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Abstract
Nanocrystalline silicon thin films were grown using a gaseous mixture of silane, hydrogen and
argon in a plasma-enhanced chemical vapor deposition system. These films were deposited
away from the conventional low power regime normally used for the deposition of device
quality hydrogenated amorphous silicon films. It was observed that, with the increase of applied
power, there is a change in nanocrystalline phases which were embedded in the amorphous
matrix of silicon. Atomic force microscopy micrographs show that these films contain
nanocrystallite of 20–100 nm size. Laser Raman and photoluminescence peaks have been
observed at 514 cm−1 and 2.18 eV, respectively, and particle sizes were estimated using the
same as 8.24 nm and 3.26 nm, respectively. It has also been observed that nanocrystallites in
these films enhanced the optical bandgap and electrical conductivity.

1. Introduction

Hydrogenated amorphous silicon (a-Si:H) thin films grown
by the plasma-enhanced chemical vapor deposition (PECVD)
technique have opened a new window for the material scientists
and engineers to understand the basics and to make various
semiconducting devices using this material about thirty years
ago. At the same time silicon nanostructures had also been
observed by Veprek et al [1]. However, the potentiality of
nanocrystalline silicon has not been realized since those days.
Now nanocrystalline silicon seems to be overtaking amorphous
silicon due to its stability and tailoring of the bandgap.

In recent years interest in the growth of nanocrystalline
silicon (nc-Si:H) films has been generated for applications in
electronic and optoelectronic devices [2–7]. This material is
a promising candidate for such devices because of its wider
bandgap and near-direct bandgap nature. It has also been
shown that nc-Si:H films and related devices are more stable
during light soaking than a-Si:H [5]. Orpella et al [6] have
studied the stability of nc-Si:H thin film transistors (TFTs).
Their studies show that TFTs made of nc-Si:H show more
stability than a-Si:H TFTs under prolonged times of gate
bias stress. However, the main difficulty with nc-Si:H (and
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perhaps also with other nanomaterials) is the precise control
over nanosized grains and their uniform distribution, otherwise
it is very difficult to get the desired properties.

We have grown nc-Si:H films on glass substrates over a
large area (100 cm2) in a PECVD system using deposition
parameters away from the conventional low power regime
normally used for the deposition of device quality a-Si:H
films [8]. The effect of power on the properties of these nc-Si:H
films will be presented in this paper. High pressure growth of
nc-Si:H films has been presented elsewhere by us [9].

2. Experimental details

The PECVD system used for deposition of nc-Si:H films is a
parallel plate capacitatively coupled. A detailed description of
the system has been described elsewhere [10]. Substrates were
placed on the ground electrode and radio-frequency rf power
(13.56 MHz) was applied to the cathode electrode from 20
to 100 W over a 120 cm2 electrode area. A gaseous mixture
of silane, SiH4 (5%, diluted in hydrogen H2) and argon (Ar),
was used as precursor for the deposition of nc-Si:H films at
a fixed pressure of 0.7 Torr. Initially SiH4 was introduced
into the process chamber at a flow rate of 40 sccm and the
corresponding pressure was noted as 0.133 Torr. Then the
Ar was flowed into the process chamber and the pressure was
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Table 1. Typical process parameters used for the deposition of
nc-Si:H films.

Process parameters Values

Base vacuum 7.5 × 10−7 Torr
Area of the electrode 120 cm2

Gap between electrodes 1.2 cm
Substrate temperature 220 ◦C
Applied power 20–100 W
Flow rate (SiH4) 40 sccm
Relative Ar partial pressure 0.25 Torr
Deposition pressure 0.7 Torr

adjusted with the help of a needle valve to 0.25 Torr. We call
this pressure (0.25 Torr) the relative argon partial pressure. The
deposition pressure of 0.7 Torr was achieved by adjusting the
throttle valve with its controller and Baratron (all M/s MKS
make). The typical process parameters used for discharge and
other experimental details are shown in table 1.

