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Thin films of hydrogenated nanocrystalline silicon are prepared at reasonably higher 
deposition rates (9-13 /s) by indigenously fabricated hot-wire chemical vapor 
deposition system at various substrate temperatures (Ts). In this paper we report 
extensively studied structural, optical and electrical properties of these films by 
Fourier transform infrared (FTIR) spectroscopy, low angle X-ray diffraction (low 
angle XRD), micro-Raman spectroscopy and UV-Visible spectroscopy. The low angle 
XRD and micro-Raman spectroscopy analysis indicate amorphous-to-nanocrystalline 
transition occurred at Ts  300 C. It is observed that volume fraction of crystallites 
and its size increases with increase in Ts. The low angle XRD study also shows  
nc-Si:H films with well-identified lattice planes of (111) orientation. In addition, it is 
observed from the FTIR spectroscopy that the hydrogen is incorporated in the film 
mainly in Si-H2 and (Si-H2)n complexes. The nc-Si:H films with low hydrogen content 
(< 4 at. %) and wide band gap (1.83-1.89 eV) and low refractive index (< 3) is useful 
for various device applications. 
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1. INTRODUCTION 
 

During the last three decades or more, hydrogenated amorphous silicon  
(a-Si:H) has been studied extensively as a basic material for thin film solar 
cells due to natural abundance of source material, environmental safety, 
potential high performance and the capability of the low cost production. 
However, hydrogenated nanocrystalline silicon (nc-Si:H) thin films has 
recently been paid much attention mainly due to its reduced photo induced 
degradation, efficient visible photoluminescence, tailored optical band gap, 
increased conductivity and greater doping efficiency [1-3]. These 
improvements make nc-Si:H as a potential candidate for application in 
photovoltaic and optoelectronic devices [4]. 
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 In general there are two methods used for the synthesis of nc-Si:H thin 
films, one is the re-crystallization of a-Si:H films and other is the direct 
deposition. The re-crystallization technique includes rapid thermal annealing 
[5], laser melt re-crystallization [6], aluminium induced crystallization [7] 
etc. However, these methods have difficulties in accurate control of 
crystallite size and crystalline volume fraction. In addition, post annealing 
at temperatures over 1000 C is generally required for the crystallization of 
Si nanoparticles. Such high annealing temperature inevitably limits its 
further applications in opto-electronic devices. On the other hand, a variety 
of direct chemical vapor deposition (CVD) techniques has been used to yield 
materials with good opto-electronic properties. These include plasma 
enhanced-CVD (PE - CVD) [8] and its variant, very high frequency glow 
discharge [9]. Other CVD methods employed in the deposition of nc-Si:H are 
electron cyclotron resonance - CVD [10], homo - CVD [11], low energy PE -
 CVD [12] and hot wire - CVD (HW - CVD) [13]. Among these, only PE -
 CVD has been established for industrial applications [14]. The high RF -
 power and high hydrogen dilution of silane are the two critical parameters 
in conventional PE - CVD method that facilitate nanocrystallization [15]. 
The high RF - power causes surface damage by high-energy ion 
bombardment and high hydrogen dilution of silane retards the deposition 
rate of nc-Si:H films [16] and have constrained the film deposition to a 
narrow substrate temperature range [17]. The lower deposition rate 
increases the process operation time and hence the cost whereas narrow 
substrate temperature range involves difficulty in controlling the hydrogen 
distribution in the film, which is responsible for light-induced degradation 
of electronic properties [18]. 
 Hot wire chemical vapor deposition (HW - CVD) or simply ‘hot-wire 
method’ has received considerable attention in recent years as an alternative 
deposition method for the synthesis of nc-Si:H [19] films because it is 
capable of improving film stability and of achieving higher deposition rates. 
This technique appears to be capable of providing easy control of the 
production of unknown higher order silane whose gas phase reactions 
generally lead to the incorporation of undesirable excess hydrogen in the 
film. Moreover, the technique involves very few deposition parameters 
which can easily be optimized, and the film growth processes involve simple 
radicals which are primarily atoms (atomic Si and atomic H) released from 
the hot surface [20]. Despite these economically important features and 
technological simplicity, this technique has received much less attention for 
the synthesis of nc-Si:H thin films.  
 The process parameters play a crucial role in determining the film 
properties in HW - CVD. These parameters affect the film properties in 
different ways and, in order to obtain the desired film properties an 
optimum set of parameters need to be selected. With this motivation an 
attempt has been made to prepare nc-Si:H films by using newly indigenously 
developed dual chamber HW - CVD method. Some groups have previously 
studied the effect of substrate temperature on nc-Si:H films by HW - CVD. 
For example, recently, Gogoi et al [21] found an amorphous-to-nano-
crystalline transition at substrate temperature 200 C by HW - CVD using 
high hydrogen dilution. In the present work we have focused on the role of 
substrate temperature on nc-Si:H film properties without hydrogen dilution 
of silane. 
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2. EXPERIMENTAL 
 

