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Abstract: Nanocrystalline silicon (ns-Si) thin films deposited through plasma-enhanced chemical vapor deposition 
technique were studied. These films were grown at low deposition temperature of 200 oC and at different silane flow rates 
([SiH4]). Characterization of these films with Raman spectroscopy, x-ray diffraction and atomic force microscopy 
revealed that no films deposited at [SiH4] = 0.0 sccm. In addition, the structural change from an amorphous to a 
nanocrystalline phase at [SiH4] = 0.2 sccm. The Fourier transform infrared spectroscopic analysis showed at low values 
of [SiH4] (0.1 sccm), no hydrogen incorporated in the nc-Si thin film. However, the intensity of the spectra around 
2100 cm�1 is likely to decreases with increasing [SiH4]. We have observed photoluminescence (PL) at room temperature 
in the range of 1.7 eV to 2.4 eV for all the films. Presence of the very small crystallites (the size less than 20 nm) 
responsible for quantum confinement effect. Variations of the PL intensity, width and position are well correlation with 
the structural properties of the films such as crystalline size, crystalline volume fraction, and hydrogen content. 
Furthermore, the PL emissions also showed correlation with the distribution of spherical grains with the size below 50 nm 
distributed on the films surface. 

 

Keywords: Nanocrystalline silicon; PECVD; Photoluminescence; Quantum-size effect. 
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INTRODUCTION 

  Since the discovery of room temperature (RT) photoluminescence (PL) in the visible range from porous silicon 
research efforts on the creation of nanostructured silicon is the mainstream of modern nanoelectronics and 
optoelectronics, because of its unique properties associated with the quantum confinement [1]. Among the various 
structures and approaches, nanocrystalline silicon (nc-Si) thin films  have  received great attention for their potential 
application in various devices, for example solar cells, and thin film transistors in liquid crystal displays, compared 
to amorphous silicon (a-Si) thin films along with better stability [2]. In particular, it is expected that this material can 
be used to fabricate Si-based optoelectronic devices in near future [3]. Recently, it has been known that quantum 
size effects of Si nanocrystallites are the main source for the unique and useful features of the materials and devices; 
these include a blue shift of the optical band [4], and visible PL [5]. 
 Si nanocrystals produced with two different techniques, one is the re-crystallization of a-Si films as indirect 
technique, and the other is direct deposition. The recrystallization technique includes rapid thermal annealing (RTA) 
[6], laser-melt re-crystallization (LMR) [7] and aluminium-induced crystallization [8]. However, these methods have 
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difficulties in accurate control of crystallite size and crystalline fraction. In addition, post annealing at temperatures 
over 1000 oC is generally required for the crystallization of Si nanoparticles. Such high annealing temperature 
inevitably limits its further applications in optoelectronic devices. On the other hand, a variety of direct chemical 
vapor deposition (CVD) techniques have been used to yield material with good optoelectronic properties. These 
include plasma enhanced CVD (PE-CVD) [9-14] and its variant very high frequency glow discharge (VHF-GD) 
[15,16]. Other CVD methods employed in the deposition of nc-Si are electron cyclotron resonance-CVD (ECR-
CVD) [17], homo-CVD [18], low energy P-CVD [19,20],  low-pressure chemical vapor deposition (LPCVD) [21] 
and hotwire-CVD (HW-CVD) [22]. Among these, The PECVD technique appears to be a promising deposition 
method for large-area thin film technology and has been employed for industrial applications [23]. 
 Deposition conditions play an important role in the growth of the nc-Si film, because it can affect the selective 
etching, the chemical etching and the thermal kinetic process of the film growth. Moreover, a low processing 
temperature can enlarge the application field of nc-Si film in wider industrial production by using low-cost substrate. 
Therefore, how to lower the processing temperature is becoming a challenging task for the semiconductor research 
community. 
 Several growth processes based on PECVD technique have been studied for the production of nc-Si which 
exhibits PL even at room temperature (RT) [24-28]. Although there is a large amount of research in the recent years, 
the mechanism underlying the visible luminescence is still unclear. There are two mechanisms, first one is the 
quantum confinement model and the second is the surface model, widely discussed to know the origin of PL. 
Fabrication of nc-Si films, having a highly efficient quantum-size effect, requires both a reduction in the grain size, 
�, and an enhancement in the crystalline volume fraction, �. Then, an increase in the nucleation rate would become a 
key technique to be developed. It has been reported that the enhanced nucleation on the growing surface during 
deposition of nc-Si can be achieved by increasing the hydrogen flow rate, [H2] [29,30], or the deposition 
temperature, Td [31]. However, the increase in Td also caused an increase in �. Thus, the increase in [H2] leads to 
reduction of � [29, 30], while the increase in Td should lead to increase in � [31]. Furthermore, it has been reported 
that formation of nc-Si is due also to higher etching activity of hydrogen radicals for the amorphous phase than the 
crystalline one [32,33]. 
 In order to contribute such device development, nc-Si films were deposited by PECVD. In general, this material 
could be described as a biphasic material consisting of nanocrystalline grains dispersed in a-Si matrix, with the grain 
boundaries acting as potential barriers for the carriers. Thus, grain size and its distribution affect the properties of 
these nc-Si films and make their study interesting. Efforts to understand the growth processes in nc-Si have been 
carried out by many researchers [34–37]. However, the mechanism is not fully understood because of the complex 
structure of these films. The purpose of this work is to investigation the effect of the SiH4 on the grain size and 
optical properties of nc-Si films and to analyze luminescence spectra, and study the origin of PL in nc-Si films. 