The structural, optical and electrical properties of these
films were investigated using atomic force microscopy (AFM),
laser Raman spectroscopy, photoluminescence (PL), optical
bandgap (Eg) and conductivity (σ ) as a function of applied
rf (13.56 MHz) power at a fixed relative Ar partial pressure
of 0.25 Torr. Thicknesses of these films were in the range
of 0.5–0.8 μm, measured using a Talystep, M/s Rank Tailor
Hobson, UK. For morphological studies of these nc-Si:H films,
an AFM (Molecular Imaging, USA) was used to record the
images. The PL studies were conducted on a Perkin-Elmer LS-
55 luminescence spectrometer. Raman scattering measurement
was performed in the range 200–850 cm−1 using a Spex micro
Raman set-up. The spectral dependence of optical reflection
and transmission was recorded on a spectrophotometer (M/s
Shimadzu, Japan, Model No. 3101 PC) for the estimation
of Eg. The absorption coefficient (α) was estimated using
the relation T = (1 − R)2 exp(−αd), where T is the
transmission, R is the reflectance and d is the thickness of
the film. The values of the bandgap (Eg) was evaluated from
the intercept of Tauc’s plot of (αhν)1/2 versus hν (photon
energy). Conductivity measurements were carried out using
a Keithley 617 Programmable Electrometer on planar samples
which were made by evaporating aluminum electrodes on nc-
Si:H films in a vacuum of better than 10−5 Torr, having a gap
of 0.078 cm and width of 1.0 cm.

3. Results and discussion

The deposition rate of the films was calculated from the
measured total thickness and deposition time. Thicknesses
of these films were estimated by step height measurement
using Talystep (M/s Rank Tailor Hobson, UK) equipment.
Variation of deposition rate of nc-Si:H films as a function of
applied rf power is shown in figure 1. The deposition rate
of these films increases from 1.5 to 5 Å s−1 as the applied
rf power increases from 20 to 100 W. Increase of applied
rf power enhances the dissociation and ionization of silane
radicals and thus a resulting increase of the flux of depositing
precursors to the substrate surface. Thus, the increased
deposition rate with rf power is probably due to the increased

Figure 1. Variation of deposition rate of nc-Si:H films with
applied power.

plasma density and also the Ar, allowing more efficient SiH4

dissociation [11]. There are several deposition techniques
including rf magnetron, hot wire CVD [12] and PECVD [13]
that have been used to deposit nc-Si:H films at a deposition rate
below 10 Å s−1 [14]. However, with the proper optimization
of PECVD parameters one can obtain a deposition rate of the
order of 10–30 Å s−1 [14]. Normally for the deposition of
device quality amorphous silicon films low power density is
applied to the cathode [8]. One can increase the deposition
rate with the increase of applied power. However, use of a
high power density is not recommended for achieving high
deposition rates due to ionic bombardment of the growing
film surface which may increase stresses and defects in the
films [15]. Therefore, the high power regime in the PECVD
system is not explored very well for the growth of silicon thin
films. However, when we intentionally went on to apply high
power to the cathode in our PECVD system, we have observed
that high power is pertaining to the growth of nanosilicon
films. Roca i Cabarrocas [16] has studied the effect of pressure
on the deposition rate of films in a rf PECVD system at a
fixed power density of 80 mW cm−2 and shown a change
in the material from microcrystalline silicon at low pressure
(less than 0.75 Torr) to polymorphous silicon at intermediate
pressure (between 0.75 and 1.6 Torr) and then to amorphous
silicon at high pressure (higher than 1.6 Torr) where powder
formation takes place. Using the region of high pressure where
powder formation takes place has been used as precursors
and using a square wave modulated discharge one should be
able to deposit silicon nanocrystals [17]. It is important to
mention that direct gas-phase nucleation of nanocrystalline
phases and later its incorporation in the film is undesirable from
the point of view of controllability and reproducibility of the
process. However, we are not very sure in our case about the
nanoparticle formation in the gas phase or grown directly in the
growing film surface on the substrate. This could be judged by
laser scattering measurement of the silane plasma [18] which
we have not carried out during the present investigation. There
could be two mechanisms of powder formation in a silane
plasma involving (i) charged particles [19] and (ii) neutral
particles [20] by plasma polymerization. Primarily, clusters
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(a)

