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Abstract
Infra-red spectroscopy as an effective tool used to establish platelet like configuration in nanocrystalline silicon thin
films (nc-Si:H). These films were deposited using 60 MHz assisted very high frequency plasma enhanced chemical vapor
deposition process with varying pressure from 4 to 40 Pa. The deposited films were characterized by X-ray diffraction
(XRD), Field emission scanning electron microscopy (FESEM), Atomic force microscopy (AFM), Raman spectroscopy
(RS), Fourier transform infra-red spectroscopy (FTIR), Dark conductivity, UV-Vis Spectra and photosensitivity. Infra-red
studies of these films reveals that the hydrogen bonding is a platelet like configuration (Si-H groups at 2033 cm−1) located at
grain boundaries resulting in crystalline grains wrapped with hydrogen rich amorphous tissues that provides good passivation
resulting in less dangling bonds on grain boundary surface. Structural transformation from amorphous silicon (a-Si:H) to
nanocrystalline (nc-Si:H ) phase has been identified at pressure of 24 Pa. The increase in deposition pressure provides clear
evidence of improved crystallinity (∼ 37%) which were depicted by increased grain size (∼ 12 nm), reduced hydrogen
bonded content (∼ 5.0%), widening of optical gap (∼ 1.9 eV) with enhanced polymerization in the network.

Keywords Thin films · Vapor deposition · Nano-crystalline materials · Raman spectroscopy · X-ray diffraction ·
Microstructure

1 Introduction

Hydrogenated amorphous silicon has gained much interest
due to its optical, electrical properties and low-cost device
applications i.e. silicon thin film based solar cells, thin
film transistors etc. [1]. However, the material suffers
from serious drawback i.e. Light- induced degradation,
or called Staebler -Wronski effect [2] and it restricts in
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making stable devices. Intrinsic nanocrystalline material
has the potential to completely overcome the drawback
of amorphous silicon and received extensive scientific and
technological interest as a solar cell material in recent
years due to possessing superior important properties such
as higher electrical conductivity, higher carrier mobility,
higher doping efficiency, superior stability and band gap
tailoring [3–7]. Nanocrystalline material also referred to
as diphasic material consists of nanometer sized grains
embedded in an amorphous matrix [8]. Diphasic silicon
films (a-Si:H/nc-Si:H) have been deposited in a new regime
of plasma enhanced chemical vapor deposition in the region
closest of phase transition from amorphous to crystalline
state. This is defined as transition region in the deposited
films. Nanocrystalline silicon fascinates when combined
with amorphous silicon in tandem configuration (commonly
known as “nanomorph”) solar cells due to difference in
optical band gaps of these materials allowing conversion
of large part of solar spectrum. In such structures, top a-
Si:H cell absorbs wavelength of light upto visible region
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and bottom μc/nc-Si:H cell can absorbs light in near
infrared region enhances the spectral response, allowing
for larger attainable conversion efficiencies [9, 10]. The
properties of nanocrystalline silicon thin films are mainly
associated with the bonding configuration of hydrogen
and hydrogen content in the structure [11, 12]. It might
be considered that hydrogen bonding configurations is a
consequence of structure. Therefore, it is necessary to
investigate the hydrogen bonding and their interaction with
different bonding sites in the structure and it has been
widely investigated. This understanding results in material
with good opto-electronic properties.

Nanocrystalline silicon thin films deposited by Plasma
Enhanced Chemical Vapor Deposition (PECVD) process
has gained significant attention due to its better stability
under light compared to amorphous silicon for solar cell
applications [13, 14]. However, control of crystallinity is
crucial in these films as it influence considerably the
material properties [15]. Among various PECVD process
parameters, the deposition pressure largely influences the
structural properties of these materials and is primarily
responsible for secondary gas phase reaction during growth
of films [16, 17]. At higher pressure discharge, less mean
free path of species /ions which increases the gas residence
time in the deposition chamber. The difficulty arises at
high pressure discharge under high hydrogen dilution are
powder formation, non- stability of plasma that might be
reduced by optimizing the deposition conditions. At higher
pressures, the concentration of hydrogen in the plasma
are recognized to etch preferentially amorphous tissue
and the heat (exothermic) generated during etching allows
local re-crystallization by chemical annealing [18, 19].
Conventionally, radio frequency (RF) excitation frequency
(13.56 MHz) is used for plasma discharge of silane diluted
in hydrogen for the development of silicon films containing
crystallites. Alternatively, it is concluded that higher
excitation frequencies are found to be more compatible for
formation of crystalline phase with higher deposition rate
[20]. The higher frequency results in increased electron
density with decreases the electron temperatures and plasma
potential because of wave-riding effect [21].

