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To obtain an optimum absorption layer based on hydrogenated polymorphous and nanocrys-
talline silicon thin films in a plasma-enhanced chemical vapor deposition, radio frequency (RF)
power was varied from 25 W to 100 W using a mixture of dichlorosilane and hydrogen. By Raman
spectroscopy, the crystalline fraction was found to be varied from 7% to 69%, and RF power value
of 75 W was found to be suitable with an appropriate mixture of amorphous and crystalline
phases, respectively. Thickness measurements performed by profilometry were cross-checked
with the value obtained from the cross-sectional scanning electron microscopy micrographs.
Micrographs obtained using high-resolution transmission electron microscopy confirmed the
presence of silicon nanocrystals in the range of 2-5 nm with a strong probability of confinement
effect. B and gap value of 1.55eV at 75 W upheld the suitability of this particular RF power for
active absorption layer, which has also shown maximum photosensitivity.

Keywords: pm-Si: H; chemical vapour deposition; silicon thin film; band gap; absorption layer;

photosensitivity.

1. Introduction

Investigation in the field of solar cells is getting
much attention in the present world to satisfy the
energy needs. Fabrication of efficient solar cells with
the surplus advantage of cost effectiveness is a de-
fining problem in modern society. When comparing
the modern day solar cells (thin film technology)

tCorresponding author.

with their counterpart (bulk material), it has been
found that the reduction in thickness of the active
layer, in that case, comes at the cost of a decline in
the efficiency.'™ This fact is common for silicon thin
film solar cells, which is one of the most commonly
used materials as an active layer (absorption re-
gion). Apart from that one of the biggest problems
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with the silicon solar cell is the limitation that they
cannot absorb in the near infrared region of solar
spectra.” Additionally, in the case of solar cells, one
of the leading causes of the loss is due to the ab-
sorbance of photo-excited carriers with energy
higher than the band gap of the absorbing material
(thermalization process).”® Improving the absorp-
tion efficiency is thus a crucial part of designing the
efficient modern thin-film silicon solar cells.”'?
Hence, one of the anticipated factors is to design
efficient solar cells with additionally controlling the
solar spectrum absorption more efficiently at dif-
ferent wavelengths.

Already some research works exist on the modi-
fication or the improvement of the silicon absorp-
tion layers for the enhancement in the efficiency of
a-Si:H solar cell.'*~'® Among the various factors, one
of them is to manage the limitation of energy loss
due to the inefficient absorption, which is called as
band gap engineering.'”?" As of now, after signifi-
cant development in the investigation of this specific
field, tandem solar cells, which is the third genera-
tion of solar cells, have proved their potential
advancement in the area.’':??> However, due to the
limitation of Staebler—Wronski effect, a resultant
reduction in the efficiency by 20-30% in the case of
a-Si:H solar cells provoked the investigation of other
materials.?? Moreover, tandem cells also suffer from
some of the drawbacks such as the use of numerous
precursor gases, complex design (overcoming the
economic process), overheating of the different cells
connected either in series or in parallel connection
due to mismatch and limitations of short-circuit
current.?*

Consequently, in the last few years, research on
the fabrication of polymorphous (pm-Si:H) and
nanocrystalline silicon (nc-Si:H) has been
done.?”?% These materials consist of different sil-
icon crystalline phases (nanocrystals and micro-
crystals) embedded in an amorphous silicon
matrix. Key benefits of these materials are greater
doping efficiency, better electrical conductivity
and lower defect densities.?”*® Besides, the two-
phased morphological configuration of these
materials, which consists of Si crystallites em-
bedded in an amorphous matrix, makes these
materials as likely candidates for more stable
high-efficiency solar cells.?? Moreover, depending
on the deposition conditions, one could vary
the crystallization fraction as well as size of the

nanoparticles (observed in the present work) to
finally attain the stable optoelectronic properties
combining the benefits of simple, economic fabri-
cation technique. Besides, pm-Si:H thin films have
a surplus advantage of being more stable in the
environment due to the absence of SiH,, absorp-
tion bands.?

In our past reports, we have shown the perspec-
tive of the dichlorosilane (SiH,Cly) as silicon pre-
cursor compared with most frequently used
precursor silane (SiH,).?%?%3" Advantages of the
thin film obtained by using this unique precursor are
being discussed in our earlier published work.*"

In the present work, we have carried out inten-
sive research on the development of silicon thin films
with control over the transition from polymorphous
to nanocrystalline phases to establish an appropri-
ate absorption layer adjoining the advantages of
dichlorosilane as a precursor in plasma-enhanced
chemical vapor deposition (PECVD). Thin films
deposited using this precursor allow fabricating the
material with the property of band gap tuning,
which is a surplus advantage for various optoelec-
tronic applications. Additionally, in the current
work, influence of different radio frequency (RF)
powers on the crystalline fraction (X,), thickness (in
nm), band gap (in eV) and, finally, the Lgective
(effective length), which is the sum of diffusion
length and drift length has been established. Over-
all, the relationship of the structural and optoelec-
trical properties of the thin films assisted to find a
particular value of RF power, which could be used
for the development of adequate absorption layer
in the current generation of thin films silicon
solar cells.

