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1. Introduction

  SiC thin films have drawn much attention for their 
promising mechanical applications such as MEMS [1-3] 
and X-ray masks [4,5]. This is because of their excellent 
anti-wear properties, oxidation resistance and chemical 
inertness. Considering the electronic properties of SiC, the 
application areas become still wider [6-9]. The hardness 
is a very important property, especially in mechanical 
applications. The hardness of conventional bulk SiC mate-
rials such as single or polycrystalline SiC materials is ap-
proximately 28 GPa [10]. On the other hand, some SiC 
thin films have been reported to have a hardness greater 
than 40 GPa, referred to as superhardness, far surpassing 
the above mentioned bulk hardness [11-16]. Recently, our 
group reported that SiC thin films exhibiting superhard-
ness have a composite phase microstructure of SiC nano-
columnar crystalline grains (NCCG) of several nano-
meters in width that are separated by an intergranular 

amorphous SiC matrix [17,18]. Although the two phases 
are of the same SiC material, it takes the appearance of 
a composite microstructure consisting of crystalline fibers 
aligned in an amorphous matrix. We proposed that it was 
this microstructure that made the films superhard, as dis-
location generation is difficult in nano-size crystal grains 
and dislocation movement across the amorphous matrix 
is difficult. Such an interpretation is consistent with the 
models suggested by Veprek et al. [19-21] and Musil 
[22,23] of nanocomposite thin films consisting of different 
materials.
  Since the crystalline SiC phase is more stable thermody-
namically than the amorphous SiC phase, the formation 
of the amorphous thin film instead of a crystalline film 
is for kinetic reasons. Musumeci et al. [24] studied the 
effect of the annealing on the crystallization of an amor-
phous SiC thin film and reported that the crystallization 
begins to occur above 800 °C. However, Ar ion bombard-
ment during the SiC film deposition can reduce the crys-
tallization temperature to a lower value. In this report, 
we investigated the role of the major deposition variables 
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in forming such a composite-like microstructure. We have 
chosen the deposition temperature and substrate bias volt-
age as key deposition variables, as these variables strongly 
influence the deposited particle energy, which is critical 
to the determination of the microstructure of the film [25].

2. Experimental Methods 

  SiC films were grown using an in-house built un-
balanced magnetron (UBM) sputtering system (2” diame-
ter UBM sputter gun made by AJA Co., USA) with a 
sintered silicon carbide target (99.5% purity) connected 
to a direct current (DC) 200 W electric power source 
(PSTEK, Inc., model PSPP-0108V3, Korea). High-purity 
Ar (99.9999%) was used as the sputtering gas, and the 
distance between the target and substrate was 7.5 cm. We 
used a (100) plane oriented Si single-crystal wafer as a 
substrate. The deposition temperature was varied from 
room temperature to 450 °C, and a DC bias voltage 
(TRUMPF, Inc., model PBP-2, Germany) between 0 and 
–100 V was applied to the substrate.
  The process chamber was evacuated to a base pressure 
below 1.6 × 10−4 Pa, and Ar was introduced into the vac-
uum chamber using a mass flow controller to establish 
the desired working pressure of 0.4 Pa. The Ar gas flow 
rate was fixed at 25 cm3/min. The target was subjected 
to an Ar pre-sputtering process for 10 min to eliminate 
the native oxide layer and to stabilize the negative voltage 
developed at the target. The Si substrates were sput-
ter-cleaned for 15 min with an applied substrate bias of 
–300 V at 0.4 Pa. Before the sputter-cleaning, the sub-
strates were cleaned in methyl alcohol and acetone for 
15 min with sonication to remove organic contaminants. 

After the sputter-cleaning, the films were deposited at the 
same pressure for 2 h. Their thicknesses were measured 
to be approximately 2.4 µm irrespective of the deposition 
condition.
  Cross-sectional images of the films were obtained using 
both scanning electron microscopy (SEM) (Hitachi, 
S-4200, Japan) for the thickness measurement, and trans-
mission electron microscopy (TEM) (Tecnai F20 G2). 
Raman spectroscopy (532 nm Nd:YAG laser, Renishaw, 
In Via Raman Microscope, UK) was also used for the 
characterization of the structure of the films with a laser 
power of 22.5 mW. Glancing angle X-ray diffraction pat-
terns (GAXRD) using a diffractometer were also obtained 
at a small angle of incidence of 2° using CuKα radiation 
(Rigaku, D/MAX-2500/PC, Japan) to analyze the lattice 
structure. The composition of the film was determined via 
Auger electron spectroscopy (AES) (ULVAC-PHI, Inc., 
model PHI 710, Japan), and nanoindentation experiments 
were performed using a Fischerscope HM2000XYp in-
strument equipped with a Vickers indenter at an in-
dentation load of 10 mN.

