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The physical, mechanical, and optical properties of amorphous hydrogenated silicon-carbon
(a-Si:C:H) films produced by remote hydrogen plasma chemical vapor deposition (RHP-
CVD) from (dimethylsilyl)(trimethylsilyl)silane have been investigated in relation to their
chemical structure. The a-Si:C:H films deposited at different substrate temperatures were
characterized in terms of their density, adhesion to a substrate, hardness, elastic modulus,
friction coefficient, refractive index, and optical band gap. The atomic concentration ratio
Si/C, controlled by the substrate temperature, appears to be an important structural
parameter strongly influencing properties of the film. On the basis of the results of these
studies, reasonable property-structure relationships have been determined.

1. Introduction

Of silicon-based thin-film materials, amorphous hy-
drogenated silicon-carbon (a-Si:C:H) films, owing to
their unique optoelectronic,1-3 electrical,2,4,5 and mechani-
cal6-8 properties, as well as excellent resistance to high
temperatures and aggressive chemical environments,9
are attractive for a broad range of applications. They
are used in semiconductor technology, for example, as
wide band gap intrinsic layers in multijunction p-i-n
solar cells,10 wide band gap p-type window layers for
a-Si:H or a-Si:Ge:H cells,11 or components in thin-film

visible light emitting diodes.11 The a-Si:C:H films can
be applied as tribological coatings,12-14 biocompatible
coatings for artificial organs,15,16 moisture barriers,17

and corrosion-resistant coatings.17 Moreover, the results
of our recent study7 showed that these films are suitable
for surface modification of the polymer materials. For
example, polycarbonate and polypropylene coated with
the a-Si:C:H film revealed marked surface hardening
and improved resistance to degradation by UV irradia-
tion.7

The present paper deals with the a-Si:C:H films
produced by the remote hydrogen plasma chemical
vapor deposition (RHP-CVD) from (dimethylsilyl)(tri-* To whom correspondence should be addressed. E-mail:
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2000, 368, 287.
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methylsilyl)silane (DTMSM), Me3SiCH2SiHMe2, as a
novel single-source precursor, highly reactive with
atomic hydrogen (fed to the CVD reactor from the
plasma section). In contrast to the mixture of silane
(SiH4) with a hydrocarbon, which is often applied for
the fabrication of the a-Si:C:H films,10 the use of
organosilicon sources is particularly beneficial for the
following reasons: they are carriers of the Si-C bonds,
which are readily incorporated into the deposit; they are
easy to convert to film-forming precursors; and they are
nonexplosive, nonflammable, nontoxic, and inexpensive.

Using the results of structural study discussed in the
first part of this work,18 in this report we characterize
the a-Si:C:H films in terms of their physical, optical, and
mechanical properties important for technological ap-
plications. In particular, density, refractive index, opti-
cal band gap, adhesion, hardness, elastic modulus, and
friction coefficient of the films have been examined. The
goal of this study is to find a reasonable correlation
between the chemical structure (controlled by the
deposition temperature) and resulting properties of the
a-Si:C:H film. Since the properties of the a-Si:C:H films
reported in the literature mostly refer to the parameters
of CVDs, the presented property-structure relation-
ships seem to be an important aspect enhancing knowl-
edge of this useful class of thin-film materials.

2. Experimental Section

2.1. Remote Plasma CVD Procedure. The remote plasma
CVD system used for the production of the a-Si:C:H films and
their growth conditions have already been described in details
earlier.18,19 Deposition experiments were performed at total
pressure p ) 0.56 Torr (75 Pa), hydrogen flow rate F(H2) )
100 sccm, microwave power input to hydrogen plasma P ) 150
W, and substrate temperatures TS ) 30-400 °C. The DTMSM
source compound was fed into the CVD reactor at the evapora-
tion temperature of 20 °C with the flow (or feeding) rate
F(DTMSM) ) 3.9 mg min-1 ) 0.6 sccm. The distance between
the plasma edge and the source compound inlet was 30 cm.
Films were deposited for 60-120 min on p-type c-Si wafers
for spectroscopic analyses and indentation measurements, on
a Fisher microscope cover glass (45 × 50 × 0.2 mm) for the
determination of the film mass, and on Asahi Glass quartz
plates (18 × 18 × 0.5 mm) for optical absorption and scratch-
adhesion measurements. Prior to film deposition, the sub-
strates were cleaned by successive rinsing with hexane,
acetone, and deionized water. The c-Si wafers were addition-
ally treated with a diluted hydrofluoric acid, rinsed with
deionized water, and finally dried in an argon ambient.
Thickness of the deposited films was in the range of 0.7-1
µm.