EXPERIMENTAL DETAILS 

Nc-Si films were deposited on glass (Corning 7059) and fused quartz substrates by PECVD using a SiH4/SiF4/H2 
gas mixture. The remarkable feature of this deposition system is that the samples are exposed to the plasma (the 
growing surface is bombarded with ions). Just prior to the deposition of nc-Si films, the substrates were sequentially 
cleaned by rinsing them for 30 min in acetone and then in ethyl alcohol using an ultrasonic syringe. The samples 
were more cleaned by exposing them to N2 and then to H2 plasma at 90 W for 20 min just before the deposition of 
nc-Si films. The samples were deposited on 0.3-mm-thick glass (coring 7059) substrates with an area of 10 x 20 
mm2 for measurements of X-ray diffraction (XRD), Raman scattering and atomic force microscopy (AFM), on 0.3-
mm-thick fused quartz substrates with an area of 10 x 20 mm2 for measurements of PL and optical absorption. 
     The rf power supply and the deposition temperature during the film deposition were maintained at 30 W and   
200 oC, respectively. The feed gases were SiF4/SiH4/H2 with the flow rates of [SiF4] = 0.2 sccm, [H2] = 15 sccm and 
[SiH4] was varied from 0 – 0.7 sccm.  
      The structural properties of the nc-Si films were investigated by means of XRD (SHIMADZU XD-D1) 
employing a diffractometer with the slit width of 0.1 mm, set at the front of the detector. The relative intensity 
(integrated area) of the XRD spectra from different crystal planes in the nc-Si was normalized by the corresponding 
x-ray intensity for Si powder.  
     The crystallinity was also characterized by Raman scattering measurements. The Raman spectra consisted of a 
narrow line at 520 cm-1 due to a crystalline phase (c-phase) and a broad line around 480 cm-1 due to an amorphous 
phase (a-phase). Since the third component between 480 and 520 cm-1 due to very small crystallites was relatively 
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weak. Further, the surface morphology of the films was investigated by means of AFM (Park scientific instruments, 
AUTOPROBE GP/M5). 

 PL was analyzed using a Jobin Yvon RAMANOR HG 2S spectrometer coupled with a cold photo-multiplier 
tube (Hamamatsu Photonics R649S). The 488 nm Ar-ion laser with power 40 mW was used as the PL excitation 
source.  

