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High-resolution x-ray reflectivity �XRR� and heavy-ion elastic recoil detection were employed to
study the role of hydrogen on the softening behavior observed in Si-incorporated hydrogenated
amorphous carbon �Si-a-C:H� films synthesized by plasma-enhanced chemical-vapor deposition
using tetramethylsilane �TMS� precursor in C2H2/Ar plasma. An enhancement of the optical band
gap and a massive reduction in the density of the films prepared at high TMS flow rate were
revealed, respectively, by spectroscopic ellipsometry and XRR analysis with the development of a
double critical angle. A hydrogenation process was responsible for a rise in the density of voids and
an associated reduction in the connectivity of the carbon network and the release of its residual
stress. © 2005 American Institute of Physics. �DOI: 10.1063/1.2132088�
I. INTRODUCTION

Si-incorporated amorphous carbon films �either hydro-
genated or hydrogen free� have great technological potential
since they possess a unique combination of characteristics,
including reduced internal stress,1 high deposition rate,2 high
corrosion resistance,3 good adhesion to many substrates,4 im-
proved thermal stability,5 low friction coefficients indepen-
dent of relative humidity,6 and low wettability.7

The physical basis for these enhanced properties and the
role of incorporated Si in diamond like carbon �DLC� �Si-
DLC� films have been extensively reported.8–11 However, the
effect of silicon incorporation on the mechanical properties
of DLC has not been firmly established and there is still a
considerable controversy in the literature.6,12,13 Different
studies have demonstrated different trends for the mechani-
cal properties of a-C:H films with Si addition. For example,
De Martino et al.14 obtained hard Si-a-C:H films with hard-
ness values �40 GPa� comparable to those of high sp3 tetra-
hedral amorphous carbon �ta-C� films. They attributed the
excellent mechanical properties of their rf reactive sputtering
films to the formation of an sp3-coordinated and poorly hy-
drogenated SiC network. It was emphasized that the energy
of the Ar ions played a significant role in the resultant mi-
crostructure by providing intermixing of carbon and silicon
atoms and densification of the films by the removal of voids.

In contrast, Zhao et al.15 observed a progressive reduc-
tion trend in the nanomechanical properties of plasma-
enhanced chemical-vapor deposition �PECVD� a-C:H films
as a result of Si addition. In this case it was suggested that
the dramatic reduction in hardness and elastic modulus was
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due to a hydrogenation process caused by the incorporation
of hydrogen-rich tetramethylsilane �TMS� precursor gas into
a mixture of C2H2/Ar plasma.

A different trend for the mechanical properties was also
reported by Lee et al.16 for Si-a-C:H films deposited by
plasma-assisted chemical-vapor deposition �PACVD� tech-
nique using a mixture of benzene and diluted silane. In this
study, it was suggested that initial Si incorporation ��5 at. %
Si� increased the interlinking of the atomic bond network,
which enhanced both the hardness and intrinsic stress. Fur-
ther Si addition led to a saturation behavior, which was
caused by the formation of a crystalline SiC phase and an
increase in the number of Si–Si and Si–H bonds.

In this work we have conducted a thorough investigation
of the interrelationship between the modified microstructure
induced by TMS incorporation and the density, composition,
residual stress, and optical and mechanical properties of the
PECVD a-C:H films. Such a study provides important in-
sight onto the role of hydrogen and silicon addition, which is
necessary for enhancing the performance of stress-free Si-
a-C:H films as durable, antireflection, and protective coat-
ings in optical applications.

II. EXPERIMENTAL PROCEDURES

Si-a-C:H films were deposited from a mixture of
C2H2/Ar plasma and TMS precursor �total flow rate of
40 standard cubic centimeter per minute �SCCM�� onto Si
�100� wafers using 13.56 MHz PECVD reactor. All deposi-
tions were carried out at room temperature with a fixed dc
self-bias voltage of 300 V.

Heavy-ion elastic recoil detection �ERD� analysis was

performed at the Australian National University using the 14
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UD heavy-ion accelerator facility.17 The x-ray reflectivity
�XRR� measurements were performed at the station 2.3 of
Daresbury laboratory. Data in terms of density, layer thick-
ness, and roughness were extracted by fitting the experimen-
tal curves to theoretical ones using Laptos software package.