It is possible to produce highly dense plasma with opti-
mized deposition conditions for the growth of amorphous
and nanocrystalline films with high deposition rate with-
out deteriorate the surface of film. The main aim of present
investigation is to study the effect of pressure on hydro-
gen bonding with related structural, optical and electrical
properties of silicon thin films deposited using 60 MHz
assisted PECVD process. The deposited films were ana-
lyzed using structural, optical and electrical characterization
techniques. The present work insights the effect of very high
frequency pressure conditions on silicon films keeping all
other parameters constant.

2 Experimental

The amorphous and nc-Si: H thin films were deposited
in capacitive-coupled parallel plate VHF PECVD system.
Corning glass # 7059, transparent conducting oxide (TCO)
glass and silicon wafers are used as substrates for deposition
and the deposition parameters are shown in Table 1. The
precursor gas was ultra-high purity silane mixture (5% SiH4

diluted in hydrogen). The deposition pressure was varied
from 4 to 40 Pa keeping substrate temperatures (270◦C) and
power density (90 mW/cm2) fixed. The thickness of films
was in the range of 50 to 80 nm measured by a Stylus
profilometer (Nanomap 500 ES). The optical properties
of samples were measured using a double monochromator
(Shimadzu UV-2450 spectrophotometer). The crystallinity
and mean crystallite size in the deposited films was
estimated using Raman spectroscopy (via LabRAM HR800,
Horiba JY spectrometer) and X-ray diffraction (XRD via
Rigaku) studies. In Raman spectroscopy, excitation of the
samples was performed by air cooled He-Ne laser tuned at
632 nm (Spectra Physics). Measurements were recorded at
room temperature in the back scattering geometry on glass
substrates using a 50 X LWD microscope objective with
NA = 0.75. The laser was fixed at nearly 1 μm spot size
also the power density was kept low to avoid laser induced
crystallization or excessive heating on probe region. X-
ray measurements were carried using conventional (Cukα)

X-ray radiation (λ = 1.54Å). XRD measurements were
also carried on glass substrate. The average crystallite size
were estimated from full width at half maxima (FWHM)
of <111> peak using Scherrer formula. Different silicon
and hydrogen bonding configuration and bonded hydrogen
content (CH) were analyzed using Fourier transform infra
red spectroscopy (FTIR) on silicon wafer substrates. In
order to avoid the effect of signals from the substrate
the corresponding reference spectra for substrate observed
during characterization were subtracted from the sample
spectra. Microstructure parameter (R*) has been calculated
by stretching mode vibrational spectra of Si:H films.
Field emission scanning electron microscopy (FESEM)

Table 1 Deposition parameters for amorphous and μc/nc-Si: H films
deposited by VHF-PECVD

Deposition parameters

Base vacuum : 4 × 10−6Pa

Substrate temperature : 270◦C

Power density : 90 mW/cm2

Pressure variation : 4–40 Pa

SiH4 Flow rate :47 sccm

Deposition time : 10 min
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images were acquired from FEI Nova NanoSEM 450
electron microscope. Atomic force microscopy (AFM) was
performed to investigate surface morphology and roughness
in the deposited films using Veeco Digital Instruments
Nanoscope V.

3 Results and Discussion

3.1 UV-VIS Spectroscopy

The absorbance spectra and absorption spectrum versus
energy (hυ) in silicon films deposited at varying pressures is
shown in Fig. 1a, b respectively. The optical band gap (Eg)

has been calculated from absorption measurements using
the Tauc’s equation by extending the tangent to the curve

Fig. 1 a Absorbance plot of silicon films deposited at various pressure
(Pa); b Tauc plot of silicon films deposited at various pressure (Pa)

on x-axis, the intercept of which gives the value of material
band gap [22]

(αhυ)1/2 = B
(
hυ − Eg

)
(1)

Where hυ is the energy of light, Eg is optical band gap,
B is the constant known as the edge-width parameter
which is related to disorderness in the material in terms of
bond length or bond angle and α is absorption coefficient
[23]. The (α) can be calculated with the formulae;

α = 1
d

ln
(

1
T

− R
)

