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Abstract
Thin films of mixed amorphous/microcrystalline-phases have been
researched during the last decade for manufacturing silicon solar cells.

Key words: In this work, the Plasma Enhanced Chemical Vapor Deposition PECVD
Amorphous/ microcrystalline thin-film silicon | Process parameters; namely, dilution ratios and substrate temperature
solar cells, PECVD, PV were controlled to build a p-i-n integrated junction at low dilution ratios

with moderate substrate temperatures. In the first part of this work, an
intrinsic layer was deposited on Indium Tin Oxide ITO glass by PECVD
technique with different dilution ratios of silane in hydrogen to study
the transition from amorphous to microcrystalline phase. Based on the
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01006044661. 13.3 at 250°C. The Si thin film was evaluated by field emission scanning
Email: ielmahallawi@bue.edu.eg. electron microscopy, X-ray diffraction and atomic force microscopy.
The performance of the a-Si:H/pc-Si:H solar cell was evaluated by
current-voltage measurements and optical absorption. An efficiency of
5.98% is reported for this condition with an optical absorbance of 74%
at 300nm wavelength (ultraviolet and near visible region).

I. INTRODUCTION The main limitation of using a-Si is related to its light
induced degradation ("Staebler-Wronski" effect) which
causes non-stabilized efficiencies, it was found in 1977
that the dark conductivity and photoconductivity of glow-
discharge deposited amorphous silicon can be reduced
significantly by prolonged illumination with intense light.
During the deposition process of amorphous silicon on
a substrate the silicon atoms interact with the hydrogen
atoms, the resulted layer is disordered (not a perfect
crystal) and results low deposition power. All bonding
atoms have different direction bonding angles and lengths
due to this disorder. Sometimes a silicon atom sits where
it only shares three valence electrons instead of the four
which it can support. The final valence electron acts as a

defect state which prefers holes for recombination. This
RS defect is localized around an atom with one less covalent
p bond than expected, it is called a “dangling bond”. While

hydrogenated microcrystalline silicon (pc-Si:H) does not
degrade by timet™!4,

—\ n Previous studies have highlighted the effect of deposition
Ag parameters of PECVD process on the performance of the

a-Si:H thin-film solar cells!!>'®. It has been shown!!* !

Fig. 1: Schematic of thin film solar cell that light induced degradation is enhanced for a-Si:H thin-

The silicon PV bulk and thin-film solar cells are amongst
the most developed and widely known technologies
integrating renewable sourcest" 2. The abundance of Si
on the earth crust and its ease to deposit on various types
of substrates at low fabrication temperature (T<400°C)
promises continuous use of Si solar cells® . The first Si PV
thin- film solar cell was made in 1974 by David Carlson.
A schematic of thin- film solar cell is shown in Fig. 15,
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film solar cell, by controlling the PECVD manufacturing
parameters; namely, dilution ratios, pressure and substrate
temperature (TS). However, it was shown that although the
degradation was enhanced at low pressure and high TS,
the deposition parameters at high TS lead to increase in
the defects density of the solar cell resulting from loss of
hydrogen®?2,  To avoid problems associated with high
TS, some researchers adopted annealing as a route for
forming polycrystalline thin-film structures®?*-261. Generally,
annealing has shown to induce crystallinity. Previous
work?¥ has shown that the lifetime of solar cells increases
at annealing temperature range 450-550K, while at greater
than 550K, the lifetime suddenly decreases.

It is recognized®? that PECVD process parameters
can be controlled to result structures with mixed phases of
a-Si:H/uc-Si:H through gas dilution and the same structure
control could be achieved via annealing. In both cases, the
previous work has shown that the resultant structures of
the junction were controlled and accordingly its efficiency
was affected. Moreover, the light absorption of the thin-
film solar cells could be enhanced through control of film
thickness?”!, where the maximum absorption was achieved
for 2nm thickness, and the minimum absorption was
achieved for 11nm thickness at 630nm wavelength.

The final efficiency of a thin-film p-i-n junction and
its structure are a net result of PECVD process parameters
and light entrapment techniques. The manufacturing
parameters include gas dilution ratio, substrate temperature
and pressure and power parameters. The literature review
has shown wide interest among researchers in studying the
power and pressure parameters, dilution ratios and substrate
temperatures. Although the bad effect of high dilution ratios
on light degradation is reported, up to our knowledge,
no work has investigated the solar cell properties for
low dilution ratios at different substrate temperatures.
Moreover, the state-of-art techniques for adopting gas
dilution for obtaining the mixed i-layer structure depend
on the deposition temperature, while the final metallization
stages are also conducted at a variety of temperatures.
The final metallisation temperatures used should not harm
the previous adopted temperatures for i-layer deposition.
Therefore, the aim of this work is to investigate the
combined effect of the gas dilution ratio rH and the substrate
temperature TS manufacturing parameters for the i-layer
on the transition from amorphous to microcrystalline
structure and to correlate the microstructure characteristics
with the conversion efficiency and the optical properties of
a-Si:H/pe-Si:H thin-film solar cell.

