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Structural and electrical characterization of annealed Si1−xCx/SiC
thin film prepared by magnetron sputtering∗
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Si-rich Si1−xCx/SiC multilayer thin films are prepared using magnetron sputtering, subsequently followed by thermal
annealing in the range of 800–1200 ◦C. The influences of annealing temperature (Ta) on the formation of Si and/or SiC
nanocrystals (NCs) and on the electrical characteristics of the multilayer film are investigated by using a variety of analytical
techniques, including X-ray diffraction (XRD), Raman spectroscopy and Fourier transform infrared spectrometry (FT-IR),
current–voltage (I–V ) technique, and capacitance-voltage (C–V ) technique. XRD and Raman analyses indicate that Si
NCs begin to form in samples for Ta ≥ 800 ◦C. At annealing temperatures of 1000 ◦C or higher, the formation of Si NCs
is accompanied by the formation of SiC NCs. With the increase in the annealing temperature, the shift of FT-IR Si–C
bond absorption spectra toward a higher wave number along with the change of band shape can be explained by a Si–C
transitional phase between the loss of substitutional carbon and the formation of SiC precipitates and a precursor for the
growth of SiC crystalline. The C–V and I–V results indicate that the interface quality of Si1−xCx/SiC multilayer film is
improved significantly and the leakage current is reduced rapidly for Ta ≥ 1000 ◦C, which can be ascribed to the formation
of Si and SiC NCs.
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1. Introduction

Materials consisting of silicon nanocrystals (Si NCs) em-
bedded in a dielectric matrix have attracted considerable inter-
est in the field of silicon optoelectronics.[1–5] Current research
on Si NCs is focused on the preparation of Si NCs embed-
ded in oxide, nitride, and carbide hosts.[6–10] Compared with
Si NCs embedded in oxide and nitride matrices, the barrier
height between Si NCs and amorphous SiC matrix is lower,
which can enhance the tunneling probability of carriers be-
tween adjacent NCs and effective carrier mobility.[11] There-
fore, SiC is an attractive alternative Si-NC host material for
solar cell applications due to its low band gap relative to SiO2

and Si3N4.[12] Due to the presence of high trap/state density
in SiC matrix, the electrical characteristics of a Si-NC solar
cell are seriously poorer than that predicted in Ref. [12]. Un-
derstanding trap state generation and oxide charge trapping
mechanisms is fundamental to achieving a robust scheme for
SiC-based photoelectric devices. To the best of our knowl-
edge, a few reports that combine the structural properties with
the electrical characteristics have been published. In order
to further improve device performance, it is crucial to under-
stand the electronic properties of Si NCs embedded in amor-
phous SiC matrix together with their microstructures and op-
tical properties.

Si NCs embedded in a SiC matrix can be formed us-

ing high-temperature annealing of a single Si-rich SiC pre-
cursor layer.[3,13] Compared with a single precursor layer, Si-
rich Si1−xCx/SiC multilayer is expected to offer a better reg-
ulation of Si-NC size, owing to the constraint by the thick-
ness of the Si-rich layer. This case is similar to Si-NC for-
mation in SiO2 or Si3N4 matrix reported elsewhere.[14,15] In
this work, Si NCs embedded in a SiC matrix are prepared by
alternating deposition of Si-rich and near-stoichiometric sil-
icon carbide Si1−xCx/SiC multilayers on Si substrates using
magnetron sputtering deposition, followed by post-annealing
at 800–1200 ◦C. In order to investigate electrical proper-
ties of Si1−xCx/SiC thin films, current–voltage (I–V ) and
capacitance–voltage (C–V ) measurements are carried out. The
structural characteristics of these films are characterized using
X-ray diffraction (XRD), Raman spectroscopy, and Fourier
transform infrared spectrometry (FT-IR). Based on the relation
between electrical and structural characteristics, we have dis-
cussed the interface quality and leakage current characteristics
of Si1−xCx/SiC multilayer film. In addition, the influence of a
thermal annealing process of these thin films on their proper-
ties is investigated.

