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a b s t r a c t
Silicon thin ﬁlms have been obtained with respect to the deposition time variation by using hot wire chemical
vapor deposition. Silicon and related oxide particles both in crystalline phases embedded in amorphous silicon
have been obtained by using tungsten as the catalyst material for the decomposition of source gases in the reaction chamber. Crystalline nature of the thin ﬁlm has been shown using X-ray diffraction, transmission electron
microscopy and scanning electron microcopy. X-ray diffraction patterns authenticate the presence of crystalline
phases related to silicon and silicon dioxide in the matrix. Furthermore, transmission electron micrographs also
revealed the presence of adjacent nature of silicon and silicon dioxide particles in the amorphous matrix. The asdeposited samples at low substrate temperature of about 200 °C have shown intense white photoluminescence
spectra. No need of post-deposition annealing for light emission at room temperature has been demonstrated.
This advantage of hot wire chemical vapor deposition technique could be considered for the mass production
of optoelectronic devices in the future.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Several investigations are being carried out for improving the ﬁlm
quality of silicon based thin ﬁlms and to produce optoelectronic devices
based on Si nanocrystals or quantum dots [1–5]. However, it is still necessary to understand the mechanism for optical emission from these
small nano-particles and to attain visible emission. For this reason,
many groups have been depositing silicon quantum dots in various
oxide or nitride matrixes to achieve effective conﬁnement [6–12] and
hence, demonstrate the size dependent luminescence. Until now, silicon
thin ﬁlms have been deposited and used widely to fabricate efﬁcient
solar cells [13–15] but still the remaining part is to explore further
potential of this material for optoelectronic applications. Not enough
information related to morphology, size and photoluminescence (PL)
correlations are the main causes of the limited optical-device fabrication
development.
Hot wire chemical vapor deposition (HW-CVD) is a special technique in itself due to the unique principle of operation of using heated
(thermal catalytic reaction) ﬁlament for the decomposition of gases
which allows the formation of nano-crystallites easily without adding
any complexity to the process [16,17]. Apart from this, it offers some
other beneﬁts like efﬁcient use of source gases and no plasma damage
⁎ Corresponding author.
E-mail address: ymatsumo@cinvestav.mx (Y. Matsumoto).

http://dx.doi.org/10.1016/j.tsf.2015.05.061
0040-6090/© 2015 Elsevier B.V. All rights reserved.

on the depositing thin ﬁlms. Earlier, other groups have reported different deposition conditions; for instance, ﬁlament temperature, deposition pressure and substrate to ﬁlament distance to improve the ﬁlm
quality [18–20]. Process pressure determines the species concentration
available in the chamber for ﬁlm growth, whereas ﬁlament temperature
and its distance to sample substrate determine how effectively sources
gases are being decomposed and diffused on. Even one of the recent
reports mentioned the formation of silicon nano-crystallites using
HW-CVD without the need of annealing, but, however for achieving
PL response the samples have to be heated at the elevated temperatures
in N2 atmosphere [21].
In this article, by the variation of deposition time it has been
controlled the crystalline-sizes in the a-SiOx matrix. Thin ﬁlms obtained
at low substrate temperature shows the nano-particles related to the
silicon and silicon dioxide which have been observed by X-ray diffraction (XRD) and transmission electron microscopy (TEM). Visible
photoluminescence emissions from as-deposited samples were
observed at room temperature without any post-deposition annealing
treatments.
2. Sample preparation and characterization technique
HW-CVD system used for the deposition consists of a stainless-steel
chamber evacuated through a turbo molecular pump (Varian model V550) as has been described elsewhere [16,22]. The initial chamber
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background pressure was maintained at 1.3 × 10− 4 Pa. Source gases
were directed towards a tungsten (W) 0.75 mm diameter wire and
the distance between the ﬁlament and substrate was kept constant at
5 cm. The ﬁlament temperature (Tﬁl) was settled at 1800 °C while the
substrate temperature (Tsubs) was 200 °C. The gas ﬂow rates were maintained at 5 sccm (standard cubic centimeter per minute) for both pure
silane (SiH4) and hydrogen (H2). 10% of diborane (B2H6) diluted in
hydrogen was maintained at 10 sccm and oxygen (O2) at 0.5 sccm for
20 min. The above ﬂow rates of the gases viz. (SiH4/H2/B2H6/O2 = 5/5/
10/0.5) were maintained constant for all of the depositions described
in the text. After allowing the ﬂow of all four gases, the pressure in the
chamber was maintained at 13.33 Pa using a throttle valve (Baratron,
model-253B-20-40-2), from MKS Instruments Corporate (Six Shattuck
Road, Andover, MA, USA). Transitions among phases were analyzed by
X-ray diffraction, XRD-Siemens model D5000 conﬁgured with Cu-Kalpha radiation (λ = 1.5418 Å) generated at 25 mA and 35 kV. Diffraction patterns were obtained at (θ–2θ) conﬁguration from 20–80° (2θ)
by using a step of 0.02° every 10 s, and the transmittance spectra were
measured by Shimadzu UV-2401PC. Photoluminescence (PL) spectra
were obtained using a Kimmon Koha He–Cd laser with an excitation
wavelength of 325 nm and bright ﬁeld images were obtained in a
transmission electron microscope, TEM (JEOL-JEM-2010) at 200 kV
with a wavelength, λ = 0.027 Å, and camera distance, L = 20 cm. Sample preparation for TEM was done by scraping the surface of thin ﬁlms.
The fragments of samples were supported by dispersion in Cugrids—400 mesh with formvar carbon layer. A Field Emission Scanning
Electron Microscope, FESEM-Carl Zeiss-AURIGA was used to capture
the morphological related micrographs at 2.0 kV.

