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Abstract

The structural transition in accordance to nano sized grain distribution within the amorphous silicon matrix has been
described on the basis of spectroscopic analysis as a result of variable input power applied during growth via plasma
enhanced chemical vapor deposition (PECVD) process. For this, characterization techniques like micro-ellipsometer, Raman,
Field emission Scanning electron microscope (FESEM), and Fourier transform infrared spectroscopy (FTIR) have been
effectively utilized to identify transitions in these films particularly in terms of crystallite size (within 1-4 nm) and optical
constants. These results indicate that at and above 30 W applied power the separation of two zones takes place as ultranano to
nano, leading to the formation of denser matrix having uniformly distributed nano-crystallites. Moreover, these results
indicate the presence of unrevealed fine crystallites (ultranano-crystalline phase) as a dominating part of grain boundaries,
which may be as ultranano-crystallite phase. The blending of fine nano-crystallites within the amorphous phase might be the
possible reason for the formation of nano-crystallites from ultranano-crystallites. Copyright © 2016 VBRI Press.
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Introduction

Since past few decades hydrogenated amorphous silicon
(a-Si:H) material has attracted intense scientific interest
due to its accessibly remarkable applications in the area of
semiconductors especially in photovoltaic industries and
flat panel displays in comparison to bulk semiconductors.
Its significant advantages such as large area and low
process temperature requirements have made it a suitable
and affordable alternative for wafer based silicon
technology. Despite offering many significant properties,
the device performance is limited by its structural disorder
which causes the generation of trap centers for carrier
recombination in the form of deep level defects [1]. Due
to some of such limitations of a-Si:H, present researchers
have moved toward the thought of using amorphous
silicon based alloys and similar materials with some
fraction of crystallinity so called “micro/nano-crystalline
silicon (uc-Si:H/nc-Si:H)” [2]. On the basis of small
structural alterations in the conventional a-Si:H the
material can further be identified as micro/nano/
ultranano-crystalline silicon where distinct physical
properties can be observed within the same material due
to erratically distributed grains within the amorphous
matrix.

Copyright © 2016 VBRI Press

As per the suitability of thin film silicon for
photovoltaic application, micro/nano-crystalline silicon
has come up as an efficient material for the fabrication of
existing layers and their possible arrangement in order to
have stable and highly efficient solar cell [3].
Hydrogenated nano-crystalline silicon (nc-Si:H) consists
of small crystalline grains (< 100 nm) embedded in
amorphous silicon (a-Si:H) matrix and has the material
band gap about ~ 2.0 eV (higher than a-Si:H band gap)
[4]. The presence of these materials is mainly recognized
as dispersed heterogeneous phase consisting of voids and
dislocations along with the distribution of patchy sized
nano-crystallites within the amorphous silicon. This type
of structural distribution can alter the specific properties
of the material along with the growth and thickness of the
film. Since the configuration discrepancy has a strong
influence on growth and consequently the device stability
as well as efficiency, it is necessary to understand the
micro structural formation for the fabrication of device
quality nano-crystalline amorphous silicon [5-6]. For the
deposition of such thin film amorphous silicon and its
alloys PECVD is considered as highly promising
technique which favors the uniform growth of high
quality material over large area under low processing
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temperature conditions [7]. Moreover, the technique
offers a great scope for material deposition in terms of
structural evolution with the modification in deposition
parameters, mainly in terms of pressure, power and
dilution. Few reports are available on the investigation of
formation of micro/nano-crystalline silicon [8-10] by
PECVD technique and the analysis of which were
suitably carried out using ellipsometer [11-14].
Amorphous to nano-crystalline phase transition as an
influence of high pressure deposition under SiHs+Hy+Ar
plasma, has been reported by Gope et al. [15]. Sanjay K.
Ram [16] have reported the effect of hydrogen dilution on
the formation of micro-structure and morphology of
microcrystalline silicon by PECVD technique using SiF4
source gas where the crystallite transition has been
identified as a bimodal size distribution. Though various
published reports are available to clarify the transition in
terms of amorphous and crystalline phases present within
the silicon matrix, still the identification of fine nano from
the grain boundaries and crystalline phase “whether
ultranano-crystallites can be regarded as dominant
contribution of grain boundaries or not?” is an open
question for the researchers.