2. Experimental

pm-Si:H and nc-Si:H thin films in this work were
fabricated by using the PECVD reactor operating
at an RF of 13.56 MHz with parallel plates of
128 cm? in area and 1.5cm apart. The system was
maintained at 1076 Torr before starting the depo-
sition using a turbomolecular pump. Depositions
were made on diverse substrate materials such as
high resistivity (1 0 0) single crystalline silicon,
fused silica (quartz) and glass, respectively, to carry
out specific characterizations on each of them. The
deposition conditions used in the present study are
summarized in Table 1.
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Table 1. Summary of the deposition conditions
carried out in this work.

7.5, 50 and 50 sccm,

SiH,Cl,, Hy and Ar flow rates respectively
Substrate temperature (T}) 250°C
Chamber pressure 500 mTorr
Deposition time 30 min

RF power (in watts) 25, 50, 75 and 100

Raman spectroscopy was used to evaluate the
structural information about the thin film via
equipment model T6400 with Horiba Jobin-Yvon
triple monochromator in backscattering configura-
tion equipped with an Ar 532.1nm (green) laser
source with 15mW at laser head. All the mea-
surements were performed at room temperature
under the ambient conditions. Film thickness and
growth rates were determined with a Sloan Dektak
ITA profilometer and confirmed by scanning elec-
tron microscopy (SEM) Micrographs in a Carl Zeiss
Auriga field emission microscope. Bright field ima-
ges and selected area electron diffraction (SAED)
were obtained using a high-resolution transmission
electron microscope (HRTEM) (JEOL-ARM 200F)
at 200kV with a wavelength of 0.027 A equipped
with an AZTEC OXFORD equipment for the
chemical composition measurement.

Optical properties were studied through the
standard transmission from UV-Vis spectroscopy
measurement via model Filmetrics. The measure-
ment range selected for the transmission spectra
was between 200nm and 1100 nm, and the band
gap was calculated using Tauc’s model. The con-
ductivity under dark and artificial illumination
(dark conductivity o, and photoconductivity oy,
respectively) measurements were performed with
coplanar Ag electrodes. I —V curves were mea-
sured using a Keithley 617 programmable elec-
trometer on planar geometry using a halogen lamp
with an intensity of 100mW/cm® The ratio
PS = (0,, — 04)/04, called photosensitivity, was
extracted in order to determine the quality of the
pm-Si:H and nc-Si:H thin films and assists to find
the relation with pu7 parameter (mobility lifetime
product for electrons and holes). Photo-
luminescence (PL) spectra were obtained using a
Kimmon Koha He—Cd laser with excitation wave-
length of 325nm and output power of 20mW at
room temperature.

Development of Optimal Nanocrystalline Absorption Layer

3. Results and Discussion

3.1. Structural and morphological
analysis

Raman spectroscopy has been performed to describe
quantitatively the variations of the crystalline vol-
ume fraction (X,) of the films. Figure 1 shows the
Raman spectra of all samples deposited at 25, 50, 75
and 100 W, respectively. As it is well known that in
the case of Raman, two bands, one associated with
the silicon transverse optical mode at 520cm™!,
which is ascribed to the microcrystalline phase and
other at 480cm !, attributed to the amorphous

phase give much information about the current
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Fig. 1. (a)Raman spectra of the silicon thin films grown under
the influence of different RF powers. (b) Calculation of the
crystalline fraction (X,) for various deposition RF powers.
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phase of thin films.?! Along with this, there could
also be the presence of intermediate level from
500cm ™! to 517cm™! related to the presence of
small-sized nanoparticles and grain boundaries in
the matrix. As mentioned in Sec. 1, pm-Si:H and nc-
Si:H thin films consist of a mixture of an amorphous
phase and a crystalline phase. Therefore, related
characteristic peak could lie between the wave-
numbers of 480 cm~! and 520 cm 1.

Obtained spectra of the thin films were analyzed
by deconvoluting into three different peaks, two
Lorentzian peaks corresponding to the microcrys-
talline (520 cm~!), nanocrystalline (500-519 cm 1)
phase and another Gaussian peak for the amor-
phous phase (480cm™!). The areas of each peak
were used to calculate the crystalline fraction (X,).
More details about the calculations could be viewed
in our previous published work.?’