[24]; where d named as thickness of

film, T is transmission and R is reflection spectra using UV-
spectrophotometer. In the present investigation, the band
gap value rises from 1.75 to 1.94 eV as pressure varies
from 4 to 30 Pa then decreases to 1.71 eV with further
increase of pressure to 40 Pa. The band gap of 1.94 and
1.89 eV exhibited by a film deposited at a pressure of 24
and 30 Pa respectively. These films also showed higher
crystallinity and conductivity values. The higher energy
band gap around 2 eV in these films was associated with
nc-Si:H. The band gap of nc-Si:H films is higher than those
of a-Si:H (i.e.1.7 to 1.8 eV) [25]. The change in band gap
depends on the form and content of hydrogen bonding in
the silicon films [26]. It is already reported that band gap
value increases with increase of nanoclusters of nc-Si:H in
a-Si:H matrix [27]. Vasiliev et al. [28] used time–dependent
local density approximation (TDLDA) to show the increase
of band gap with decrease of cluster size in the silicon
nanostructures. There still exists several ambuiguities
related with band gap of nc-Si:H thin films hence entire
microscopic perceptive of band gap is still lacking.
Nevertheless, one of the established models for nanometric
materials is quantum confinement [29]. According to a
quantum confinement mode, the optical band gap depends
on the size of nc-Si:H. The different absorption properties
are explained by a combination of the heterogeneous
microstructure of the films (amorphous and nanocrystalline)
characterized by crystalline volume fraction and quantum
confinement effects in the nanocrystallites which depends
on the crystallite size and its distribution. In the present
case, films deposited at pressures 24 Pa and 30 Pa
produces more atomic hydrogen during deposition. It is
already reported that higher dilution favors nanocrystalline
growth. In case of nanocrystalline growth the presence
of atomic hydrogen provides more nucleation sites on
the growing surface thus helps in reconstructing silicon
structure favouring strong silicon –silicon (Si-Si) bonds
with breaking of weak/strained silicon-hydrogen (Si-H)
bonds in the network. Therefore, in nanocrystalline silicon
bonded hydrogen content (i.e. Si-H) reduces. This results in
increased size of nanocrystallites with increase in density of
crystalline regions during deposition. It can even improve
the agglomeration of adjacent nanocrystallites during
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growth. Consequently, bigger sized crystals are formed
which eventually decreases the intensity of absorption
coefficient in visible and infrared region.

3.2 Infra Red Absorption Study

To investigate silicon monohydride configuration and
hydrogen content, Fourier transform infrared spectroscopy
has been used. The FTIR spectra of films deposited
at varying pressures was shown in Fig. 2. Figure 2
showed the different Si-H of absorption peak that can
be observed at ∼ 630, 880 and 2090 cm−1 respectively
in the infrared spectra of deposited films and are named
accordingly as wagging/rocking mode, bending mode and
stretching mode [30, 31]. The peak obtained at 1000 cm−1

is associated with Si-O stretching mode which indicates
undesired incorporation of oxygen in samples. The large
concentration of oxygen was asssumed to be associated
with the origination of Si-O/ Si interface dangling bond
defects [32, 33]. The main absorption band for SiO2

connected with stretching vibrations of bridging oxygen
atoms is known to be within the wave number range
1000–1100 cm−1, and the position of the peak determined
by the structural arrangement of the oxygen atoms [34].
The source of this oxygen is simply post oxidation. The
deposited films on air exposure become oxidized. The
oxidation after air exposure depends on the structures of
the deposited films. Oxygen principally is an electronically
active impurity that significantly worsens the transport
properties of the films, so its diffusion into the bulk material
should be minimized. Regarding measurements under
illumination, incident photons seemed to be accountable for
the breaking of strained/weak bonds which ultimately led to

Fig. 2 Infra-red absorption spectra of silicon thin films deposited at
different pressures as indicated

the incorporation of oxygen atoms into the structure [35].
The bonded hydrogen content (CH) of silicon films has been
estimated from the integrated intensity of absorption peak
nearly at ∼ 630 cm−1 using the following formulae [36, 37]

CH = Aw

NSi

∫
α(υ)

υ
(2)

Where α (υ) termed as the absorption coefficient of the
film, (υ) as wave number in cm−1 and oscillator strength
Aw = 2.1 × 1019cm−2, Nsi = 5 × 1022 cm−3 named as
the atomic density [38]. Table 2. Showed the calculated
hydrogen content of all the deposited films. The hydrogen
content was found to be in the range 5-14%.

Figure 3a represents the decomposition of Infra-red
absorption spectra of Si-H stretch for film deposited at
30 Pa pressure. Five hydride modes are identified related
to distinct bonding configurations. The stretching mode of
hydride relies on few factors, for example, such as local
density of hydrides, and all the conceivable shared dipole
interactions of hydrogen incorporation configurations [39].
Bonding of hydrogen in amorphous silicon takes either
in the form of clusters or the random distribution of
hydrogen in the network sites [40, 41]. The hydrogen
clusters arise due to internal surfaces of microvoids
or, named as hydrogen platelets configurations. These
hydrogen platelets configurations are similar to c-Si along
<111> plane [42, 43]. It is known that the clustering
taking place on internal voids leads to poor electronic
property in a-Si:H, while clustering inside the platelets
results in superior quality material compared to c-Si [44].
The five hydride modes are named as low stretching
mode (LSM), in the range 1980-2010 cm−1 related to
isolated monohydrides formed by dispersion of dangling
bonds and are profound states in hydrogen density of
states (HDOS). High stretching mode (HSM), lie in 2070
- 2100 cm−1 range originate from amorphous tissue in
nanocrystalline film, where both di-hydrides and clustered
monohydrides are lying on the surface of voids which are
also shallow states in HDOS. The extreme HSM lies in
the range 2140 - 2150 cm−1 and are associate with the