X-ray diffraction patterns rather than movement in peaks. Increase in
intensity of the thin ﬁlm with the increase in deposition time could be
explained by the increase in size of small crystallites. The appearance
of two other detected peaks at 25.4 and 42.4° corresponds to (533)
and (200) silicon dioxide phases, respectively [23,24]. In the later
Section 3.3, more analysis has been done to conﬁrm this assumption.
3.2. UV–vis spectroscopy analysis
The optical absorption spectra of the Si thin ﬁlm samples were recorded in the range of 250 nm to 1100 nm. From Fig. 2(A) it could be observed for lower deposition time that the absorption edge appears in the
lower wavelength (or higher energies) region which remarks the
broadening of band gap whereas contrary effect has been found for
the other samples. Optical-band gap was estimated from transmittance
data using Swanepoel's procedure [25]. Fig. 2(B) shows the calculated
optical band gap and the thickness for three deposited samples. Decrease in band gap could be seen with the increase in the deposition
time whereas thickness effect is divergent to band gap. Three different
thicknesses corresponding to the different deposition times (10, 20
and 40 min) were found to be 307, 540 and 855 nm, respectively.
3.3. Scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and PL analysis
For detailed morphological analysis and estimation of possible structure of nano-particles, SEM studies have been carried out. The images in

3. Results and discussions
3.1. XRD analysis of nc-Si/nc-SiO2 in SiOx ﬁlms
Fig. 1 shows the XRD pattern of the as-deposited samples for the indicated deposition times. From the pattern, two notable features could
be observed. Firstly, the broad XRD peaks determine the presence of
small sized nano-particles, and ﬁnally, the peaks at 25.4 and 42.4°
show the presence of SiO2 phase along with the three well-known
peaks for Si at 28.4, 47.4 and 56.1° corresponding to (111), (220) and
(311), respectively. Also, the peak tendencies conﬁrm that the deposited ﬁlms are polycrystalline in nature. The effect of deposition time and
hence thickness was evaluated with the change in the intensities of the

Fig. 1. XRD patterns of as-deposited samples deposited for 10, 20, and 40 min.

Fig. 2. (A) UV–vis spectra and (B) optical band gap and as-deposited sample thickness as a
function of deposition time.
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To understand the presence of the crystalline structure and particle
sizes, TEM studies have been made. Fig. 4(a) and (b) shows the plane
view bright ﬁeld image of sample deposited at 20 min of deposition.
Fig. 4(c) shows the TEM analysis for one of the selected areas as
shown in Fig. 4(b). It could be observed that the particle structure is
like agglomeration of different planar orientations. Fig. 4(d) shows the
interatomic distances of silicon related planes. However, from
Fig. 4(c), some crystal orientations corresponding to SiO2 plane dispersed in the amorphous matrix could be observed. These planes were
found by the crystalline contributions (111) at 3.10 Å, (200) at 2.17 Å
and (311) at 1.70 Å in the nanoparticles and also conﬁrm the observations made by the XRD analysis. The selected area electron diffraction,
SAED (Fig. 4(e)) was taken at global area presented in Fig. 4(b). These
diffraction rings correspond to the crystalline planes obtained with
XRD in Fig. 1. The SAED versus XRD analysis indicates that the plane
(200) had a low intensity due to the crystal contributions of these
planes from the nanoparticles. Like the structure and morphology, PL
response also greatly depends on the deposition conditions. Fig. 5 corresponds to the PL spectra of as-grown samples. PL was measured using a
He–Cd laser at the ambient temperature. From the spectra it could be
observed as the deposition time, the ﬁlm thickness increases provoking
a shift for PL spectra.
3.4. Discussion

Fig. 3. SEM images of samples: (a) 20 min and (b) 40 min.