3. Results and Discussion

  The cross-sectional TEM images of the films enable 
their classification into two distinct groups of micro-
structures, depending on the deposition variables. Fig. 1a 
and 1b show bright-field cross-sectional images of an 
amorphous SiC film and a SiC film with NCCG, re-
spectively, and the insets show their electron diffraction 
patterns. The diffraction pattern shown in the inset of Fig. 
1a shows a broad diffuse ring pattern, typically found in 
amorphous structures. Fig. 1b shows the NCCG with col-

    

Fig. 1 Cross-sectional TEM images of a SiC film deposited at a bias voltage of (a) 0 V and (b) -80 V.
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umn widths of several nanometers surrounded by an amor-
phous matrix, which was presented in detail in our pre-
vious report [17]. The diffraction pattern of the latter con-
sisted of broad rings assigned to the amorphous matrix 
and bright spots originating from the crystalline grains. 
The amorphous structure was observed for SiC films de-
posited at low temperatures and small bias voltages, 
whereas the NCCG structure was observed for films de-
posited at high temperatures with high bias voltages. Such 
a microstructural difference resulted in a large difference 
in the measured hardness: approximately 30 GPa for the 
amorphous films and approximately 45 GPa for the 
NCCG-containing films.
  The Raman spectra contain the most interesting in-
formation on the short-range ordering of the silicon car-
bide thin films. Fig. 2 shows the Raman spectra of the 
SiC films deposited at 450 °C at various bias voltages. 
The spectra show three different bands, which are typi-
cally observed for SiC thin films [15,26]: the band at ap-
proximately 480-560 cm−1 corresponds to silicon clusters, 
associated with Si–Si bonds; the band at approximately 
820 cm−1 is associated with Si–C bonds [27]; and the band 
at approximately 1440 cm−1 corresponds to carbon clus-
ters, associated with C–C bonds (the intensity of the C–C 
band appears large relative to the actual volume fraction 
of the Si–C component owing to the large scattering effi-
ciency of the C–C bond, which is approximately 40 times 
higher than that of the Si–C bond [28]). The existence 
of these three bands implies that clusters corresponding 
to these three bands coexist in the films, as has generally 
been previously observed [14,15,26]. 
  A close look at the spectra shows that three types of 
distinct changes occurred when the absolute value of the 
bias voltage increased to approximately –80 V: the change 

of the SiC-related band to a bimodal shape due to the 
appearance of a new band at approximately 940 cm−1, 
abrupt wavenumber shifts of the amorphous Si- and C-re-
lated scattering bands (from the positions indicated by the 
dotted line arrows to those indicated by the solid line ar-
rows) and a peak broadening of the amorphous C-related 
band. The most apparent of the three changes is the en-
hancement of the SiC band intensity at approximately 940 
cm−1, which was observed for all films deposited above 
the critical bias voltage and deposition temperature. The 
SiC bands of the films deposited at substrate biases of 
–80 V and −100 V appear to be composed of bimodal 
bands (with transverse optic (TO) and longitudinal optic 
(LO) modes of approximately 780 cm−1 and 940 cm−1, 
respectively.) This is related to the crystallization of the 
SiC phase since the appearance of the LO phonon band 
near 940 cm−1 corresponds to the microcrystalline mod-
ification of the SiC phase [15,29]. This phenomenon can 
be considered as a type of phase transformation that is 
induced by the bombardment with gaseous ions (which 
can be referred to as an ion bombardment induced phase 
transformation or crystallization): the amorphous SiC 
phase partially transforms into the nanocrystalline SiC 
phase, and the remainder is in a state different from that 
of the parent amorphous SiC phase. A comparison of the 
microstructural characteristics shown in Fig. 1 with the 
appearance of the enhanced band at approximately 940 
cm−1 in the Raman spectra of Fig. 2, represents the close 
correlation of the shape of the Raman spectra with the 
formation of the microstructure of the SiC film shown 
in Fig. 1b. The enhancement of the Raman band intensity 
at approximately 940 cm−1 is very sensitive to the crystal-
lization of the SiC phase and could thus be used to quanti-
fy the degree of crystallization of the SiC thin films. 
  The fact that the wavenumber shifts of both the carbon 
and Si scattering bands as well as the broadening of the 
carbon bands occurred at the same time as the bimodal 
shape change of the SiC scattering band implies that the 
nature of the short-range ordering inside both the Si and 
C clusters also changed with the crystallization of the SiC 
phase, although they remain in an amorphous state. The 
wavenumber shifts observed in the SiC films have been 
suggested to be caused by several reasons, including 
changes in the stoichiometric ratio of the film, the degree 
of short-range ordering, the size of the clusters, and the 
defect density [29,30]. Since the concentration ratio was 
measured by AES to be constant at nearly 1, irrespective 
of the deposition condition, the possibility of a stoi-
chiometry change effect can be eliminated. The present 
wavenumber shifts are thus believed to be mainly caused 