Table 2 Shows Bonded Hydrogen content & microstructure parameter
in silicon films deposited at different pressure

Pressure (Pa) Bonded hydrogen
content (CH) (%)

Microstructure parameter
(R*)

4 7.4 0.42

10 8.6 0.37

17 10.7 0.34

24 6.7 0.30

30 5.3 0.28

40 14.2 0.31
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Fig. 3 a Decomposition of FTIR
spectra of the Si-H stretching
mode for film deposited at 30
Pa. The solid curve represents
the total fit and dashed curve
represents the Gaussian shaped
five different stretching modes;
b Decomposition of stretching
modes into LSM, MSM and
HSM of a typical silicon film
deposited at 10 Pa; c
Decomposition of Si:H
stretching modes for film
deposited at 24Pa. d Integrated
absorption of LSM, MSM and
HSM of Silicon thin films
deposited at different process
pressures

trihydrides configuration in the film. Mainly the middle or
center stretching mode (MSM) lies almost at ∼ 2033 cm−1

attributable to clusters of Si-H groups in platelet like
configurations, grown by incorporation of hydrogen into the
weak/frail Si-Si bonds that are shallow states like hydride
vibrations located at platelet resembling configurations at
amorphous – crystalline edges or at the grain borders
[45–47]. The stretching mode appears at ∼ 2250 cm−1

relates to OmSi-Hn vibrations where the oxygen atoms are
attached with atoms of silicon in back-holding arrangement,
and thus collectively with 1000-1200 cm−1 reflects the bulk
oxidation in film [48]. The presence of broad shoulder peak
at ∼ 2090 cm−1 has been observed for all the samples as
shown in Fig. 2. This peak appears at ∼ 2090 cm−1 can
be attributed to the development of nano-sized crystallite
silicon dispersed in an amorphous silicon material [49]. At
pressure 24 and 30 Pa, the isolated hydrides may change
to platelet like hydride groups indicated from stretching
mode at ∼ 2000 cm−1 shifts to higher wave number at
∼ 2030 cm−1, this attributes to hydride vibrations at
the amorphous-crystalline interfaces resulting change in
the microstructure i.e. amorphous to micro/nanocrystalline
transition. At this pressure, large amount of hydrogen
changes from isolated monohydrides mode to platelet
mode. These platelet configurations are responsible for
microstructure evolution if the material bounded by platelets
is structurally relaxed. This structural relaxation leads to
microcrystallinity in the material. Figure 3b illustrates
the absorption of different modes LSM, MSM and