2.2. Spectroscopic Examinations. Fourier transform
infrared (FTIR) absorption spectra of the a-Si:C:H films,
deposited on c-Si, p-type wafers, were recorded in the trans-
mission mode on a FTIR-Infinity ATI Matson spectrophotom-
eter. Deconvolution of the FTIR absorption envelopes into
individual absorption bands was described previously.18

Auger electron spectroscopic (AES) analysis was performed
by means of an ULVAC AQM 808 system. The films were
subjected to sputter-etching with a 2-kV Ar+ beam prior to
the analysis and the AES spectra were recorded for the bulk
region at a depth of about 100 nm. The atomic composition of
the films was determined from the intensity of doubly inte-

grated AES bands using 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, using a
Hewlett-Packard 8452 A UV-vis spectrophotometer. The
optical band gap, Eo, was determined by fitting the absorption
data to the Tauc expression,20 R E ) B(E - Eo)n, where R
denotes the absorption coefficient, E the photon energy, B the
dimensionless density of states constant, and n the parameter
related to the density of states distribution. Eo was determined
for n ) 3.

2.3. Ellipsometric Measurements. Film thickness and
refractive index were measured ellipsometrically using a
Nippon Infrared Industrial Co. EL-101D ellipsometer equipped
with a 632.8-nm He-Ne laser. For each sample the average
thickness and refractive index values were calculated from at
least five ellipsometric measurements.

2.4. Scratch-Adhesion Tests. The films deposited on a
quartz substrate were examined using a CSEM, Neuchatel,
Switzerland, scratch-adhesion test instrument equipped with
a hemispherical Rockwell C diamond indenter of 200-µm tip
radius. The scratch tests were performed at the load increasing
linearly with a rate of 1 N min-1 and at the tip moving with
a speed of 1 cm min-1. The critical load, LC, at which the first
failure occurs was determined from monitoring the tangential
force, from the acoustic signal emitted during the scratching,
or from optical microscope observation, also revealing the
failure mode.

2.5. Nanoindentation. The nanoindentation measure-
ments were performed for the films deposited on the p-type
c-Si(100) substrate at ambient temperature (21-22 °C) using
the Nano Test 600 (Micro Materials Ltd.) instrument, equipped
with a Berkovitch-type trigonal pyramidal diamond indenter.
Measurements were carried out at increasing load from 0.05to
3 or 4 mN with the constant rate of 0.16 mN s-1. Hardness
and elastic modulus were evaluated from the indentation data
according to the method developed by Oliver and Pharr,21 using
the software provided by the manufacturer of the instrument.
To reduce the effect of the substrate material, the analyzed
data were collected from the penetration depth mostly not
exceeding 20% of the film thickness. From the indentation
depth at maximum load (dmax) and the residual indentation
depth (dres), the elastic recovery was calculated using the
formula R ) (dmax - dres)/dmax.22

2.6. Friction Measurements. Friction force of the stainless
steel ball with the radius of 5 µm sliding over the film surface
was measured using the same instrument as for nanoinden-
tation (Nano Test 600), this time equipped with a friction
attachment. Measurements were carried out for the films
deposited on a c-Si substrate at the normal load of 9 mN and
the sliding speed of 100 nm s-1 over the distance of 100 µm,
under ambient conditions (temperature of 21-22 °C and
relative humidity of 44%). The topography of the scanned
surface was registered along with the friction force to eliminate
influence of possible artifacts on friction.