An ISA Labram was used for the visible-range measure-
ments, while a Renishaw 2000 spectrometer was employed
for the UV range. X-ray photoelectron spectroscopy �XPS�
analysis was carried out using KRATOS XSAM 800. The
films’ optical properties were measured by a Jobin Yvon el-
lipsometer over the range of 1.65–4.8 eV at a fixed angle of
69.2°. A single Tauc-Lorentz oscillator model was used,18,19

for the analysis of the spectra, which is generally recognized
as the best model for producing accurate values for amor-
phous carbon.20 Nanoindentation tests were performed with a
MTS nanoindenter XP system. A surface profiler �Tencor
P-10� was used to measure the residual stress by using the
radius of curvature method.

III. RESULTS AND DISCUSSION

A. XPS analysis

The modification of bonding structure induced by TMS
incorporation was monitored through evaluation of the over-
all sp3 /sp2 hybridization ratio and the chemical arrangement
between carbon and silicon �i.e., the fraction of C–Si and
C–C bonds�. The C 1s XPS feature was fitted with five peaks
representing five carbon bonding configurations. The compo-
sition, total sp3 hybridization ratio, and bonding assignment
of the Si-a-C:H films are presented in Table I. The bond
assignments are consistent with other published works.21,22

Figure 1�a� illustrates the constituents bond ratios de-
duced from the deconvolution of C 1s XPS spectra of the
Si-a-C:H films as a function of Si concentration. As one can
see, while the C–C bonds are almost constant, the incorpo-
rated Si atoms substitute for sp2-bonded carbon atoms caus-
ing a development of C–Si bonds with the increase in the
TMS/C2H2 flow-rate ratio. Figure 1�b� presents the total sp3

hybridization ratio �i.e., the fraction of C–Si and C–C bonds�
of Si-a-C:H films as a function of Si concentration. The
figure shows that carbon and silicon sp3 sites are progres-

TABLE I. The effect of silicon atomic concentrat
maximum �FWHM� of C 1s, sp2, and sp3 data are o

Conc. �at. %� Binding

C Si O C–Si CvC

85.19 1.47 13.34 283.8/1.3 284.6/1
82.58 3.13 14.29 283.3/1.3 284.5/1
78.07 6.19 15.74 283.6/1.2 284.4/1
72.09 8.64 19.27 283.7/1.4 284.5/1
71.85 10.16 17.99 283.4/1.5 284.4/1
67.61 14.83 17.56 283.8/1.5 284.5/1
62.5 15.49 22.01 282.9/1.7 284.3/1
65.8 16.25 17.95 283.8/1.5 284.5/1
62.93 18.95 18.12 283.8/1.4 284.5/1
59.67 21.54 18.8 283.8/1.4 284.5/1
sively developing with Si incorporation. As the TMS was
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introduced into the discharge plasma, the Si concentration
increased. Since silicon forms only single bonds, Si atoms
replace carbon in sp2 C bonds causing a promotion of the sp3

hybridization bonding.

B. Multiwavelength Raman spectroscopy

It is well known that Raman scattering is a resonance
process in which those configurations whose band gaps
match the excitation energy are preferentially excited. Visi-
bal �vis�-Raman spectroscopy is 50–230 times23,24 more sen-
sitive to sp2 sites than sp3 because visible photons �2.2 eV�
preferentially excite the � states. Therefore vis-Raman spec-
troscopy is able to probe only the sp2 sites. It depends fun-
damentally on the ordering of sp2 sites and only indirectly on
the fraction of sp3 sites.25 In Fig. 2�a�, the background of all
Raman spectra is subtracted to illustrate clearly the changes
in the spectra with Si addition. The figure clearly illustrates
that Si-a-C:H samples exhibit spectra dominated by the so-
called G and D peaks. Both features are related to the
�-�* transitions at the sp2 sites only. The G peak is due to
the bond stretching of all pairs of the sp2 atoms in both rings
and chains. The D peak is due to the breathing modes of the
sp2 atoms in rings.

on the binding energy �Eb� and full width at half
d from the peak fitting on C 1s binding energy.

y �eV�/FWHM �eV� of C 1s

sp3

RatioC–C C–O O–C–O

285.4/1.4 286.9/1.9 289/1.8 52.4
285.2/1.5 286.6/1.7 288.3/2 55.8
285.1/1.5 286.5/1.8 288.3/2 55.8
285.3/1.5 286.7/1.8 288.5/2 56.4
285.1/1.6 286.5/1.9 288.5/2 58.6
285.2/1.6 286.7/1.9 288.5/2 60.7
285.1/1.8 286.5/1.9 288.0/2 62.2
285.2/1.6 286.7/1.9 288.5/2 62.2
285.3/1.6 286.7/1.8 288.5/2 67.2
285.2/1.6 286.7/1.8 288.5/2 69.3