2. Experimental procedure
Si-rich Si1−xCx/SiC thin films were prepared using mag-

netron sputtering on p-type polished Si wafers (100) with re-
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sistivity of 3–5 Ω·cm. According to the diameter of the SiC
target, the pure Si wafer was cut into a sector piece (5% in
volume), and then tightly pressed onto the SiC target. The
SiC target with a sector piece of Si wafer is used as the Si/SiC
target with a diameter of 60 mm. One cathode, which was
connected to a SiC target, was powered by a 13.56-MHz ra-
dio frequency voltage and the other, which was connected to
a Si/SiC target, was powered by a direct current voltage. The
sputtering chamber and the pretreatment chamber were first
evacuated down to 1.0× 10−4 Pa before the introduction of
the argon gas. In order to eliminate the oxide and water va-
por absorbed on the surface of the targets, they were sputtered
in the sputtering chamber for 10 min before the growth of
Si1−xCx/SiC multilayer films. The typical Si1−xCx/SiC mul-
tilayer structure consisted of 20 pairs of alternately stacked
5-nm-thickness Si1−xCx/SiC layers and 5-nm-thickness SiC
layers. The thickness of Si1−xCx/SiC layer or SiC layer was
controlled by adjusting sputtering power and sputtering time.
After deposition, the as-deposited samples were annealed at
temperature ranging from 800 to 1200 ◦C for about 30 min
in argon ambient. MIS structures were designed in order to
study the electrical characteristics of the annealed and unan-
nealed films. In these structures, electrical contacts were cre-
ated by evaporating Al on the back side of the silicon wafer
and through circular Al dots, 0.5 mm in diameter, deposited
with a mechanical mask on the Si1−xCx/SiC films.

The deposition thickness of Si1−xCx or SiC single layer
was estimated by using an Alpha-step profile meter (KLA-
Tencor P-10). C–V measurements were carried out at a fre-
quency of 1 MHz using a precision LCR meter (Agilent,
4284A) and small sinusoidal test signal of 50 mV. I–V mea-
surements were performed by using a sourcemeter (Keithley,
2601). The film structure was investigated by XRD performed
on a Philips X‘Pert PW 3040/60 diffractometer using Cu Kα

radiation (λ = 0.154056 nm). Raman scattering spectra of
the films were found by using a micro-Raman setup (Ren-
ishaw, 2000) in backscattering configuration. FT-IR absorp-
tion spectra were measured by using a spectrometer (Nicolet,
Nexus670). All the measurements were carried out at room
temperature (RT).

3. Results and discussion
Figure 1 shows the XRD spectra of the Si1−xCx/SiC films

deposited at RT and subsequently annealed at 800–1200 ◦C,
respectively. For the samples deposited at room temperature,
only a very broad and weak XRD peak located at 28.40 is
observed, which indicates that the crystal structure of the as-
deposited film is amorphous. In the case of the annealing
temperature of 800 ◦C, the peak intensity at 28.40 increases
rapidly, and its full width at half maximum (FWHM) is 2.30,

which indicates that Si NCs begin to form when the anneal-
ing temperature increases to 800 ◦C. When Ta is larger than
1000 ◦C, two XRD peaks located at 28.40 and 35.60 are ob-
served, and they are attributed to Si (111) plane and SiC (111)
plane, respectively.[16,17] With the increase of Ta from 1000 ◦C
to 1200 ◦C, the FWHM of the XRD peak at 28.40 decreases
from 1.10 to 0.40, and its intensity enhances greatly. The XRD
peak located at 35.60 begins to emerge when annealing tem-
perature increases to 1000 ◦C. However, it can be clearly ob-
served at the annealing temperature of 1200 ◦C, which indi-
cates that SiC NCs have formed. In addition, another XRD
peak located at 47.300 was also observed, and assigned to the
Si (220) plane. As the size broadening effect is the dominant
contributor to XRD profile broadening, the diffraction domain
size (D) is estimated by means of the well-known Scherrer’s
formula: D = Kλ/β cosθ , where K is a constant to account
for the geometry of crystallite (∼ 0.89), λ is the X-ray exci-
tation wavelength, and β is the corrected FWHM of the XRD
peak after fitting to a Cauchy profile. According to the XRD
peak located at 28.40 and 35.60 annealed at 1200 ◦C, the aver-
age grain sizes of Si and SiC NCs are estimated to be about 4.3
and 5.6 nm, respectively. However, the calculated results are
usually influenced by inhomogeneous strain and other defects
in the structure.

10 20 30 40 50 60

X
R
D

 i
n
te

n
si
ty

SiC (111)
28.4Si (111)

35.6 Si (220)

47.3

as deposited

2θ/(Ο)

1200 C

1000 C

800 C

Fig. 1. XRD spectra of Si1−xCx/SiC films deposited at RT and subse-
quently annealed at 800–1200 ◦C, respectively.

