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Abstract. Silicon carbide quantum dots (SiC-QD) embedded inside the SiC thin film deposited on silicon (111) wafer is
directly synthesized by modified chemical vapour deposition technique using boron-doped liquid polycarbosilane as a
precursor. Subsequent microscopic characterization of the thin film exhibits the presence of QD, which is theoretically
corroborated from the exciton Bohr radius. The film shows interesting visible and near-infra-red photoluminescence at
room temperature with enhanced lifetime. In addition to the lifetime, the quantum efficiency in the visible emission was
also enhanced substantially than what was reported previously.
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Introduction

Researchers around the world have taken great interest in
the structure-property correlation of silicon carbide (SiC)
due to its semiconducting behaviour having a band gap
from 2.3 to 3.3 eV which has a wide range of applications in electronic and optical industries [1–4]. Extensive
research is carried out on SiC thin film coating on silicon
to ascertain the protective criteria of this film under harsh
environment [5]. This type of thin, hard coating deposited
on silicon using different techniques [6], is the need of
the hour considering its applications in micro-electromechanical systems environment wherein a catastrophic
mechanical failure can cause extensive damage to the
machine. Different coating procedures have been studied
using different materials, polymers being one of them.
Yajima et al [7] pioneered the process of the formation of
continuous SiC fibres from polycarbosilane (PCS).
Recently, researchers have focussed on the same polymeric material to derive SiC thin coating on a substrate so
that it can be used as an effective optical material. In
depth research on bulk SiC exhibits weak blue photoluminescence (PL) having a low quantum efficiency of
10-4 due to its indirect band gap [8,9]. Previously, SiC
was considered to be a material for LED fabrication but
due to weak quantum efficiency it was never considered
seriously for optical applications. But if this polymer can

be tailor-made so that its conversion to SiC thin film can
achieve appreciable enhancement of PL efficiency, it will
be a step forward to the fabrication of high-performance
LED. Fuchs et al [10] reported earlier that PL spectra
generated from SiC coating is due to vacancies formed by
doping. Li et al [11] shows the blue-green emission of
colloidal cubic SiC nanocrystals at room temperature.
Recently, Mukherjee et al [12] reported wide visible PL
spectra of 3C-SiC nanocrystal embedded in carbon-rich
amorphous SiC film on Si having a quantum efficiency
(QE) of 0.0055.
A recent study shows that the 3C-SiC quantum dots
(QD) derived from SiC powder have bright PL with
quantum yield as high as 17% [13,14], which is very
close to that of any direct band gap material. This gives a
major insight about substantial enhancement of PL by
controlling the size of the SiC nanocrystal in the range of
QDs. In recent years, researchers have focussed on the
synthesis of SiC QDs using different techniques for
applications in solid state lighting [15–17], bio-labelling
[18], green materials, etc.
This study was based on depositing a 3C-SiC thin film
coating on silicon using boron-doped liquid polycarbosilane
(LPCS) as the precursor by modified chemical vapour
deposition (MoCVD) process at 1050°C. The thin film was
tailor-made from PCS by fine tuning the experimental
procedure so that the formation of SiC-QD can be ensured
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for enhanced lifetime along with enhanced quantum
efficiency so that it can be a promising material for optoelectronic devices.

2.
2.1

Experimental
Materials

Silicon wafers with a thickness of 975–1025 lm supplied by
Montco Silicon Technologies Inc. was used as a substrate
and 5% boron-doped LPCS with molecular weight (Mn) 550
was used as a precursor for deposition of SiC thin film on
silicon.

2.2

Method

The wafer was sliced into square pieces of 1 9 1 cm2,
ultrasonically cleaned and placed vertically inside the furnace. Initially, the system was maintained under a dynamic
vacuum upto 300°C and from 300 to 1050°C a continuous
flow of argon gas was maintained to keep the system under
inert atmosphere. The final temperature of 1050°C was
fixed from the double differential thermal analysis (DDTA)
curve (figure 1a), which shows that the polymeric chain of
liquid PCS gets totally decomposed at 1050°C. The chemical reaction involved in the decomposition of PCS is given
below:


SiðCH3 Þ2 CH2 SiHðCH3 ÞCH2 n ! SiC þ C þ H2 "
A steady heating rate of 3°C min-1 was maintained
throughout the experiment. As the temperature reached
1050°C argon gas was allowed to bubble through LPCS so
as to carry the PCS vapour inside the furnace with a soaking
time of 1 h. The decomposed liquid PCS forms a borondoped SiC thin film on the substrate.

3.

Figure 1. (a) DDTA and (b) differential thermal analysis with
TG% of liquid PCS.