FIG. 1. �a� Deconvolution of C 1s XPS core-level spectra and �b� total sp3
ions
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The effect of silicon addition on Raman’s parameters of
the a-C:H films is summarized in Fig. 2�b�. The following
important trends can be identified in the spectra: �i� the in-
tensity ratio of D and G peaks, ID / IG, decreases, �ii� the G
peak position shifts to lower frequency; and �iii� the G peak
becomes more symmetric with a slight reduction of its width.
It is well established that the ID / IG ratio varies with the num-
ber and size of the sp2 cluster domain size. Ferrari and
Robertson25,26 have proposed the following relation for esti-
mating the size of ordered regions �i.e., clusters� from the
ID / IG ratio of carbon:

ID

IG
= C���La

2, �1�

where C is a constant having a value of approximately
0.0055 at 514.5 nm and La is the in-plane crystalline size in
angstroms. This equation is valid only for crystalline size
smaller than 20 Å. The cluster size as calculated using Eq.
�1� decreased from 7.6 to 4.3 Å as the silicon content in-
creased from 0% to 16%, respectively. This result indicates
that the incorporation of Si atoms reduces the sp2 C cluster
size by opening up the sixfold aromatic ring structure. This
also points out that the position of the G peak reflects the sp2

cluster size in a way that the peak shifts to lower frequency
with a decrease of the sp2 cluster size. Our results are in
agreement with that of the study of Yoshikawa et al.27 that
was performed on pure a-C:H films.

On the other hand, phonon confinement model has been
used frequently to explain the variations in the Raman line
shape of nanostructured materials, such as peak-frequency
shifting, peak broadening, and emergence in peak
symmetry.28 For disordered semiconductors, such as amor-
phous and nanocrystalline ones, the spatial confinement of
phonons in a finite volume is expected to partially or fully
relax the q=0 selection rule that determines the Raman spec-
tra of the bulk crystals. The violation of the selection rule
makes the optical phonons at q�0 contribute to the Raman
scattering �i.e., becomes Raman active�. Therefore the pho-
non band broadens toward the low-energy side and shifts
slightly to lower energies.29–31 As one can observe in Fig.
2�a�, the G peak becomes more symmetric with a slight re-
duction of its width. So, phonon confinement model could
not give full explanation for our Raman results. Therefore,

other factors should also participate in modifying the Raman
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spectra of our films including the release of the residual
stress and the development of new chemical bonds.32 At low
Si concentration, the silicon atoms predominantly substitute
for the carbon atoms, as revealed by XPS earlier. As the
atomic fraction of the silicon in the film increases, more and
more silicon atoms substitute for the carbon atoms in the
sp2-bonded carbon clusters. Since silicon atom is heavier
than the carbon atom, the vibration energy of the new struc-
ture becomes lower.33 Therefore incorporation of Si into the
a-C:H films will reduce the phonon vibration frequency
causing a downshift of the G peak.

The ascending slope of the vis-Raman spectra is obvious
with the increase in hydrogen concentration �i.e., H/C ratio�
as illustrated in Fig. 3. Marchon et al.34 observed a similar
behavior for magnetron-sputtered a-C:H films containing
34 at. % H. The development of Raman background slope
with the increase in H concentration could be due to the
saturation of nonradiative recombination sites �e.g., dangling
bonds� by hydrogen addition.34 As TMS gas is introduced
into the PECVD deposition chamber, a high fraction of hy-
drogen is incorporated into the Si-a-C:H films and termi-
nated CH bonds are formed. This leads to an increase in the
photoluminescence �PL� intensity of the vis-Raman spectra.

To monitor the development of the sp3 hybridization
bonds in the Si-a-C:H films, we have employed UV-Raman
spectroscopy �325 nm excitation wavelength�, in which the
� modes of C–C bonds can be observed directly as a broad
peak �T peak� located near 1100 cm−1.35–37 The UV-Raman

FIG. 2. �a� Normalized and background subtracted
visible-Raman spectra and �b� fitting parameters �inten-
sity ratio �ID / IG� and G peak position� of Si-a-C:H
films as a function of Si content.

