for film deposition.
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for a liquid film about 0.1 mm thick. Deconvolution of
the FTIR absorption envelopes into individual absorp-
tion bands was performed with Gaussian functions for
curve fitting.

X-ray photoelectron spectroscopy (XPS) of the films
was run on a VG-ESCALAB 3 Mark II (VG Scientific
Industrial Estate, Sussex, UK) surface analytical in-
strument with Mg K� X-rays as the photoexcitation
source with an electron takeoff angle of 45° from the
surface normal. Before the XPS analysis, the surface of
the film sample was cleaned by sputter-etching with a
1-kV Ar� beam.

Auger electron spectroscopy (AES) analysis was
performed with an ULVAC AQM 808 (Chigasaki, Ja-
pan) system. For the recording of AES spectra for the
bulk region (at a depth of ca. 100 nm), the films were
subjected to sputter-etching with a 2-kV Ar� beam
before the AES analysis. The atomic composition of
the films was determined from the intensity of doubly
integrated AES bands with the sensitivity factors 0.35,
0.18, and 0.50 for Si, C, and O, respectively.

Optical absorption was measured in the range of
190–820 nm for the film samples deposited on quartz
plates with a Hewlett–Packard 8452 A (Waldbronn,
Germany) ultraviolet–visible spectrophotometer. For
the determination of the optical gap, the absorption
data were evaluated according to the optical absorp-
tion theory for amorphous solids developed by
Tauc.30

Morphological examination

The surface morphology of the films deposited on the
c-Si substrate was examined by scanning electron mi-
croscopy (SEM) with a JEOL JSM 6100 (Tokyo) elec-
tron microscope and atomic force microscopy (AFM)
with a TopoMetrix TMX 2010 (Santa Clara, CA) instru-
ment. AFM examinations were performed at room
temperature in air.

Contact-angle measurements

The contact angle was measured at room temperature
with a Rame–Hart (Mountain Lakes, NY) goniometer
with two test liquids, water and diiodomethane. For
each liquid, an average of 5–10 readings was calcu-
lated. The contact-angle data were then evaluated for
the determination of the dispersion and polar compo-
nents of the surface free energy according to a model
for low-energy surfaces developed by Owens and
Wendt.31

Scratch-adhesion tests

Mechanical characteristics of the films deposited on
quartz substrate were determined with a CSEM (Neu-
chatel, Switzerland) scratch-adhesion test instrument

equipped with a hemispherical Rockwell C diamond
indenter with a 200-�m tip radius. The tests were
performed with the load increasing linearly at a rate of
1 N min�1 and with the tip moving at a speed of 1 cm
min�1. The critical load at which the first failure oc-
curred was determined from monitoring of the tan-
gential force, from the acoustic signal emitted during
the scratching, or from optical microscopy observa-
tions also revealing the failure mode.

Corrosion resistance tests

Carbon steel plates coated with the films were im-
mersed in a 5% NaCl water solution at room temper-
ature and brought back into air at a rate of 19 cycles
per minute. The delay time recorded for the appear-
ance of rust spots determined the corrosion resistance
of the film-coated carbon steel samples.

Materials

The HMDS source compound (Hüls, Piscataway, NJ;
98% purity) was purified by vacuum distillation. The
hydrogen upstream gas was 99.99% pure.

RESULTS AND DISCUSSION

Reaction system

In this study, we used low-pressure plasma of hydro-
gen as the effective source of hydrogen atoms. Because
charged species and ultraviolet photons are elimi-
nated from the reaction zone by the remote section
equipped with a photon trap (Fig. 1), the neutral active
species important for the investigated CVD process
have to be considered. Characteristics of the molecular
and atomic active neutral species generated in the
hydrogen plasma 32,33 are shown in Table I. The con-
tribution of electronically excited and short radiative
lifetime species, H2(C3�u), H[(2p)2Po], and H[(3p)2Po],
to RHP-CVD is negligible at a relatively long distance
(0.3 m) from the plasma. Therefore, we assume that
the ground-state atoms H(2S) play a major role in the
initiation step.