2.7. Materials. A purity of the DTMSM source compound
checked by gas chromatography was better than 99%. The
hydrogen used for plasma generation was of 99.99% purity.

3. Results and Discussion

3.1. Density. Film density was calculated from
independently determined mass and thickness data. The
density of the a-Si:C:H film is presented in Figure 1 as
a function of the principal structural parameters (con-
trolled by the substrate temperature) such as the AES
atomic concentration ratio Si/C and relative integrated
intensity of the IR band from the stretching mode of
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the Si-C carbidic units, which are reported in the first
part of this work.18 A marked rise in the film density
from 1.20 to 1.73 g cm-3 observed with increasing the
atomic ratio Si/C and/or the intensity of the Si-C band
is due to earlier discussed cross-linking and resulting
formation of the Si-carbidic network.18

Figure 2 shows comparative density data for the a-Si:
C:H films deposited by RHP-CVD in the present work
and by DP-CVD from triethylsilane on a grounded
electrode,23 plotted in a function of the atomic ratio Si/
C, controlled by the substrate temperature. In the case
of the DP-CVD films the Si/C ratio was determined by
electron probe microanalysis.23 As can be noted from the
data in Figure 2, the RHP-CVD films exhibit higher
density values than those of the DP-CVD films, in the
whole range of the Si/C ratio. Moreover, a difference in
the density values increases markedly with rising ratio
Si/C. Lower densities observed for the DP-CVD films
are presumably due to their inhomogeneous microstruc-
ture and resulting porosity in these materials.

3.2. Adhesion. Film adhesion to a quartz substrate
is represented by the critical load, LC, evaluated from

the onset of conformal cracks during the scratching
procedure. The values of adhesive critical load LC
determined for the films differing in the thickness were
normalized to a thickness of 100 nm, assuming a linear
thickness dependence of LC.24,25 Figure 3 shows the plot
of a normalized adhesive critical load versus the AES
atomic ratio Si/C controlled by TS. For comparison, the
normalized LC data reported for the a-Si:C:H films
produced by RHP-CVD from hexamethyldisilane26 are
also presented in this figure. A substantial improvement
of the adhesion revealed in Figure 3 by the increase of
the normalized critical load from 2.7 to 8.8 N with rising
atomic ratio Si/C is attributed to the transformation of
the film into highly cross-linked dense material strongly
adhered to the substrate. Thermally enhanced chemical
bonding between the substrate and the film is assumed
to dominate in the adherence mechanism.

3.3. Hardness and Elastic Modulus. Figure 4
illustrates hardness (H) and elastic modulus (E) of the
a-Si:C:H film deposited on the c-Si substrate as a
function of the AES atomic concentration ratio Si/C
controlled by TS. The plots in Figure 4 show that the
film hardness and elastic modulus drastically increase
with rising ratio Si/C and/or TS, reaching at TS ) 400
°C the values H ) 31 GPa and E ) 233 GPa. The
hardness and elastic modulus determined for the c-Si-
(100) substrate were H ) 12 GPa and E ) 199 GPa.
The values of the elastic recovery R varied from 7% (for
TS ) 100 °C) to 31% (for TS ) 400 °C). A marked
hardening and stiffening of the film revealed by the
increase of H and E, respectively, with rising atomic
ratio Si/C (Figure 4) is associated with a thermally
enhanced cross-linking process that gives rise to the
content of Si-carbidic structure, as proved by the results
of the FTIR, XPS, and AES structural examinations.18

For comparison, the Vickers hardness of polycrystalline
SiC films deposited on a c-Si substrate from the mixture
of MeSiCl3 with H2 by thermal CVD at TS ) 1500 °C is
reported as 31 GPa27 and 37 GPa.28
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Figure 1. Density of the a-Si:C:H film as a function of the
AES atomic concentration ratio Si/C and/or relative integrated
intensity of the IR Si-C band, controlled by the substrate
temperature.