HSM for Si: H film deposited at 10 Pa, deduced from
decomposition of stretching modes. Figure 3c illustrates
same the decomposition of Si:H stretching modes for film
deposited at 24 Pa. First we will discuss the role of (LSM)
and (HSM) which shows the change in hydrogen bonding
configuration in deposited films. It has been observed that
film deposited at low pressure is basically amorphous in
nature beside with the dispersion of ultra nano - sized
crystallites in silicon matrix as correlated from (FESEM)
morphological images. The presence of crystallite phase
out of the grain boundary where the notable contribution
of boundaries is named as ultra - nanocrystalline silicon.
From Fig. 3d, it has been observed that with increase in
deposition pressure from 4 – 24 Pa the integrated absorption
in (LSM) decreases shows that monohydrides located in
vacancies of amorphous tissue whereas increase in (HSM)
observed due to reduced amorphous fraction in films. The
(HSM) results due to high kinetic energy of hydrogen
atoms and ions in film deposition. Thus, dangling bond on
the surface of voids is passivated by diffusing hydrogen.
The bending mode observed at ∼ 880 cm−1 reflects more
dihydrides formation; these dihydrides are responsible for
Staebler-Wronski effect [50]. Now, we discuss the role
of (MSM) and very few studies focussed on this mode
so far [51]. In this mode, silicon hydrides are present in
platelet like configuration. Such platelet configurations are
analogous to the configuration as observed in c-Si where
the Si-H bonds are prevalently arranged along <111> plane
which further correlates with (XRD) studies. MSM largely
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influence on microstructure as well as on other properties
of film because in the formation of MSM hydrides,
insertion and diffusion of hydrogen are essential processes.
In this process, hydrogen initiated crystallization of a-
Si:H direct the formation of either bond-focused/centered
(BC) hydrogen arrangement; where hydrogen atom is
available in between two silicon atoms or either might
in individual (Si-H) silicon monohydrides configurations
where the possibility might be the hydrogen atom is clung
with silicon leaving a dangling bond on another subsequent
to breaking of frail/stressed Si-Si bond. The formation of
platelet-like configuration comes about where Si-H bonds
are there along a planar deformity, which means the grain
boundaries, are produced quickly after the passivation of
dangling bonds as situation discussed above via H diffusion.
This configuration is analogous with the structures observed
in c-Si where the Si-H bonds are prevalently arranged
along <111> plane planar deformity. Thus, MSM hydrides
provide good passivation. These hydrides influence largely
on microstructure and other properties. From results, at
pressures 24 and 30 Pa, the stretching mode shifts to higher
wave number i.e. (MSM). The increase in (MSM) in platelet
like configuration is due to diffusion of hydrides along grain
boundaries. The MSM hydrides on a basic level structures
forms a H-rich amorphous tissue encompassed the nano-
sized crystalline grains that results in dense grain boundaries
with good passivation. Hence, penetration of oxygen into
the grain boundaries during films conservation brings about
the post-deposition oxidation of the grain boundary surface
that can be proficiently avoided [48]. It can be proposed
that the films of higher absorption of (MSM) are H- rich
regions within grain boundaries that are advantageous in
avoiding post-deposition oxidation [52]. Therefore, we have
examined the part of (MSM) hydrides on nc-Si:H films.

Information related to microstructure parameter (R*) can
also be estimated from FTIR spectra. The microstructure
factor (R*) defined as measurement of voids present within
the material that definitely affects on the hydrogen bonding
and microstructure of the material. The microstructure
parameter R* was estimated using relation

R∗ = (I2090)

(I2090 + I2000)
(3)

Where I2000 is the integrated absorption intensity
attributable to isolated Si-H monohydrides, I2090 is the
integrated absorption because of dihydrides or clustered
bonding. It is reported that stronger the symmetric stretch
band, lesser is the microstructure parameter. Results shown
that the solar cells with reasonable conversion efficiencies
obtained even with intrinsic layers exhibiting R* lies
between 0.2-0.3 [53]. The microstructure parameter (R*)
was given in Table 2. It was found that at pressure 24
and 30 Pa we obtained (R*) 0.32 and 0.28 respectively

which is found at the transition region. The decrease in
microstructure parameter indicates the presence of fewer
voids into the material.

3.3 Formation of Platelet Configuration or (MSM)
StretchingMode

The insertion of H in strained Si-Si bonds leads to
hydrogen platelet-like regions and the continuous insertion
of hydrogen results in hydrogen clustering in platelets.
From results, it can be observed that at pressure 24
and 30 Pa there is increased role of hydrogen platelet
configuration in the network leading to hydrogen clustering
in the platelets. After saturation, these platelet results
more in open voids in the material and the hydrogen
platelet configuration becomes bonded to internal surfaces.
Therefore, IR absorption at nearly 2030 cm−1 shift
to ∼ 2080 cm−1 for surface monohydride observed at
pressure 40 Pa. This is due to the reason that after a
certain absorption, the structure not support these hydrogen
platelets and result in formation of internal voids and
finally the etch rate increases due to weakening the network
structure. This platelet configuration in the structure may be
responsible for the evolution of crystallinity in the material.
Hydrogen chemical potential is another important parameter
determining the network disorder and the related transition
towards crystalline growth in a-Si:H [54].

3.4 Raman Spectroscopy

Raman spectroscopy is a sensitive as well as direct
tool to evidence the structural properties quantitatively of
amorphous and crystalline component in the silicon thin
films. Figure 4 shows the Raman spectra of silicon films
deposited at varying deposition pressures. In literature, the
broad shoulder peak distribution around 470-480 cm−1,
corresponds to TO mode of amorphous phase. The TO
mode observed at nearly 490-500 cm−1 on the broad
amorphous spectrum defined as intermediate component or
grain boundary phase. There are different interpretations
in literature regarding this intermediate or grain boundary
component [55]. The peak position around 500 to 518 cm−1