The concentration of the atomic hydrogen in the
CVD reactor was determined by the NO2 titration

TABLE I
Major Neutral Active Species Generated in Hydrogen

Plasma (Refs. 32,33)

Neutral active
species

Metastable energy
(eV)

Radiative lifetime
(s)

H2(C3�u) 11.75 10�4–10�3

H(2S) 0 —
H[(2p)2Po] 10.20 1.6 � 10�9

H[(3p)2Po] 12.09 5.5 � 10�9
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method involving the injection of NO2 into the down-
stream, which is based on the monitoring of the ex-
tinction of characteristic NO2 � chemiluminescence ra-
diation.6 The determined concentration of atomic hy-
drogen in the reactor was [H] � 5 � 1015 cm�3, and its
feeding rate was F(H) � 27 sccm.6 Using the last value
and the flow rate of the source compound, F(HMDS)
� 0.7 sccm, we evaluated the approximate number of
hydrogen atoms (NH) per single molecule of the source
compound as NH � F(H)/F(HMDS) � 40 atom/mole-
cule. This accounts for the significantly lower population
of active species in RHP-CVD in comparison with DP-
CVD.

Chemistry of film formation

Precursor formation step

To obtain information on the reactivity of particular
bonds in the molecule of HMDS in the investigated
RHP-CVD, we performed the deposition experiments
with tetramethylsilane (TMS). The inability to form
films found for TMS indicates that the COH and
SiOC bonds are nonreactive in the initiation step. It is
interesting to note that TMS readily forms films in
DP-CVD.34–36 This reflects a substantial difference in
the mechanisms of DP-CVD and RHP-CVD. The ca-
pability of HMDS for film formation is evidently due
to the strong reactivity of the SiOSi bonds in the
atomic hydrogen environment. The reaction involving
an attack of the hydrogen atom on the silicon in the
HMDS molecule can be described by eq. (1):

H � Me3SiSiMe3 3 Me3Si� � Me3SiH

(�H��24 kJ mol�1) (1)

Trimethylsilyl radicals formed via eq. (1) may un-
dergo either recombination or disproportionation re-
actions:37,38

A secondary reaction of trimethylsilyl radicals with
the HMDS source compound may occur:

Me3Si � � Me3SiSiMe3 3 Me3SiSiMe2ĊH2

� Me3SiH (�H � 37 kJ mol�1) (4)

The radical product of eq. (4) may isomerize and
subsequently dissociate:39,40

Me3SiSiMe2ĊH2 3

Me3SiCH2ṠiMe2 (�H � �22 kJ mol�1) (5)

Me3SiCH2ṠiMe2 3 Me3Si � �

Me2Si¢CH2 (�H � 204 kJ mol�1) (6)

The reactions described by eqs. (4) and (6) are en-
dothermic and may, therefore, easily proceed on a
heated substrate.

The presented reactions are consistent with the results
of our earlier high-resolution gas chromatography/mass
spectrometry (GC/MS) examination of the gas-phase
conversion products of HMDS formed during RHP-
CVD.7 The GC/MS data revealed that trimethylsilane
(Me3SiH), formed via eqs. (1), (3), and (4), was the major
conversion product of HMDS. Moreover, the presence of
1,1,3,3-tetramethyl-1,3-disilacyclobutane [(Me2SiCH2)2]
found in the conversion products of HMDS is indicative
of a head-to-tail dimerization of 1,1-dimethylsilene
(Me2SiACH2),41,42 formed via eqs. (3) and (6). This com-
pound, a strongly reactive transient intermediate, is con-
sidered the major a-Si:C:H film-forming precursor. The
heats of the presented reactions were calculated with the
thermodynamic data reported by Walsh.43

Hypothetical primary steps of film growth

Because of the equivalent biradical and biionic structures
ascribed to the silene (�SiAC	 7 � � SiOC � 	 7 ��

SiOC�	),42,43 units of the 1,1-dimethylsilene precursor
formed via the conversion of HMDS have the nature of
a classic bifunctional monomer and may contribute to
the growth of the a-Si:C:H films via a surface polymer-
ization predominantly involving a polyinsertion mecha-
nism. The growth of the film may take place via a step-
wise insertion of the 1,1-dimethylsilene precursor into
the SiOSi or SiOC bonds in the HMDS molecules ad-
sorbed on the growth surface. This process propagates
linear carbosilane segments [O(Me2SiCH2)nO] in the
deposit and may be exemplified by eq. (7), which de-
scribes schematically a head-to-tail polyinsertion of 1,1-
dimethylsilene to the methylsilyl group:

n Me2SiCH2 � Me-
P
Si
P
O 3

MeO(Me2SiCH2)nO
P
Si
P
O (7)

Branching of the linear carbosilane segments via an
analogous polyinsertion reaction may also take place:

2Me3Si� Me3SiSiMe3

(�H � �378 kJ mol�1) (2)

Me2Si¢CH2 � Me3SiH

(�H � �135 kJ mol�1)
(3)

O3

O3
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(8)

Reactions described by eqs. (7) and (8) predominate
at low TS values and are consistent with the FTIR
structural data discussed in a later section. With in-
creasing TS, the situation changes dramatically. Be-
cause of intense crosslinking, there will be a substan-
tial drop in the carbosilane mer numbers n and m in
the linear-branched polycarbosilane structure pro-
duced by eqs. (7) and (8). Thermally enhanced surface
mobility of adsorbed radicals and vibration of the
particular groups in the growing film promote a vari-
ety of heterogeneous (gas–solid) and homogeneous
(solid–solid) reactions.

The reaction of the atomic hydrogen and trimethyl-
silyl radicals, formed via eqs. (1) and (6), with the
methylsilyl groups in carbosilane segments may result
in the abstraction of hydrogen:

(9)

The radical structure formed in eq. (9) may readily
be converted into a silene unit via an endothermic
reaction41,42 involving the elimination of the methyl
group:

(10)

The methyl radicals effusing from the film may
react with methylsilyl groups to produce an interme-
diate radical structure, as in eq. (9). The reaction de-
scribed by eq. (10) is particularly important because it
involves the elimination of organic moieties from the
film. The solid-state-phase reactions of the silene units
with the SiOMe groups in the vicinal carbosilane seg-
ments of the film (via an insertion mechanism) spon-
taneously contribute to the first step of crosslinking:

(11)

The dehydrogenation of the carbosilane crosslinks
resulting in the formation of carbosilane units with
tertiary and quaternary carbon atoms (Si3CH and Si4C,
respectively) takes place at high deposition tempera-
tures.17 This process leads to the formation of a three-
dimensional Si–carbidic network structure, as con-
firmed by the FTIR, XPS, and AES observations de-
scribed in later sections.

Kinetics of film growth and effect of thermal
activation

The kinetics of RHP-CVD were investigated by the
determination of the deposition time dependencies of
the mass and thickness of the films. The linear char-
acter of resulting plots accounted for the constant
mass- and thickness-based film growth rates. Their
values for TS � 30°C were 75 �g cm�2 min�1 and 5.2
nm min�1, respectively.

The effect of thermal activation on the kinetics of
RHP-CVD is characterized by the TS dependence of
the film growth rate shown in Figure 2. That there is
no effect of TS on the film growth rate revealed by the
data in this figure proves that the examined RHP-CVD
is a nonthermally activated process. The rate of sur-
face reactions of film-forming precursors is higher
than the rate of their diffusion from the gas phase to
the growth surface; therefore, the diffusion seems to
be the RHP-CVD rate-limiting factor. A nonthermally
activated growth rate of the film also observed for
RHP-CVD from disilane8 and other alkylsilane4,6,7,19

source compounds seems to be an inherent mechanis-
tic feature of the investigated process. In contrast, the
decrease in the film growth rate with rising TS noted
for DP-CVD involving a number of organosilicon
sources44–48 accounts for the adsorption of film-form-
ing precursors on the growth surface as the major
growth-rate-limiting factor. This reveals a distinct dif-

Figure 2 Growth rate of the a-Si:C:H film as a function of
TS.
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ference in the mechanisms of both the RHP-CVD and
DP-CVD processes.

Film structure

The chemical structure of the a-Si:C:H films deposited
at various TS values is characterized by the FTIR spec-
tra in Figure 3, which shows for comparison the spec-
trum of the HMDS source compound as well. The
assignment of particular absorption bands was based
on literature data.49–52 As can be noted from Figure 4,
the film spectra reveal the presence of broad absorp-
tion bands with maxima in the range of 1030–1000 and
830–800 cm�1 that are characteristic of carbosilane
SiOCH2OSi and carbidic50–52 SiOC units, respec-
tively. The first band (1030–1000 cm�1) may interfere
with the absorption arising from SiOOOSi and/or
SiOOOC linkages, which also falls in this region.
Weak intensity bands in the range 2960–2900 cm�1 are
attributed to the COH stretching mode in CHn groups
(n � 1–3). A low-intensity band at 1260 cm�1 origi-
nates from the Me deformation mode in the SiMen

groups(n � 1–3). The increase in TS involves substan-
tial changes in the film spectra. A significant drop in
the intensity of absorption bands from COH (2960–

2900 cm�1) and SiMen (1260 cm�1) is due to thermally
enhanced scission of the SiOC bonds in the methylsi-
lyl groups. The FTIR data (Fig. 3), indicating an in-
tense cleavage of the SiOMe and SiOSi bonds in the
HMDS molecules and the subsequent formation of the
chemically more stable carbosilane SiOCH2OSi units,
are consistent with the reactions proposed for the
precursor formation and its subsequent polymeriza-
tion in the film-formation step.

