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This paper describes a method for fabricating silicon heterojunction thin film solar cells with an ITO/p-type a-Si : H/n-type c-
Si structure by radiofrequency magnetron sputtering. A short-circuit current density and efficiency of 28.80mA/cm2 and 8.67%
were achieved. Novel nanopatterned silicon wafers for use in cells are presented. Improved heterojunction cells are formed on a
nanopatterned silicon substrate that is prepared with a self-assembled monolayer of SiO

2
nanospheres with a diameter of 550 nm

used as an etching mask. The efficiency of the nanopattern silicon substrate heterojunction cells was 31.49% greater than that of
heterojunction cells on a flat silicon wafer.

1. Introduction

More energy is consumed as technology advances.Therefore,
the discovery and development of new energy sources have
become global issues. In response to global environmental
problems, many countries have begun research into green
power, including tidal power, wind power, geothermal power,
and solar power. Solar energy provides a promising means of
satisfying the growing demand for energy, and the develop-
ment of lower cost and higher efficiency solar cells is being
pursued. Silicon-based solar cells account for the largest
single share of the photovoltaic market.

Nontandem amorphous silicon (a-Si) thin film solar cells
and conventional diffusedmonocrystalline silicon (c-Si) solar
cells are compared herein. The a-Si devices have a higher
open-circuit voltage (𝑉oc) and higher energy band gap. How-
ever, the conversion efficiency of a-Si devices is lower than
that of c-Si devices, because a-Si devices have a narrow range
of absorption wavelengths and suffer from photodegradation
[1]. In 1992, Sanyo developed a new a-Si/c-Si heterojunction
solar cell structure, called HIT (heterojunction with intrinsic
thin film), using plasma-enhanced chemical vapor deposition
(PECVD) [2]. This structure was newly developed for Si-
based solar cells. HIT solar cells have the following three

advantages [3, 4]: (1) high-quality a-Si films that exhibit
excellent surface passivation and favorable p-n junction
properties, (2) a low processing temperature, and (3) better
thermal stability and higher 𝑉oc than conventional c-Si solar
cells [5]. Most corporations and research institutes use chem-
ical vapor deposition (CVD) methods to prepare a-Si thin
films [6–8]. This method has several advantages, including
favorable step coverage, the formation of a film of high
density owing to the few pinholes and voids formed, and a
high deposition rate, but it also has some shortcomings, such
as expensive equipment costs, contamination of chemical
particles, and the use of extremely toxic gases such as SiH

4
,

B
2
H
6
, and PH

3
in the CVD deposition process, which may

result in problems of industrial safety and environmental
pollution. In contrast, the physical vapor deposition (PVD)
method has many advantages, such as nontoxicity, better
process control, and lower cost. Therefore, the PVD method
was used herein to investigate Si-based heterojunction thin
film solar cells.

Sputtering high quality doped/un-doped a-Si films is
difficult. The difficulties are that (1) ion bombardment is
likely to form an unwanted microstructure in the thin films,
reducing their quality, and (2) the PVD processes have

Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2014, Article ID 707543, 10 pages
http://dx.doi.org/10.1155/2014/707543



2 International Journal of Photoenergy

a low doping efficiency, so the number of doping atoms in
the sputtering deposition processes should be increased to
achieve the same degree of doping as in doped a-Si films
that are formed by CVD. Therefore, some research is being
performed under way to improve the quality of doped a-Si
thin films that are formed by sputtering. In 2001, Ohmura
et al. sputtered p-type a-Si films with extra boron grains on
a silicon wafer to obtain more dopant boron atoms [9]. In
2002, De Lima et al. deposited p-type a-Si films with extra
boron grains by sputtering a Si target; the sputtering increased
the number of boron dopant atoms in the p-type a-Si films,
yielding the same conductivity as that of a-Si films that are
formed by CVD [10].

The reflectance of polished silicon wafers is about 36% at
visible wavelengths. Therefore, a simple and powerful way to
improve the efficiency of solar cells that are made by sputter-
ing is to increase the number of absorbed photons to increase
the photocurrent. Many methods can effectively reduce the
Fresnel reflection of silicon-based optical components, such
as the application of antireflection coatings (ARCs) [11, 12]
and roughening of the surface. A single-layered antireflection
thin film can only reflect particular wavelengths, whereas
a multilayer coating is more effective for reflecting a broad
range of wavelengths. Unfortunately, ARCs are made from
limited materials and they suffer from such shortcomings as
thermal mismatch, which is caused by lamination, and the
need for expensive and complicated equipment to fabricate
them.

