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a b s t r a c t

Si-rich hydrogenated amorphous silicon carbide thin films were prepared by plasma-enhanced chemical
vapor deposition technique. As-deposited films were subsequently annealed at 900 ◦C and 1000 ◦C to
form Si nanocrystals embedded in amorphous SiC matrix. Raman spectra demonstrate the formation of Si
nanocrystals with size around 7–9 nm. For the sample annealed at 1000 ◦C, the crystallinity can be reached
to 70%. As increasing the annealing temperature, the dark conductivity is increased accompanying with
the increase of crystallinity of the film. The dark conductivity reaches to 1.2 × 10−6 S cm−1 for the sample
annealed at 1000 ◦C, which is 4 orders of magnitude higher than that of as-deposited film. It is found that
the carrier transport process is dominated by the thermally activated transport process according to the
1.40.Ef
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. Introduction

Recently, the films consisting of nanocrystalline silicon (nc-Si)
n amorphous SiC matrix have attracted much attention because
f the unique properties of nc-Si films and their potential appli-
ations in optoelectronic devices [1–3]. By controlling the nc-Si
ize, spacing and the surrounding dielectric materials (SiO2, SiC,
iN, etc.), the optical properties and carrier transport behaviors
an be modified, which is helpful for optimizing the device per-
ormance. Compared with Si nanocrystals embedded in oxide and
itride matrix, the barrier height between Si nanocrystals and
morphous SiC matrix is lower, which can enhance the tunnel-
ng probability and carrier transport process [4]. Therefore, the Si
anocrystals in SiC matrix are proposed to be a suitable candidate

aterial for the third-generation photovoltaic and other devices

5]. So far, a few reports have been published to study the struc-
ures and optical properties of nc-Si/SiC system. For example, Song
t al. [3,5] have studied the effect of annealing on microstruc-

∗ Corresponding author. Tel.: +86 2583594836; fax: +86 2583595535.
E-mail address: junxu@nju.edu.cn (J. Xu).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.12.191
tural properties of nc-Si/SiC structures prepared by magnetron
co-sputtering. The optical and electrical properties of nc-Si/SiC
multilayers have also been investigated and the tunable photolu-
minescence was found by controlling the dot size [6,7]. In order to
further improve the device performance, it is crucial to understand
the electronic properties of Si nanocrystals embedded in amor-
phous SiC matrix together with the microstructures and optical
properties.

In our previous work, we have studied the microstructures and
optical properties of hydrogenated amorphous SiC (a-SiC:H) films
prepared in plasma enhanced chemical vapor deposition system
[8,9]. It was found that the optical properties were strongly influ-
enced by the microstructures and chemical bonding configurations.
In this paper, we prepared the Si-rich hydrogenated amorphous
silicon carbide (a-Si1−xCx:H) thin films in plasma enhanced chemi-
cal vapor deposition (PECVD) system. The films were subsequently
annealed at 900 ◦C and 1000 ◦C to get Si nanocrystals embedded

in amorphous SiC matrix. The changes of microstructures were
systematically investigated by various techniques. Moreover, the
optical and electronic properties of Si nanocrystals embedded in
amorphous SiC matrix were discussed aimed to understand the
carrier transport behaviors.

dx.doi.org/10.1016/j.jallcom.2010.12.191
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:junxu@nju.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.12.191
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. Experimental

Hydrogenated amorphous silicon carbide thin films were prepared by PECVD
echnique with a gas mixture of silane (SiH4) and methane (CH4). The gas flow
ate of SiH4 and CH4 was kept at 5 and 2.5 sccm. During the growth process, the
.f. power, chamber pressure and substrate temperature were 30 W, 10 mTorr and
50 ◦C, respectively. After deposition, the samples were dehydrogenated at 450 ◦C
or 1 h and subsequently annealed in the conventional furnace at the temperature
f 900 ◦C and 1000 ◦C for 1 h in nitrogen ambient. Quartz plates, monocrystalline Si
afers were used as substrates for various measurements.

Raman (Jobin Yvon Horiba HR800 spectrometer) and Fourier-transform infrared
FT-IR) spectroscopy (Nexus 870) were used to evaluate the structural changes and
onding configurations of samples before and after annealing. The film composition
as determined by using X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB

50). By integrating the C 1s peak (∼283 eV) and the Si 2p peak (∼100 eV), one can
stimate the composition ratio of Si/C for as-deposited films is 10.8, which implies
hat the as-deposited samples are Si-rich amorphous SiC films.

The optical absorption of the films was measured at room temperature by
himadzu UV-3600 spectrophotometer. Temperature-dependent dark conductiv-
ty was measured with coplanar configurations by using a pair of Al electrodes. The
emperature-dependent dark conductivity of the samples was measured using a
eithley 610C electrometer and the activation energy was deduced from an Arrhe-
ius plot. The measurement temperature is in a range of room temperature to
23 K.