2. EXPERIMENTAL WORK
2.1 Sample preparation

The substrate was prepared before the deposition
process, to assure its surface cleanness, by cleaning the
substrate surface using methanol for degreasing followed
by drying with dustless paper. When the ITO glass
substrate became ready, it was installed in the substrate
holder and introduced into the chamber.

The PECVD unit used in this work is Elettrorava SPA
Torino Italy Model PECVD. It is a clean room compatible
and versatile state-of-the art system for the deposition of
thin-film devices based on silicon alloy which is designed
to be ultra-compact. The process gas manifold consists of
eight gas lines (CH4, C2H2, SiH4, 02, PH3, B2H6, H2 ,
Ar), where Ar from cylinders stored outside the lab (for
safety reasons) reaches the vacuum chamber into tubes
controlled by valves with pressure, this chamber is double
walled and cooled by water continuously controlled by
water in valve. The substrate heater is a flange with heater
on top chamber; it stays in a separate vacuum chamber
with adequate thermal isolation. The maximum heater
temperature can reach 1000°C. The heater cavity is pumped
independently using a combination of turbomolecular
pump ETCS80I/S backed by a fore pump, 15m3/hr capacity.

2.2. The deposition of i-layer for optimizing PECVD
parameters for obtaining microcrystalline structure.

For building this layer, two gases are fed into the
chamber, silane (SiH4) diluted by hydrogen gas H2. The
deposition process began with pressing the silane gas in the
gas line reaching the device chamber. This was followed
by pressing hydrogen gas H2, by keeping the operation
parameters constant, as follows: the power at 10W, the
electrode distance 25cm, the plasma frequency 13.56MHz,
the deposition time 15minutes, the gas pressure 1mbar, the
substrate temperature was varied in series; 35, 150, 250
and 300°C. In the case of i-layer, two gases only were fed
(silane gas SiH4 diluted by hydrogen gas H2) with constant
hydrogen flow rate of 200sccm and silane flow rate varied
in series; 40, 30, 20, 15, 10, 7sccm (meaning dilution ratios
(rH) 5, 6.7, 10, 13.3, 20, 28.7).

The operation parameters of i -layers are summarized
in Table 1 and Table 2. The deposition time was 15min, the
gas pressure was kept at Imbar. The plasma power used
was 15W and it was kept fixed for all specimens during all
the experiments.
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Table 1: The operation parameters of i-layer with dilution ratio series

Specimens no. Silan flow rate Hydrogen flow rate Dilutioq ratio Tirpe Tesrlrllgﬁe)[rr:ttsre
[Scem] [Scem] H2/ SiH4 [min] [°C]

1 40 200 5 15 250

2 30 200 6.7 15 250

3 20 200 10 15 250

4 15 200 13.3 15 250

5 10 200 20 15 250

6 7 200 28.7 15 250

Table 2: The parameters of i-layer with substrate temperature series

Specimens 1o, Silan flow rate Hydrogen flow rate Dilutiog ratio Tilpe TSrlrlllfetrrgsre
[Scem] [Scem] H2/ SiH4 [min] [°C]

1 15 200 13.3 15 35

2 15 200 13.3 15 150

3 15 200 13.3 15 250

4 15 200 13.3 15 300

2.3 Building the p-i-n junction
The p-i-n junctions were prepared as follows:

2.3.1 The deposition of p-layer.

The p-layer is deposited in this work by feeding three
gases as follows: silane gas (SiH4) diluted by hydrogen gas
(H2) and doped by diborane gas (B2H6). The deposition
process began with pressing the silane gas in the gas
line reaching the device chamber. This was followed by
pressing hydrogen gas H2, followed by the diborane gas
B2H6 to build the p-layer on the glass substrate. The
operation parameters were kept constant as follows: the
power at 10W, the electrode distance 25c¢m, the plasma
frequency 13.56MHz, the vacuum pressure 1x10-4 mbar,
the gas pressure 1mbar, the Silane flow rate SiH4 13sccm,
the hydrogen flow rate H2 200sccm, the diborane flow rate
B2H6 3scem, the deposition time 10min; and the substrate
temperature (TS) 250°C.

