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Structural, optical and electrical properties of hydrogenated nanocrystalline silicon (nc-Si:H) films, de-
posited from silane (SiHs) and helium (He) gas mixture without hydrogen by hot wire chemical vapor depo-
sition (HW-CVD) method were investigated as a function of helium dilution of silane (Rue). We observed
that the deposition rate is much higher (4-33 A/s) compared to conventional plasma enhanced chemical va-
pour deposited (PE-CVD) nc-Si:H films. Raman spectroscopy revealed that the crystalline volume fraction
decreases with increasing He dilution of silane whereas the crystallite size remains almost constant
(~ 2 nm) for the entire range of He dilution of silane studied. Furthermore, an increase in the structural
disorder in the nc-Si:H films has been observed with increasing He dilution of silane. The hydrogen content
was ~ 9 at. % in the film deposited at 60 % Ru. and decreases rapidly as Rue increases further. The pho-
toresponse decreases by order of 1 with increasing helium dilution of silane from 60 to 97 %. It has been
concluded that adding helium gas to the silane induces the structural disorders in the hydrogenated nano-
crystalline silicon (nc-Si:H) thin films prepared by HW-CVD method.
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1. INTRODUCTION

Hydrogenated nanocrystalline silicon (nc-Si:H) is a
structurally inhomogeneous material which consists of
nanometer-size Si crystallites embedded in an amor-
phous tissue, along with grain boundaries (GBs) and
microvoids [1, 2]. Such material exhibits a variety of
microstructures and physical properties that depend
strongly on the preparation conditions. These materials
show interesting properties such as high conductivity,
high charge carrier mobility and high doping efficiency
[3-5], thus they have attracted a great deal of attention
in recent years in many potential applications such as
third generation solar cells [6, 7], photodiodes [8] and
thin film transistors [4]. Although high hydrogen dilu-
tion facilitates the microcrystallization of silicon films,
it also reduces the deposition rate drastically which is a
serious barrier towards achieving reasonably cost-
effective throughput in large-scale commercial produc-
tion of optoelectronic devices. However, in preparation
of nc-Si:H films by conventional PE-CVD method, dilu-
tion of silane (SiH4) with noble gasses, high deposition
rates can be achieved at a low level of electrical excita-
tion. The dilution of silane with Argon (Ar), Helium
(He), or Xenon (Xe) has a strong influence on the struc-
ture and morphology of the films. For example, it has
been reported that addition of Ar in SiH4 plasma intro-
duces rapid crystallization of a-Si:H network. However,
extremely high Ar dilution adversely affects the nano-
crystallization process and induces the growth of co-
lumnar structures [8]. A number of efforts have been
made towards preparation of nc-Si:H films from SiH4
plasma using He dilution. In some cases it is either,
amorphous [9], polymorphous [10], microcrystalline
[11] or nanocrystalline network [12]. Xe-dilution nor-
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mally maintains an amorphous nature of the network
even at a very high power applied to silane plasma [13].
It has been identified that hydrogen dilution of silane is
not an essential condition for the formation of nano-
crystalline silicon [14] and the inert gases dilution of
silane is another way to produce nc-Si:H thin films. K.
Bhattacharya and D. Das [15] have studied the effect of
rf power on the nanocrystallization of a-Si:H network
by PE-CVD at a substrate temperature of 200 °C and a
gas pressure of 0.5 Torr using silane as the source gas
and helium as diluent, without using hydrogen. They
have shown that the structural transformation from
amorphous to nanocrystalline phase accomplished by
metastable helium atoms in the plasma was identified
at low rf power of 80 W. With an increase in the applied
rf power up to 150 W, systematic improvement in crys-
tallinity has been achieved with crystalline volume
fraction of ~ 77 % and grain size of ~ 7 nm. The depos-
ited films showed reduced bonded hydrogen content
(~ 8 %), enhanced polymerization in the network and
gradual widening in the optical bandgap (~ 1.86 eV)
obtained at a high deposition rate (107 A/min) using
1 scem of silane as the source gas and 69 scem of heli-
um as the only diluent. Raha and Das [16] have studied
the effect of partial hydrogen dilution on the mostly
helium diluted silane plasma in controlling the nano-
crystallization process in the Si:H network. The para-
metric conditions were chosen in such a way as to pro-
duce the basic matrix as a mixed phase heterogeneous
material in the neighborhood of amorphous to nano-
crystalline transition zone, but dominated by the amor-
phous component, which could easily trigger nano-
crystallization on favorable parametric changes. They
have shown that the energy released by de-excitation of
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He* is utilized in breaking up strained and weak Si-Si
bonds and remaking strong Si-Si bonds at the boundary
of ¢-Si nucleation centers and the amorphous matrix
thereby creating a more relaxed and compact network
structure. They have demonstrated that the inclusion
of a small amount of Hz as a component diluent intro-
duces a radical change in the material properties and
that continued at higher partial Hz-dilution relative to
that of He in the plasma. The optical absorption was
reduced; the optical band gap was widened and sharp
reduction in the bonded hydrogen content was ob-
served. The overall crystallinity in the material in-
creased sharply, the porosity in the material reduced
grossly and the electrical conductivity increased by
several orders of magnitude. All this happened at the
cost of a relatively insignificant lowering in the growth
rate of the material because of the trivial amount of the
required Hs-dilution. In this study, the detailed inves-
tigation of structural, optical and electrical properties
of nc-Si:H films deposited by HW-CVD as a function of
He dilution of SiH4 without hydrogen is presented. The
synthesis of nc-Si:H thin films using PE-CVD method
has been extensively studied in the past. However, to
the best our knowledge up to now the HW-CVD method
has not been studied for the synthesis of nc-Si:H films
using noble/inert gas dilution of SiHs4 and no reports
exist in the literature. With this motivation, we initiate
the study of synthesis and characterization of nc-Si:H
films with He dilution of SiH4 by using HW-CVD meth-
od. We believe that the addition of noble gases diluents
will change the nature of the deposition mechanism
from CVD-like to PVD-like process. Thus, the detailed
knowledge of the structural, optical and electrical prop-
erties of nc-Si:H thin films deposited under a wide
range of deposition conditions including the noble gases
dilution of silane, is of great importance from the view-
points of both fundamental physics and technological
future applications.