. Results and discussion

The bonding configurations of samples before and after anneal-
ng were characterized by FT-IR spectra. Fig. 1 shows the FT-IR
pectra of the as-deposited sample and samples annealed at 900
nd 1000 ◦C. As shown in Fig. 1, the wagging mode of the sili-
on hydride (SiHn) at 640 cm−1, the stretching mode of Si–C at
70 cm−1 and the stretching mode of (H–Si)–Si3 at 2000 cm−1 can
e clearly identified in the spectra of as-deposited samples. Mean-
hile, as shown in the inset of Fig. 1, the stretching mode of C–Hn in

he range of 2850–3000 cm−1can be observed for the as-deposited
ample. With increasing the annealing temperature, the intensity of
he Si–C absorption band becomes stronger while the absorption
ands at 640 cm−1, 2000 cm−1 and the range of 2850–3000 cm−1

re completely disappeared due to the hydrogen effusion. Mean-
hile, the peak position of Si–C bond shifts from 770 to 820 cm−1

s the annealing temperature increasing to 1000 ◦C.
Quantitatively, the concentration of Si–C bond (NSi–C) can be

stimated by using the integrated FT-IR absorption peak according
o the following equation [10]:

Si−C = A

∫
˛(ω)

ω
dω (1)
here ˛(ω) is the absorption coefficient, ω is the vibration fre-
uency of the corresponding absorption band, and A is a constant
elated to the absorption cross section of the vibration mode. For the
tretching vibration mode of Si–C bond, A is 2.13 × 1019 cm−2. We
an calculate the Si–C bond density according to the FT-IR spectra,

Fig. 1. FT-IR spectra of the as-deposited and annealed samples.
Fig. 2. Raman spectra of as-deposited sample and samples annealed at different
temperatures. The inset presents the deconvolution of the Raman spectrum.

which is 2.3 × 1021 cm−3, 7.8 × 1021 cm−3 and 1.3 × 1022 cm−3 for
the as-deposited sample and the corresponding samples annealed
at 900 ◦C and 1000 ◦C, respectively. The experimental results indi-
cate that the Si–H and C–H bonds were broken during the annealing
process and the residual Si and C atoms rearranged to form Si–C
bonds which results in the increasing of Si–C bond intensity as well
as the blue-shift of the Si–C bond position in FT-IR spectra [11].

Fig. 2 gives the Raman spectra of the samples annealed at dif-
ferent temperatures. The signals around 480 cm−1 and 520 cm−1

represent the transverse-optical (TO) mode of amorphous sili-
con and crystallized silicon, respectively. It is indicated that the
as-deposited sample exhibits a purely amorphous structures and
the crystallized Si was obtained after annealing at 900 ◦C and
1000 ◦C. In order to further study the microstructures of annealed
samples, Gaussian deconvolution of the Raman spectra was per-
formed. Three typical components corresponding to a broad band
at ∼80 cm−1, a narrow band near 520 cm−1, and an intermediate
one around 510 cm−1 can be obtained as shown in the inset of Fig. 2.
According to the empirical formula [12], it can be estimated that the
average size of crystallized Si is about 7 nm and 9 nm for 900 ◦C and
1000 ◦C annealed films, respectively. The intermediate component
can be attributed to the thermodynamically stable crystals with
very small size [13]. It is indicated that the nc-Si can be formed in SiC
matrix after thermal annealing. The volume fraction of crystallized
component (Xc) can also be estimated based on Raman spectra by
integrating the three Gaussian peaks [14]. It is found that the crys-
tallized fraction Xc is about 61% for the sample annealed at 900 ◦C
and increased to 70% after 1000 ◦C annealing. It is also found that
the Raman bandwidth related to the crystallized Si becomes nar-
rower for 1000 ◦C annealed sample compared to 900 ◦C annealed
one. It is implied that the high annealing temperature can promote
the crystallization of silicon and structural relaxation to improve
the order in the crystallized phase.

Based on the XPS, FT-IR and Raman results, it can be summarized
that the as-deposited sample is amorphous film containing Si–Si,
Si–H and Si–C bonds. After annealing, the Si–H and C–H bonds are
broken and hydrogen atoms are completely effused from the sam-
ples. The remaining Si and C atoms are rearranged to form Si–C
bonds. Since the as-deposited sample is Si-rich film, the Si atoms
can be precipitated and aggregated to form crystallized Si dots in
the nanometer scale.

It is found that the optical band gap Eg is changed for annealed
films compared to the as-deposited one due to the different film

structures. The optical band gap reported here was deduced by
using Tauc plot, which was usually used to describe the light
absorption in amorphous and nanocrystalline semiconductor films
[15,16]. Fig. 3 shows Tauc’s plot of (˛h�)1/2 versus photon energy h�
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Table 1
Characteristic parameters of as-deposited and annealed samples.