2.3.2 The deposition of i-layer.

The device chamber was prepared to build i-layer on
the p-layer by keeping the operation parameters constant.
The same procedures described in 2.2 were followed at this
stage, but the optimum parameters (based on the results
obtained in this work) were selected which was: silane
flow rate; 15scem (meaning dilution ratio (rH= 13.3). The
deposition time was 15min, the gas pressure was kept at

Imbar. The plasma power used was 10W and it was kept
fixed for all specimens during all the experiments.

2.3.3 The deposition of n-layer.

The n-layer is the last layer of p-i-n structure. In this
layer, three gases were fed: (silane gas SiH4) diluted by
hydrogen gas H2 and doped by Phosphine PH3. It was
built on the i-layer by keeping the operation parameters
constant as follows: the power at 10W, the electrode
distance at 25cm, the plasma frequency 13.56MHz, the
vacuum pressure 1x10-4mbar, the gas pressure Imbar,
the silan flow rate (SiH4) 13sccm, the hydrogen flow rate
(H2) 200sccm, the phosphine flow rate (PH3) Ssccm,
the deposition time 10min, and the substrate temperature
(TS) at 250°C.

The deposition time was 10min for both p and n layers
and 15min for the i-layer, the gas pressure was kept at
Imbar. The plasma power used was 15W, and it was kept
fixed for all specimens during all the experiments.

2.4 The deposition of nano-silver layer.

The PVD unit used for depositing the nano-silver layer
is a Plasma Sputtering Coater, USA MTI Company model
VTC-16-3H. One condition of the p-i-n junction with
i-layer substrate temperature of 250°C and rH of 13.3 was
selected for silver deposition. The deposition conditions
for depositing the nano-silver layer on the silicon thin
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film are as follows: vacuum pressure 43 pa, Ar flow rate
45scem, three minutes process time, 9mA current, 1500W
deposition power and substrate temperature in the range of
35-250°C. These conditions were selected by the authors
in view of the experimental work showing that they lead
to the formation of nano-size silver particles, and they
are not reported in this work, as the focus of this work is
the PECVD deposition conditions and the silver layer is
only added for following absorbance and IV efficiency
measurements. Before each deposition process the target
surface and the device chamber were cleaned by methanol
to remove any oxides.

The prepared i-layer specimens with different
conditions were characterized by Field Emission Scanning
Electron Microscopy (FESEM), Atomic Force Microscopy
(AFM) and X-ray Diffraction (XRD). After the integration
of the p-i-n junction and applying the nano-silver layer at
different substrate temperatures, the performance of the
thin-film solar cell was evaluated using current -voltage
measurements (I-V) and optical absorption.

2.5. Morphology characterization

2.5.1 Field emission scanning electron microscope
FESEM.

Field emission scanning electron microscopy (FESEM)
provides topographical and elemental information at
magnifications of 10x to 300,000x with virtually unlimited
depth of field. Compared with convention scanning
electron microscopy (SEM), field emission SEM (FESEM)
produces clearer, less electrostatically distorted images
with spatial resolution down to 1.5 nanometers, three to
six times better. In this work, QUANTA FEG 250 device
model was used. FESEM was performed on the ITO glass
substrate and selected i-layer deposited specimens resulting
from PECVD.

2.5.2 Atomic force microscope AFM.

AFM was used to study the surface roughness. AFM
study was performed on the ITO glass substrate and i-layer
deposited specimens for different conditions produced
from PECVD process. In this work, an AFM Solver
Next SPM controller NT-MDT P9 XPM Systems Digital
Control Platform is used.

2.5.3 X-Ray diffraction.

XRD was used to detect the transition from amorphous
to crystalline phases of the Si:H thin-film i-layer deposited
by PECVD technique at different dilution ratios and
at different substrate temperatures. BRUKER AXS
D8Advance, Germany production, X-Ray Diffractometer
with a copper target (Cu k o = 1.54060) and nickel filter is
used in this work. The testing conditions were as follows:
0.02 deg. step size and 0.4 sec. time per step.

2.6 Evaluation of the performance of the solar cell
2.6.1 Current -voltage measurements (I-V).
A PV system analyzer LANGLOIS model VA1011

was used in this work for current-voltage measurements.
The cell was connected to the PV system analyzer, which
is equipped with an irradiance sensor and thermometer
to detect the light intensity and the outdoor temperature
during the test. The current-voltage measurement (I-V data)
was recorded and used to determine the cell efficiency, fill
factor, open circuit voltage, short circuit current, maximum
power, maximum voltage and maximum current.

2.6.2 Optical absorption.

The optical properties of the a-Si/uc-Si thin-film cell
was studied by measuring its optical absorption using
spectrophotometer V-770 Jasco with halogen lamp
190 to 350nm, photomultiplier tube detector, in the
wavelength range 300 to 2500nm. The light incident on the
photomultiplier tube is converted into an electrical signal
and, after being subjected to synchronous rectification; it is
converted to a digital signal. The signal is processed by the
computer showing on the monitor a diagram of the relation
between absorption and the selected wavelength.