Figure 2. Density of the a-Si:C:H film produced by RHP-CVD
from DTMSM (O, present work) and by DP-CVD from trieth-
ylsilane (4, data from ref 23) as a function of the atomic
concentration ratio Si/C, controlled by the substrate temper-
ature TS.

Figure 3. Normalized adhesive critical load for the a-Si:C:H
films deposited on quartz plates by RHP-CVD from DTMSM
(O, present work) and hexamethyldisilane (4, data from ref
26) as a function of the AES atomic ratio Si/C, controlled by
the substrate temperature TS.
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On the basis of the hardness and elastic modulus
data, one can predict the wear resistance of the film by
calculating the ratio H/E, termed as the “plasticity
index”.29 This index is widely quoted as a reliable
measure in determining the limit of elastic behavior in
a surface contact, which is important for the avoidance
of wear.29 A high H/E ratio is often a reliable indicator
of good wear resistance of a coating.29 The “plasticity
index” of the examined films can be precisely evaluated
from the slope of the linear plot of H versus E,
determined from the data in Figure 4 and presented in
Figure 5, which also shows analogous plots for the a-Si:
C:H films produced by DP-CVD from Me4Si30 and
thermal CVD from Et2SiH2,31 as well as for the a-Si:C
films produced by laser ablation of the SiC target.32 The
H and E data points of each plot in Figure 5 were

measured for the films produced with varyiation of some
parameter of the deposition process. The values of the
slope dH/dE calculated from the linear plots in Figure
5 are listed in Table 1, which also contains the dH/dE
values (reported in the literature or evaluated from the
literature data H and E) for a number of carbon- and
silicon-based thin-film materials produced by various
deposition techniques. In contrast to the a-Si:C:H films
produced by DP-CVD and thermal CVD and most of the
other thin-film materials depicted in Table 1, the
investigated a-Si:C:H films reveal a very high value of
the slope dH/dE ) 0.259. This allows one to expect their
excellent wear resistance.

3.4. Friction Coefficient. Figure 6 shows the friction
coefficient (µ) of the a-Si:C:H film, against stainless
steel, as a function of the AES atomic ratio Si/C
controlled by the substrate temperature. As can be noted
from Figure 6, the friction coefficient drops slightly with
increasing ratio Si/C from the value µ ) 0.046 at Si/C
) 0.43 (TS ) 100 °C) to a minimum value µ ) 0.042 (
0.002 at Si/C ) 0.85 (TS ) 300 °C). This trend may be
attributed to a decrease of the carbon content in the film
as the friction coefficient of the a-C:H film reveals much
higher values (µ ) 0.1238 and 0.1539) in comparison to
those of the investigated a-Si:C:H films (Figure 6). The

(27) Choi, B. J.; Kim, D. R. J. Mater. Sci. Lett. 1991, 10, 860.
(28) Kim, D.-J.; Choi, D.-J. J. Mater. Sci. Lett. 1997, 16, 286.
(29) Leyland, A.; Mathews, A. Wear 2000, 246, 1.
(30) Scordo, S.; Ducarroir, M.; Beche, E.; Berjoan, R. J. Mater. Sci.

1998, 13, 3315.
(31) Grow, J. M.; Levy, R. A.; Shi, Y. T.; Pfeffer, R. L. J. Electrochem.

Soc. 1993, 140, 851.
(32) El Khakani, M. A.; Chaker, M.; O’Hern, M. E.; Oliver, W. C.

J. Appl. Phys. 1997, 82, 4310.

Figure 4. Hardness and elastic modulus of the a-Si:C:H film
deposited on a c-Si wafer as a function of the AES atomic
concentration ratio Si/C, controlled by the substrate temper-
ature.

Figure 5. Relationship between hardness and elastic modulus
for the a-Si:C:H films produced by RHP-CVD from DTMSM
(O, data from Figure 4), by DP-CVD from tetramethylsilane
(0, data from ref 30), and by thermal CVD from diethylsilane
(4, data from ref 31) and for the a-Si:C films produced by laser
ablation of the SiC target (+, data from ref 32).