Sample Optical band gap, Eg (eV) Conductivity activation energy, Ea (eV) Room temperature dark conductivity, � (S cm−1)

As-deposited sample 1.9 0.78
900 ◦C annealed sample 2.0 0.49
1000 ◦C annealed sample 2.2 0.54
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Fig. 3. The Tauc plots of the samples.

or all the samples. The calculated values of Eg are given in Table 1.
t can be seen that the optical band gap Eg is 1.9 eV for the as-
eposited film which represents the band gap of amorphous SiC
lm. After annealing, the Eg is obviously increased and reaches to
.2 eV for the sample annealed at 1000 ◦C. It seems that the optical
and gap after annealing is still determined by the amorphous SiC
atrix instead of the nc-Si since the estimated optical band gap

s far from the value of nc-Si even considering the quantum size
ffect. The enlargement of optical band gap for annealed films can
e ascribed to the increment of Si–C bonds as discussed before. The
imilar phenomena were also reported previously that the band
ap caused by nc-Si quantum confinement was masked by the a-SiC
atrix absorption features [3].
It is interesting to investigate the electronic behaviors of

amples before and after annealing. Fig. 4 gives the temperature-
ependent conductivity of the as-deposited sample and the
orresponding samples annealed at 900 ◦C and 1000 ◦C. The results
re well agreement with the Arrhenius plots � = �0 exp(−Ea/kBT),
here �0 is the conductivity prefactor, kB is the Boltzmann’s con-

tant and Ea is the conductivity activation energy. The conductivity
ctivation energy Ea of the samples can be obtained from the

lope of ln � versus 1/T curve. The room temperature dark con-
uctivity for as-deposited sample is in the order of 10−10 S cm−1 as
hown in Table 1. As the increase of annealing temperature, the
oom temperature dark conductivity gradually increases. When
he annealing temperature increases to 1000 ◦C, the conductivity

ig. 4. Temperature-dependent conductivity of the as-deposited sample and the
amples annealed at 900 ◦C and 1000 ◦C.
1.9 × 10−10

6.3 × 10−7

1.2 × 10−6

reaches to 1.2 × 10−6 S cm−1, which is four orders of magnitude
higher than that of the as-deposited film. The corresponding con-
ductivity activation energy is 0.78 eV, 0.49 eV and 0.54 eV for the
as-deposited sample and the corresponding sample annealed at
900 and 1000 ◦C, respectively.

As shown in Fig. 4, the linear behaviors of conductivity versus
1/T in the whole measurement temperature range for all samples
suggest that the thermally activated conduction mechanism domi-
nate the carrier transport processes [17,18]. For the as-deposited
film, the extended state conduction as usually described in the
amorphous semiconductors can explain the low conductivity of
the a-SiC:H films. Compared with the optical band gap (1.9 eV), the
small active energy indicates that the Fermi level is shifted from the
middle of the gap due to the existence of the band tail states associ-
ated with the amorphous structures. After annealing at 900 ◦C, the
dark conductivity is obviously increased, which can be attributed
to the formation of nc-Si in the amorphous SiC host matrix. The
crystallized Si nanocrystals, which have the small band gap com-
pared with the amorphous SiC film, cause the increase of the carrier
density and the enhanced mobility. Consequently, the dark con-
ductivity is significantly enhanced compared to the as-deposited
film. Annealing at 1000 ◦C further promotes the crystallization and
causes the conductivity increase to 1.2 × 10−6 S cm−1. Meanwhile,
the conductivity activation energy for annealed films represents the
energy difference between the bottom of conduction band and the
Fermi level in the nc-Si. Since the average size of nc-Si in our cause is
7–9 nm, the band gap is roughly estimated at 1.3 eV [19]. Therefore,
the measurement results indicate that the Fermi level is located at
the midgap. With increasing the annealing temperature to 1000 ◦C,
the increase in conductivity activation energy reflects the improved
crystallinity and structural order which shifts the Fermi level to the
midgap.

4. Conclusion

Si-rich a-Si1−xCx:H thin films were deposited by plasma-
enhanced chemical vapor deposition technique. nc-Si embedded
in amorphous SiC matrix was formed by thermal annealing at
900 ◦C and 1000 ◦C. For the sample annealed at 1000 ◦C, the aver-
age sizes of Si nanocrystals are about 9 nm, and the crystallinity
can be reached as high as 70%. The optical band gap is determined
by the amorphous SiC matrix which is increased from 1.9 to 2.2 eV
as increasing the annealing temperature, due to the increase of the
Si–C bonds after annealing. Electronic measurements show that the
dark conductivity can be as high as 1.2 × 10−6 S cm−1 for 1000 ◦C
annealed film due to the formation of nc-Si, which is four orders
of magnitude higher than that of as-deposited sample. The elec-
tronic transport of annealed films was dominated by the thermally
activation process and high annealing temperature is helpful for
relaxing the film structures as indicated by the high conductivity
and activation energy.
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