An interesting feature of the film spectra in Figure 3
is the lack of the absorption band near 2100 cm�1 from
the stretching mode of the SiOH units, which is
present in the IR spectra of the HMDS films produced
by DP-CVD.53,54 The formation of the SiH units in the
latter process is a fingerprint of the electron-impact
fragmentation of the methylsilyl groups.

More precise information on the evolution of the
film structure was obtained by the deconvolution of
the IR absorption envelopes (ranging from 1300 to 600
cm�1) into the component absorption bands. This is
exemplified in Figure 4, which shows deconvoluted
FTIR spectra of the films produced at two widely
differing TS values: 30 and 400°C. Both spectra include
the component bands from the SiOO (1110–1090

Figure 3 FTIR transmission spectra of a liquid film of an
HMDS source compound and a-Si:C:H films deposited on a
c-Si substrate heated at TS � 30, 100, 200, 300, and 400°C.

Figure 4 Deconvoluted FTIR spectra of a-Si:C:H films de-
posited at TS � 30 and 400°C.
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cm�1), SiOCH2OSi (1020–1000 cm�1), and SiOC
(810–800 cm�1) units, and the spectrum for TS � 30°C
also shows the presence of the component bands from
the SiMen (1260 cm�1) and Me (870 and 840 cm�1 from
the rocking mode in SiMen) units. The oxygen contam-
ination revealed by the SiO component band may
originate predominantly from the etching of the glass
walls of the CVD system with atomic hydrogen dur-
ing RHP-CVD17 or from the oxidation of the radical
sites in the film after exposure to the atmosphere.

The relative integrated intensities of the component
bands (SiMen, SiCH2Si, SiO, and SiOC), determined as
their integrated areas, are shown in Figure 5 as a
function of TS. The decay of the SiMen absorption
noted in the range TS � 30–200°C results from the
elimination of the methyl groups, as described by eqs.
(9) and (10). Moreover, a marked increase in the in-
tensity of the band from the SiOC carbidic units ac-
companied by the drop in the intensity of the
SiOCH2OSi band is observed with rising TS. This is
associated with thermally enhanced crosslinking,
which involves the conversion of the SiOCH2OSi
linkages into carbosilane units with tertiary and qua-
ternary carbon atoms, that is, Si3CH and Si4C, respec-
tively.17 The intensity of the SiOO band is only
slightly affected by TS and remains at a low level.

Film composition

The composition of the Si:C:H films is characterized
by the atomic concentration ratio Si/C as the principal
stoichiometric parameter. The atomic ratio Si/C deter-
mined by XPS for the surface region and by AES for
the bulk region as a function of TS is presented in
Figure 6. Si/C for the film surface region and the bulk
increases with rising TS and, at TS � 400°C, reaches for

the bulk (AES data) a value close to unity, which
corresponds to that of pure silicon carbide. Very sim-
ilar values of Si/C for the surface region (XPS data)
and bulk (AES data) observed in the low TS regime
30°C � TS � 200°C (Fig. 6) account for the good
compositional uniformity in the films. Some difference
in the values of the XPS and AES ratios that appeared
for TS 
 200°C are ascribed to a much higher oxygen
content in the film surface region with respect to that
in the bulk. Another interesting observation is that the
shape of the Si/C plots in Figure 6 is analogous to that
of the SiC plot in Figure 5.

Figure 7 shows a correlation between the relative
integrated intensity of the IR SiOC band (data from

Figure 5 Relative integrated intensity of the FTIR absorp-
tion bands from (‚) SiOCH2OSi, (E) SiOC, (�) SiOO, and
(ƒ) SiMen units as a function of TS.

Figure 6 Atomic concentration ratio Si/C as a function of
TS determined for (‚) the a-Si:C:H film surface region by
XPS and (E) the bulk by AES.