(b)

Figure 2. (a) Optical absorption coefficient as a function of photon
energy of nc-Si:H films deposited at various powers. (b) Variation of
optical bandgap of nc-Si:H films with applied power.

are formed as a result of molecular and ion polymerization
chemistry. These clusters nucleate and grow into nanometer-
sized structures with a diameter of 20–50 nm under some
appropriate conditions. Then these nanometric-sized particles
having positive or negative charges agglomerate at a critical
density [19]. In the second mechanism neutral particles favor
powder formation only by plasma polymerization, starting
from SiHx radicals [20]. We have used Ar dilution to avoid
the aggregation of nanoparticles inside the plasma at high
power condition. Since Ar dilution increases the average
electron temperature by transforming its excitation energy it
thereby causes dissociation of the precursor gas into reactive
species. Ar ions with appropriate energy, in the case of nc-
Si:H, favors reconstruction of strong Si–Si bonds by breaking
weakly bonded Si–Si atoms. The role of Ar has also been seen
in the growth of hard materials when it preferably etches weak
bonds. In our case SiH4 (5%) is also highly diluted in hydrogen
which also favors the formation of crystallinity. Argon dilution
of SiH4 has also been suggested as an alternative to H2 dilution
for stable and high efficiency silicon thin film solar cells [21].

The plot of optical absorption coefficient (α) versus
photon energy (hν) of nanocrystalline silicon thin films
deposited at different rf powers is shown in figure 2(a). All
these films exhibit high absorption (in the photon energy
range from 2.25 to 3 eV) of the order of 105 cm−1. In
order to estimate the bandgap of the nanocrystalline silicon

films (αhν)1/2 versus hν (Tauc’s model) has been plotted and
extrapolated in the linear region. The trend of variation of
bandgap with rf power can be seen in figure 2(b). The Eg

values of these nc-Si:H films were found higher than those of
a-Si:H films (normally in the range of 1.75 to 1.8 eV observed
for films deposited in the low power regime in our PECVD
system). In the present investigation it was found that Eg

values increase from 2.1 to about 2.27 eV as the rf power
increases from 20 to 80 W and then decreases to 1.92 eV
with further increase of power to 100 W while keeping the
other process parameters constant. The bandgap of 2.27 eV
is exhibited by a film deposited at 80 W of power. This
film also shows high crystalline fraction and conductivity with
lower activation energy. In a study by Wang et al [11], the
values of Eg increase with the increase of nanoclusters of nc-
Si:H in the a-Si:H matrix. Also Vasiliev et al [7] have used
time-dependent local density approximation (TDLDA) to show
the increases of Eg with the decrease of cluster size in the
silicon nanostructures. In earlier studies in our laboratory,
Eg values between 2.0 and 2.1 eV have been observed in a-
Si:H films deposited in the second chamber of a cascaded glow
discharge [22].