2. EXPERIMENTAL DETAILS
2.1 Film preparation

Intrinsic hydrogenated nanocrystalline silicon (nc-
Si:H) thin films were deposited simultaneously on
Corning #7059 glass and c-Si wafers (311) in a HW-
CVD system, details of which have been described
elsewhere [17]. Films were prepared by using a mixture
of pure SiHs (Matheson Semiconductor Grade) and He
(Ultra High Pure) gases. The helium flow rate was kept
constant (30 sccm) while SiHs flow rate was varied
from 1 sccm to 20 sccm. The temperature of the tung-
sten filament was maintained at 1900 + 5 °C due to
reason mentioned elsewhere[18]. Substrate tempera-
ture was held constant during the deposition at the
desired value accurately using a thermocouple and
temperature controller. Other deposition parameters
are listed in Table 1.

The glass substrates were initially washed by soap
solution and rinsed well in distilled water followed by
cleaning in ultrasonic bath for 5 minutes. Then four
stages of substrates cleaning were done: i) Placing the
substrates in acetone bath for 5 minutes, ii) Placing the
substrates in methanol bath for 5 minutes, iii) Placing
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the substrates in dilute hydrochloric acid (30 %) bath
for 30 minutes and, iv) Placing the substrates in dilute
nitric acid (30 %) bath for 30 minutes [19], before rins-
ing them again in distilled water and flushed them
with nitrogen. The c¢-Si wafers were cleaned by a 1 mi-
nute dip in dilute HF (5 %) to remove the native oxide
layer from the wafer surface [20].