2.1 Film preparation 
 

Figure 1 shows the schematic of dual chamber HW - CVD system recently 
established at School of Energy Studies, University of Pune. The apparatus 
consists of two stainless steel chambers, referred as process chamber and 
load lock chamber. The process chamber is coupled with a turbo molecular 
pump which yields a base pressure less than 10 – 6 Torr. The use of load lock 
chamber prevents the process chamber to be directly exposed to air, which 
minimizes the pump down time and reduce contamination of layers with 
oxygen and water vapours. The substrates can be moved from load lock to 
process chamber by a pneumatically controlled transport arm. The pressure 
during deposition was kept constant by using automated throttle valve. For 
deposition we have used 10 straight tungsten filaments that are mounted 
parallel to each other, separated 1 cm apart. Each filament has a diameter of 
0.5 mm and a length of 10 cm. Heating of filaments is done by sending an 
AC current through the wires by using a current transformer and dimmer. 
The filament temperature is determined by optical pyrometer (IRCON 
Infrared thermometer, USA). A shutter is placed in front of the substrates 
to shield the substrates from undesired deposition during pre-heating of 
filaments. The reaction gas was introduced in the process chamber from the 
bottom and perpendicular to the plane of the filaments through a specially 
designed gas shower to ensure uniform gas flow over the filaments. The 
substrates can be placed on substrate holder which is heated by in build 
heater and substrate temperature varied by using thermocouple and 
temperature controller. Other process parameters are listed in Table 1. Films 
were prepared by using pure SiH4 gas (MSG). 
 

 
 

Fig. 1 – Schematic of indigenously designed and fabricated dual chamber HW-CVD 
technique 
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Table 1 – Deposition parameters employed for the synthesis of Si:H films by 
HW-CVD 
 

1. Filament temperature (Tfil) 1900 C 
2. Deposition pressure (Pdep) 40 mTorr 
3. Substrate temperature (Tsub) 100-450  5 C 
4. SiH4 flow rate 5 sccm 
5. Filament to substrate distance (ds-f) 6 cm 
6. Deposition time (t) 10 Minutes 

 
2.2 Film characterization 
 

Dark conductivity (dark) and photoconductivity (photo) were measured with 
coplanar Al electrodes at room temperature and atmospheric pressure. Fourier 
transform infrared (FTIR) spectra of the films were recorded by using FTIR 
spectrophotometer (Shimadzu, Japan). Bonded hydrogen content (CH) was 
calculated from wagging mode of IR absorption peak using the method given 
by Brodsky et al. [22]. The microstructure parameter (R*) is determined by 
using I2100/(I2000 + I2100), where I2000 and I2100 are the integrated absorption 
intensities at 2000 cm – 1 and 2100 cm – 1 respectively. The refractive index 
and energy band gap were deduced from Swanepoel method [23]. Raman 
spectra were recorded with micro-Raman spectroscopy (Jobin Yvon Horibra 
LABRAM-HR) in the wavelength range 400-700 nm. The Raman spectra were 
deconvoluted in the range 400-540 cm – 1 using Levenberg-Marquardt method 
[24]. The crystalline fraction (XRaman) and crystallite size (dRaman) was then 
deduced using the method proposed by Kaneko et al. [25] and He et al. [26]. 
Low angle X-ray diffraction patterns were obtained by X-ray diffractometer 
(Bruker D8 Advance, Germany) using CuK line (  1.54056 ). The patterns 
were taken at a grazing angle of 1. Average crystallite size was estimated 
using the Scherrer's formula [27]. Thickness of films was determined by 
Talystep profilometer (Taylor-Hobson) and confirmed by UV-Visible 
spectroscopy using the method proposed by Swanepoel [23]. 
 
3. RESULTS AND DISCUSSION 
 

3.1 Variation in deposition rate 
 

The variation in deposition rate (rd) as a function of substrate temperature 
(Ts) is shown in Figure 2. As seen from the figure, rd of nc-Si:H films 
decreases from 13 to 9 /s as Ts increase from 100 C to 450 C. The 
decrease in rd with increase in Ts can be attributed to the temperature 
dependence of the reaction probability or an increase of silane desorption 
from the film surface. At low Ts, the radical surface mobility of ad-atom is 
low. As a result, numbers of ad-atoms are incorporated in the growing film. 
With an increase in Ts, each ad-atom receives sufficient energy and its 
surface mobility increases. This increases their diffusion lengths allowing 
them to choose favorable low energy sites. As a result, the rd decreases with 
increase in Ts. It is interesting to note that the deposition rate achieved in 
our work for nc-Si:H films is reasonably high (9-13 /s) compared to 3 /s 
reported for HW - CVD method [28] and 6 /s for PE- CVD method [29]. 
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Fig. 2 – Variation of the deposition rate as a function of substrate temperature 
 