3. RESULTS AND DISCUSSION

3.1 Morphology of i-layer deposited specimens.

Fig. 2 shows the FESEM surface images of specimen
no. 4 and 6 in Table 1 (i-layers deposited on ITO glass
substrate specimens produced using PECVD process). The
resulted thickness of the thin film under these conditions
are the same value 450nm, it is measured by cross section
view method

(a)rH 13.3

(b) rH 28.6
Fig. 2: FESEM images for Si thin-film at TS 250°C

It is shown from Figs. 2a and 2b of the surface image
of the i-layer deposited on ITO glass substrate specimens
at different dilution ratios (rH) and at TS=250°C, that the
FESEM surface image of the i-layer deposited on ITO
glass substrate at (rH13.3) shows the start of the transition,
whilst at (rH28.6) complete transition from amorphous to
microcrystalline structures is achieved. Fig. 2a illustrates
that the surface is combined of microcrystalline and
amorphous phases, where the microcrystalline grains
collect together to form grains with average grain size of
390nm with rounding of the pyramidal peaks and ridges
and sharpening of the valleys. It is also shown that the
phases are not homogenously distributed on the surface.
Fig. 2b shows a completely microcrystalline phase. The
microcrystalline grains are seen as isolated roughly circular
objects. Many grains have already collided and formed an
irregularly connected network of grains of average grain
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size 395nm. The non-classical theory of crystallization
of thin films explains crystal growth by building block of
nanoparticles, rather than forming clusters from atoms,
ions or molecules®. This theory is based on the generation
of charged nanoparticles which become a dominant flux
for the growth of thin films and nanostructures?. When
these charged particles are dominant over neutral particles,
better quality thin films free from voids are obtained. The
size of these charged nanoparticles has been shown™ to
depend on flow rate of reactant gases, reactor pressure and
inert gas flow rate. The number density of these particles
increases with the reactor temperature. The formation of
nanocrystalline or microcrystalline grains embedded in an
amorphous matrix has been explained in view of the non-
classical crystallization theory to result from nanocrystals
forming in the electrically charged gas phase nuclei®.
Fig. 3 shows the AFM images of specimen no. 1, 2, 3,
4, 5 and 6 in Table 1. The scanned area was 5x5um. The
scanned operation was at contact tip mode. The values of
their surface roughness were measured directly from the
device screen as 6, 8.8, 11, 22.5,50 and 50nm, respectively.

8 e Ny !
;. ) 4 G o

(@rH5 (b)rH6.7 c) rH10 (d)fH13.3 (e)rH20 (f)rH 28.7

Fig. 3: AFM images of ITO substrate and dilution series at TS
250°C

The morphology of the i-layer surface is affected by
changing the gas dilution ratio. Fig. 3a shows the i-layer
deposited on ITO glass at rH=5, where the surface
appears to consist of smooth amorphous Si. The structure
undergoes a transition from a rather smooth amorphous
surface to amorphous structures with only a few isolated
grains, at rH values of 6.7, 10, 13.3; Fig. 3b, Fig. 3c, and
Fig. 3d; respectively. When the rH value was 20 (Fig. 3e),
the surface consisted of a rough pc—Si:H surface composed
of grains (aggregates) with a typical cauliflower structure.
At rH=20, the surface roughness value was calculated as
50nm. At higher values of rH (rH=28.7) the nucleation
density increases and much smaller grains were formed
with surface roughness value of 50nm. Roughening
transition of the interface is explained™ to result from
differences between edge energy and surface energy
induced by temperature. The roughening of the interface
causes the barrier for 2D nucleation to become zero, which
means that the interface changes from smooth to rough and
has no barrier for atomic attachment®*l. This results from
the hydrogen induced rise in the Si atom mobility which
has an inverse relationship with the nucleation density™.
For deposition of silicon films by PECVD, silane SiH4 is
used as a source of silicon and hydrogen is used to control
the decomposition of the reaction. The final density of

grains and grain size is shown** to be a result of deposition
and etching of silicon, which occur simultaneously, and
which depends on the silicon precipitated in the gas phase.
Combining the results obtained from FESEM and AFM, it
can be concluded that the surface roughness is affected by
grain size as well as crystallinity. The roughness increases
with crystallinity and decreases with grain size. This will
affect the light absorption, as light absorption is enhanced
by surface roughness*. It is worth mentioning that both
Fig. 3a and Fig. 3f show the same morphology, Fig. 3a at
rH 5 is a fully amorphous Si phase where Fig. 3fat rH 28.7
is almost fully microcrystalline Si phase. The difference
between the two conditions will be further evaluated by
X-ray diffraction.