Table 1 — Deposition parameters for deposition of intrinsic nc-
Si:H films

Deposition Parameter Value
Filament temperature (771) 1900 £ 5 °C
Deposition pressure (Pdep) 50 mTorr
Substrate temperature (Tsus) 450+ 5°C
He dilution of SiH4
Rue = Fue/(Fae + Fsing) 60-97 %
Filament to substrate distance (ds.f) 2.75 cm
Deposition time (¢) 10-60 min

The above cleaning method provides good adhesion
of the films to the substrates. The substrates were
loaded and the deposition chamber was evacuated to a
base pressure less than 10-¢ mbar. The chamber was
baked for 4-5 hours at a temperature of 200 °C prior to
each deposition to minimize the possibility of the con-
tamination of the deposited films. Then the substrate
was heated to the desired temperature by setting the
temperature controller. The chamber then was purged
by hydrogen before introducing pure SiHs4 gas (Mathe-
son Semiconductor Grade) and He gas (Ultra High
Pure) inside the chamber and starting the deposition
process. The deposition was carried out for the desired
amount of time and the films were allowed to cool down
to room temperature in vacuum. It is worthy to indicate
that using the deposition parameters stated in the lit-
erature didn’t produce the same structure of the result-
ant films. This has led to the conclusion that the depo-
sition parameters are system dependent [21-23].

2.2 Film characterization

The dark conductivity (cuark) and photoconductivity
(ophoto) were measured with coplanar Al electrodes.
Fourier transform infrared (FTIR) spectra of the films
were recorded by using FTIR spectrophotometer (Shi-
madzu, Japan). Bonded hydrogen content (Cx) was cal-
culated from wagging mode of IR absorption peak using
the method given by Brodsky et al. [24]. The band gap
was estimated using the procedure followed by Tauc
[25]. Raman spectra were recorded with micro-Raman
spectroscopy (Jobin Yvon Horibra LABRAM-HR) in the
wavelength range of 400-700 nm. The spectrometer has
backscattering geometry for detection of Raman spec-
trum with the resolution of 1cm-1. The excitation
source was 632.8 nm line of He-Ne laser. The power of
the Raman laser was kept less than 5 mW to avoid la-
ser induced crystallization on the films. The Raman
spectra were deconvoluted in the range of 400-540 cm 1
using Levenberg-Marquardt method [26]. The crystal-
line fraction (XRaman) was then deduced using the meth-
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od proposed by Kaneko et al. [27]. The crystallite size
(dRaman) was calculated from:

dRaman =2r (ri)]

where Aw is the peak shift for the hydrogenated nano-
crystalline silicon (nc-Si:H) compared to the crystalline
silicon (c-Si), and = 2.0 nm? cm~! [28]. Low angle x-
ray diffraction spectra were obtained by x-ray diffrac-
tometer (Bruker D8 Advance, Germany) using Cu K,
line (1 = 1.54056 A). The spectra were taken at a graz-
ing angle of 1°. The average crystallite size was esti-
mated using the classical Scherrer's formula:

0941

dx—ray =5
B cosfp

The thickness of films was measured by a Talystep
profilometer (Taylor-Hobson Rank).

3. RESULTS AND DISCUSSION
3.1 Variation of deposition rate

The variation of deposition rate (rq) as a function of
He dilution of silane (Rue) is shown in Figure 1. As seen
from the figure, the deposition rate decreases from
~ 33 A/s to ~ 3.9 A/s with increasing Helium dilution of
silane from 60 % to 97 %.

The decrease in deposition rate with increasing He
dilution of silane can be attributed to the decrease in the
SiH4 density in the gas mixture. As a result, the concen-
tration of precursors that produce Si:H film decreases
and consequently, the deposition rate decreases with
increasing He dilution of silane. The decrease in the dep-
osition rate with increasing He dilution of silane was
reported previously for PE-CVD deposited nanocrystal-
line and polymorphous Si:H films [29, 30]. It is interest-
ing to note that under the same deposition conditions the
observed deposition rate is significantly higher than that
of hydrogen dilution of silane [31] and argon dilution of
silane [32]. This can be attributed to the non-etching
properties of He [33].
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Fig. 1 - Variation of deposition rate as function of Hedilution
of silane
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3.2 Micro-Raman spectroscopic analysis