The focus of present study is to understand significant
structural aspect of nano/ultranano-crystalline silicon in
terms of optical constants as observed from ellipsometry
analysis, for the nc-Si:H films deposited at different
applied RF powers by PECVD technique. Here we have
tried to resolve the dielectric spectra in order to identify
distinct amorphous and crystalline phases within the
material to understand the existence of grain boundaries.
For further elucidation of these results, detailed
characterizations performed using micro-Raman, FESEM,
ellipsometer and infrared spectroscopy.

Experimental
Material synthesis

Hydrogenated amorphous/nano-crystalline thin films were
deposited on 7059 corning glass and silicon substrates
using a capacitively coupled RF 13.56 MHz PECVD
reactor at various RF powers applied on 113 cm?
electrodes. Hydrogen diluted silane (5% SiH4 in H,) was
used as precursor gas for plasma generation and substrates
were kept at a temperature of 270 °C. During deposition
the total gas flow was fixed as 47 sccm (through MKS
Mass flow controller) at a deposition pressure of 0.23
Torr (MKS Baratron Digital Gauge meter).

Characterization

The characterizations of the films were performed on thin
films (~ 100 - 200 nm thick) deposited on glass as well on
silicon wafer. For detailed optical characterization of the
films, ellipsometer studies were carried out using (J. A.
Woollam, model: VASE32) for the incident angles 55°,
65° and 75° in the wavelength range 250-1200 nm, from
which analysis for spectroscopic parameters for given set
of samples was made.

Spectroscopic ellipsometer is considered as most
reliable and non-destructive technique for the estimation
of the optical properties of thin films including the
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thickness, dielectric, refractive index and band gap, where
the key principle of spectroscopy is based on the change
in polarization of light when travels through the film. The
technique is based on theoretical model fitting analysis
which is required to overcome the difference between
measured and calculated fitting values as a function of
photon energy [17].The experimental fitting for the nc-Si
structure has been done using Tauc-Lorentz (TL) and
Gaussian-Lorentz model.

The crystalline fraction and the identification of nano-
crystallite phases present in the material were probed with
the help of Raman spectrometer (InVia Renishaw) using
514 nm Ar* laser. For surface morphology, grain shape
and size distribution FESEM was used. Infrared studies
were made using Perkin Elmer 2000 spectrometer for the
estimation of microstructure parameter and bonded
hydrogen content in as deposited films on the basis of
infrared active Si-H bonds.

Results and discussion

The study of various optical phenomena in terms of
absorption and reflections due to structural alterations
within the thin films has been analyzed by means of
spectroscopy ellipsometry where different theoretical
models, as mentioned in experimental section, have been
employed to have best fit data collection of required
parameters for given set of samples. Fig. 1 represents the
experimental and model fitted plots of ‘tan y’ at different
incident angles of 55°, 65° and 75° for the films deposited
at various applied powers, which evident the precision in
the present ellipsometry results.
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Fig. 1. Experimental and model fitted tan y plots of unc/nc-Si:H films
deposited at various applied power at different angle of incidence.
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Table 1. Various calculated parameters of the unc/nc-Si:H thin films deposited under varying applied power.

Deposition Deposigion Band X, (%) Xa Xgo FT-IR <g, Particle size (nm
Power Rate (A/s) gap (eV) Ellipsometer Raman (%) (%) Ch(%) R &> Raman FESEW
10 0.6 1.9 44 23 20 56 19.2 0.7 6.2 18 -
20 0.7 1.9 24 19 33 46 175 05 1.9 1.6 -
30 0.4 1.9 56 43 15 41 36.8 04 6.6 4.8 -
40 0.7 1.9 43 43 22 33 15.8 0.7 5.6 4.5 16
50 0.6 1.9 71 50 16 33 16.2 0.6 15.2 4.3 24

For the clarity of data representation other results were
shown for the spectra recorded at incident angle of 75°.
The material’s absorption analysis was made from the
estimated extinction coefficient data from ellipsometer,
the inverse relation for this is given as