Surface roughening is used in various applications, for
example, LEDs [13, 14], MENS devices, and solar cells
[15–19]. As more advanced fabrication methods have been
developed, periodic antireflection structures have attracted
increasing interest. Moth-eye antireflection structures are
the most well-known [20, 21]. Periodic structures can gen-
erally be divided into microstructures and nanostructures
based on their critical dimension. Various techniques can
be used to fabricate and pattern a nanostructure substrate,
including E-beam lithography, nanoimprint lithography [22,
23], holographic lithography [24], nanosphere lithography
[25–28], and chemical wet etching [29–31]. In the present
authors’ previous study, a nanoscale patterned sapphire sub-
strate was used to improve the light extraction efficiency
of LEDs [32]. The same approach can be used to develop
silicon-based devices such as solar cells and optical sensors.
Therefore, nanoscale structures can be simply and effec-
tively used to reduce Fresnel reflection from the silicon
surface.

In this work, a uniform and periodic nanopattern silicon
substrate (NPSiS) was fabricated by the self-assembly of a
monolayer array of nanospheres, which was followed by
inductively coupled plasma (ICP) dry etching to translate a
2D periodic pattern on the silicon wafer. The ICP etching
time was tuned to fabricate NPSiS structures of four depths.
Then, these variously textured wafers were used on Si-
based heterojunction thin-film (HJT) solar cells, which were
fabricated using a radiofrequency (RF)magnetron sputtering
cluster system. The consequent improvement in NPSiS HJT
solar cells was investigated.

2. Experimental

2.1. Reflectance Spectra Simulation. To obtain NPSiS with
excellent antireflection properties, the size of the textured
structure must be within the subwavelength range. Well-
designed periodic nanostructures exhibit a gradually chang-
ing refractive index, which can be used to maximize the
omnidirectional antireflection character of NPSiS over a wide
range of wavelengths. In this work, NPSiS structures were
simulated and the three-dimensional (3D) finite-difference
time-domain (FDTD) method (Lumerical Solutions, Inc.)
was used to optimize their period and geometry. The size of
the nanostructures for use in silicon solar cells must be less
than 850 nm. Based on the results of anNPSiS simulation, the
period of the nanostructures was designed to be 550 nm with
periodic boundaries. With the NPSiS period set, other NPSiS
structural parameters—topwidth (TW), bottomwidth (BW),
and etching depth (D)—were simulated. Plane waves with
wavelengths of 350 nm to 950 nm were normally incident on
the structures.

2.2. Patterning SiliconWafer. Highly uniform subwavelength
SiO
2
nanospheres were prepared using the modified Stober

process and an alcohol-rich phase. Purified water, ammo-
nium hydroxide, and pure alcohol were added to a sealed
bottle that was purged with nitrogen. The contents were
stirred to ensure that they were thoroughly mixed. Tetraethyl
orthosilicate (TEOS) was then added to the system. After
two hours of stirring, the latex was centrifuged to collect the
550 nm SiO

2
nanospheres, which were washed three times

with pure alcohol to remove any remaining impurities.
Figure 1 shows the flow chart of the preparation of

NPSiS. First, the silicon wafer was immersed in latex that
comprised SiO

2
nanospheres with a diameter of 550 nm.

Next, a monolayer of nanospheres was arrayed on the surface
of the silicon by the dip-coatingmethod.The silicon substrate
was a CZ n-type c-Si (100) wafer with a base resistivity of 1–
10Ω⋅cm, and its thickness was about 325 𝜇m. After the SiO

2

nanospheres were arrayed on the wafer, they were used as
the etching mask in the ICP process in which the NPSiS was
fabricated. The ICP process involved the well-mixed gases
BCl
3
, Cl
2
, and Ar with a reactor pressure of 7.5 mTorr, a top

electrode RF power of 300W, a bottom electrode RF power
of 116W, and a bias voltage of 210V.