3.2 Micro-Raman spectroscopic analysis 
 

Raman spectroscopy is a very powerful non-destructive technique that gives a 
fast and simple way to determine the phase of the material, whether it is 
amorphous, crystalline or nanocrystalline. Figure 3 shows the Raman spectra 
of the silicon films deposited at different Ts ranging from 100 C to 450 C. 
Each spectrum shown in figure was de-convoluted into three peaks with a 
suitable base line. The inset show a typical de-convoluted Raman spectra into 
amorphous and crystalline components for the film deposited at Ts  400 C. 
The estimated values of crystallite size (dRaman) and volume fraction of 
crystallites (XRaman) are also shown in the Figure 3. 
 

 
 

Fig. 3 – Raman spectra of nc-Si:H films for different substrate temperature. The 
inset show the de-convolution of Raman spectra for the film deposited at Ts  400 C 
 

Following observations have been made from the Raman spectra for the 
films deposited at different substrate temperatures. 
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1)  The films deposited at low substrate temperatures (Ts  300 C) show 
only a broad shoulder at  480 cm – 1, indicating that the film is in a 
purely amorphous phase.  

2)  Raman spectrum for the film deposited at Ts  300 C shows a broad 
peak centered at  479 cm-1 and a sharp peak at  517 cm – 1 are 
attributed to the transverse optical (TO) mode of Si–Si vibrations in 
the amorphous and crystalline phases, respectively [30-32]. For this 
film volume fraction of crystallite (XRaman) is 42 % and crystallite 
size (dRaman) is 4.6 nm. Thus, Raman scattering study clearly 
indicates that the nc-Si:H films synthesized by HW - CVD are a 
mixture of two phases, an amorphous phase and a crystalline phase 
with nano-size Si crystals embedded in amorphous matrix. 

3)  With further increase in Ts, the intensity and sharpness of peak 
 517 cm-1 increases indicating increase in XRaman and dRaman. The 
increase in volume fraction of crystallite and crystallite size can be 
attributed to the enhancement in the nucleation rate with increasing 
substrate temperature.  

 These results are consistent with low angle X-ray diffraction results 
(discussed later) and provide strong support to the formation of nc-Si:H 
films. 
 
3.3 Low angle X-ray diffraction analysis 
 

Figure 4 shows the low angle x-ray diffraction patterns of nc-Si:H films 
deposited at different substrate temperatures (Ts). The average grain size 
(dX-ray) is also indicated in the figure. As seen from the figure the films 
deposited at Ts  100 C and 200 C the x-ray diffraction pattern show a 
broad shoulder centered  2  27 indicating that the films are amorphous. 
However, the film deposited at Ts  300 C shows the onset of 
nanocrystallization. For this film X-ray diffraction pattern show a sharp 
peak at 2  28.4 corresponding to (111) crystal planes of Si and less 
intense peaks at 2  47.3 and 56.1 corresponding to (220) and (311) 
crystal planes of Si, respectively. This result indicates that the crystallites 
in nc-Si:H films have preferential orientation in (111) direction. The other 
noticeable change observed in the diffraction pattern is little broadening and 
enhancement of (111) diffraction peak intensity indicating that increase in 
average grain size along with increase in volume fraction of crystallites with 
increase in Ts. The increase in crystallite size with increase in substrate 
temperature is due to the increase in the surface diffusivity of the adsorbed 
precursors so that the bond reconstruction is possible with the evolution of 
hydrogen (H2) [33]. Furthermore, with increase in substrate temperature, 
the Si radicals when reaching the surface of the grown film will have 
sufficient mobility allowing them to diffuse and search for lower energy 
sites which leads to improve the crystallinity [34]. These results are 
consistent with the Raman results and provide further strong support to the 
formation of nc-Si:H films by HW - CVD. 
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Fig.4  X-ray diffraction pattern of nc-Si:H films deposited at different substrate 
temperature 

 
3.4 FTIR spectroscopic analysis 
 

Figure 5 shows the variation of hydrogen content (CH) and microstructure 
parameter (R*) as a function of substrate temperature (Ts) for nc-Si:H films 
deposited by HW - CVD. As seen from the figure, CH in the film decreases 
from 4 at. % to 1.5 at. % when Ts increases from 100 to 450 C. The 
decrease in hydrogen content with increase in the substrate temperature has 
been reported by many authors [33, 35] and is attributed to the increase in 
mobility of H on the hot surface with increase in the substrate temperature. 
The low hydrogen content in the nc-Si:H films deposited at high substrate 
temperature can also be correlated with the increased crystallinity in the 
films [36]. Raman spectroscopic and low angle x-ray diffraction analysis 
further supports this. Moreover, during the growth, the films undergo in-
situ annealing due to the radiation coming from the filaments, which causes 
the evolution of hydrogen. With increase in substrate temperature, the 
evolution of hydrogen becomes stronger and hydrogen content in the film 
decreases [37]. 
 Furthermore, it can be seen from the figure that the microstructure 
parameter (R*) increases from 0.28 to 0.48 with increase in substrate 
temperature indicating that the hydrogen-bonding configuration in the films 
changes from Si-H group to SiH2 group with increase in substrate 
temperature. 