can be interpreted as TO scattering form of different types
of silicon grains. The TO vibrational mode or characteristic
Raman peak of crystalline silicon results a sharp peak
at 520 cm−1. The Raman spectra of TO peaks can be
best decomposed into three components using Gaussian
line fitting method as shown in Fig. 5, the peak centred
at ∼ 480 cm−1 representing the TO mode of amorphous
silicon. From Fig. 4, at low pressure <24 Pa the peak
position at 490 cm−1 can be observed. The peak centred at
490 cm−1 is due to contribution of small size crystallites
(ultrananocrystals) [56]. The presence of ultra nano-sized
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Fig. 4 Raman spectra of silicon films deposited at different pressure

crystallites arises with the appearance of Raman signal
at around 490 cm−1 (grain boundary phase) which is
superimposed on Raman signal of amorphous phases. It
was also observed that the characteristic hump observed at
490 cm−1 also shifts to peak position at nearly 518 cm−1

for film deposited at 24 and 30 Pa respectively. This
peak shifting clearly reflects the phase transition from
amorphous to crystalline growth. The average crystalline
volume fraction in these films is low and the distribution
of grains might be non-uniform. For nanocrystalline silicon
the Raman peak exhibits a frequency downshift and peak
broadening due to phonon confinement effect and stress
[57]. From our results, it is clear that at low pressure, films

Fig. 5 Decomposition of Raman spectra of film deposited at 30 Pa
pressure

are amorphous in nature and ultra nano-sized crystallites
are embedded in amorphous silicon matrix that has been
identified with broad hump nearly at ∼ 490 cm−1 in the
Raman spectrum. It is well known that for nano-sized
crystallites, the central frequency of the crystalline peak in
the spectrum shifts from the bulk crystal value (520 cm−1)

to a lower value [58]. The crystallites are extremely nano-
sized (<2 nm). Therefore, only small area has been probed
so, it is difficult to estimate crystalline volume fraction
in these films, also the Raman signal influenced by large
number of grain boundaries of these ultra nano-sized
crystallites. From Raman analysis, it was observed that
films deposited (at 24 and 30 Pa) with lower hydrogen
content contain higher crystalline fraction and better silicon
(Si-Si) network ordering. The improvement in the structure
ordering and increase in crystalline fraction of these films
results in stress reduction. From Raman spectroscopy we
confirmed with the crystalline growth at pressure 24 and
30 Pa respectively and this might be due to platelet like
configuration as observed from the results of IR spectra and
resulting in relaxed material within platelets that leads to
crystallinity in the structure and crystalline fraction have
been quantified using following relation;

Xc = Ic

Ic + Ia + Ig
× 10 (4)

Xa = Ia

Ia + Ic + Ig
× 100 (5)

Xg = Ig

Ig + Ic + Ia
× 100 (6)

Where Ic, Ia, Ig are integrated intensities of crystalline,
amorphous and grain boundaries respectively and Xc, Xa,
Xg are relative volume fraction of crystalline, amorphous
and grain boundary phases respectively [59] and are shown
in Table 3.

For nc-Si, the Raman peak can be explained using dif-
ferent theoretical models that compute phonon confinement
[60, 61]. For nc-Si, Zi’s confinement model using bond
polarizability approach with well-defined geometry is used
to find average crystallite size for nc-silicon and is given as
[62]:

�ω(D) = −A
( a

D

)γ

(7)

Where �ω (D) = (ωc−Si– ω nc−Si), D is crystallite size,
a = 0.54 nm; defined as lattice constant of silicon, γ = 1.44
and A= 47.41 are fixed parameters.

The crystallite size calculated were found to be varying
from 2-12 nm which also found to correlate with other
morphological observations.
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Table 3 Parameters deduced from Raman and AFM analysis

Pressure variation (Pa) Crystalline fraction (%) Amorphous fraction (%) Grain boundary fraction (%) Maximum roughness (nm)

24 32 30 38 4.82

30 37 26 37 8.52

3.5 X-ray Diffraction

Figure 6 depicts the X-ray diffraction pattern of silicon
thin films deposited at different deposition pressures. It
is clearly evident from the diffraction pattern, the peaks
located around 2θ ∼ 28.4, ∼ 47.3, ∼ 56.1 correspond to
<111>, <220> and <311> crystallographic planes of c-
Si which demonstrates regular growth of nc-Si:H at process
pressure of >17 Pa. These peaks demonstrate the increase
in crystalline volume fraction and size of crystallites with
increase in deposition pressure up to 30 Pa pressure. The
films deposited at lower pressure signify not only the higher
contribution of amorphous phase, it can also be related to
the smaller size of the crystallites and thus to the higher
surface-to-volume ratio. This is supported by crystallite
size estimated from Raman spectroscopy and are shown
in Table 4. The narrow peak at <111> crystallographic
orientation at low process pressure also been observed in
the diffraction spectra; this is interpreted due to gradual
increase in inclusion of nano-sized crystals in amorphous
matrix [63, 64]. The strongest diffraction peak observed at
<111> plane in all the samples could be consider to be
the preferential growth direction of deposited films. Further,
the peak intensity increases with increase in deposition
pressure. The increase in intensity of these peaks at
pressure >17 Pa confirms relatively large proportion of the
platelets formation or hydrogen configurations along c-Si