RESULTS AND DISCUSSION 

  In order to further improve properties of nc-Si thin films and performances of related devices, it is necessary to 
understand microstructure features of the films in detail. As a powerful technique, Raman spectroscopy has been 
extensively adopted to investigate the low-dimension structure materials because it is convenient and inexpensive 
and dose not damage samples [38]. Moreover, Raman spectroscopy is useful for nondestructive characterization of 
stress and defects in nc-Si thin films. The Si optical phonon mode exhibits a line at around 520 cm-1 in the Raman 
spectra. Its peak frequency and full width at half-maximum are sensitive to stress, defect and grain size, �. Figure 1 
shows a typical Raman spectra from nc-Si thin films deposited at different [SiH4], which can be identified as two 
regions corresponding to two kinds of phonon modes, i.e., a transverse optical (TO1) branch with a peak at 480 cm-1 
from the a-Si contribution and another transverse optical (TO2) mode at around 520 cm-1 from the contribution of Si 
nanocrystals, as mentioned before. As revealed in this diagram, the films with [SiH4] higher than 0.1 sccm exhibit a 
narrow peak at around 520 cm-1, which is due to the crystalline phase. In addition, for the film deposited at a low 
[SiH4] of 0.1 sccm exhibits the weak broad peak at 480 cm-1 due to an amorphous phase. Thus, no crystallization 
was observed at [SiH4] = 0.1 sccm, because of poor migration of deposition precursors and/or the absence of nuclear 
sites. Moreover, no film with the desired thickness was obtained at [SiH4] = 0.0 sccm. This results means that the 
main precursors for film growth in this system arise from SiH4. The SiH4 source gas is an attractive technique to 
promote the diffusivity of the deposition precursor, SiH3 and/or the relaxation of the Si network on the H-rich 
growing surface.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
     As shown in Figure 1, the intensity of the 520 cm-1 component increases with increasing the [SiH4] up to 0.3 
sccm but then decreases for [SiH4] > 0.3 sccm.  In addition, the peak position of TO2 changes (shifts) with 
increasing the [SiH4]. Such Raman peak shifts would be related to a change in the stress of the films. In other words, 
the redshift of TO2 mode peak should be considered as the total contribution from tensile strain effect of Si 
nanocrystals embedded in nc-Si films. Where, a positive Raman-peak shift can be interpreted as indicating an 
increase in the compressive stress or a decrease in the tensile stress. 
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FIGURE 1. Raman spectra for nc-Si thin 
films with different [SiH4] values.

FIGURE 2. Peak frequency of the Raman signal 
arising from the crystalline Si phases, as a function 
of [SiH4], for nc-Si thin films. 
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Figure 2 shows the peak frequency of the Raman signal arising from the c-Si phases of nc-Si thin films, as a 
function of [SiH4]. As shown in Figure 2, the values of peak frequency of the Raman signal for nc-Si thin films 
decrease with an increase in [SiH4] up to 0.5 sccm and then rapidly increases with increasing [SiH4]. A decrease of 
the peak frequency of the Raman signal in the range lower than 520 cm-1 will reflect a change in � as stated above. 
The Raman shifts are controlled by vibration of the electronic polarization for constituents in the films which 
depends on the bonding structure such as atomic distance. On the other hand, if the atomic distance is uniformly 
strained, the peak frequency of Raman signal of nc-Si thin films should shifts. Such Raman peak shifts would be 
related to a change in the stress of the films, as mentioned above. 

  Figure 3 shows the XRD spectra for the nc-Si thin films deposited at different [SiH4]. In these films an 
amorphous structure has been obtained for the film deposited at [SiH4] = 0.1 sccm, the result of this condition has 
not been shown here, which is consistent with the Raman results seen in Figure 1. As shown in Figure 3, the 
intensity of the <111> texture increases by increasing the [SiH4] (from 0.2 to 0.3 sccm), then decreases with [SiH4], 
in good agreement with the results of Raman spectra (see Figure 1). For these films we did not observe any signals 
due to a <110> and <311> textures. These results mean that SiH4 plays an important role in creation of dominant 
<111> texture. 

 When nc-Si thin film is used as the gate electrode in a metal–oxide–semiconductor (MOS) transistor, a smooth 
surface is generally desired to allow patterning of small device features. However, when it is used as an electrode of 
the capacitor in a dynamic random-access memory (DRAM), a rough surface may be valid to increase the surface 
area of the capacitor. The AFM image (Figure 4) shows a homogeneous pentacene film surface with the root-mean-
square (rms) roughness of 7.5 nm. As seen from Figure 4 ([SiH4]  = 0.3 sccm), the shape of the grains on the surface 
is spherical. Furthermore, the nanocrystallites of the silicon are distributed nearly uniformly over the surface and 
hence are suitable for integration in device structure. It is therefore expected that grown thin films could be used as 
protective coatings in the device. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It is well known that when nc-Si and poly-Si are used as a gate electrode or an interconnection material in 

integrated circuits, the undesirable oxidation results in a limitation of its conductivity and finally can degrade circuit 
performance. Furthermore, the grain boundaries in the nc-Si and poly-Si, which has disordered structures including 
weak bonds, are expected to oxidize more rapidly than the inside of the grains with stable structure. Figure 5 
illustrates the FTIR spectra over the range 400–4000 cm-1 for several nc-Si thin films. As seen in Figure 5, the 
absorption bands were observed at around 2100 cm-1 is assigned to the dihydride , [(Si2)–SiH2], chain structure in the 
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FIGURE 3. XRD spectra for nc-Si thin 
films with different [SiH4] values. 