Fig. 3(a) and (b) exhibited that the grains are smooth and homogenous
in their respective morphology. However, increase in the size of grains
could be found for the sample deposited at 40 min of deposition time
as compared to the other samples deposited at 20 min.

According to the theoretical concepts associated with the quantum
conﬁnement, PL in the visible region can only be obtained from silicon
nano-clusters no more than 4.9 nm in its diameters. However,
explaining the exact nature of mechanism from silicon thin ﬁlms is
always a difﬁcult task due to the close presence of the energy levels
due to the size of the nano-particles as well as the various known defect
sites for this material.
In the present case, there are two important parameters which have
to be considered: ﬁrstly, the broad visible PL peak from all of the samples and secondly, the shift in the peak for three respective samples.
Broad PL peak could be assigned as the contribution of combined effects of the trap levels or the energy distribution associated with the
various defect sites or also it could be due to the energy levels of different sizes of the nano-particles in the matrix observed in the TEM image

Fig. 4. TEM images at different magniﬁcation of as-deposited sample (deposition time: 20 min): (a) and (b) global distribution, (c) different crystal contributions in a particle,
(d) crystalline planes, and (e) SAED versus XRD pattern.
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material could be helpful in the future for various applications including
electronics and biomedical areas.

4. Conclusions
It has been obtained stable silicon and silicon oxide nano-particles at
low temperature of 200 °C by means of HW-CVD. The presence of smaller sized particles which are well passivated by oxygen bonding has
shown intense visible emission at room temperature without any
means of post-deposition heat treatment. This kind of low temperature
deposited material using HW-CVD could open an outlook for further
noble device fabrication. However, at the same time, one cannot neglect
the close presence of various defect sites which could also play role in an
optical emission along with the nanoparticles.

Acknowledgments
Fig. 5. Room temperature PL for W-ﬁlament deposited samples with respect to deposition
time.

in Fig. 4(a). Defect sites could give rise to a broad PL response which
could be assigned to the combined contribution of red (1.96 eV),
green (2.3 eV) and blue (2.8 eV) bands. Non-bridging oxygen hole
center (NBOHC) generally gives rise to the red band [26] whereas, the
presence of green band has been attributed to hydrogen-bonding
related species in the thin ﬁlm with composites of SiO2 nano-particles
[27]. Even surface trapped excitons (STE) give rise to wide range luminescence spectra between 2 and 3 eV [28].
There exists a well-known relation between the size of the particles
and the luminescence band gap [29]:

Epl ¼ Eg þ

3:73
1:39

d

:

Obtained band gap from this relation for the deposited samples is
found to be in the range of 1.7 to 2.5 eV and also matches with the
band gap calculated in Fig. 2(B) which determines the distribution of
nanoparticle in the range of 3–4 nm in the matrix. It interferes that
the excited exciton pairs have the possibility to get trapped either in
the energy levels due to the defect sites or existing levels due to the
size of particles. However, if conﬁnement has the solitary role in the
wide visible spectra, there has to be a complete homogenous nature of
the deposited ﬁlm and the size distribution has to be in the region of
b4.9 nm. Controlling that level of homogenous nature in chemical
vapor deposition technique is still a difﬁcult task to achieve. In that
case there is a huge probability of the presence of wide distribution of
nanoparticles of various sizes along with the defects which could be
also held responsible for visible emission. Additionally, shift in the PL
spectra could be either due to the conﬁnement of excitons due to the
size of particles [30] or the effect of interference due to the absorption
phenomenon [31]. In the present study, PL peak intensity has been
normalized for three respective samples to make clear the mechanism
of emission and from Figs. 3 and 5, shift observed for the three samples
remarks the strong possibility of emission due to the trapping of
excitons in energy levels due to the smaller size of particles. Specially,
the SEM image clariﬁes the morphology in Fig. 3 and shows the variation in size of grains along with the thickness for different conditions.
Moreover as we observed from Figs. 1 and 4(c) samples not only
have crystalline silicon phases but also there is presence of the silicon
dioxide crystalline phases. The presence of silicon dioxide crystalline
phases at this low temperature without post-annealing treatments
shows the prominence of this material as it could create a well passivated structure without remaining dangling bonds [10]. This kind of
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