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Abstract—To optimize the electrical performance of silicon
heterojunction solar cell devices, the electronic properties and
microstructure of n-type nc-Si:H were characterized and
analyzed. It was found that higher conductivity and crystalline
volume fraction (Fc) of nc-Si:H can be obtained at lower silane gas
fraction (fsina), lower power and higher phosphorous gas fraction
(frrs). In our case, there is a decline of the passivation for the
devices with nc-Si:H after sputtering process. By increasing the
phosphine flow fraction, the sputter damage can be reduced and
3%ans gain of FF as well as 0.7%abs gain of efficiency is reached
compared with reference. The best solar cell exhibits the Vo of
733.3 mV, FF of 79.7%, Jsc of 39.00 mA/cm? and y of 22.79% at
the M2 size wafer.
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I. INTRODUCTION

Recently, a certified efficiency (3) of 25.1% was
demonstrated for a both sides contacted amorphous
silicon/crystalline silicon heterojunction (SHJ) solar cell [1].
However, due to the parasitic absorption in the amorphous
silicon (a-Si:H) layers, the SHJ solar cells suffer from lower
short-circuit current density (Jsc) compared to the conventional
diffused homojunction solar cell [2]. In this paper, hydrogenated
nanocrystalline silicon (nc-Si:H), a well-recognized material as
an alternative window layer to a-Si:H in SHJ solar cells [3-5],
was optimized by tuning the process parameters with respect to
more conductive layers and high efficiency of devices. To
further minimize the parasitic absorption in nc-Si:H and
improve the throughput, ultra-thin (5nm) nc-Si:H (n) was used
as window layers for the SHJ solar cells in this work.

Il. EXPERIMENTAL

The n-type nc-Si:H films in this work were prepared in a
plasma enhanced chemical vapor deposition (PECVD) system
and the precursor gases are SiHs, H, and PH3 (=1% diluted in
Hy). The samples were deposited at a plasma excitation
frequency of 13.56 MHz and a substrate temperature of 200°C.
To achieve a high electronic performance, various process
parameters like deposition pressure, plasma excitation power
and the gas composition were varied. The gas composition is
described by the gas fractions for the different gases and defined
by  feus = [PH3]/([PH3] + [SiH,]) and  fsinge = [SiH,]/
([H,] + [SiH,4]), where the [Hz], [PHs] and [SiH4] are the gas
mass flow rate of Hy, PH3 and SiHa, respectively. The nc-Si:H

films with a thickness of ~35 nm was deposited on Corning 2000
glass, on which 6 nm intrinsic a-Si:H(i) was pre-deposited to
ensure similar growth conditions as in the solar cell. A
UV-Raman scattering spectroscopy were performed to
determine the fraction of crystallites (F¢) of nc-Si:H films [6].
The lateral dark conductivity (o) of the films was measured by
way of two coplanar silver electrodes at room temperature. The
textured n-type Czochralski silicon wafers with thickness of
165 pm, resistivity of 1~2 Qcm and size of M2 (244cm?) were
used for device fabrication. Ozone cleaning procedure and
dipping in 1% hydrofluoric (HF) acid were carried out for the
wafers, followed by the PECVD depositions of front and rear
side silicon stacks. Afterwards, 70 nm indium tin oxide (ITO)
layers were prepared on each side of the wafer at a substrate
temperature of 200°C by direct current magnetron sputtering.
Subsequently, the Ag fingers were printed on both sides of the
solar cells by screen printer, followed by a 40-minute annealing
treatment at 190°C. The cross-section structure of the rear-
junction solar cells is displayed in Fig.1.
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Fig.1: The cross-section structure of the rear-junction solar cells with n-type
nc-Si:H thin films.

I11. RESULT AND DISCUSSION

A. Material properties

The effects of the deposition parameters on the conductivity
(o) of the nc-Si:H (n) layers are shown in Fig. 2 (a). The dashed
line serves as a guide for the eyes. The conductivity increases
slightly as reducing the silane gas (fsina) fraction from 0.75% to
0.5%. Decreasing the power from 200W to 100W leads to a
significant increase of o by one order of magnitude, from 1.9
S/em to 22.5 S/cm. Slightly higher conductivity of nc-Si:H, 27
S/cm, was obtained at 4% of fprs compared with the one at 2%.
A reduction of the conductivity can be observed as increasing
the deposition pressure from 2.5mbar to 4.5mbar. The nc-Si:H
consists of nanocrystalline silicon phases embedded in an
amorphous silicon (a-Si:H) matrix [3]. The crystalline phase is



assumed as the percolation paths for the charge carriers transport
due to higher effective carrier mobility and doping efficiency
than amorphous phase [7, 8]. The crystalline volume fraction
was extracted from the UV-Raman spectrum and shown in Fig.2
(b). Increase of the F. can be found when reducing the fsins and
plasma generator power, contributed to the increase of the
conductivity. Although increasing fpHz from 2% to 4% results in
the decrease of F, a slight increase of ¢ can be found in
Fig.2 (a), which is due to the higher doping level of the films
prepared at higher fps.
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Fig. 2: (a) The dark conductivity and (b) the crystalline volume fraction (F)
of the nc-Si:H layers prepared under various conditions.