Table 1. Slope of Hardness (H) vs Elastic Modulus (E)
Plot (dH/dE) for Carbon- and Silicon-Based Amorphous
Thin-Film Materials Produced by Various Deposition

Techniques

thin-film
material deposition technique source

slope
dH/dE ref

a-C ion-beam sputtering C target 0.112 33, 34
a-C:H DP-CVD CH4 0.115 35
a-C:H DP-CVD CH4 0.130 36
a-C:N ion-beam sputtering C target 0.128 34
a-C:Si:H DP-CVD C6H6/SiH4 0.112 37
a-Si:H ion-beam sputtering Si target 0.093 35
a-Si:C laser ablation SiC target 0.210 32
a-Si:C:H thermal CVD Et2SiH2 0.124 31
a-Si:C:H DP-CVD Me4Si 0.117 30
a-Si:C:H RHP-CVD Me3SiCH2SiHMe2 0.259 this

work

Figure 6. Friction coefficient of the a-Si:C:H film against
stainless steel in ambient atmosphere (44% relative humidity)
as a function of the AES atomic concentration ratio Si/C,
controlled by the substrate temperature.
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increase of µ to the value of 0.052 at Si/C ) 1.04 (TS )
400 °C) (Figure 6) seems to arise from increased content
of silicon in the film. It is noteworthy that the friction
coefficient determined for the c-Si substrate is µ )
0.072(0.003 and that reported for sintered SiC ceramics
is µ) 0 .43.13,40

The compositional dependence of the friction coef-
ficient of similar character as that in Figure 6 has been
observed for the a-Si:C:H films produced by DP-CVD
from the SiCl4-CH4-H2 mixture.13,40 In this case, the
film composition was controlled by varying the contents
of SiCl4 and CH4 in the source mixture. A minimum
value of µ ) 0.05 (for steel ball-on-disk tests at a relative
humidity of 50-70%) was noted in a lower range of the
ratio Si/C ) 0.2-0.3.13,40 The friction coefficients against
stainless steel reported for the other DP-CVD a-Si:C:H
films fabricated from the mixture SiH4-CH4 are µ )
0.82-0.9641 (for the atomic ratio Si/C ) 0.6-1.6 con-
trolled by TS). In view of the discussed data the
investigated RHP-CVD a-Si:C:H films exhibit friction
coefficient values lower than those of the DP-CVD films.

In view of the high value of the slope of the H-E plot
(dH/dE ) 0.26; Table 1), the very low friction coefficient
(µ ) 0.042) and high hardness (H ) 30 GPa) found for
the a-Si:C:H film deposited at relatively low substrate
temperature TS ) 300 °C (Figures 4 and 6, respectively),
this material seems to be an excellent candidate for
tribological application.

3.5. Refractive Index and Optical Band Gap. The
optical properties of the a-Si:C:H films are characterized
by the refractive index and the optical band gap (or
absorption edge). Figure 7 shows the refractive index
(n) of the examined a-Si:C:H films as a function of the
atomic concentration ratio Si/C, controlled by the sub-
strate temperature and similar compositional depend-
encies of n reported for the films produced at various
TS’s by RHP-CVD from hexamethyldisilane26 and tet-
rakis(trimethylsilyl)silane,42 as well as by DP-CVD from
triethylsilane.23 As follows from the curve in Figure 7,
the refractive index rises markedly with increasing
atomic ratio Si/C. In the case of the DTMSM films, the
value of n varies from 1.52 at Si/C ) 0.28 (TS ) 30 °C)
to 1.89 at Si/C ) 1.04 (TS ) 400 °C). This trend is due
to the densification of the film caused by thermally
enhanced cross-linking, as supported by the structural
dependencies of the density showed in Figure 1. The
relationship presented in Figure 8 clearly indicates an
increase in the refractive index with rising film density.