Figure 7 Correlation between the relative integrated inten-
sity of the IR SiOC band (data from Fig. 6) and the AES
atomic ratio Si/C controlled by TS.
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Fig. 5) and the AES atomic ratio Si/C controlled by TS.
A drastic increase in the intensity of the SiOC band
with Si/C rising again proves the elimination of or-
ganic moieties incorporated into the film from the
source compound and the formation of the Si–carbidic
network in the deposit.

Surface morphology

The results of the SEM study performed for the films
produced at five different TS values (30, 100, 200, 300,

and 400°C) indicate that, on the micrometer scale, TS

does not influence the surface morphology of the de-
posit. The film surface, being very smooth and defect-
free, exhibited an excellent morphological homogene-
ity, regardless of the deposition temperature.

The surface morphology of the examined RHP-CVD
films drastically differs from that of the DP-CVD films.
The latter materials, in particular those deposited in a
low TS regime, often reveal a morphological heteroge-
neity manifested by a two-phase structure, which con-

Figure 8 AFM images and cross-sectional surface profiles of a-Si:C:H films deposited at TS � (a) 30 and (b) 300°C.
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sists of submicrometer, spheroidal powder particles
embedded in a continuous film matrix.55 According to
the literature55–58 reporting on the surface morphol-
ogy of the DP-CVD films, the formation of powder
particles is associated with the nature of the DP-CVD
process and the resulting initiation of the growth step
in the gas phase. The coalescence of the particles,
which, in turn, start their own growth in the gas
phase, is considered to contribute substantially to the
film-formation process. The SEM data obtained in this

study, in contrast to those of the DP-CVD films,55–58

suggest a homogeneous mechanism for the growth
step in the examined RHP-CVD, which seems to pro-
ceed exclusively on the growth surface.

Figure 8 provides AFM images and cross-sectional
profiles of the surfaces of RHP-CVD a-Si:C:H films
deposited at two different TS values, 30 and 300°C. In
contrast to the SEM data, a distinct effect of this pa-
rameter on the film surface morphology is observed
on a nanometer scale. As can be noted from Figure 8,

Figure 8 (Continued from the previous page)
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the increase in TS from 30 to 300°C involves smoothing
of the film surface. This is later illustrated quantita-
tively in Figure 10, which shows the surface roughness
as the arithmetic mean (Ra) and root mean square
(Rrms) as a function of TS. The values of the surface
roughness drop, Ra from 1.7 to 1.2 nm and Rrms from
2.1 to 1.5 nm, with TS increasing from 30 to 400°C (Fig.
9). This smoothing of the film surface with increasing
TS may be attributed to an enhanced mobility of film-
forming precursors at the growth surface and chemi-
cal processes resulting in the formation of a highly
crosslinked, dense material implied by the observed
structural changes.

Film properties

Surface free energy

The surface free energy is a useful parameter that
characterizes the physicochemical nature of the film
surface and may provide information regarding short-
range interaction forces between the film and other
material surfaces in a composite system. Figure 10
shows the dispersive component (�S

d) and polar com-
ponent (�S

p) of the film surface free energy (�S � �S
d �

�S
p) as a function of the XPS atomic ratio Si/C (for the

surface region) controlled by TS. In view of the pre-
sented surface energy data, �S

d varies from 31 to 37 mJ
m�2 with ratio Si/C or TS rising, whereas �S

p remains
almost constant at a relatively small mean value of
about 3 mJ m�2. The observed change in �S

d can be
explained in terms of our earlier findings59 for the
DP-CVD films, which revealed that the dispersive
component is sensitive to the crosslink density. There-
fore, the increase in �S

d with Si/C rising, as follows
from Figure 10, is due to the crosslinking process,
which causes dense packing of structural elements in
the film. The presented data permit us to classify the

examined a-Si:C:H films as low-surface-energy and, in
particular, low-polarity materials.

Density

The density of the film is presented as a function of the
AES atomic ratio Si/C in Figure 11(a) and as a func-
tion of the relative intensity of the IR SiOC band (data
from Fig. 5) in Figure 11(b). The data points in these
figures marked with arrows correspond to the density
values calculated from the slopes of the linear plots of
the deposition time dependencies of the film mass and
thickness, which were specified in an earlier section. A
sharp rise in the film density observed with the ratio
Si/C [Fig. 11(a)] and the intensity of the SiOC band
[Fig. 11(b)] increasing is due to the earlier discussed
crosslinking and resulting formation of Si–carbidic
networks.