FIGURE 4. The AFM picture of deposited 
silicon thin films at [SiH4] = 0.3 sccm. 
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grain boundaries, or gathered (Si3)–SiH bonds on the surface of a large void. The peaks at 900 and 630 cm-1 are also 
the bending and rocking/wagging vibration modes of (Si3)–SiH bonds, respectively. The stretching and bending 
mode of Si–O–Si vibration are also located at 1064 and 806 cm-1, respectively [39,40]. 

The intensity of the spectra around 2100 cm-1 is likely to decreases with increasing [SiH4]. On the other hand, the 
Si–H stretching absorption around 2100 cm-1 is not observed for the film deposited at [SiH4] = 0.1 sccm. The density 
of Si-H bonds, which causes the 2100 cm�1 band as stated above, monotonically decreases with increasing [SiH4]. 
So, if the decrease in the density of Si-H bonds caused by increasing [SiH4] corresponds to a reduction in the 
hydrogen coverage on growing surface, it is obvious that the results shown in Figure 1 are inconsistent with a model 
for interpreting the observation of no crystallization under high deposition temperature, Td, proposed by Matsuda 
[41]. He has interpreted that no observation of crystallization phases under high Td in terms of a decrease in the rate 
of the surface migration of the adsorbates, which is caused by the elimination of H atoms bonded to Si atoms on the 
growing surface of the film. As other role of hydrogen, H-radicals may selectively etch loosely bonded amorphous 
Si networks, leaving stable nanocrystals behind, and the etching effect may play an important role in growth of nc-Si 
thin films [32,42]. 
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Figure 6 shows the PL spectra for four different films with [SiH4] = 0.2, 0.3, 0.4 and 0.7 sccm. The PL spectra 
showed four peaks at around 2.28-2.38, 2.19-2.25, 2.0-2.1, and 1.77-1.8 eV at room temperature, respectively. These 
PL peak energies values were found in an energy range higher than the band gap energy for c-Si (1.12 eV). This 
result may be interpreted in terms of a model that grains with smaller � preferentially exit in shallower layer of the 
films depending on the growth of mechanism of the films. This is because excitation and absorption process in the 
PL will occur in the side of the free surface that light was irradiated. In addition, no PL is observed for the film 
deposited at [SiH4] = 0.1 sccm, which was amorphous as seen in Figure 1. Therefore, it is considered that an 
amorphous Si phase is not responsible for the observed luminescence in the present work. Trwoga et al. [43] 
examined the effects of changing both the mean grain size and the size distribution for grains with a nanometer scale 
on the width and the peak energy of the PL spectra, utilizing the effective mass approximation. In that work, they 
showed that the PL spectra exhibited blueshifts and broadening as the mean grain size decreased. Furthermore, they 
showed that the oscillator strength rapidly increased with decreasing average size. Edelberg et al. [26] have 
examined the origins of the band approximately 2.0–2.1 eV. One of the origins may be due to defects related to 
oxygen [44]. Another origin may be associated with SiH- related bonds [45]. In the present work, the decrease in the 
density of Si-H bonds with increasing [SiH4] (figure 5) corresponds with the decrease in the 1.77-1.8 PL band 
(figure 6), similar relationship was found by Umezu et al. [46] for a-Si:H prepared by rf sputtering at higher 
temperature. Thus, the results shown in figure 5 and figure 6 indicate that the contribution of SiH-related bonds on 
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FIGURE 5. IR transmittance spectra for nc-Si 
thin films with different [SiH4] values. 

FIGURE 6. Photoluminescence (PL) spectra for 
nc-Si thin films with different [SiH4] values. 

72



the PL spectra cannot be excluded. On the other hand, the spectra around 2.0 - 2.4 eV may arise from small grains 
(quantum size effect). In addition, to know the exactly origin of PL, another measurements are needed.  

CONCLUSION 

Nanocrystalline silicon (ns-Si) thin films with different silane flow rates ([SiH4]) have been prepared using 
plasma-enhanced chemical vapor deposition technique. No crystalline phase was observed at [SiH4] = 0.1 sccm. As 
a result of the photoluminescence (PL) and the infrared (IR) absorption measurements, the decrease in the density of 
Si-H bonds with increasing [SiH4] was found to correspond with the decrease in the 1.77 - 1.8 eV PL band. On the 
other hand, the 2.0 - 2.4 eV PL band may be due to nanocrystals in the films. Furthermore, we have shown that a 
structural change from amorphous to nanocrystalline easily occurs with increasing [SiH4]. 
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