Raman spectra based on inelastic light scattering is a pow-
erful and non-destructive technique for the analysis of stress,
crystal lattice disorder, and homogeneity of materials. It is
also an excellent method for studying nanostructured materials
due to its high sensitivity to the crystal potential fluctuations
and local atomic arrangement. Variations in the disorder and
particle size change the shapes and positions of Raman lines.
Figure 2 shows the Raman spectra of the Si1−xCx/SiC films
deposited at RT and subsequently annealed at 800–1200 ◦C,
respectively. For the film deposited at RT, a broad and weak
Raman peak located at 480 cm−1 is observed, and this peak
is attributed to the transverse optical (TO) mode of amorphous
Si. In the case of the annealing temperature of 800 ◦C, the peak
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intensity at 480 cm−1 increases rapidly. It is also noteworthy
that a very weak peak located at 501 cm−1 is seen, which in-
dicates that Si NCs begin to form when the annealing temper-
ature increases to 800 ◦C. When the annealing temperature is
1000 ◦C, the peak intensity at 480 cm−1 decreases, and that
at 506 cm−1 increases rapidly. It indicates that the content of
amorphous Si decreases and that of nanocrystal Si increases.
Meanwhile, a very broad peak located at about 950 cm−1 can
be observed, and is associated with the longitudinal optical
(LO) phonon band of SiC crystalline bands.[18–21] Moreover,
this broad peak observed around 950 cm−1 may be also asso-
ciated the second-order Raman band of silicon coexisting at
970 cm−1.[22] However, only a broad Raman peak centered at
940 cm−1 was observed in Ref. [21] for a SiC film annealed
at temperature higher than 900 ◦C, and showed features simi-
lar to that observed in this work. In Ref. [21], this broad peak
was attributed to the longitudinal optical phonon band of mi-
crocrystalline SiC. Therefore, the Raman peak located around
950 cm−1 can be explained by the changes in the SiC bond-
ing states from amorphous to nanocrystalline with increasing
annealing temperature higher than 1000 ◦C. This is also sup-
ported by the above XRD results that show the presence of
a SiC nanocrystalline phase in the film annealed at the tem-
perature higher than 1000 ◦C. When the annealing tempera-
ture increases to 1200 ◦C, the intensity of the Raman peak at
480 cm−1 is strong and its FWHM is small. Also, the broad
peak at 480 cm−1 vanishes. This indicates that the all-crystal
structure of Si in the film is nanocrystal Si phase and there is no
amorphous Si phase at the annealing temperature of 1200 ◦C.
Meanwhile, the SiC Raman peak becomes sharp and its inten-
sity is enhanced as compared with that annealed at 1000 ◦C,
which is assigned to the formation of SiC NCs.
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Fig. 2. Raman spectra of SiC thin films deposited at room temperature
and subsequently annealed at 800–1200 ◦C, respectively.

FT-IR spectra were employed to investigate the bonding
configuration of as-deposited and annealed Si1−xCx/SiC thin
films. For the as-deposited film at RT, a broad absorption peak
centered at 710 cm−1 can be observed in Fig. 3, and the peak

shape can be fitted by a Gaussian line. The Gaussian con-
tribution is ascribed to the disordered silicon–carbon bonds
in amorphous SiC.[23,24] For films annealed at temperature
higher than 1000 ◦C, this peak shifts from 710 to 742 cm−1,
and the peak shape can be best fitted by a combination line of
a Lorentzian and a Gaussian. The shift of peak along with the
change of band shape is due to the formation of more Si–C
bonds from dangling C and Si bonds.[25] With the increase in
the annealing temperature, this peak shifts to 766 cm−1 when
the sample was annealed at 1200 ◦C. The peak at 766 cm−1

is related to the stretching mode of Si–C bond, which is as-
signed to the crystalline phase.[26] Upon increasing annealing
temperature, the shift of peak position to higher wavenumber
indicates that there is a Si–C transitional phase between the
loss of substitutional carbon and the formation of SiC precip-
itates, and a precursor for the growth of SiC crystalline can
be assumed.[27] The full width at half maximum (FWHM) of
the Si–C peak decreases with increasing annealing tempera-
ture, which results from the formation of more Si–C bonds
from dangling C and Si bonds.[13] For the film annealed at
temperature higher than 1000 ◦C, the peak intensity evidently
increases with the increase in the annealing temperature. This
phenomenon can be explained by a change in the film mi-
crostructure from an amorphous phase to a nanocrystalline
phase, i.e., there is an improved fraction of crystallized SiC
in the films when the sample was annealed at 1200 ◦C. In ad-
dition, the absorption peaks are also observed around 456 and
1051 cm−1, which are attributed to the stretching vibrations of
Si–O.[28,29] The Si–O absorption band might be due to the film
surface oxide formed during high-temperature annealing,[29]

which indicates that the annealed film contains oxygen-related
defects.
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Fig. 3. FT-IR spectra of Si1−xCx/SiC films deposited at RT and subse-
quently annealed at 800–1200 ◦C, respectively.