Fig. 4 shows the FESEM surface images of specimen
no. 1 and 3 in Table 2 (i-layers deposited on ITO glass
substrate specimens produced using PECVD process). The
resulted thickness of the thin film under these conditions
are 220nm and 450nm, it is measured by cross section view
method.

(a) 35°C (b) 250°C

Fig. 4: FESEM images for Si thin film with different substrate
temperatures at tH 13.3

Fig. 4a shows the surface image of i-layer at TS 35°C.
The figure illustrates a-Si:H phase without any crystalline
Si growth. Fig. 4b describes the same deposition
conditions as Fig. 4a except that being deposited at TS
250°C. It is shown that the above mentioned conditions (in
table 2) led to an increased thin-film thickness from 220nm
to 450nm suggesting that the deposition rate increases when
TS increases. This is explained by the more physisorpted
reactive radicals that would transform to chemisorpted,
when TS increases as the condensation coefficient of the
reactive radicals would be improved. Since the deposition
rate is controlled by the condensation coefficient of the
film precursors on the growing surface®”), the promotion
of the deposition rate is associated with the increase in the
substrate temperature. Also, during the deposition, part of
the chemisorpted H atoms produced by silane dissociation
would balance the dangling bonds on the growing surface
and would hinder the adsorption of the film precursors?®.
The substrate deposition temperature was shown to have
a direct impact on the mobility of the precursors on the
surface promoting their diffusion, desorption and chemical
reactions, thus influencing the structure and content of
deposited thin film®>!,
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The microstructural features depicted in Fig. 4
illustrates rounding of the pyramidal peaks and ridges
and a sharpening of the valleys with average grain size
of 350 nm. The surface is combined of microcrystalline
Si grains growing among amorphous Si tissues; where
the microcrystalline grains begin to collect together. The
a-Si:H/u-Si:H mixed phase film results from the increase
in TS and the crystalline volume fraction increases
accordingly. The results can be explained in view of the
self-diffusion activity of Si atoms and the deposition
rate®”. The nucleation density increases when the
conditions are shifted to the u-Si:H growth. The reason for
the appearance of isolated pc—Si:H grains on the surface of
the samples with TS 250°C is attributed to higher thickness
of the deposited films!32,

Fig. 5 shows the AFM images of specimen no. 1, 2,
3 and 4 in Table 2. The scanned area was 5x5um. The
scanned operation was at contact tip mode. The values of
their surface roughness are calculated as 8.9, 32.8,22.5 and
17.2nm, respectively.

(a) 35°C (b) 150°C (¢) 250°C (d) 300°C

Fig. 5: Surface topography of the samples of the substrate
temperature series by AFM microscope at rH 13.3

Fig. 5a shows that at dilution ratio (rH13.3) and TS
35°C, the study obtained fully a—Si:H sample with a higher
band gap! which hinders the absorption of the incident
sun light, since if the photon energy is lower than the band
gap energy it cannot be absorbed. If the photon energy
is higher than band gap energy it will be reduced to the
band gap energy by thermalization of the photogenerated
carriers®. By increasing TS to 150°C (Fig. 5b),
the crystalline volume fraction (crystallinity) would
increase due to the enhanced self-diffusion of Si leading
to increasing the surface roughness values. However,
when the substrate temperature is further increased
(TS >250°C) (Fig. 5c, Fig. 5d)) though several grain
clusters are seen to cover the growth surface, it seems that
many of them had insufficient time to grow to crystals,
which resulted reduced crystallinity and led to mixed
amorphous and microcrystalline structure. The effect
of increased deposition temperatures of the substrate on
the decrease of the crystalline orientation degree led to
a decrease in the surface roughness values. It has been
reported that the defect density decreases with increasing
the substrate temperature®+3),

In this work, the transition between a-Si:H to pc-
Si:H by using PECVD and different gas dilution ratios
and different substrate temperatures was achieved at rH

13.3 and 250°C. Previous trials by Xiaonan Wang et al**
included depositing a-Si thin films on glass substrates by
PECVD process, and annealing in high-purity argon gas
(99.999%) for 2 h at various temperatures of 400 °C, 500 °C,
600 °C, 650 °C, 700 °C to achieve the transition between
a-Si:H to pe-Si:H at 650 °C annealing temperature®®!,
Whereas, Jong-Bae Park et al* used plasma electron
annealing process for achieving the recrystallization of
a-Si thin films. The process was conducted in a vacuum
chamber having a base pressure of 2.6 x 10—4 Pa and
filled with helium to a working pressure of 0.67 Pa, with
Radio frequency (RF) power of 200W at 12.56 MHz. The
annealing temperatures were 536°C, 718°C and 863°C
for 60 sec, decreased gradually to 100°C for 160 sec. They
achieved recrystallization where the amorphous Si films
were almost completely changed to polycrystalline Si films
without damaging the surface?l.