B. Cell performance

Figure 3 shows the IV parameters of rear-junction SHJ solar
cells with 5nm n-type nc-Si:H layer deposited under various
process conditions, which are same as the material development.
To make the description easier, we divided the samples into 4
groups and named them as S1, S2, S3 and S4, process details of
which can be found in Fig. 3 and Fig. 4. The samples S1, with
nc-Si:H prepared at fsina of 0.75%, power of 200W and fpus of
2% are the reference samples.
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Fig. 3: (a) The open-circuit voltage (Voc), (b) short-circuit current density
(Jse), (c) fill factor (FF) and (d) power conversion efficiency (n) of the solar
cells with n-type nc-Si:H layer prepared at different deposition conditions.
The plots summarize the statistic of more than 4 cells per group and the line
is the median position.

As decreasing the silane gas fraction from 0.75% to 0.5% or
setting the plasma generator power at lower value, a drop of Vo
and J as well as the pseudo FF can be observed in Fig. 3, which
could be due to the passivation issues caused by the deposition
processes of nc-Si:H or ITO layers. Nevertheless, there is about

2.5%qps gain of FF for S2 and S3 compared with S1. It could be
explained by the increase of the dark conductive and crystalline
volume fraction for nc-Si:H films prepared at lower silane flow
fraction or plasma generator power. Integrating the nc-Si:H
films with higher doping concentration (fpH3=4%) in S4, a
recovery of the Vo and Jsc and slight increase of FF can be found
comparing with S3. It could be due to the improvement of the
carrier collection in the devices. Comparing with the reference,
the Vo of S4 is slightly lower, but about 3%aps gain of FF is
achieved for S4, contributed to the efficiency improvement of
0.7%aps. The best solar cell exhibits the Vo of 733.3 mV, FF of
79.7%, Jsc 0f 39.00 mA/cm? and # of 22.79%.
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Fig. 4: The FF, implied-FF before (iFF) and after ITO deposition (iFF iro)
and pseudo-FF (pFF) of the solar cells prepared at different deposition
parameters. The implied-FF was evaluated by the Quasi-steady-state photo-
conductance (QSSPC) lifetime measurement and pseudo-FF was extracted
from the I~V curves. The plots summarize the statistic of more than 4 cells
per group and the line is the median position.

Fig. 4 shows the FF, implied-FF before (iFF) and after ITO
deposition (iFF jr0) and pseudo-FF (pFF) of the solar cells
prepared at deposition parameters S1 to S4. The iFF was
evaluated by the Quasi-steady-state photo-conductance
(QSSPC) lifetime measurement and pFF was extracted from the
lsc-Voe curves. The iFF of S2, measured after the PECVD
depositions, are lower than those of the other samples, which
could be due to the enhanced hydrogen plasma etching damage
on the passivating layers when the silane gas fraction is low
[9,10]. By reducing the power of plasma generator, the iFF gets
higher, indicating the improvement of the passivation.
Compared with S3, higher iFF is achieved for the S4, which
could be because of the enhanced field-effect passivation in S4,
attributed to the increase of phosphorous doping concentration.
For the S2, S3 and S4, there is a huge gap between the iFF and
iFF iro, which demonstrates the serious passivation degradation
after the ITO sputtering process, owing to the ion bombardment
or light-induced degradation by the Staebler—Wronski effect in
a-Si:H [11]. The pFF of solar cells show a similar trend as the
iFF with varying the deposition parameters. From S1 to S4, the
gap between pFF and FF has significantly reduced which means
a lower series resistance loss has been achieved after optimizing
deposition parameter. This could attribute to the decreased
contact resistance between nc-Si:H and ITO which also needs
further investigation.



IV. CONCLUSION

In this work, the material properties of n-type nc-Si:H films
were investigated by adjusting the process parameters like
power and the gas fraction. Higher conductivity is achieved at
lower silane gas fraction, lower power and higher phosphorous
gas fraction. Different lifetime degradation after ITO sputtering
process was observed for the devices with ultra-thin nc-Si:H (n)
layers deposited at various conditions, which could be attributed
to the ion bombardment or the ultra-violet radiations during the
ITO deposition process. By increasing the phosphine gas
fraction a reduction of the sputtering damage was observed, the
principle behind which need to be further investigated.
Comparing with the reference, there is about 3%aps gain of FF
for the devices with more conductive nc-Si:H (n) layer,
contributed to the efficiency improvement of 0.7%ass. The best
solar cell exhibits the Vo of 733.3 mV, FF of 79.7%, Js. of
39.00 mA/cm? and # of 22.79% at the M2 size wafer.
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