4Ttk
A

where, ‘k’ is the extinction coefficient of the material and
‘o’ is the absorption coefficient. From absorption results
the band gap was estimated for these films and the values
for the same were provided in Table 1. These results were
supposed to be higher in comparison to the reported band
gap of a-Si:H (~ 1.7 — 1.8 eV) and thus signifies the
existing nano-crystallites within the amorphous matrix,
which were supposed to be responsible for high tunable
band gap of the material at different applied RF power.
Moreover, from the results of refractive index and the
extinction coefficient from Fig. 2 (a-b) it is evident that
the material is having transition in terms of the particle
size within nm range and their dense distribution which
further effects the reflections and light scattering from the
material surface. Since the phenomenon of reflection and
scattering of light is extremely reliant on the structure and
its crystallite arrangement nearer to the surface. Thus, the
small variation in the crystallite size can effectively
monitor the unwanted reflections, consequently the
required scatterings based on the particle size and the
compactness of the material matrix can be analyzed.
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Fig. 2. (a) Refractive index and (b) extinction coefficient measured from
ellipsometer for the films deposited at various applied RF power.
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Fig. 3 (a) represents the pseudo dielectric function <ez>
w.r.t photon energy for the given set of mixed phase
amorphous and nano-crystalline silicon films deposited at
various applied RF powers. Since <eg> itself gives the
complete identification of surface, interface and bulk, this
parameter has great importance in the complete analyses
of the material quality and thus, applicability of the
material for photovoltaic. The changes in the value of
<g> in terms of relative spectral shifting can be
understood directly via influence of (1) surface roughness
(2) density deficits (3) amorphous to crystalline phase
transitions [18].
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Fig. 3. (a) Variation of imaginary pseudo dielectric constant (at incident
angle 750) for the films at various applied RF power and (b) the two
peak dissolved spectra for film deposited at 30W.

In view of previous reports the pseudo dielectric spectra
is directly related to the density of valence band state and
the rising density deficits of the films results in lower
<exmax> Where the peak position remains same [18].
Additionally, the increase in surface roughness leads to
significant reduction in the value of <ezmax> and results in
peak shifting towards lower photon energy [19]. Also, a
significant variation was observed in <emax> along with
the small rising hump towards the high energy. For better
understanding and identification of peaks at higher and
lower photon energy the spectra was dissolved into two
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Gaussian peaks out of which one of the deconvoluted
spectra was represented via Fig. 3(b) where the two peaks
individually corresponds to the crystalline and amorphous
phases present in the films. On the basis of this
identification the material was found to have more
crystalline contribution in terms of high value of <e>>
with the increase in applied RF power. The variations in
<exmax> and existing hump are expected due to the
distribution of crystallites of distinct sizes within the
heterogeneous network of amorphous silicon and on
account of which the approximate estimation was also
made for the crystalline and amorphous fractions for these
samples.

Raman spectroscopy is considered as one of the
sensitive tool for structural and phase identification in
bulk as well as thin films where the analysis is based on
the Raman active phonon vibrations even at room
temperature [20-21]. The material recognition can be
done on the basis of active Transverse optic (TO),
longitudinal optic (LO), transverse acoustic (TA) and
longitudinal acoustic (LA) phonon vibration modes. In a-
Si all the mentioned modes are Raman active whereas the
crystalline silicon will response with the appearance of
sharp peak between 520- 522 cm* only for the TO mode.
Thus, the mixed phase material, where both the phases
(amorphous as well crystalline) are supposed to be
contributed, will be considered to have a combination of
some of active modes (including TO modes) in
accordance to dominating phase of the material. Fig. 4
represents the observed normalized Raman spectra in the
range 100 — 800 cm* for the given thin films deposited at
various applied powers.
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Fig. 4. (a) Raman spectra for unc/nc-Sl:H films deposited at various
applied power (b) three peak dissolved spectra.

From these results it is evident that beyond 20 W power
the expected TO peak as commonly observed in case of
amorphous or intermediate silicon get shifted from ~ 484
cm* toward the higher wavenumber at ~ 517 cm™ where
the signatures of high crystallinity were predictable which
is possibly due to the presence of small crystallites. The
estimation for the crystalline fraction was made for the
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entire set of sample for which the spectra can be dissolve
into three different Gaussian peaks on the basis of this the
corresponding equation is given as;

I Igb
Xncth = ——¢—— X% =——8 and X,% =
nc% TatInctlgp’ gb %0 ot InctIgp a%

La (1)

TatInctIgp

where, X¢, Xgo and X, are the crystalline, grain boundary
and amorphous fraction respectively. ls, Iy and Ig
represents the integrated area of amorphous, nano-
crystalline and grain-boundaries. Here the grain
boundaries are supposed to be identified as, in particular,
well dissolved phase out of the fine nano-crystallites
whose contribution is not deeply distinct of that of
crystalline part. The evidence of which can further be
scanned on the basis of ellipsometry results where the
spectra was dissolved only for two phases. Also, the
estimation for the average particle size variation was
made using;