The C–V measurement is an important means to charac-
terize the electrical characteristics of the MIS structure. Fig-
ure 4 shows C–V characteristics of MIS structures fabricated
with SiC films obtained at different annealing temperatures.
For as-deposited sample, a region of deep depletion can be
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obtained from the C–V curve, which results from the quick
leakage of electrons through the SiC films. The edge is as-
cribed to the existence of the surface states in the SiC film.[30]

The leakage current in the accumulation region decreases with
the increase in the annealing temperature. When a very neg-
ative gate bias is applied to the p-type Si substrate, holes are
attracted to the Si1−xCx/SiC interface. Meanwhile, the accu-
mulated negative charges at the gate side flow through the SiC
layer, which decreases the hole density at the Si1−xCx/SiC in-
terface. With the increase in the applied gate bias, the ac-
cumulated positive charge vanishes and a negative depletion
region begins to form in the silicon. This behavior causes a
decrease in the leakage current and an increase in the capac-
itance, which results in the formation of the peak in the C–V
curve shown in Fig. 4. The as-deposited sample presents a
high leakage current regime, which results in the decrease in
the accumulation capacitance. After annealing at 1000 ◦C, the
C–V curves do not show the decrease in accumulation capaci-
tance, which results in a rapid reduction of the leakage current.
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Fig. 4. (color online) C–V characteristics of MIS structures fabricated
with SiC films obtained at different annealing temperatures.

As shown in Fig. 5, the leakage current of Si1−xCx/SiC
thin film significantly decreases after the annealing treat-
ments. When the annealing temperature increases from 800
to 1000 ◦C, the leakage current descends rapidly. However,
the leakage current decreases slowly with the increase in the
annealing temperature beyond 1000 ◦C, which indicates that
there is a structural transformation of the films annealed at
1000 ◦C. From the analysis of XRD, Raman spectra, and FT-
IR spectra, the crystallization of SiC starts to form when the
annealing temperature is greater than 1000 ◦C. Therefore, the
reduction of the leakage current for the sample annealed at the
temperature higher than 1000 ◦C can be assigned to the for-
mation of Si and SiC NCs.

During the sputtering process, the vitreous network of
SiC may be broken down, and the sputtered Si and SiC are
the amorphous structure. The break of the bonding arrange-
ment is a precondition of the nanocluster formation. There
are local defects in the sputtered Si1−xCx/SiC film and high

interface state between Si1−xCx/SiC amorphous film and Si
crystalline substrate. These defects are often associated with
dangling bonds, surface steps, or defects created by entropy ef-
fects in the otherwise smooth interface. The balance between
damage and annealing is linked in a particular way to the clus-
ter generation. Thus, interface quality is connected with nan-
ocluster arrangement and configuration. The sputtered Si dif-
fuses during the annealing process and may agglomerate at sil-
icon carbide matrix, which serves as nucleation centers for the
growth of the Si NCs. Diffusion during the annealing process
leads to a pileup of silicon at the Si-SiC interface. The ther-
mal emission rate from NCs is smaller than that from defects,
and then the contribution to the leak current of NCs is lower
than that of defects. The amorphous phase of Si1−xCx/SiC film
transforms to crystalline phase after annealing at temperature
higher than 1000 ◦C. Meanwhile, the morphological quality
of interface between Si1−xCx/SiC multilayer film is improved
significantly. On the other hand, traces of oxygen or water va-
por in the annealing ambient diffuse into the Si1−xCx/SiC film
from the surface. This might result in the oxidation of Si close
to the surface of Si substrate, causing a further improvement
of interface quality.
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Fig. 5. (color online) I–V characteristics for the Si1−xCx/SiC thin films
annealed at different annealing temperatures.

4. Conclusion
Si1−xCx/SiC multilayer films were prepared at room tem-

perature by using magnetron sputtering. The as-deposited
films were annealed at temperatures ranging from 800 to
1200 ◦C. The influences of the annealing temperature on the
formation of Si and SiC NCs and on the electric character-
istics of Si1−xCx/SiC multilayer film were investigated. As-
deposited films exhibit an amorphous structure. The subse-
quent high-temperature annealing induces the changes in the
layered structure and electric characteristic and the formation
of Si and SiC NCs. XRD and Raman analyses indicate that
Si NCs begin to form in samples for Ta ≥800 ◦C. At anneal-
ing temperatures of 1000 ◦C or greater, the formation of Si
NCs was accompanied by the formation of SiC NCs. With
the increase of the annealing temperature, the shift of FT-IR
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Si–C bond absorption spectra toward a higher wave number
along with the change of band shape can be explained by a
Si–C transitional phase between the loss of substitutional car-
bon and the formation of SiC precipitates and a precursor for
the growth of SiC crystalline. C–V and I–V results indicate
that the interface quality between Si1−xCx/SiC multilayer film
is improved significantly, and the leakage current is reduced
rapidly for Ta ≥ 1000 ◦C, which can be assigned to the forma-
tion of Si and SiC NCs.
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