From Fig. 1, it could be observed that as the RF
power is increased from 25 W to 50 W, peak position
shifted from 480 cm~! to 517 cm~!, which remark
the transition in phase of the deposited material.
The same could be crosschecked from Fig. 1(b) in
which X, increased from 7% to nearly 56%. Again,
after increasing from 50 W to 75 W, a mixed phase
(amorphous peak at 480 cm~! and nanocrystalline
peak at 514 cm~!) could be observed from Fig. 1(a).
Figure 1(b) shows the change in crystalline fraction
from 56% to 41%, which validates the reduction in
the crystalline phase. Finally, sample deposited at
100 W shows a strong narrow peak at 516 cm~! and
a crystalline fraction of 69%. In general, as a func-
tion of RF power, we can modify crystalline fraction
from polymorphous silicon (25 W) to nanocrystal-
line phase (100 W).

Figure 2(a) shows, in general, variation in
thickness of the different deposited samples. It can
be inferred that the thickness increased from 100 nm
to 400 nm by changing the RF power from 25 W to
100 W. For confirmation, Fig. 2(b) shows the cross-
section of the sample deposited at 25 W and Fig. 2(c)
of the sample deposited at 75 W. As can be seen
from Fig. 2(a), thickness measured by profilometry
for these specific samples is near around 105 nm and
150 nm, respectively, and from the cross-section
SEM micrograph value obtained is around 111 nm
and 141 nm, which shows real validation for the
thickness measurements. Further detailed struc-
tural information of the nanoparticles was studied
by HRTEM images. Figure 3(a) demonstrates the
HRTEM image of the sample deposited at 25 W,
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Fig. 2. (a) Thickness variation of silicon thin films deposited
at different RF powers measured by using profilometry mea-
surement; (b) and (c) cross-sectional SEM micrographs of the
sample deposited at 25 W and 75 W, respectively.

and it can be observed that the thin film is com-
posed of a random distribution of nanoparticles
embedded in an amorphous matrix. The average
size distribution of these nanoparticles estimated
from HRTEM image is found to be around 2-5 nm,
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Fig. 3. (a) TEM image, (b) SAED pattern, (c) and (d) EDS spectra of silicon nanocrystalline embedded in an amorphous matrix.
(e-g) STEM-EDS mapping profile of Si, O and Cl, respectively, in the crystalline region.

which is in concordance with the size estimation
made using the spectral nanocrystalline peak shift
(503-517cm~1) in the Raman spectra (Fig. 1). The
presence of this size distribution of silicon nano-
particles could be related to quantum confinement
effect (QCE). According to quantum confinement
theory, the optical band gap E,,, depends on the
size of the nc-Si as E,,, ~ E, + h?n?/2uDR?, where
E, is the bulk material gap and p is the reduced
mass of electron—hole pair.*?

Figure 3(b) shows the SAED pattern for one
of the selected portions of the crystalline region
illustrated in Fig. 3(a). SAED pattern remarks
the high polycrystalline nature of the thin film

deposited. EDS (energy-dispersive X-ray spec-
troscopy) patterns recorded from the sample de-
posited at 25 W is shown in Figs. 3(c) and 3(d),
where it is shown the presence of Si, O and Cl ele-
ments. Moreover, scanning transmission electron
microscope-energy-dispersive X-ray spectroscopy
(STEM-EDS) mapping was also recorded to deter-
mine the homogeneous distribution of Si, O and Cl
elements in the nanoparticles [Figs. 3(e)-3(g)].
Presence of Cl in the thin film is consistent with
the use of dichlorosilane as a silicon precursor and
shows the formation of as-deposited silicon nano-
particles [Fig. 3(a)] due to the chlorine chemistry in
the thin films.*"
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3.2. Optoelectronic characterizations

Figure 4 demonstrates the effective absorption
coeflicient of the thin films with respect to different
RF powers. The optical density data, in general,
depend on numerous factors such as the content of
silicon in different phases, hydrogen and micro-
voids in the films. In the present work, optical band
gap values have been obtained from the transmis-
sion measurements in the range 200-1100 nm of
the films grown on the quartz substrates. Inset in
Fig. 4 shows the band gap association of silicon
thin films with the variation in RF power. It can be
observed that for this particular series of experi-
ments, band gap variation from 1.45eV to 2.0eV is
achieved, which confirms the possibility of band
gap tuning by using dichlorosilane as precursor
gases in as-grown samples. Decrease in the band
gap value from 2.0eV (25 W) to 1.45eV (50 W),
1.55eV (75 W) and lastly 1.75eV (100 W) could be
correlated to the variation in the crystalline frac-
tion [Fig. 1(b)] and the change in the average size
of silicon nanocrystals [shift in the Raman peak,
Fig. 1(a)]. This kind of tendency observed here also
remarks the role of quantum confinement in
nanocrystals. Furthermore, it is important to
mention here that neither the optical band gap
(E,) nor the nanocrystalline fraction percent (X)
varies monotonically with the variation of RF
power, and same kind of result has been demon-
strated earlier in one of our previously published
reports.*?