There exist ambiguities about the bandgap of nanocrys-
talline silicon films because the existing models show large
variation in bandgap among themselves. Since, hydrogenated
nanocrystalline silicon contains both amorphous and crys-
talline phases and their properties vary with the volume frac-
tion of these phases. For the optical bandgap estimation,
Tauc’s [23] and Cody’s [24] methods are generally employed.
Tauc’s gap shows higher values (as shown in figure 2(b)) of
bandgap as compared to the value obtained by Cody (not
shown here). But there is no clear physical principle to choose
either model to estimate the optical bandgap. There is a publi-
cation by Wang et al [11] who have used the Tauc plot for ob-
taining the bandgap of nc-Si:H films having crystalline fraction
variation from 24% to 75%. Rotaru et al [25] have observed a
relation between optical bandgap and the content of amorphous
silicon (in the range of 30–100%) in polycrystalline silicon us-
ing both Cody’s and Tauc’s models. It could be about the non-
validity of Tauc’s and Cody’s models for the estimation of the
optical bandgap for a high crystalline fraction containing sili-
con films. For simplicity, the E04 method where the absorption
coefficient (α) of 104 is usually used shows a higher value of
the optical bandgap. It is found that, by applying these models,
there is variation in the values of the bandgap. However, the
trend in bandgap variation with power of the deposited films re-
mains the same. Investigation using the Penn bandgap [27] and
Wemple and DiDomenico models [28] should be seen in the
framework of the dielectric constant (ε) of these materials and
how ε changes with the change in crystalline fraction in these
films: subsequently its correlation with the bandgap would be
interesting. Sharma [26] has calculated the size-dependent en-
ergy bandgap within the Penn model [27] of a nanocrystallite
semiconductor. The bandgap of hydrogenated amorphous sili-
con is between 1.7 and 1.8 eV. But in the case of a mixed phase
of crystalline (large grain size) and amorphous, i.e. microcrys-
talline phase, the bandgap should lie between amorphous and
crystalline silicon. In the present investigation, however, the
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Figure 3. Typical photoluminescence spectra of an nc-Si:H film
deposited using Ar dilution at a relative partial pressure of 0.25 Torr
at 60 W power.

bandgap of the films is more than 1.9 eV. Bandgap broadening
occurs in the materials if the quantum size effect prevails. Oth-
erwise many other parameters must be looked at for the justifi-
cation of bandgap broadening. A complete microscopic under-
standing of the bandgap depended on the fraction and size of
nanocrystallites in the amorphous silicon matrix is still lacking.
However, one of the well-accepted models for bandgap broad-
ening for nanometric materials is quantum confinement [29].

The PL studies were carried out on nc-Si:H films
deposited at 60 W rf power and Ar dilution at a relative
partial pressure of 0.25 is shown in figure 3. The thickness
of this film was ∼0.7 μm. The nc-Si:H film was exposed
to ultraviolet excitation which contributed a very strong and
broad emission peak at 569 nm (2.18 eV) with a bandwidth
of 150 nm. The PL spectra confirm the high Eg estimated by
Tauc’s plot for our nc-Si:H silicon film. The PL peak value
may not be confirmation of Eg. However, there is a research
publication which showed that there is a relationship between
the PL peak and bandgap [30]. This is in accordance with
the previously reported theoretical studies where it has been
mentioned that the quantum confinement effect broadened the
Eg of nanocrystallites [7], increasing in oscillator strength
giving rise to efficient and visible luminescence. However, the
mechanism of the observed visible PL is not well understood.
Some researchers attribute the PL to quantum size effects due
to the silicon nanostructures [31–33], while others attribute it
to hydrides/polysilanes [34, 35], siloxene [36, 37], oxygen-
related defect centers [38–40] and amorphous silicon [41, 42].
There was no signature of oxygen in the film showing PL
as confirmed from Fourier transform infrared spectroscopy
measurements. We have estimated the particle size of a
film showing a PL peak at 2.18 eV as 8.24 nm, using the
relation [43] DL = hπ/[2mr(EPL − Eg)]1/2, where DL is the
particle size, EPL is the PL peak energy, mr[memh/me + mh]
is the reduced mass and Eg is the bulk silicon bandgap energy.
The value of particle size is lower than the values observed in
AFM images. This shows that there could be smaller grains
embedded in large grains.