Fig. 6 X-ray diffraction spectra of silicon films at different pressure

<111> plane which is well correlated with IR spectroscopy
and Raman spectroscopy. The characteristic feature of
platelets is the fact that the <111> reflection is very strong
and all others are weak with a highly ordered pattern
as observed in Fig. 6. The average crystalline size was
calculated from full width half maxima (FWHM) of peak
using the classical Scherrer’s formulae:

D = Kλ

βcosθ
(8)

Where D is average crystallite size, λ is wavelength of Cu-
Kα line (1.54A◦), K is shape factor equal to 0.94 and β is
full width half maxima.

For pressure <24 Pa the crystalline related peaks are
not so sharp or grains are not so large enough to be
visible clearly. At pressure 30 Pa, the average crystallite size
obtained is 18.34 nm. The differences in average crystallite
size obtained using Scherrer formulae are due to difference
in the FWHM of crystallographic orientations <111>in the
deposited films. From results, we observed that the smaller
crystalline fraction is not due to higher amorphous fraction,
it might be due to increase of void fraction in the films.

3.6 Morphological Observations

Morphological study of deposited films includes both
FESEM and AFM techniques. Figure 7 shows the FESEM
images. Images evidence the distribution of crystalline
grains, amorphous tissues and surrounding grain bound-
aries. Figure 8 showed the AFM images of deposited silicon
thin films at different pressure variation. It is clear from
Fig. 8, that the small or bigger crystallites are embedded
in amorphous matrix. At pressure 4, 10 and 17 Pa the ultra
nano-sized crystallites (<2 nm) are uniformly dispersed in
amorphous matrix within the scanned area. With increasing
pressure well defined clustering of nano-sized crystallites
formation takes place. These morphological observations
correlate with other optical and structural results. The film
deposited at 24 Pa and 30 Pa shows crystalline fraction 32%
and 37% with crystallite size 7 nm and 12 nm as shown
in Tables 3, 4 respectively. The reason is that high pres-
sure enhances the contribution of atomic hydrogen in the
plasma and provides precursor favourable sites for forma-
tion of crystalline phases. The variation of rms roughness
estimated from AFM is shown in Table 3.
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Table 4 Parameters deduced from optical and electrical studies

Pressure
variation (Pa)

Band gap (eV) Crystallite
size (nm)

Dark conductivity
(
 cm)−1

Photo conductivity
(
 cm)−1

Activation energy (eV) Deposition rate (A◦/s)

4 1.75 2.3 2.84E-9 4.04E-7 0.98 0.85

10 1.78 2.4 1.66E-9 4.91E-6 0.95 0.88

17 1.76 2.7 2.30E-9 1.21E-5 0.87 0.91

24 1.94 7.4 2.00E-9 4.04E-6 0.89 1.03

30 1.89 12.0 1.16E-8 1.84E-5 0.82 1.13

40 1.71 4.0 1.46E-9 3.33E-6 0.75 1.26

3.7 Electronic Properties

Figure 9 shows the temperature dependent conductivity
plot of silicon films recorded at different pressure varia-
tion. Conductivity was measured from room temperature to
200 ◦C under vaccum. The values of dark and photoconduc-
tivity was calculated using the formulae [6]

σ = IL

V WT
(9)

Where ‘V’ refers to voltage, ‘W’ is width, ‘T’ is
thickness, ‘I’ is measured values of current and ‘L’ is
the distance between the electrodes. The illumination
intensity of 100 mW/cm2 was applied from halogen lamp
during photoconductivity measurements. There is not much
difference in room temperature dark conductivities of all
the samples. The conductivity is the measure of average

transport of carriers in amorphous and crystalline regions.
The electronic or transport property of material basically
depends upon the size and volume density of crystallites
in the material and heterogeneities. The optical, electrical,
structural properties and deposition rate are shown in
Table 4. It is clearly observable from results that the
films deposited at less than 24 Pa were resulting the
dispersion of ultra nano-sized crystallites in amorphous
matrix hence there is hardly any variation of size and
volume fraction of crystallites with variation of pressure.
These films exhibited near to amorphous character, whereas
significant crystalline fraction obtained at pressure 24 and
30 Pa, evidencing the abrupt transition. This film also shows
higher dark conductivity (1.16 E-8) and photoconductivity
(1.84 E-5). It is clearly observed from Fig. 9, the
conductivity at 30 Pa is due to crystallinity enhancement
in the films. From FTIR spectra, the absorption band