The  above-mentioned  experiments have
been performed repeatedly to confirm the role of
RF power on the crystalline fraction, size of
nanoparticles and hence on the band gap of the
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Fig. 4. UV-Vis spectra of silicon thin films grown under the
influence of various RF powers.

as-deposited thin film for their usage in practical
implementation.

Figure 5 demonstrates the behavior of photo-
sensitivity of the samples with variation in the RF
power. This parameter is further correlated with the
behavior of the pr factor (inversely proportional to
the concentration of dangling bonds in the thin
film). It can be observed here that increasing the RF
power from 25 W until 75 W caused a sudden hike in
the photosensitivity and therefore in the pur factor
and as a consequence it could cause change in the
effective length (diffusion and drift) of the final
structure. It is worth noting that here likewise
maximum photosensitivity can be observed for the
sample deposited at 75 W. For this particular sam-
ple, the photosensitivity is almost 1.6 x 10%, which
is nearly one order more than compared with the
other samples.

Generally, it is a well-known fact that during
photoconductivity (sensitivity) measurements, there
could be generation by absorption of extra electron
and hole pairs. In that case, it is quite probable that
the excessive lifetime of the electron and hole car-
riers could increase as well, which subsequently
could increase the ur factor. Moreover, as the ab-
sorption layer proposed in the present work will be
used for the type p-i-n (n-i-p) structures, the situa-
tion could be more complex for the effective length
in this case. The deciding factor could be drift length
rather than diffusion length. In the case of type p-i-n
(n-i-p) structure apart from the concentration
gradient other import factor which could greatly
influence the motion of electrons and holes is the
applied electric field and in that case drift length is
the parameter which comes into picture. The same
is clear from the relation which states Ly = p7.F.
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Fig. 5. The relation of photosensitivity of the material with
the RF power with a maximum value attained for the sample
deposited at 75 W.
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Furthermore, this equation states the relationship of
the ur factor with the drift length. That is, the
reason in the present case once having the estima-
tion of change in relative photosensitivity, we can
correlate with the p7 factor and hence with the drift
length of the final structure. Higher is the photo-
sensitivity better will be the value of ur factor and
higher will be the drift length, which is the required
condition for an efficient structure. That is the
reason, sample deposited at 75 W shows a good
potential for the future fabrication of complete
structure with less dangling bonds and higher drift
length of the carriers.

It is important to discuss that crystalline fraction
could play a very important role in the conductivity
and effective length modifications (drift length in
the present case) of samples. In the previous studies
using various models such as grain-boundary trap-
ping (GBT) and heteroquantum dots (HQD), the
influence of the type of matrix and size of quantum
dots on the conductivity of the deposited thin film
has been explained.?* % According to the GBT
model, polycrystalline silicon generally consists of
small crystallites interconnected by a few disordered
atomic layers and in that case carrier trapping could
occur at the grain boundary. Conduction in these
types of thin films is due to the thermal activation
process. In the HQD model, distinct features of the
conduction mechanism in these kinds of thin films
have been explained. In this model, main consider-
ation was focussed on the quantum dots. It was
stated that the conduction in this case could occur
due to quantum tunneling through interface bar-
riers. Two of the above-mentioned models could
similarly be correlated with the conduction process
in pm-Si:H and nc-Si:H thin films. There could be
three distinct cases:

(1) In the case of less dense nanoparticles, 25 W
(a smaller proportion of crystallites in the film)
conduction could occur through thermal acti-
vation process. Density of states and levels of
energy could also play a significant role in this
case.

(2) In the case of highly compact or dense particles
(100 W) as mentioned above, the conduction
could increase significantly due to the tunneling
process.

(3) In the case of intermediate samples, 50 W and
75W (mixed proportion of amorphous and
crystalline phases), conduction could occur

Development of Optimal Nanocrystalline Absorption Layer

through both ways and this could be the reason
for better conductivity in the case of mixed
phase samples. Hence, these complex features
could play a vital role in the values of the ef-
fective length modifications and lifetime of the
minority carriers and furthermore conductivity
(photosensitivity) of the material.