D, = Zn\[g 2

where, Aw is the wavenumber shift correspond to the
nano-crystalline peak reference to the crystalline peak i.e.
522 cm? and B = 2.24 nm? cm? for silicon [22]. A
significant change in the particle distribution and
accordingly the material crystallinity was observed with
the increase in applied power which leads to conclude the
presence of bigger crystallites in high power plasma
environment which reflects the significant contribution of
higher silane radicals and hydrogen flux in support of the
controlled plasma reactions. These observations can be
well understood in terms of material phase transition
where the transition results in creation of nano from
ultranano-crystalline silicon. Clustering of ultranano-
crystallites within the amorphous phase might be the
possible reason for the nano-crystalline growth. Raman
results are found to be in correlation with the results of X
observed from ellipsometer. The nano-crystallite
distribution in terms of crystalline volume fraction from
ellipsometer along with the amorphous and fine nano-
crystalline contribution as estimated from Raman spectra
is given in Table 1. From Table 1 it can be observed that
initially for the sample deposited at 10 W the crystalline
fraction is high for compared to 20 W applied RF which
could possibly be related to the high grain boundary
contribution instead of the higher amorphous content.
Thus, the material deposited under these conditions has
more voids as well as the high structural disorder which
may also participate as an obligatory error in estimation
of exact crystalline content for the same. For the
depositions at and above 30 W power the crystalline
fraction was found to increase up to ~50% on the basis of
Raman spectra and ~70% as estimated from dielectric
spectra which could further consider in terms of lesser
boundaries and accordingly the amorphous content along
with the effective variation in the crystallite size. Further,
the visible discrepancy in the results of crystalline fraction
estimated from both the spectroscopy techniques can be
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understood in terms of the well-defined region for grain
boundaries in Raman spectra which were not alienated out
in dielectric spectra. In view of the results so far observed
from ellipsometry and Raman one may suggest that the
grain boundaries are not alienated from the ultranano-
crystalline phase.

Fig. 5. SEM micrograph for grain distribution for the films deposited at
(a) 10 W (b) 40 W and (c) 50 W applied power.

Fig 5 (a-c) depicts the scanning electron (SEM)
micrograph of the films deposited at 10 W, 40 W and
50 W RF power. From the SEM results for deposition
under high power plasma (40 W and 50 W) the material
was found to have uniformly distributed crystals with
well-defined grain boundaries which were observed to
form a highly dense matrix of nano-crystallites diluted
within the amorphous phase. On the other hand, at low
applied power (10 W) the material was observed to be
entirely in amorphous nature with no specified grain
distribution. This observation for the structural transitions
under different zones of deposition power was probably
due to the high ion energy and ion flux which strongly
influence the growth of nano-crystalline during
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deposition. At high power the energetic ions and their
impingement rate directly favors the condition for growth
of nano-crystalline material whereas at low power the
possibilities of these alteration in the structure were very
minimal. These results were best correlated with the
above mentioned results of transition observed from
Raman and absorption curves which signify the variation
of nano particle within the amorphous matrix where the
change observed in their crystalline fraction as moving
towards high power growth regime.
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Fig. 6. FTIR spectra for the films deposited at various applied power
# Wagging band, ## Bending band, *Symmetric stretch, **Asymmetric
stretch.

Fourier transform infrared spectroscopy (FTIR) in case
of amorphous and micro/nano crystalline silicon thin
films is commonly used to identify the present bonding
configuration and the estimation of hydrogen content with
the help of their corresponding vibration modes. The
infrared absorption spectra for a-Si/nc/pc-Si:H s
composed of combination of different modes of IR active
vibrations which mainly include the wagging band
(600-700 cm™) of SiH, bending modes (770-920 cm™)
of SiHy, (SiH2)n and stretching modes of vibration
(1900-2000 cm™*) of SiH, SiH2 and (SiH2), [23]. Fig. 6
shows the FTIR absorption spectra for the films deposited
at various RF power. In accordance to previous reports,
the spectra can further be deconvoluted into two broad
Gaussian peaks centered around ~2000 cm™ and ~2100
cm? which corresponds to stretching vibrations of SiH
and SiH,, (SiH2), respectively [24] to identify the nano-
crystallites vibration. Here from the precise observation of
corresponding stretching modes after deconvolution for
the same, it was found that initially at 10 W and 20 W the
stretching modes was almost centered nearer to 2100 cm-
L. This peak shifting corresponds to the clustered SiH at
grain boundaries and can also be correlated with the
results of the grain boundary volume fraction as observed
from Raman spectra. As the power increases further, the
boundaries start getting diluted with the existing
crystallites which then results in the broadening of peaks
correspond to stretching vibrations. Moreover, the
intensity of bending modes of vibration was found to
increase for the films deposited at and beyond 30 W. This
rise in intensity is attributed to the rising density of higher
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silane i.e SiH; and (SiH2), the excess of which may leads
to the formation of defects along with the nc/uc formation
[10]. The microstructure changes in the films can also be
responsible for the observable shift in the FTIR peaks.
The estimation of microstructure parameter was made (for
stretching bands) to study the structural transitions.