Adhesion and hardness

Film adhesion to the substrate is represented by the
critical load (LC), which was evaluated from the onset
of conformal cracks during the scratching procedure.
The values of LC determined for the films differing in
thickness were normalized to a thickness of 100 nm,
with a linear thickness dependence of LC assumed.60,61

Figure 12 shows the plot of a normalized adhesive
critical load versus the AES atomic ratio Si/C con-
trolled by TS. A substantial improvement of the adhe-
sion revealed in Figure 12 by the increase in the nor-
malized critical load with a rising atomic ratio Si/C is
attributed to the transformation of the film into a
strongly crosslinked and dense material.

Figure 10 (‚) �S
d and (E) �S

p of (�) �S of a-Si:C:H films as a
function of the XPS atomic ratio Si/C (for the surface region)
controlled by TS.

Figure 9 (‚) Rrms and (E) Ra values of the film surface
roughness as a function of TS.
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On the basis of the results of scratch-adhesion test-
ing, the scratch hardness (HS) was estimated from the
formula for a hemispherical indenter:61

Hs � 8Lc/�d2 (12)

Here d denotes the width of the scratch track mea-
sured after the test is completed. Figure 13 illustrates
the scratch hardness of the a-Si:C:H film as a function
of the AES atomic concentration ratio Si/C and/or TS.
The plot in Figure 13 shows that the film hardness
drastically increases with the ratio Si/C and/or TS

rising, reaching at TS � 300–400°C the value HS �
19–22 GPa. For comparison, the hardness of c-SiC

(crystalline silicon carbide) is 26 GPa.62 A marked
hardening of the film noted with an increasing atomic
ratio Si/C is associated with a thermally enhanced
crosslinking process that increases the content of the
Si–carbidic structure, as indicated by the increase in
the IR absorption from the SiOC carbidic units (Figs.
5 and 7).

Corrosion resistance

Table II summarizes the results of the corrosion resis-
tance test performed for carbon steel plates coated
with the a-Si:C:H films produced at various deposition
temperatures. The film thickness, density, and stoichi-
ometric parameter Si/C are also specified. The data in

Figure 11 Density of a-Si:C:H films as a function of (a) the
AES atomic ratio Si/C and (b) the relative intensity of the IR
band SiOC controlled by TS.

Figure 12 Normalized adhesive critical load for a-Si:C:H
films deposited on quartz plates as a function of the AES
atomic ratio Si/C controlled by TS.

Figure 13 Scratch hardness of a-Si:C:H films as a function
of the AES atomic ratio Si/C controlled by TS.
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Table II reveal a reasonably good correlation between
film the density or parameter Si/C and the corrosion
resistance. The delay time to the appearance of corro-
sion spots increases from 8 to 23 days with the film
density and atomic ratio Si/C rising. For an uncoated
control steel sample, the corrosion spots appeared af-
ter 1 h of testing.

For comparison, a corrosion resistance test per-
formed with a 3.5% NaCl solution as a corrosive me-
dium and carbon steel test samples coated with
HMDS films deposited in DP-CVD at a combined
energy input to the plasma revealed corrosion delay
times ranging from 19 to 23 h.63

Refractive index and optical gap

The optical properties of the a-Si:C:H films are char-
acterized by the refractive index (n) and the optical
gap (Eo), or absorption edge. Figure 14 shows the
variation of n with the AES atomic ratio Si/C con-
trolled by TS. As follows from the curve in Figure 14,
n rises from 1.55 to 1.94 with the atomic ratio Si/C
and/or TS increasing. This trend is presumably due to
the densification of the film resulting from thermally
enhanced crosslinking, which is reflected by the data

in Figure 7. A compositional dependence of n similar
to that presented in Figure 14 has also been observed
for the a-Si:C:H films produced by RHP-CVD from
tetrakis(trimethylsilyl)silane17 and by DP-CVD from a
silane–methane mixture.64

Eo was determined by the fitting of the absorption
data to the Tauc expression:30