Fig. 2 Raman spectra of SiC films deposited at 450 °C at various 
substrate bias voltages.
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by differences in the short-range ordering in the films or 
in the size of the clusters. 
  We plotted the variation of the wavenumber of the car-
bon band with the bias voltage to clarify their tendency. 
Fig. 3 shows the variation of the wavenumber of the C–C 
related scattering band with the substrate bias voltage at 
various deposition temperatures. The wavenumber monot-
onically changed to lower values with the increasing bias 
voltage, in the case of the films deposited at 250 and 350 
°C. This means that in the films deposited at these temper-
atures, the degree of short-range ordering within the car-
bon clusters gradually deteriorated, or the size of the clus-
ters diminished with increasing bias voltage. The film de-
posited at 450 °C, however, shows an abrupt wavenumber 

change to a higher value at a bias voltage above –80 V, 
which is related to a significant structural change in the 
carbon clusters under this condition; a similar observation 
was also made for the silicon-related scattering band, al-
though the magnitude of the variation was small. This 
condition corresponded to the NCCG formation in the SiC 
thin film. These results show that the amorphous Si and 
C clusters also experienced significant structural changes 
such as the enhancement of the short-range ordering or 
the increase of the cluster size when the SiC NCCG 
formed. The above results show that the thermal energy 
at 250 or 350 °C is not sufficient to restore the atoms 
displaced by the bombarding ions to their stable positions. 
At 450 °C, however, the thermal energy (in addition to 
the kinetic energy of the deposited C atoms delivered by 
the bombarding ions) may be sufficient for the deposited 
atoms to have enough time to undergo short-range order-
ing in the clusters. In addition to the wavenumber change, 
the carbon-related band was also broadened across the 
range of critical bias voltages, which is believed to be 
due to the formation of graphite-like clusters [14]. Such 
a structure change can broaden the carbon-related scatter-
ing band due to the appearance of a G band of carbon 
at a higher wave number. 
  On the basis of the results shown in Fig. 1 and 2, the 
conditions for the formation of the SiC films with the 
NCCG can be drawn as a map (Fig. 4). Under the deposi-
tion conditions of the present sputtering system, a deposi-
tion temperature higher than 400 °C was required for the 
formation of the NCCG in the SiC films, even under the 
optimum ion bombardment. Thus, it can be concluded that 
a minimum thermal energy is necessary for the formation 
of the crystalline SiC phases, even with ion bombardment. 

Fig. 3 Variation of the peak shift of the carbon band in the 
Raman spectra as a function of the substrate bias voltage for 
SiC films deposited at various temperatures.

Fig. 4 Phase map of SiC thin film according to substrate bias 
voltage and deposition temperature (■: amorphous SiC, ●: 
nanocomposite SiC).

Fig. 5 XRD diffraction patterns of SiC films deposited at 450 
°C with various substrate bias voltages.
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  Fig. 5 shows the XRD patterns of the same SiC films 
as subjected to the Raman spectroscopy measurements 
shown in Fig. 2. Only one broad band corresponding to 
the (111) plane of cubic phase SiC was visible. These 
spectra are typical patterns from an X-ray amorphous 
phase [22], with no definite diffraction peak originating 
from a crystalline phase visible. This indicates that the 
thin films were either in the amorphous phase or consisted 
of very fine crystalline grains. Different from the Raman 
spectra shown in Fig. 2, no tangible differences were ob-
served among the films deposited at various substrate bias 
voltages, irrespective of the formation of the crystalline 
grains shown in Fig. 1. The XRD analysis is thus not 
sufficiently sensitive to distinguish the formation of the 
crystalline phase of the present films.

4. Conclusions

  The influences of the substrate bias voltage and deposi-
tion temperature on the phase of SiC thin films deposited 
using an UBM sputtering system were studied. Above a 
critical bias voltage and deposition temperature, the micro-
structure of the SiC film appeared to change from an 
amorphous to a nanocomposite-like structure in which 
NCCG were embedded in an amorphous SiC matrix. It 
was proven experimentally that both the bombardment of 
ions and a minimum thermal energy are mandatory for 
the formation of the SiC NCCG. 
  Three different structural analysis methods (TEM, 
Raman spectroscopy, and XRD) were used to identify the 
phase of the films. Cross-sectional observations using 
TEM clearly showed the existence of NCCG in an amor-
phous SiC matrix. The existence of those grains could 
also be confirmed via Raman spectroscopic analysis; an 
enhancement of the scattering band at approximately 940 
cm−1 was related to the formation of the crystalline phase. 
The XRD analysis, however, could not definitively dem-
onstrate the existence of the crystalline SiC phases. 
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