AFM images of nc-Si:H films deposited using 60, 80
and 100 W of applied power are shown in figure 4. Grain

sizes of these images were estimated to be in the range 20–
100 nm. The AFM micrograph deposited at 60 and 80 W
powers as shown in figures 4(a) and (b) clearly reveals that
there are small grains embedded in larger grains. It is also
clear from these AFM images that, with the increase of applied
rf power from 60 to 80 W, the density of grains increases and
it looks like the smaller grains form into clusters, that is they
agglomerate, as shown in figure 4(b). It is clearly visible in
these AFM images that the smaller clusters of nc-Si:H grains
are bound together and formed into larger grains and all these
are embedded in the amorphous matrix. However, there is
a decrease of nanocrystallites and an increase of amorphous
phase in the films deposited at 100 W applied power as revealed
from figure 4(c). This is also revealed from figure 2 where at
100 W power there is a decrease of Eg which may be correlated
with low nanocrystallites observed in the AFM micrograph
as shown in figure 4(c). Further, as revealed in figures 4(a)–
(c) and 2, there is a correlation between size and density of
nanocrystallites with the bandgap of nc-Si:H.

Figure 5 shows Raman spectra of nc-Si:H thin films
deposited at various rf powers. Normally for amorphous
silicon, the strongest line at 475 cm−1 originates from a
displacement of the bridging silicon atom along a line bisecting
two tetrahedral units, whereas for c-Si the very narrow line
at 520 cm−1 originates from transverse optical (TO) phonons.
The Raman spectra at 516 cm−1 has been assigned as a
signature for nanosized c-Si or hexagonal c-Si [44]. In our
investigation, Raman spectra at 514 cm−1 could be a signature
of silicon nanostructures deposited at 60 and 80 W. However,
films deposited at 100 W power show more amorphous
in nature as there is an emergence of a broader Raman
peak around 480 cm−1 and a narrowing of the peak around
514 cm−1. High power (100 W) affects the formation of
nanocrystallites in the growing film and turns the structure into
a more amorphous one. We have also estimated the crystallite
size (in diameter, DR) of nanocrystalline silicon using the
Raman peak, as DR = 2π

√
B/�ν, where B is 2.24 cm−1 nm2

and �ν is the frequency shift in units of cm−1, which was
defined as the difference between the observed peak-frequency
value and 522 cm−1 [45]. DR values were found to be 3.69 nm
and 3.26 nm for films deposited at 60 W and 80 W, respectively,
since the AFM images indicate typically 30 nm particles inside
100–200 nm aggregates. The particle size estimated from
Raman spectra also indicates that the 30 nm particles could
be aggregates of smaller particles. However, particle size
estimated from PL and laser Raman spectra are quite different.
As an example, the values estimated from PL and laser Raman
spectra were 8.24 nm and 3.69 nm, respectively, for the film
grown at 60 W rf power and Ar dilution at a relative partial
pressure of 0.25 Torr.

The effect of temperature on conductivity of nanocrys-
talline silicon films is shown in figure 6. These measurements
were performed on coplanar structures. There is a wide vari-
ation of room temperature conductivity (σRT) which is in the
range of 3 × 10−11 �−1 cm−1–2 × 10−4 �−1 cm−1 with the
variation of power from 60 W to 100 W. It is interesting to note
that films deposited at 80 W power shows the highest σRT val-
ues among the set of films. This particular film shows σRT close
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(a)

(c)

(b)

Figure 4. AFM micrograph of nc-Si:H films deposited at (a) 60 W, (b) 80 W and (c) 100 W power.

(This figure is in colour only in the electronic version)

to 10−3 �−1 cm−1, which is normally found for highly doped
amorphous silicon films. It is confirmed from the morpholog-
ical structure observed through AFM studies that the density
of the nanocrystalline structure is greater in the film deposited
at 80 W rf power. A similar result is also confirmed by laser
Raman studies. The film deposited at 80 W power could be
an optimum energy for the formation of maximum nanostruc-
ture which is responsible for the enhancement of conductivity.
However, there is little change in dark to photoconductivity, i.e.
photosensitivity observed at room temperature in the film de-
posited at 80 W. On the other hand photosensitivity was found
up to 3–4 orders in the films deposited at 60 and 100 W power.