Figure 2 shows Raman spectra of nc-Si:H films de-
posited at various helium dilution of silane (Rue). The
following observations have been made from the Raman
spectra for the films deposited at different He dilution of
silane:

-1 -1
480 ﬁ I 502
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Fig. 2 - Raman spectra of nc-Si:H films deposited by HW-CVD
at various He dilution of silane

1) Raman spectra of all films consist of two peaks;
one is centred at 480 cm~! corresponding to the TO:
band of the amorphous phase and the other centred be-
tween 500 cm-! and 502 cm-! corresponding to the
TO:z band of crystalline phase present in the material.
With increase in He dilution of silane, a slight change in
the shape and intensity of TO peak has been observed.
The TO2 peak is slightly shifted towards lower wave
number which indicates a mild change in crystallite size
in the film.

2) The crystalline volume fraction (Xraman) de-
creases from ~ 52 % to ~ 13 % as the helium dilution of
silane increases from 60 % to ~ 97 % while the crystallite
size (drRaman) remains in the range of 2.4 — 2.1 nm for the
entire range of helium dilution of silane studied. The
abrupt drop in the crystalline volume fraction from 52 %
for the film deposited at 60 % of He dilution of silane to
18 % for the film deposited at 75 % He dilution of silane
indicates the nanocrystalline-to-amorphous transition in
the film.

3) The variation of full width at half maximum of
the peak To1 (I'ro1) is a measure of bond angle deviation
(AO in the amorphous network and taken as a measure
of the disorder in the film [34]. Figure 3 shows the varia-
tion of (A6 as a function of helium dilution of silane. It
can be seen from the figure that (A increases from 6.4°
to 8.2° as the helium dilution of silane increases from
60 % to 97 % This result indicates that with increasing
He dilution of silane, the structural disorders in the film
also increases.

It is reported that the use of He dilution of silane in
PE-CVD process is beneficial in enhancing the growth
rate and initiating the nanocrystallization within the
heterogeneous structure [35]. Bahattacharya and Das
[36] proposed that with helium as a diluent gas, a large
amount of energy happens to be transferred to the
growth zone by the bombardment of ionized He* ions and
metastable He* atoms from the plasma. This energy
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breaks up the weak Si-Si bonds and a portion of it may
also be utilized in releasing the loosely bonded hydrogen
from SiHz sites.

10
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Fig. 3 - Bond angle deviation (A8 of nc-Si:H films deposited
by HW-CVD as a function of He dilution of silane

The dangling bonds produced by breaking the weak
Si-Si bonds, form strong bonds with silicon or are termi-
nated by hydrogen. By this process the strain at the
boundary of crystalline Si nucleation centres and amor-
phous matrix will get relaxed. However, it seems that
the above assumption is not valid in HW-CVD process
since the hot filament source cannot ionize the helium
gas because of its high ionization energy (24.6 eV) and
the number of excited helium atoms is relatively small
due to the high excitation energy (19.85 eV). Therefore,
we believe that the addition of helium gas in HW-CVD
chamber mainly has a dilution effect on the reactant
species. As a result, the radicals and atomic H may have
a greater lifetime (or a larger mean free path) which
increases their concentration at the substrate surface
[37]. This conjecture is well supported by the enhanced
growth rate obtained in this study (see Figure 1). We
assume that the energy required for the formation of
nano crystals in the amorphous network (Gibb’s free
energy for crystallization) is not available in the growth
zone using He dilution of silane. This is mainly due to
the low mass of He (Helium is ten times lighter than
Argon) which results in inefficient thermal energy trans-
fer to the growing surface. Thus, we conclude that the
addition of He to the HW-CVD chamber without using
hydrogen is not beneficial and has a deteriorating effect
on the structural properties of the deposited material.