FIG. 3. Raman background slope vs H/C ratio �determined using heavy-ion

ERD analysis� of Si-a-C:H samples.
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spectra of the Si-a-C:H samples are presented in Fig. 4. As
one can observe, despite the more symmetrical G peak and
the reduction in D peak intensity, there is no indication of the
development of a T peak. This indicates that silicon inclusion
in a-C:H films does not promote the sp3 C–C bonds. In-
stead, it converts the sp2 C to sp3 C–Si �supported by XPS�
or sp3 C–H bonds.

C. Ellipsometric spectroscopy analysis

Figure 5�a� shows the optical-absorption coefficient �
versus the photon energy for Si-a-C:H films with silicon
contents of 0, 6.2, 10.2, and 15.5 at. %, respectively. By in-
creasing the silicon concentration, the optical-absorption
edge is shifted towards higher photon energy with a steeper
slope. This trend indicates the development of films that pos-
sess a wider band gap.38 Figure 5�b1� confirms this sugges-
tion as it clearly demonstrates that the optical band gap val-
ues, Eopt, rise with silicon. The optical data can be explained
by a cluster model.39 In this model, Robertson suggested that
there are two factors that control the optical band gap; those
factors are �i� the gap distinguishes between � and �* states
on the sp2 sites and �ii� the sp2 cluster size. The increase of
Si concentration in the Si-a-C:H films resulted in the de-
crease of the sp2 C cluster size. This has been confirmed by
Raman data that are presented in Fig. 5�b2�, which shows
that the ID / IG is decreasing with the development of Eopt.

FIG. 4. UV Raman spectra of Si-a-C:H films with different silicon concen-
trations. The spectra are shifted to each other for ease of comparison.

FIG. 5. �a� Optical-absorption edge vs photon energy as a function of Si
content. �b1� The effect of Si incorporation on the optical band gap �Eopt�

and �b2� Raman ID / IG ratio of a series of Si-a-C:H films.
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D. Nanoindentation and heavy-ion ERD analysis

Figure 6�a� demonstrates the dramatic reduction in the
mechanical properties of the Si-a-C:H films as the TMS/
C2H2 ratio increases, while the inset illustrates the evolution
of the residual stress in the films under Si incorporation. The
deterioration in both Young’s modulus �E� and hardness �H�
could be accounted by the development of the C–Si
sp3-hybridized bonds as revealed by XPS �CvC bonds are
progressively substituted by C–Si bonds while C–C bonds
remain constant with Si addition�. However, since the bond
strength of C–Si bond �320 kJ/mole� is only 15% smaller
than that of sp2-hybridized CvC bond �380 kJ/mole�,40 the
formation of C–Si bonds should not be considered as the
major reason responsible for the progressive reduction in the
mechanical strength and/or the residual stress in the
Si-a-C:H films.

The reason for the reduction in nanomechanical proper-
ties is to be found on the effect of hydrogen content in the
films. We employed heavy-ion ERD to obtain the relative
change in the films composition �i.e., H/C and Si/C values�
as a function of TMS/C2H2 ratio and the results were plotted
in Fig. 6�b�. It is clear from the figure that the relative con-
centrations of both hydrogen and silicon are improved by the
substitution of C atoms, as the TMS flow rate increased. The
dissociation of hydrogen-rich precursor gas �i.e., TMS gas�
by C2H2-enriched argon plasma is the main factor contribut-
ing to the increase of hydrogen concentration in the
Si-a-C:H films. The inclusion of hydrogen, whose effect is
to increase the density of voids, influences the connectivity
and hardness of the network.41 This result is well docu-
mented in the literature.42 Additionally, high hydrogen con-
centration in the Si-a-C:H films enhances the formation of
polymeric sp3 CHn �n�1� structure, which dramatically af-
fects the mechanical properties of our films.