Fig. 7 FESEM images of silicon films deposited at various pressure a 4 Pa; b 10 Pa; c 17Pa; d 24 Pa; e 30 Pa; f 40 Pa
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Fig. 8 AFM images of Si:H
films as a function of Pressure a
17 Pa; b 24 Pa; c 30 Pa

around 2030 cm−1 was observed at pressure 24 and 30 Pa
due to presence of hydrogen bonds at internal surface or
crystallites. The band gap was also found to be ∼ 1.9 eV
due to transition from amorphous to crystallite phase
with variation in crystallite size as obtained from raman
measurement. The transitions in the films were observed,
as one can see from Figs. 7, 8 respectively. It is also
observed that the film deposited at 40 Pa pressure is mainly
amorphous in nature beside with the distribution of ultra-
nano sized crystallites in silicon matrix. Since secondary
gas phase reactions occurs that result in surface etching
with increase of pressure. This etches the Si-Si bonds in the
network which thus increases the hydrogen content in the

Fig. 9 Temperature dependent conductivity of silicon films at different
pressure variation

deposited film. The deposition rate was found to vary from
0.85 – 1.26 A◦/s. The deposition rate varies linearly with
pressure. The increase in deposition rate can be understood
as a consequence of faster dissociation of precursor gases
simultaneously with higher collision possibility at higher
pressures. Additionally, the use of high excitation frequency
results in higher flux density which might be possible cause
for increasing deposition rate over conventional used RF
frequency (13.56 MHz). Figure 9 showed the temperature
dependent dark conductivity and the plot can be divide
into two different regimes due to change in slope at
T = 344 K. Above this temperature the other regime is
linked with thermally activated carriers in a-Si:H which
named as extended state conduction (ESC) regime. At lower
temperatures T <344 K, there appears to be variable range
hopping (VRH) with exponential tail distribution in the
gap where electron hop to neighbouring site. From results,
transition is seen in transport mechanism from conduction
band to extended states to transport phonon assisted hopping
in the region of localized states at T = 344 K. The activation
energy (Ea) was estimated between 0.75 to 0.98 eV and was
shown in Table 4. On the other hand, from Fig. 10, activation
energy (Ea) exhibited values of 0.82 eV and 0.89 eV
for samples deposited at 24 Pa and 30 Pa respectively.
Activation energy was estimated from Arrhenius curve
[65]. The temperature dependent conductivity gives some
insight related to disorderness in the material i.e. density of
defect states in the mid gap region. However, temperature
dependent measurements allow the evaluation through
extended states only. Dark conductivity exhibits a thermally
activated behaviour, whose activation energy helps in
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Fig. 10 Activation energy and photosensitivity of silicon films
deposited at different pressure

determining the Fermi level position that should be around
mid gap. Lower value of dark conductivity indicates
the absence of electronically active impurities. However;
photoconductivity is expected to reach higher values
(1.84 E-5) due to reasonably low recombination of
the photo-generated carriers. Photosensitivity is another
term defined as ratio of photoconductivity and dark
conductivity measured at room temperature. The value
of photosensitivity increases might be because of low
recombination of photo-generated carriers. Determination
of mobility and lifetime of photo-generated carriers gives an
additional insight to carrier transport properties which can
be investigated separately. It has been reported that [66] the
enhanced stability has been associated with the films grown
near the transition to nc-Si:H, whose structure supposed to
have improved order.

4 Conclusion

The detailed interpretation of IR spectra was used to
obtain mutual relation between deposition pressure and
different hydrogen bonding configuration in silicon films.
The evolution of microstructure at the transition region is
related to bonded hydrogen configurations. The isolated Si-
H mode and clustered Si-H hydride configuration in voids
and vacancies are responsible for the observed structural
changes. It has been concluded from results that the films
deposited at pressure 24 and 30 Pa, the clustered Si-
H mode produces IR peak at nearly 2033 cm−1 which
might be related to bonded hydrogen in platelet like
configuration. Above certain pressure, etching of platelets
configuration occurs resulting in internal void formation in
the network which is observed at pressure above 30 Pa. So,
with pressure variation we suggest that hydrogen platelets

configuration in the structure evolves crystallinity and
structural changes in silicon thin films. Raman spectroscopy
and X-ray diffraction studies clearly shows the transition
from amorphous to nanocrystalline growth at 24 and 30 Pa.
The films grown in the transition region shows higher dark
conductivity, low hydrogen content, wider optical band gap.
FESEM and AFM shows the presence of crystallites in the
films deposited at pressure <24 Pa.
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