3.3 Low angle x-ray analysis

The X-ray diffraction patterns of nc-Si:H films de-
posited on c-Si at different helium dilution of silane
(Rue) are shown in Figure 4. The only feature observed
for all films is a broad peak occurring at 26 = 27° corre-
sponding to (111) crystal orientation and less intense
peaks occur at 260~ 41° and 26~ 53° corresponding to
(200) and (311) crystal orientations.

The dominant peak is (111). This result indicates
that the crystallites in nc-Si:H films have preferential
orientation in (111) direction. As seen from the spectra
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Fig. 4 — XRD patterns of some nc-Si:H films deposited at dif-
ferent He dilution of silane

a shift in (111) diffraction peak to a lower angle is ob-
served with increasing helium of silane suggesting the
increase in the compressive stress of the films [38]. The
average crystallite size (dxray) for all films is ~2 nm
and this agrees well with the results obtained from
Raman analysis.

3.4 Fourier transform infrared (FTIR)

The FTIR spectra (normalized for thickness) of nc-
Si:H films deposited by HW-CVD at different helium
dilution of silane (Rue) are shown in Figure 5. It is clear
that the films deposited at Rue < 88 % have three major
absorption bands at ~638cm-1, ~1990cm-! and
2085 cm -1 corresponding to the wagging vibrational
modes of different bonding configurations, the stretch-
ing vibrational mode of mono-hydrogen (Si-H) bonded
species and the stretching vibrational modes of di-
hydrogen species (SiHz2) and (Si-Hsz)» complexes (isolat-
ed or coupled) respectively [39-41]. It is clearly seen
that the absorption band at 1990 cm -1 almost vanishes
for the films deposited at Rue>93 %. Thus, for the
films deposited at high Rue, the bonded hydrogen is
incorporated mainly in di-hydrogen species (SiHz) and
(Si-Hz2)n complexes. These features indicate that the
predominant hydrogen bonding in HW-CVD deposited
nc-Si:H films shifts from Si-H2 and (Si-H2)» complexes
to Si-H with decrease in helium dilution of silane. The
microstructure parameter (R*) is determined by using:

R* = Inogs /(In0s5 + T1990)

Where 1990 and I2085 are the integrated absorption in-
tensities at 1990 cm —! and 2085 cm 1, respectively.

Figure 6(a) shows the variation of microstructure
parameter (R*) as a function of He dilution of silane
(RHe). It is clearly seen that R* increases with increase
in Rue indicating the deterioration of the film quality
with increase in helium dilution of silane.

These results are in agreement with the results ob-
tained from Raman spectroscopy analysis. Figure 6(b)
shows the estimated bonded hydrogen content (Cn) in
ne-Si:H films as a function of helium dilution of silane
(Rue). It can be clearly seen that the hydrogen content
decreases from ~ 9 at. % to ~ 3.7 at. % as Rue increases
from 60 % to 97 %. The high hydrogen content
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Fig. 5 - FTIR spectra of nc-Si:H films at different He dilution of silane. (For clarity, the spectra have been split horizontally into two parts)

(~ 9 at. %) in the film deposited at 60 % Rue may be due

1.0 to high crystalline volume fraction (~ 52 %) in the film.
(a) The high crystalline volume fraction with small crystallite size

— (~ 2nm) suggests the formation of an increasing number of
’if/ 0.8 1 /. nanocrystalline grains in the amorphous network and hence a
£ ® large number of grain boundaries [15]. This increases total
g / surface area of grains which act as reservoirs of hydrogen in
8 061 ./° the material [42]. In fact, the dense hydrogen atoms which are
2 o concentrated at the grain boundaries limit the further growth
S / of small crystallites [43] and result in almost constant crystal-
g 0.4+ ° lite size for the entire range of He dilution of silane studied.
g

o 3.5 Optical properties
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Figure 7 shows the variation of the band gap (E;) as
a function of He dilution of silane (Rue) for the nc-Si:H
10 © thin films deposited by HW-CVD. It can be seen that
o ° with the increase in He dilution of silane from 60 % to
97 % the band gap decreases from 1.66 eV to 1.54 eV.
The decrease in the band gap may be due to the de-
- crease in hydrogen content in the films (see Figure 6).