E. XRR analysis

To verify the above suggestion that porosity was en-
hanced in our Si-a-C:H films by the inclusion of TMS pre-
cursor gas in the deposition plasma, we have employed high-
resolution XRR technique to measure the electron density of

FIG. 6. The effect of Si incorporation on �a� Young’s modulus �E� and
hardness �H� of a-C:H films. The inset illustrates the reduction of residual
stress of the PECVD films as a result of the TMS-incorporation process. �b�
The evolution of H/C and Si/C concentrations vs TMS/C2H2 flow-rate
ratio.
the films and to extract the porosity values. Figure 7 presents
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typical XRR spectra of Si-a-C:H films, deposition time of
1 min, as a function of Si concentration. The figure shows
that at a specific value �i.e., critical angle ��c�� a total exter-
nal reflection occurs with an abrupt decrease in the reflectiv-
ity and a development of modulations �fringes� in the spec-
tra. From �c one can obtain the electron density of
overcoated material. The distance between fringes �period� is
an indication of film’s thickness. For more details about the
XRR technique, readers are guided to Ref. 43. The right inset
of Fig. 7 shows the increase of deposition rate with TMS
addition, which is consistent with the increase in the number
of fringes observed in the XRR curves. On the other hand,
one can observe that except for the a-C:H sample, all the
Si-incorporated PECVD samples exhibited a double critical
angle feature �as illustrated in the left inset of Fig. 7�. This
indicates that the overcoat possesses an electron density
lower than the substrate material.43

The results from the XRR fitting are shown in Fig. 8�a�.
As the figure shows, the film density dramatically dropped
from 2.3 g/cm3 for film with zero Si to only a value of
1.1 g/cm3 for film with 16.3 at. % silicon. In comparison
with other work8 our films exhibit a significant density re-
duction. Different density trends are believed to be due to the
dissimilarity in both the plasma chemistries and dynamics
�i.e., type of precursor gases� of these different studies.

Assuming that the electron density of the matrix material
contained in the porous film ��e,porous� is similar to that of the

FIG. 7. X-ray reflectivity curves of Si-a-C:H samples with constant depo-
sition time �1 min� as a function of Si concentration. The right inset illus-
trates the deposition rate as a function of TMS/C2H2 ratio. The left inset
shows a close-up figure illustrating the development of a double critical
angle in the spectrum of the Si-a-C:H sample �10.1 at. % � Si�.

FIG. 8. The effect of Si addition on �a� the electron-density values, and �b�

the refractive index, measured at 633 nm, of a-C:H films.
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dense film ��e,nonporous� and the electron density is uniform
throughout the thickness of the film, the porosity P of a
material is calculated as follows:

P = 1 − ��e,porous/�e,nonporous� . �2�

From these measurements, the porosity of the Si-a-C:H film
�16.3 at. % Si� is extracted to be 52%. So, it is clear that
porosity has been initiated and progressively developed with
increasing the TMS flow rate. This has also been confirmed
by spectroscopic ellipsometry data where the refractive index
�n� measured at wavelength of 633 nm exhibited a decreas-
ing trend as illustrated in Fig. 8�b�. This porosity trend is a
very common feature in PECVD low dielectric constant �K�
materials,44 which are obtained using a precursor molecule
with a ring-type structure, such as tetramethylcyclotetrasilox-
ane �TMCTS, Si4O4C4H16�.

44 Such a cyclic precursor struc-
ture could be preserved to some extent, under proper plasma
conditions, to produce nanoporous films, with low dielectric
constants.

IV. SUMMARY

A series of PECVD Si-a-C:H films �up to 21 at. % Si�
was produced by using a gaseous mixture of Ar/C2H2

plasma and TMS precursor gas. The Si-a-C:H films exhib-
ited XRR spectra with a double critical angle as an indication
for massive reduction in density value. Also, a significant
reduction in the nanomechanical properties was observed.
On the other hand, the ellipsometry results showed that while
the refractive index slightly changed from 2.22 to 1.96, the
optical band gap significantly improved �from
1.35 to 2.7 eV� as a result of a developing higher sp3-bonded
structure �as revealed by XPS�. The above-mentioned results,
that seemed to be contradictory, were explained in terms of
the increase of the density of voids �i.e., porosity� in the
structure, which was associated with a hydrogenation pro-
cess. The increasing trend of hydrogen content in the films
was quantitatively confirmed by heavy-ion ERD and corre-
lated with the development of an ascending slope in the vis-
Raman spectra. The absence of a T peak in the UV-Raman
spectra �325 nm� confirmed that silicon incorporation in the
a-C:H samples did not promote the formation of sp3 C–C
bonds but converted the sp2 C to sp3 C–Si �supported by
XPS�. Therefore, sp3 hybridization process in the films was
developed but with more polymerlike and porous structure.
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