3.2 X-Ray diffraction of the i-layer deposited
specimens.

In this section, the effect of the gas dilution ratio of
PECVD process on the crystallinity of Si:H thin-film is
discussed in view of X-Ray Diffraction. Fig. 6 shows the
XRD patterns of all the produced specimens described in
Table 1, from which it is shown that the resulting phase is
polycrystalline silicon. Fig. 6 illustrates that the maximum
intensity appears for the saline dilution ratio (rH= 28.6),
and the minimum intensity appears for the saline dilution
ratio (rtH = 5). It is also shown that a slight peak appeared
at the diffraction angle 20 = 28° for dilution ratio 13.3 at
(111) crystallographic Si plane, which indicates a clear
transition to the crystalline structure c-Si:H4. These results
comply with the FESEM and AFM results reported earlier
in Fig. 3 and Fig. 4. The samples with rH >20 indicate
some degree of crystallinity with a slightly preferential
peak of the (111) crystallographic Si plane and much
weaker response for (220) and (311) Si planes. The XRD
patterns of the samples with rH=28.6 show larger peaks at
(111), (220) and (311) compared with the peaks at rH 20.
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Fig. 6: XRD patterns of the samples of the dilution series at TS
250°C
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The results of the XRD patterns of the samples of
the dilution series show that the increase in the hydrogen
dilution ratio (in the plasma during the film deposition
process) increases the sharpness of the (111) plane
which indicates the presence of crystalline structure and
substantial preference of nucleation of (111) grains over
(220) at rH = 2021, Tt has been reported that increasing
the hydrogen dilution ratio further decreases the (111) and
(220) nucleation density. This results from the hydrogen
induced rise in the Si atom mobility, which has an inverse
relationship with the nucleation density???.

Accordingly, it can be stated that an XRD peak appears
at (111) Si crystallographic plane near the a-Si:H to pc-
Si:H transition region at (rH = 13.3), which subsequently
increases with increasing hydrogen dilution ratio. Excess
atomic hydrogen flux onto the film surface compared with
silane flow rate increased the mobility of the precursors,
which reduced the nucleation density. However, the
reduction of the (220) nucleation density was offset by
the high density of SiH3 precursors produced during
the Plasma running. This implied that the crystallinity
increased at rH >13.3.

The slight appearance of crystallinity, at hydrogen
dilution ratios of 13.3, results from the depletion of SiH4
molecules in the plasma. This occurs due to the low silane
flow rate (15sccm). Thus, the reactive species forming
within the plasma could not react with other SiH4 molecules
or radicals. As a result, during the deposition process,
these reactive species were automatically incorporated in
the film. Additionally, the higher atomic hydrogen flux
density on the film surface not only etched the film but also
reacted with the surface atoms. This increased the number
or density of vacant sites that were included in the resultant
film due to the lack of SiH3 precursors available to take
up these sites. The aforementioned phenomena led to an
increase in the crystallinity of the filmB¢ 37,
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Fig. 7: XRD patterns of the samples of the substrate temperature
series at tH 13.3

Fig. 7 shows the XRD patterns of all the produced
specimens described in Table 2. The figure indicates that
at TS 35°C the deposited i-layer is pure amorphous SiH4
whereas no peaks appear in the graph. With increasing the
TS to 150°C the presence of (111) crystallographic plane of
the Si grains is confirmed. When the substrate temperature
is increased to 250°C and 300°C, the presence of (111)
crystallographic Si planes diminishes. This is interpreted
by the effect of deposition temperature on the diffusion
of the deposited atoms. When the substrate temperature
increases, both the self-diffusion activity of Si atoms and
the deposition rate increase.