We note that the compositional dependence of the
refractive index of similar character as presented in
Figure 7 have also been observed for the a-Si:C:H films
produced by DP-CVD from the silane-hydrocarbon
mixture.17,43,44

Figure 9 shows the optical band gap of the a-Si:C:H
film as a function of the AES atomic ratio Si/C,
controlled by TS. Optical gap decreases linearly from 2.6
to 2.1 eV with rising Si/C and/or TS. Compositional
dependence of the optical band gap similar to that
shown in Figure 9 is reported for the a-Si:C:H films
formed by DP-CVD from the mixtures silane-hydro-
carbon17,43-45 and silane-disilylmethane or trisilyl-
methane or tetrasilylmethane.46,47

The observed compositional and/or deposition tem-
perature dependence of the optical band gap (Figure 9)
may be explained by the formation of the localized states
and their effect on this parameter. It is expected that
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Res. 1994, 9, 2440.
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M. J. Vac. Sci. Technol. A 2002, 20, 638.
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(42) Wróbel, A. M.; Wickramanayaka, S.; Nakanishi, Y.; Hatanaka,
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(45) Anderson, D. A.; Spear, W. E. Philos. Mag. 1977, 35, 1.
(46) Folsch, J.; Rubel, H.; Schade, H. Appl. Phys. Lett. 1992, 61,

3029.
(47) Folsch, J.; Rubel, H.; Schade, H. J. Appl. Phys. 1993, 73, 8485.

Figure 7. Refractive index (at a light wavelength of 632.8
nm) of the a-Si:C:H film produced by RHP-CVD from DTMSM
(O, present work), hexamethyldisilane (0, data from ref 26),
and tetrakis(trimethylsilyl)silane (+, data from ref 42) and by
DP-CVD from triethylsilane (4, data from ref 23) as a function
of the atomic ratio Si/C, controlled by the substrate temper-
ature.

Figure 8. Refractive index-density relationship for the a-Si:
C:H films deposited at various substrate temperatures.
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dangling bond defects in the film are created during the
deposition process, thus giving rise to the density of the
localized states. At low deposition temperatures, the
concentration of dangling bonds is low due to their
saturation with hydrogen. The concentration of dangling
bond defects increases with the deposition temperature
due to thermal scission of the C-H and Si-Me bonds
in the deposit, as proved in the first part of this work.18

This involves an extension of the density-of-states tail
and resulting narrowing of the optical band gap.

The presented results indicate that the refractive
index and optical band gap width are strongly affected
by the film structure and can be controlled by the
deposition temperature.

4. Conclusions

The reported experimental results reveal distinct
relationships existing between the physical, mechanical,

and optical properties and the structure of the investi-
gated a-Si:C:H films.

The atomic concentration ratio Si/C, controlled by the
deposition temperature, is an important structural
parameter reflecting the cross-linking in the film. This
parameter was found to influence strongly the film
properties, characterized by a number of parameters,
such as density, adhesion to the substrate, hardness,
elastic modulus, friction coefficient, refractive index, and
optical band gap. An increase of the parameter Si/C
(caused by the increase of TS) involves a significant rise
of the density, adhesion, hardness, elastic modulus, and
refractive index. A different trend is noted for the
friction coefficient and optical band gap. The latter
parameter decreases with increasing ratio Si/C, whereas
the former reaches a minimum.

A high value of the slope of a linear H-E plot (dH/
dE ) 0.26) determined for the investigated a-Si:C:H
films accounts for their good wear resistance.

Strong adhesion to the substrate, low friction coef-
ficient (µ ) 0.042, against stainless steel), high hardness
(H ) 30 GPa), and good conformality of coverage found
for the a-Si:C:H film deposited at relatively low sub-
strate temperature TS ) 300 °C allow one to expect that
this material is an excellent candidate for tribological
use.

In view of the presented properties, the a-Si:C:H films
produced by RHP-CVD seem to be very promising
coating materials for many applications.
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Figure 9. Optical band gap of the a-Si:C:H film as a function
of the AES atomic concentration ratio Si/C, controlled by the
substrate temperature.
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