Results and discussion

The SiC thin film growth can be explained by VolmerWeber growth and Frank-Merwe growth mechanism both of
which depend on the temperature along with dl/dn, where l
= chemical potential of the film and n = the number of
vapour molecules of the precursor gas. At low temperature,
dl/dn remains positive, i.e., dl/dn [ 0, hence the cohesive
force between the vapour molecules is less than the adhesive force between the vapour and the substrate molecules
thereby initiating the growth of amorphous thin film. This
phenomenon is known as Frank-Merwe growth (FM
growth). Subsequently with a rise in temperature the value
of dl/dn slowly reduces and tends towards less than zero.
Here, the cohesive force between the vapour molecules is
stronger than the substrate-vapour adhesive force thereby
leading to the formation of crystals. This phenomenon is

Figure 2.

XRD pattern of the SiC thin film on silicon.

known as Volmer-Weber growth (VW growth). Thus, the
growth mechanism depends on the temperature along with
the thermodynamic parameter leading to the SiC nanocrystals embedded on the SiC amorphous thin film.
The deposited thin film was characterized by GA-XRD
(Pan Analytical, UK), at X 1.0° and CuKa at 40 kV

Bull Mater Sci (2020)43:250

Figure 3. Raman spectra of the SiC thin film on silicon; inset
shows the presence of carbon D and G band along with boron.

30 mA-1. The diffraction pattern (figure 2) at 35.40, 44.68
and 61.51 indicates the formation of ß-3C SiC having the
crystal plane at [111], [200] and [220] respectively. Although
the presence of boron does not affect the phase of SiC, the
shift in 2h values indicates the substitution of silicon by
boron atom which was compared with the undoped 3C-SiC
thin film [19]. This is due to the smaller radius of the boron
atom (0.095 nm) compared to the silicon atom (0.134 nm)
[20]. The intensity of SiC [220] as observed from the
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diffraction pattern was found to be higher than SiC [200] and
SiC [111]. Thus, we can assume that the epitaxial growth of
3C-SiC film on Si [111] wafer occurs on the crystal plane
[220]. In addition to the phase evaluation, the crystallinity of
the thin film was calculated and found to be 23% (77%
amorphous) which is responsible for the optical response.
The present film when characterized by micro Raman
(figure 3) shows a peak at 820.47 cm-1 which corresponds
to the transverse optical phonon of Si-C and 975.35 cm-1
indicating the presence of SiC nanolayers. The peak shift is
due to boron doping. The peak at 637.78 cm-1 indicates the
presence of boron (B10 isotopes) [21]. The intensity of the
peak can be seen to be low due to a small percentage of
boron in the deposited film. The spectra further show the
presence of carbon in the film as indicated by the G band
(1615 cm-1) and D band (1340 cm-1). The percentage of
carbon present in the film was found to be approximately
16%. The D band and G band are the characteristic spectra
of sp3 bonding in carbon (C)-coated material and sp2
bonding in ordered graphite respectively [22–24].
The film was further characterized by X-ray photoelectron spectroscopy (figure 4a) (ULVAC-PHI, Inc, USA) for
discrete elemental analysis based on binding energy. The
binding energy at 195.72 eV (figure 4b) corresponds to B
(1s) energy level. The broad nature of the spectra is due to

Figure 4. XPS spectra of the SiC-coated silicon; (a) full spectra; (b) binding energy corresponding to B (1s) level; (c) binding energy
curve corresponding to C (1s) level; (d) binding energy corresponding to Si (2p) level; (e) binding energy corresponding to O (1s) level.
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Figure 5. FESEM and TEM images of the thin film: (a) FESEM surface image showing the SiC nanocrystals;
(b) FESEM cross-section images showing the thickness of the thin film; (c) size distribution curve of the
nanoparticles; (d) TEM cross-section image; (e) HRTEM image of the film showing the spacing; (f) SAED pattern.

the low atomic weight of boron. The quantitative analysis
reveals the percentage of boron present in the film is 1.36%.
The binding energy at 284.23 and 284.93 eV correspond to
the C (1s) peak having asymmetric shape due to the C-Si
bond and the presence of amorphous carbon in the film
(figure 4c). The Si (2p) level, having the binding energy at
103.28 eV, shows a symmetric curve which confirms the
presence of Si-C bonds in the film [25] (figure 4d). The O
(1s) (figure 4e) peak at 532.6 eV is the proof of the surface
oxidation of the film [26].
The microstructure of the as-prepared SiC thin films was
finally analysed using FESEM and TEM micrographs.
Figure 5a shows the as-deposited boron-doped SiC film.