Tr070— . .
R* = —2070=21%0 s the microstructure parameter,

. I2070—2100“200_0
typical values of which correspond to a roundabout

measurement for the presence of higher order silane
radical within the film. For the given set of samples the
value R™ was found to lie in range of 0.43 - 0.79. High
microstructure parameter corresponds to more SiH;
bonding instead of SiH which evident the dominating
phase of clustered hydrogen bonding in the films as well
the material porosity is directly related to the density of
such bonds the presence of which should be evade during
growth in order to have a stable device quality material.
The calculation for bonded hydrogen content via
wagging band has been made by using the formula:

Cr = [Au( [ =22 dw/Ns)* 100] % ?)

where o (o) is the absorption coefficient and is defined in
equation (4), ® is the wavenumber in cm™?, A, is the
oscillator strength, Ass = 2.1x10'° cm? & and Ng; is the
atomic density of crystalline silicon is 5x10%? cm™
[25-27]. The wvalue of absorption coefficient was
estimated from the transmission data using equation (4)
which is given as:

In(XR)— In(v/1+X2-1) (4)
d

a(w) =

where the constants are given as; X = w, here R

is the reflectivity of silicon (R = 0.3 for silicon) [28].

The variation of hydrogen content and the typical
values of R* parameter of films with the applied RF
power are given in Table.1 in order to have their specific
correlation with the results of Raman and ellipsometer.
Here the existing high hydrogen content elucidates the
widening of material band gap which was already marked
from the absorption results. On account of the results of
ellipsometry, Raman, lowest R™ (0.4) and the typical
higher value of bonded hydrogen content in the film
deposited at 30 W reveals the initialization of the phase
transformation in terms of fine nano-crystallites. Thus,
30 W power is considered as the point of onset of
crystallinity where the higher hydrogen and the low
microstructure parameter may corresponds to the material
phase where the boundaries are on verge of relaxation and
thus unevenly settled and dense matrix offer more
hydrogen to get bonded with silicon instead of Si - Si
bond. Beyond this the particles get transformed and attain
comparatively bigger size, which further restricts the
passivation of boundaries resulting in clustered hydrogen
bonding configuration. Our results indicate that the
material shows transition in terms of crystallite size
beyond 30 W power, also the grain boundaries
amalgamate due to formation of bigger crystals due to
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which there is improvement in the surface density with
the reduction in voids and vacancies [29]. It is explicable
here that the films deposited at high applied RF power
(> 30 W) may result in the structure having denser
network of uniformly distributed bigger size grains. The
understanding of such fine tuning of nano-crystallites
opens up a wide scope for material applicability not only
in photovoltaic’s but also to other devices like thin film
transistor (TFT), anti-reflection coatings, non-volatile
memory devices [30-31]. Explicitly if a case for anti-
reflecting coating for solar cell is considered the exiting
crystallites would effectively controls the unwanted
reflection, thus improves the device performance.

Conclusion

nc/pc-Si:H thin films were deposited using conventional
RF PECVD technique at various applied powers.
Structural and optical characterizations revealed that at
30 W of applied power sudden change occurs in
crystallite size (1.6 - 1.8 nm to 4.3 - 4.8 nm) and optical
constants, indicating that the separation of two zones
takes place as ultranano to nano, leading to the formation
of denser matrix having uniformly distributed nano-
crystallites. These results suggest the presence of
crystalline phase out of the grain boundary where the
foremost contribution of boundaries is the ultranano-
crystallite silicon. Therefore, the grain boundaries can be
regarded as molten crystalline phase whose dominate
contribution may alter the film properties. These findings
will help to understand the effective way to have control
over the fine structural transition and their analysis, and
thereby designing efficient p-i-n layers for thin film
silicon solar cell applications including multi-
junction/hetero-junction/hetero-junction  with intrinsic
layer.
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