By correlating the data resulting from FESEM, it is
shown that the film thickness increases from 220nm to
450nm with TS increasing from 35°C to 250°C. Conditions
enhancing self-diffusion lead to the improvement of the
crystallinity. Higher self-diffusion activity of Si atoms
are achieved with increasing substrate temperature
(TS < 150°C) compared to sufficiently low substrate
temperatures. The transformation to crystalline grains
occurs due to the enhanced self-diffusion of Si. However,
when TS increases to 250°C, the increased presence of
clusters covering the growth surface, results insufficient
crystallization time to grow the crystal nuclei, leaving the
amorphous structures to exist, resulting decrease of the
crystallinity. As TS increases to 250°C, the activity of
the atoms would be increased significantly. The transition
from amorphous phase to crystalline phase occurs
(at TS =250°C), as the unstable atoms have enough energy
to move to lower energy positions. At TS < 250°C a
number of strained and broken bonds in amorphous silicon
lead to low surface mobility of the reactive radicals at the
growth surface. While at substrate temperature > 250°C
loss of hydrogen perfusion in the deposited film leads to
increase in the defect density. In this work, the transition
between a-Si:H to pc-Si:H by using PECVD and different
substrate temperatures was achieved at TS 250°C. Similar
findings were reported beforel**-4!,

Based on this part of the work, the p-i-n junction with
i-layer substrate temperature of 250°C and rH 13.3 was
selected for further silver deposition, as the aim of this
work is to study the mixed amorphous- microcrystalline
structures.

3.3 Current-Voltage measurements (I-V)

This section describes the performance of the p-i-n
junction deposited by PECVD process with the nano-silver
layer. The specimen no. 3 in Table 2 was selected for further
silver deposition by PVD process. PVD parameters were
deposition time 3 minutes, 9mA current, 1500Wdeposition
power, at 200 and 250°C substrate temperatures.

Figs. 8 and 9 show the current-voltage relation of pc-
Si:H solar cell under the previous conditions, the open
circuit voltage records 0.47V, short circuit current 10 mA,
maximum power 2.4 mW, the fill factor of 48.4% with
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efficiency 5.89% was obtained at substrate temperature
250°C. The open circuit voltage records 0.47V, short circuit
current 10 mA, maximum power 2.4 mW, the fill factor
of 48.4% with efficiency 5.98% was obtained at substrate
temperature 200°C. S. Steffensa®? have attributed the role
of temperature to the enhanced current collection attributed
to the abrasion etch light trapping structures scattering the
incoming photons, hence lengthening their path way in
the photovoltaic material and increasing the probability of
absorption.
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Fig. 8: I-V Characteristics of pc-Si:H solar cell with nano-silver
film by PVD process at 250°C
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Fig. 9: I-V Characteristics of pc-Si:H solar cell with nano-silver
film by PVD process at 200°C

3.4 Optical absorption

Fig. 10 shows the absorption (with wavelengths
varying from 300nm to 2500nm) of the pc-Si:H solar cell
deposited by PECVD process with a nano-silver layer by
PVD at the same deposition conditions at sec. 3.3, with
substrate temperature 250°C. The maximum absorbance
percentage recorded was 70% with wavelengths 300nm
(near ultraviolet), then suddenly dropped to about 17%
with wavelength 500nm (violet), and the drop continued
to drop to 7% at wavelength 900nm (near infrared). This is
related to the surface plasmon resonance SPR property of
spherical silver nanoparticles (the conduction electrons on
the nano-silver surface undergo collective oscillation when
excited by light at these wavelengths).
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Fig.10: Absorbance of pic-Si:H solar cell with a nano-silver layer
by PVD process at substrate temperature 250°C

Peak wavelength can be tuned from 400 nm (violet
light) to 530 nm (green light) by changing the particle
size and the local refractive index near the particle
surface®®). Similar findings were reported beforel* 44,
where the maximum absorbance was 65% reported at
300nm wavelength. The nano-silver layer is shown to
act as a good absorption and light trapping of sun light.
In combination with the light trapping effect of the nano-
silver layer in a medium of silicon with a high index of
refraction, it increases the current generated in thin-film
silicon solar cells?s!.

3.5 Effect of silver deposition substrate temperature

Fig. 11 shows the absorption (with wavelengths varying
from 300nm to 2500nm) of the p-i-n junction deposited
by PECVD process, with the nano-silver layer deposited
by PVD process at different substrate temperatures. The
deposition conditions are given in Table 3.

Table 3: The deposition parameters of nano silver by PVD

Deposition ~ Substrate Size of nano

Time Current silver particles,
. power temperature
min mA att oC nm, measured
W by FESEM
3 9 1500 30 50
3 9 1500 100 55
3 9 1500 150 55
3 9 1500 200 66
3 9 1500 250 79

=== nano Ag at TS 30°C

»— nano Agat TS 100°C

nano Ag atTS 150°C

Absorbance %
B
o

=@ nano Ag at TS 200°C
20
=== nano Ag at TS 250°C

200 300 400 500 600 700 800
Wavelength nm

Fig. 11: Absorbance of pc-Si:H solar cell with a nano-silver
layer by PVD process deposited at 30, 100, 150, 200, and 250°C
substrate temperatures TS
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The absorbance percentage values ranged from 50 to
70% with wavelengths varying from 300nm to 350nm
(near ultraviolet), then suddenly dropped to about 20%
with wavelength 400nm (violet), and the drop continued to
7% at wavelength 900nm (near infrared). This is related to
the surface plasmon resonance SPR property of spherical
silver nanoparticles (the conduction electrons on the nano-
silver surface undergo collective oscillation when excited
by light at these wavelengths). Peak wavelength can be
tuned from 400 nm (violet light) to 530 nm (green light)
by changing the particle size and the local refractive index
near the particle surface [34].