The film shows smooth distribution of SiC particles of
different sizes. Further magnification reveals good amount
of SiC nanocrystals embedded in the film. From the size
distribution graph (figure 5c), it was observed that a substantial amount of nanocrystals was found to be B10 nm
which invariably falls in the range of QDs. To ascertain the
thickness of the film a cross-sectional FESEM image (figure 5b) was taken and found to be 476.98 nm. Further,
figure 5e of HRTEM shows the crystalline structure of SiC
QDs having the lattice spacing of 1.52 Å, which matches
with the crystal lattice spacing of 3C-SiC QDs. The SAED
pattern (figure 5f) also confirms the good amount of crystallinity of the SiC in the thin film.

Bull Mater Sci (2020)43:250

Figure 6.

Page 5 of 8

250

Tauc plot of (a) direct energy levels and (b) indirect energy levels of SiC thin film.

Finally, the spectroscopic analysis of the film was carried
out using UV–VIS–NIR Shimadzu 3200 model. The
absorbance spectra of the thin film (figure 7a) shows multiple absorption peaks at 325.68, 418.32, 679.85 and
1225.50 nm. From this spectra, using the Tauc equation
[(ahm)1/2 = (hm - Eg)] [27], the indirect energy levels (figure 6b) were calculated and found to be 1.42, 2.11 and 2.75
eV. Similarly the direct energy levels (figure 6a) as calculated from Tauc equation [(ahm)2 = (hm - Eg)] [28] was
found to be 1.67, 2.31 and 3.22 eV, where a is the
absorption coefficient and hm is the photon energy. The
different energy levels in the absorption spectra also corroborate the presence of surface defect states in the thin film
[29]. Surface defect states are the transition levels that are
formed somewhere between the valence band and the conduction bands of semiconductors. Similarly in this case, the
presence of impurities like boron creates defect states within
the range of 1.7–2.0 eV in the crystal structure. These energy
levels act as recombination centres during PL [30,31].
The band gap of the SiC film as calculated from the
absorption spectra was found to be 2.75 eV. Theoretically,
the determination of the band gap E(nanocrystal) using effective mass approximation theory can be written as [32]:
ð1Þ
where E(bulk) is the band gap of bulk material, l is the
reduced mass; l = me.mh/(me ? mh), r is the radius of the
nanocrystal, e is the dielectric constant of the 3C-SiC crystal
and is the permittivity of the free space. For bulk 3C-SiC,
the band gap is 2.3 eV. For 3C-SiC crystal, the effective
mass of hole is 1.26m0 and effective mass of electron is
0.35m0 [33] where m0 is the mass of electron. Using the
above equation, the band gap of nanocrystals having a size
of r = 2 nm (r is radius of the nanocrystals) which is equal to

the exciton Bohr radius, is calculated and found to be
2.6 eV. In 3C-SiC nanocrystals having a radius of r = 1.9
nm, the band gap is calculated and found to be 2.62 eV
which matches with the theoretical value of band gap (2.6
eV). Further, this calculated value of 2.62 eV also closely
matches with the band gap obtained from the tauc plot (2.75
eV). The above discussion clearly indicates that quantum
confinement effect exists in the SiC thin film.
The film was further characterized to ascertain its PL
behaviour at room temperature using PTI 40 model. Interestingly, we observed the blue-green-yellow emission in the
visible region using He–Cd laser at an excitation wavelength of 325 nm.
The emission (figure 7b) has a broad feature with an
extended tail covering almost the whole visible region. This
is due to the radiative combinations from the multiple
energy levels (direct as well as indirect) calculated from the
tauc plot given above. The spectra of the thin film with the
band gap 2.75 eV shows peaks at 2.49, 2.34 and 2.11 eV.
The emission at 535 nm corresponds to the direct energy
level of 2.31 eV (close to 2.34 eV) and the emission at 577
nm corresponds to indirect energy levels of 2.15 eV (close
to 2.11 eV). This shows that the film has large band tails
which correspond to the high density of localized energy
states. The direct energy levels prefer radiative recombination while the recombination involving the indirect
energy levels occurs through the defect states present in the
SiC film. This was further correlated from the FESEM
micrographs (figure 5c) showing different size distribution
of the nanocrystal. On excitation with the xenon lamp, PL
spectra of SiC film shows a red shift in the wavelength
(figure 7c). This is attributed to the quantum confinement
effect (QCE) of the SiC QDs. The immediate question
arising is ‘Is the quantum confinement effect predominant in
this film’? It is well known from the Bohr radius formalism,
quantum confinement can be observed when the nanoparticle