Figure 8 shows the Variation of Urbach energy and
defect density as a function of helium dilution of silane.
5 The Urbach energy (Eo) of the deposited films increases
from 138 to 318 meV and the defect density (Ng) in-
creases from ~ 1 X 1016 to ~ 3.8 X 108cm -3 as Rue in-
creases from 60 % to 97 %. The typical value of the de-
fect density for device quality a-Si:H films is
<1x10%cm~-3 [40]. These results again indicate that
Fig. 6 — Variation of (a) Microstructure parameter and (b) the properties of the deposited films degrade with in-

Hydrogen content of nc-Si:H films deposited by HW-CVD as a creasing the helium dilution of silane in HW-CVD.
function of He dilution of silane
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Fig. 7 - Variation of band gap as a function of helium dilution
of silane
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Fig. 8 — Variation of (a)Urbach energy and (b)defect density as
a function of helium dilution of silane

3.6 Electrical properties

The effect of helium dilution of silane (RHe) on dark
conductivity (opark) and photoconductivity (ophoto) of nc-
Si:H films is shown in Figure 9. As seen from the fig-
ure, there is a slight increase in opark in the range of
~10-7S/em when helium dilution of silane increase
from 60 % to 80 % and then decreases to ~ 10 -8 S/cm as
the helium dilution of silane increases further to 97 %,
whereas the ophoto remains almost constant in the range
10-4S/em as the helium dilution of silane increases
from 60 to 80 % and then decreases to 10 -6 S/cm as the
helium dilution of silane increases further to 97 %.

As a result, photoresponse (oPhoto /0Dark) decreases
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from ~ 2.7 X 103 to 2 X 102 when the helium dilution of
silane increases from 60 % to 97 %. These results sup-
port the deterioration effect of helium dilution of silane
on the structural as well as the optical properties of nc-
Si:H films deposited films by HW-CVD.

10° 10?
10" SPhoto E10°
oo
T e D
S 10°4 E10* 2
) g
= 8
z \ g
% 10° 5 e [10° é
3 SDark ./.\. Q
5 ° e =
O 107 4 N OF10° S
= ® @
8 g
10° 4 L107
10° T T T T T T T T 10°

55 60 65 70 75 80 85 90 95 100
Helium dilution of silane (%)

Fig. 9 - Variation in dark and photoconductivity of nc-Si:H
films as a function of He dilution of silane

4. CONCLUSION

Intrinsic hydrogenated nanocrystalline silicon (nc-
Si:H) thin films have been deposited by HW-CVD tech-
nique using SiH4 as a source gas and He as a dilution
gas. The effect of He dilution of silane on structural,
optical and electrical properties has been studied in
detail. The deposition rate decreases with increase in
He dilution of silane and it was found that it is higher
than that of Ar and H: diluted films under the same
process parameters. From Raman spectroscopic analy-
sis it has been found that the crystalline volume frac-
tion decreases with increasing He dilution of silane
whereas the crystallite size remains almost constant
(~ 2 nm) for the entire range of He dilution of silane
studied. Furthermore, an increase in the structural
disorder in the nc-Si:H films has been observed with
increasing He dilution of silane. FTIR analysis clearly
indicates that with increasing He dilution of silane the
hydrogen bonding shifts from Si-H bonding to Si-He
species and (Si-Hg)» complexes configuration. The hy-
drogen content was ~ 9 at. % for the film deposited at
60 % Rue and decreases rapidly as RHe increases fur-
ther. The structure parameter (R*) has an increasing
trend against He dilution of silane suggesting the deg-
radation of the quality of films. The band gap decreases
with increasing He dilution of silane and it is attribut-
ed to the decrease in hydrogen content in the films. The
photoresponse decreases by order of 1 with increasing
He dilution of silane from 60 to 97 %. It has been con-
cluded that He has deteriorating effect on the film
properties and it induces the structural disorders in
hydrogenated nanocrystalline silicon (nc-Si:H) thin
films prepared by HW-CVD method.
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