�E � B(E�Eo)n (13)

where � denotes the absorption coefficient, E is the
energy of absorbed photons, B is the dimensionless
density-of-states constant, and n is a parameter related
to the density-of-states distribution. Eo was deter-
mined for n � 3. Figure 15 shows a typical plot of the
absorption data evaluated according to the Tauc ex-
pression as (�E)1/3 versus E. Eo is determined by the
extrapolation of a linear portion of the plot to the
abscissa axis. Figure 14 shows Eo for the a-Si:C:H film
as a function of the atomic ratio Si/C controlled by TS.
Eo decreases linearly from 3.3 to 2.6 eV with Si/C
and/or TS rising. A compositional dependence of Eo

similar to that shown in Figure 14 was reported for
DP-CVD a-Si:C:H films.64–66

The observed compositional and/or deposition
temperature dependencies of the optical gap (Fig. 14)
may be explained by the formation of localized states
and their effect on this quantity. It is expected that
dangling bond defects in the film are created during
the deposition process, giving rise to the density of the
localized states. At low deposition temperatures, the
concentration of dangling bonds is low because of
their saturation with hydrogen. The concentration of
dangling bond defects increases with the deposition
temperature because of thermal scission of the COH
and SiOC bonds in the deposit, as proven by the FTIR
data in Figures 3 and 5. This involves an extension of

TABLE II
Corrosion Resistance of a-Si:C:H Film Coated Carbon

Steel in 5% NaCl Solution

Ts (°C)

Film
thickness

(�m)

Film
density

(g cm�3)
AES ratio

Si/C

Corrosion
delay time

(day)

30 2.40 1.53 0.59 8
100 1.40 1.65 0.65 22
300 1.35 1.84 0.94 23

Figure 14 (E) Refractive index at a wavelength of 632.8 nm
and (‚) optical gap of a-Si:C:H films as a function of the AES
atomic ratio Si/C controlled by TS.

Figure 15 Optical absorption data for a-Si:C:H films pro-
duced at TS � 300°C plotted according to the Tauc expres-
sion as (�E)1/3 versus E.
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the density-of-states tail and the resulting narrowing
of the optical gap.

The presented results indicate that the optical gap
width is strongly affected by the film composition and
can be precisely controlled by the deposition temper-
ature.

CONCLUSIONS

The investigated RHP-CVD process displays high se-
lectivity with respect to particular bonds in the mole-
cule of the HMDS source compound and is induced
with an exclusive contribution of the SiOSi bond,
whereas the COH and SiOC bonds are inactive.

The discussed chemistry, supported by our earlier
GC/MS examination of the gas-phase conversion
products and this structural study, accounts for the
substantial role of polymerization in the formation of
the a-Si:C:H thin-film materials from the HMDS
source in the RHP-CVD process. The HMDS source
compound is converted into 1,1-dimethylsilene
(Me2SiACH2), a transient hot intermediate with the
nature of a bifunctional classical monomer, which is
assumed to be the major film-forming precursor. Be-
cause of a high-reactivity � bond in the silene unit, the
precursor may easily undergo surface polymerization
via an insertion mechanism, propagating carbosilane
[O(Me2SiCH2)nO] segments in the deposit. The silene
units formed in the deposit by the reaction of the gas-
phase radicals with methylsilyl groups in the growing
carbosilane segments may contribute to the spontaneous
crosslinking via carbosilane SiOCH2OSi crosslinks.

That there was no observed effect of TS on the film
growth rate proves that the examined RHP-CVD is a
nonthermally activated process. The diffusion of film-
forming precursors from the gas phase to the growth
surface seems to be a growth-rate-limiting factor.

The deposition temperature is a key parameter pre-
cisely controlling the structure, composition, and
properties of the a-Si:C:H films. The increase in TS

involves the dehydrogenation of the carbosilane
SiOCH2OSi crosslinks in the films, which evolve into
Si–carbidic networks, as revealed by the FTIR, XPS,
and AES examinations.

The films were found to be low-surface-energy, mor-
phologically homogeneous, powder contamination-free
materials with a mean surface roughness of Ra � 1.2–1.7
nm and Rrms � 1.5–2.1 nm for TS � 30–400°C.

The density, adhesion, hardness, and corrosion re-
sistance of the film are strongly influenced by the
atomic ratio Si/C and increase markedly with a rising
value of this structural parameter.

The refractive index and optical gap of the pro-
duced a-Si:C:H films can be controlled by the atomic
ratio Si/C over a wide ranges of values; that is, n
� 1.55–1.94 and Eo � 2.6–3.3 eV.

In view of the presented properties, the a-Si:C:H
films produced by RHP-CVD seem to be very prom-
ising coating materials for many applications.
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5. Wróbel, A. M.; Wickramanayaka, S.; Nakanishi, Y.; Hatanaka,
Y.; Wysiecki, M. J Chem Vapor Depos 1994, 2, 229.
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