This behavior is totally in concordance with the
trend of the crystalline fraction observed in Fig. 1(b)
because the transport properties of the material
could be greatly influenced by the morphology
(grain size, grain boundaries and region of crystal-
lization).?” Crystalline fractions [Fig. 1(b)], band
gap value (Fig. 4) and photosensitivity (Fig. 5) in-
dicate the improvement in the optoelectronic
properties of these materials observed for the sample
deposited at 75 W.

After carrying out various structural, morpho-
logical and optical characterizations, PL (photo-
luminescence) studies were conducted on the
samples. PL is an imperative tool to make the di-
agnosis of the film quality of the sample. Indirectly
with the PL emission bands and with the corre-
sponding wavelength or intensity, one can find out
the defect distribution in the thin film.

From Fig. 6 it can be observed the PL spectra for
the sample deposited at 25 W and 100 W. As the
measurements had been carried out using 325 nm
laser (3.8eV) in the visible region, only lumines-
cence with the naked eye in the ambiance from two
samples (25 W and 100 W) can be seen. This is in
concordance with the band gap values observed in
Fig. 4. As mentioned earlier for the samples 25 W
and 100 W band gap values are 2.0eV and 1.75€V,
which according to the quantum confinement model

1,0 4 —25 Watt
— 100 Watt
0,84

0,6

0.4 4

PL INTENSITY (a.u.}

024

0,0 T T T T T T T
450 500 550 600 B850 700 750 800 850
Wavelength (nm)

Fig. 6. Normalized PL spectra of the samples deposited at
25 W and 100 W measured by a He-CD laser at room temper-
ature.
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should give the emission in the visible region.*®
Furthermore, a red shift in the luminescence from
almost 617nm to 658 nm is greatly dependent on
the increase in the average size of the nanoparticles,
which is subsequently effected by the rise in RF
power from 25W to 100 W. In contrast, 1.45eV
(50 W) and 1.55eV (75 W) values may give rise to
PL but in the infrared region which is not possible to
measure with the current detector equipped with
our PL system.

It is well understood that in a thin film silicon
solar cell, the intrinsic or absorber layer plays a very
important role as it has the main function of ab-
sorbing the photons and hence generating electron—
hole pairs. For higher efficiencies, this particular
layer should exhibit a higher absorption coefficient
to make sure the maximum generation of electron—
hole pairs for a minimal thickness. Nevertheless, as
discussed earlier, they suffer from major degrada-
tion problems with the course of time. For that
reason, research on pm-Si:H and nc-Si:H is estab-
lished because of high mobility values and reduced
defect states when compared with conventional a-Si:
H growth starting silanes precursors. Furthermore,
in the case of pm-Si:H and nc-Si:H factor, u7 can be
100 higher than that of standard a-Si:H for samples
in the as-deposited state.?” This factor makes sure
the high effective length (sum of diffusion ad drift)
and conductivity or sensitivity values as is observed
in the current work (especially for the sample de-
posited at 75W). Moreover, as observed in the
present work in the case of silicon thin films we could
vary the band gap from 1.45eV to 2.0eV which
could be reflected in the short circuit current (I.)
and the open circuit voltage of the resultant device.
Also, it has been reported that pm-Si:H and nc-Si:H
have a tendency to show higher values of short cir-
cuit current due to the presence of specific material
properties. Hence, better stability with improved
voltage and current characteristics could result in
a modern silicon solar cell with improved spectral
response and efficiency limit values. Hence, the
absorber layer with range of band gap values pre-
sented in the present work with lower defect densities
(high photosensitivity and drift length) could be used
in the design of future silicon thin film solar cells.

4. Conclusions

In summary, we have achieved variation in the op-
tical band gap of pm-Si:H and nc-Si:H thin films

grown at different RF powers using dichlorosilane as
a precursor gas. Using Raman spectroscopy, phase
nature of the thin films was determined. HRTEM
images show the formation of nanoparticles in the
range of 2-5 nm, whereas SAED pattern confirmed
the well-defined polycrystalline phases. The real
tendency was observed for the amorphous and
crystalline phases, respectively, as we increased the
RF power from 25 W to 100 W for this particular
precursor in as-grown samples. Among all of the
RF powers, 75 W was found to have an adequate
mixture of amorphous, crystalline and polycrystal-
line nature. Maximum photosensitivity was also
obtained for the same group of samples, and this
fact shows proper optimization of optoelectronic
properties. Experiments performed in the present
work show real control over the deposition condition
of pm-Si:H and nc-Si:H thin films of their use as in
the absorber layer of the new generation of thin film
silicon solar cells.
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