In this work, light trapping was achieved by applying
a nano-silver layer over the mixed phase a-Si:H/pc-Si:H
solar cell using PVD with different substrate temperatures.

The maximum absorbance of 74% was obtained for the Si
thin-film solar cell with nano-silver layer deposited by PVD
process at substrate temperature 200°C, with 88nm surface
roughness, at 300nm wavelength (ultraviolet and near
visible region), and dropped suddenly to 17% at 500nm
wavelength (visible and near infrared region). Similar
findings were reported before [43, 44], where the maximum
absorbance was 65% reported at 300nm wavelength. The
nano-silver layer is shown to act as a good absorption
and light trapping of sun light. In combination with the
light trapping effect of the nano-silver layer in a medium
of silicon with a high index of refraction, it increases the
current generated in thin-film silicon solar cells [34].

The comparison between our results and the survey results
are summarized in Table 4.

Table 4: Comparison between previous results and results obtained in this work

The previous research results

Our research results

1- Xiaonan Wang et al 20161% deposited a-Si thin films on glass
substrates by PECVD process, and annealing in high-purity argon gas
(99.999%)) for 2 h at various temperatures of 400 °C, 500 °C, 600 °C,
650 °C, 700 °C to achieve the transition between a-Si:H to pc-Si:H at
650 °C annealing temperaturel?.

2- Jong-Bae Park et a/ 20172% used plasma electron annealing process
for achieving the recrystallization of a-Si thin films. The process was
conducted in a vacuum chamber having a base pressure of 2.6 x 10—4
Pa, and filled with helium to a working pressure of 0.67 Pa, with
Radio frequency (RF) power of 200W at 12.56 MHz. The annealing
temperatures were 536°C, 718°C and 863°C for 60 sec, decreased
gradually to 100°C for 160 secl!.

S. Steffensa et al 20134 deposited p-i-n structure using different
deposition processes. They found that rapid thermal annealing
of 1050°C Plasma Enhanced CVD on rough substrates resulted
the maximum efficiency of 6.7%, Electron Beam Evaporation on
smooth substrates resulted 5.29%, Plasma Enhanced CVD on smooth
substrates resulted 5.05% and laser annealed at 430°C PECVD
sample on a smooth glass substrate resulted 5.14%.

Y. Battie 2011 and N. Ahmad 2012 [44] achieved 65% maximum
absorbance.

We deposited an intrinsic layer (Si:H) on Indium Tin Oxide ITO
glass by PECVD technique with the substrate temperature varied
in series; 35, 150, 250 and 300°C, and with dilution ratios (rH)
5, 6.7, 10, 13.3, 20, 28.7). The transition from amorphous to
microcrystalline phase was achieved at TS 250°C and dilution ratio
(rH) 13.3.

For condition number 3 in Table 2, after depositing nano-silver
layer at 200°C and 250°C, the efficiencies were 5.98% and 5.89%,
respectively.

For condition number 3 in Table 2, after depositing nano-silver
layer at 200°C, the maximum absorbance achieved is 70%.

4. CONCLUSIONS

Based on this work, it was proved that amorphous to
microcrystalline Si transition is achieved at rH 13.3 and
substrate temperature 250°C. The efficiency achieved
for these conditions was 5.89% verified for mixed phase
a-Si:H/uSi:H solar cell with Ag thin film deposited by
PVD process at temperature 250°C. The optical absorbance
achieved was 70% for mixed phase a-Si:H/uSi:H solar cell
with Ag thin film deposited by PVD process at temperature

250°C, at 300nm wavelength and dropped to 17% at higher
wavelength above 500nm.

It is also proven that the substrate temperature of the
silver deposition affects the structure and morphology of
the silver layer. The maximum efficiency achieved in this
work of 5.98% was verified for a mixed phase a-Si:H/
uSi:H solar cell with nano-Ag layer deposited by PVD
process at substrate temperature 200°C. The maximum
absorbance achieved in this work of 74% was obtained for
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mixed phase a-Si:H/uSi:H solar cell with nano-Ag layer
by PVD process at substrate temperature 200°C, at 300nm
wavelength (ultraviolet and near visible region), and
dropped suddenly to 17% at S00nm wavelength (visible
and near infrared region).
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