 
3.5 UV-Visible spectroscopy analysis 
 

The optical properties were determined from UV-Visible transmission 
measurements performed on the films deposited on the Corning #7059 glass 
substrates. Figure 6 shows the dependence of the band gap (Eg) on substrate 
temperature (Ts) for the nc-Si:H films deposited by HW-CVD. As seen from 
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Fig. 5 – Variation of hydrogen content and microstructure parameter of Si:H films as 
a function of substrate temperature 
 

the figure, the band gap of nc-Si:H films increases from 1.83 eV to 1.89 eV 
as substrate temperature increases from from 100 to 450 C. It is well 
established that the band gap of hydrogenated amorphous silicon (a-Si:H) 
deposited by HW - CVD and PE - CVD methods increases with increase in 
hydrogen content in the film [38, 39]. However, in the present study we 
have observed decrease in hydrogen content with increase in substrate 
temperature (see Figure 5). Thus, only the number of Si-H bonds cannot 
account for increase band gap in nc-Si:H films in HW-CVD deposited films. 
We believe that the increase in band gap in HW - CVD grown nc-Si:H films 
may be due to the increase in crystallinity in the film with increase in 
substrate temperature as revealed from Raman spectroscopic and x-ray 
diffraction analysis. This inference is further strengthened by the observed 
variation in static refractive index (no) of the films with substrate 
temperature (inset of Figure 6). It is interesting to note that the values of 
no has been found less than the value of static refractive index of c-Si 
(no,c-Si  3.42) over the entire range of substrate temperature studied. These 
results suggest that the stress in the nc-Si:H films gets relaxed with 
increasing the substrate temperatures. 
 
3.6 Variation in electrical properties 
 

Figure 7 shows the variation of room temperature dark conductivity (dark) 
and photoconductivity (photo) as a function of substrate temperature. A 
gradual and systematic change in the electrical properties of the material 
happens to take place when the deposition temperature is increased from 100 
to 450 C. At Ts  100 C the film exhibited dark ~ 3  10 – 10 S/cm and 
photo ~ 2  10 – 6 along with a photosensitivity gain (defined as photo/dark) 
of ~ 104. The high photosensitivity gain signifies its amorphous dominated 
structure. As a temperature increases the dark is noticeably increased by 
five orders of magnitude to ~ 10 – 6 S/cm, whereas photo is almost constant 
in between ~ 10 – 6 S/cm. 
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Fig. 6 – Variation in the optical band gap and static refractive index of the nc-Si:H 
films with substrate temperature 
 
 

 
 

Fig. 7 – Room temperature dark conductivity and photoconductivity of the films 
prepared at different substrate temperatures 
 

 We attribute the drastic reduction in the photosensitivity gain due to the 
structural modification i.e. amorphous-to-nanocrystalline transition in the 
films due to increasing the substrate temperature because the nc-Si:H films 
prepared by different methods show high dark conductivity and negligible 
photosensitivity depending upon the crystallite size and its volume fraction 
[40]. This inference is further strengthened by the observed variation in 
deposition rate with substrate temperature (see Figure 2) since lower 
deposition rate is more favourable to the formation of crystallites in the 
film structure [41]. 
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4. CONCLUSIONS 
 

Effects of substrate temperature on structural, optical and electrical 
properties of nc-Si:H films deposited by HW - CVD have been studied in 
detail. The formation of nc-Si:H films have been confirmed by micro-Raman 
spectroscopy and Low angle x-ray diffraction analysis. We have observed 
amorphous-to-nanocrystalline phase transition at substrate temperature 
300 C. Further increase in substrate temperature the crystallinity and the 
crystallite size in the films improves. The FTIR spectroscopic studies showed 
that the hydrogen content in the film decreases with increase in substrate 
temperature and is found < 4 at. % over the entire range of substrate 
temperature studied. In addition, it is also observed that the hydrogen 
incorporated in the film mainly in Si-H2 and (Si-H2)n complexes. However, 
the band gap showed increasing trend with increase in substrate 
temperature. We attribute increase in band gap due to increase in 
crystallinity in the film. 
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