”
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Figure 7. (a) Absorption spectra of the thin film; (b) PL spectra on 325 nm He–Cd laser excitation; (c) QCE of the film; (d) NIR
emission of the film.

radius (r) is smaller than the exciton Bohr radius (aB). The
Bohr exciton radius for 3C-SiC was calculated using the
equation, aB = 0.0529e/(l/m0) and was found to be *2 nm.
Figure 5c clearly shows that the radius of some nanoparticles
is less than the Bohr exciton radius, which confirms quantum
confinement effect of the film. Moreover, QCE can also be
observed when the diameter of the nanoparticle is of the same
magnitude as the wavelength of the electron.
The PL spectra corresponding to the yellow emission
(figure 7b) can be further explained by the donor–acceptor
pair (DAP) recombination model [34]. DAP recombination
model states that yellow PL is associated with the
recombination of the acceptor from the donor levels or the
free electron. In the present case, the acceptor level of
boron recombines with the donor levels of amorphous carbon present in thin film thereby exhibiting yellow
luminescence.

Finally, the film shows a unique wide NIR fluorescence
from 750 to 900 nm on excitation with a 532 nm laser (figure 7d). The NIR emission of the film can be explained either
by surface state model [35] or quantum size effect (QSE) [36]
as both models have a direct co-relation with QDs. According
to the surface state model, QD or nanoparticles are the sources
of photoexcitation and surface defects stimulate photoemission [37]. Ali [38] have already reported that silicon
nanocrystals stimulate photoexcitation thereby triggering
photoemission due to hydrogen which acts as a surface species. The present material shows a substantial amount of SiC
QD which is the source for photoexcitation along with the
presence of carbon on the surface of the film which acts as a
surface species for photoemission. Thus, the lower energy
emission is due to the radiative combination to the surface
species present in the film. Moreover, according to the QSE
model, the emission energy can be shifted towards higher or
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= integrated area under
curve without the sample, IExcitation
S
the excitation curve with the sample.
In this SiC film the quantum yield was calculated to be
0.0438 for visible emission which is substantially higher
than the previously reported value. The enhancement is due
to the availability of excess holes due to boron doping
thereby increasing the rate of recombination of the electron
to the holes.
The estimation of lifetime in the visible and NIR region is
essential so as to understand the fruitfulness of the material
as an optical sensor. The film was excited with 340 nm
LED. It is interesting to observe the nature of the decay
curve which is well fitted by using a single exponential
equation as given below:
X
ðt=sÞ
I ðt Þ ¼
A i ei
;
ð2Þ
i¼1...n

where i = 1 for single exponential system. The estimated
lifetimes of the visible and NIR emission were calculated to
be 212 ps (figure 8a) and 232 ps (figure 8b), respectively. It
has been proved that formation of QD has an effect on the
luminescence lifetime due to the increasing band gap [39].
The electron–hole pair was trapped in the energy levels
between the large band gaps and remained longer showing a
longer lifetime. In our study, formation of comparatively
larger number of QDs is the key for the enhanced lifetime
and it seems to be much better than what was reported
earlier [11]. Hence it can be concluded that this material
shows promising behaviour for fabrication of optical sensor.

4.

Figure 8. PL Decay at room temperature of (a) 500 nm emission
and (b) 800 nm emission.

lower energy region because of the quantum confinement
effect (QCE). In this study, the emission peak shifted from
830 to 850 nm because of this effect as the size distribution of
the QDs is different.
At this juncture, it is imperative to measure the quantum
efficiency of visible emission as well as the lifetime in the
visible and NIR emission. The quantum efficiency of the
visible emission was measured by using integrating sphere
by the given equation:

Conclusion

In summary, SiC QDs embedded on the amorphous SiC
matrix have been synthesized by MoCVD method using
boron-doped liquid PCS as the precursor. The structural and
compositional properties of SiC QD have been investigated
and found to contain surface defects which are considered
to be one of the sources for the PL behaviour of this
material. The PL shows both visible and NIR emission and
simultaneously exhibits energy shifting due to the quantum
confinement effect. Moreover, by controlling the size of the
SiC nanoparticles we can enhance the lifetime and QE of
this material as shown above.
Analysing all the properties one can conclude in a nutshell that this material can be a good candidate for the
fabrication of opto-electronic devices.

Quantum efficiencyðgÞ
¼ ðphotons emitted=photons absorbedÞ  100%



¼ ISEmission = IRExcitation  ISExcitation  100%;
= integrated area under the emission curve of
where IEmission
S
the sample, IExcitation
= integrated area of the excitation
R
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