Films grown at 60 and 100 W power show multiple
activation energies. However, films grown at 80 W power
show two activation energies. The values of high activation
energies (Ea) and pre-exponential factor (σ0) were found to be
0.3 eV, 0.64 eV, 0.75 eV and 87 �−1 cm−1, 12 �−1 cm−1,
42 �−1 cm−1 for films deposited at 80 W, 60 W and 100 W

power, respectively. The activation energy is presented for
the higher temperature region. The increase of σ for 80 W
deposited film is mainly due to the nanocrystalline nature of
the film with small grains while other films deposited at 100
and 60 W are amorphous and partly crystallized with larger
grains as revealed from Raman spectra.

The lower values of activation energy observed in films
deposited at 80 W power may be due to the presence of a
high density of nanostructure in the film and carrier transport
occurred within these nanocrystallite grains connected with
thin amorphous tissues which are embedded in the amorphous
matrix. In other words the film consists of two types of
structure, nanocrystalline and amorphous, and the smaller
activation energies observed in these films could be due to
the difference in bandgap of these two structures. They form
heterojunction-like structures in the interface region, where
the bandgap offset reduces the activation energy. Hu et al
[46] have also observed an activation energy of 0.1–0.3 eV
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Figure 5. Laser Raman spectra of nc-Si:H films deposited at
various powers.

Figure 6. Conductivity as a function of temperature for nc-Si:H films
deposited at various powers.

in their nc-Si:H films. The values of activation energies are
lower than normally observed in a-Si:H films (0.8–0.9 eV).
He et al [47] have suggested that the effective conductivity
of nc-Si:H films is due to a two-phase random mixture of
nc-Si:H films. One is the crystalline phase (many grains)
and the other is the interface region (a-Si:H). We have seen
in the present investigation that films deposited at 80 W
show a high crystalline phase and thus higher conductivity.
It has been shown that the conductivity of nc-Si:H films
exponentially increases with increasing crystalline fraction and
decreasing grain size [48]. A correlation between optical
bandgap and activation energy of the nc-Si:H films can be
seen, particularly for activation energies obtained for the higher
temperature region in the present investigation. This could
be due to the presence of nanocrystallites in the film which
helps the broadening of the bandgap as well enhancement of
the conductivity.

4. Conclusion

In conclusion, nc-Si:H films have been grown in the PECVD
system using a gaseous mixture of SiH4, H2 and Ar in a
high rf power regime, which is what one normally does
not prefer to use for the growth of device quality a-Si:H

films. These films were characterized for structural, optical
and electrical properties as a function of applied rf power.
Eg of these nc-Si:H films can be tailored by varying the rf
power. It was observed that nanocrystallites in these films
enhanced the optical bandgap and electrical conductivity. The
values of Eg in these films were found to be in the range
1.9–2.3 eV. Temperature-dependent electrical conductivity
has been measured and the activation energy was found to
reduce to 0.3 eV in nc-Si:H films grown at an optimum
power of 80 W. PL has been observed in these films in the
visible region. PL emission in nc-Si:H is a highly desirable
property for future advances in silicon-based electronic devices
like blue LEDs and lasers. By proper optimization of
the parameters one can obtain various color LEDs: red,
green, yellow, maybe even white, as red, green, blue and
white photoluminescence has already been observed from
amorphous silicon quantum dots embedded in silicon nitride by
controlling the dot size [49]. Optical bandgap and temperature-
dependent electrical conductivity have been measured for
these films. AFM images shows that these films contain
nanocrystallites of 20–100 nm size in an amorphous matrix
which is confirmed by the laser Raman peak at 514 cm−1

for these films. It is interesting to note that there are smaller
nanocrystalline structures embedded in larger nanocrystalline
grains as revealed from particle size estimation using PL
(8.24 nm) and Raman (3.26 nm) spectra.
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