2.3. Deposition of Thin Films. The first step in the fabrication
of the p-type a-Si : H thin films and the deposition of the
transparent conductive oxide (TCO) layer was RCA cleaning.
The native oxide layer on the surface of the Si wafer was
removed using diluted HF (2%) solution for 120 s before
the p-type a-Si : H thin film was deposited. The p-type a-
Si : H thin films and TCO layer were deposited using a
radiofrequency (RF, 13.56MHz) magnetron sputtering clus-
ter system. In the deposition of the p-type a-Si : H thin films,
the sputtering target was a p-type Si disc with a diameter of
3, and some boron (B) grains were placed on the p-type Si
target to increase the doping; the area of boronwas about 30%
of the area of the plasma ring of the target.
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Figure 1: Flow chart of preparation of NPSiS HJT solar cells; (a) coating monolayer of SiO
2
nanospheres on CZ n-type c-Si substrate; (b)

using SiO
2
nanospheres as etching mask in ICP process to fabricate NPSiS; (c) depositing the p-type a-Si : H thin films and TCO thin films

by RF magnetron sputtering.
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Figure 2: Using 3D-FDTD method to simulate reflectance spectra
of periodic 550 nm NPSiS.

The p-type a-Si : H films were deposited at an RF power
of 100W under argon and hydrogen as working gases with a
PH2/PAr partial pressure ratio set to three.The temperature of
the chamber was 300 degrees Celsius. The base pressure and
working pressure of the chamber were less than 5.0×10−6 torr
and 2.1 × 10−3 torr, respectively. The thickness of the p-type
a-Si : H thin film was 10 nm. Following the deposition of the

p-type a-Si : H thin films, the samples were moved to another
chamber to deposit the TCO layer. During transportation,
each sample was kept in a vacuum to prevent oxidation,
which could have increased the number of defects in the
silicon thin film. Indium tin oxide (ITO) films were used as
the TCO layer. Two ITO layers were deposited on the p-type
a-Si : H films; the first layer was an ITO :O

2
film that raised

the work function to increase the 𝑉oc of the silicon HJT solar
cells. The thickness of the ITO :O

2
film that was deposited

at an RF power of 100W and a chamber temperature of 300
degrees Celsius was 20 nm. The working gases were argon,
which flowed at 10 standard cubic centimeters per minute
(SCCM), and oxygen, which flowed at 0.9 SCCM. Following
the deposition of the ITO :O

2
film, the 80 nm thick ITO film

without oxygen gas was deposited on the ITO :O
2
film. The

two layers of ITO film increased the 𝑉oc of the HJT cells and
maintained favorable conductivity of the TCO layer [33, 34].

The last step of the fabrication of silicon HJT solar cells
is coating both of the front (with a finger separation of
1.9mm and a width 100 𝜇m) and rear metal electrodes with
titanium (Ti) to a thickness of 20 nm and then aluminum
(Al) to a thickness of 1∼1.2 𝜇musing an e-gun evaporator.The
performance of the solar cell thus formed was determined by
making I-V measurements in the dark and under illumina-
tion (AM 1.5G condition, 100mW/cm2).

3. Results and Discussion

3D-FDTD calculations were performed to simulate the opti-
cal behavior of the NPSiS wafer [35, 36]. Figure 2 shows
the reflectance spectra of the flat silicon wafer and four
NPSiS wafer.The curve through the black symbols represents
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Figure 3: (a) Photograph of 4 bulk silicon wafer (top) and a monolayer array of 550 nm nanospheres that were deposited on a 4 inch silicon
wafer (bottom). (b) Close view of a monolayer nanosphere on Si wafer; ((c)–(f)) NPSiS with different dry etching times: (c) NPSiS-1, 80 s
(depth: 180 nm), (d) NPSiS-2, 150 s (depth: 270 nm), (e) NPSiS-3, 230 s (depth: 370 nm), and (f) NPSiS-4, 450 s (depth: 550 nm).

the simulated reflectance of the flat silicon wafer; the average
reflectance at wavelengths from 350 nm to 950 nm is about
41%. The curves through the red, blue, pink, and green
symbols plot the simulated reflectances of NPSiS-1, NPSiS-2,
NPSiS-3, and NPSiS-4, which have average values of 28.42%,
26.99%, 16.41%, and 7.59%, respectively.TheNPSiS-4 exhibits
the best reduction of reflectance by the multireflection of the
normally incident light.

The reflectance spectra that were obtained by the 3D-
FDTD simulation demonstrate that the pointedNPSiS exhib-
ited better antireflection properties than the frustum NPSiS.
Since multireflection efficiently increased the absorption of
light by the pointed NPSiS wafer, it reduced the reflectance.
As the results of the simulation reveal, NPSiS with a deeper

frustum shape exhibited a stronger antireflection effect,
revealing that the depth of the textured silicon structures
affected its reflectance.

Based on the results of the simulation, the ICP dry
etching recipes can be modified to fabricate various NPSiS
wafer. Figure 3(a) presents the monolayer array of 550 nm
nanospheres that were deposited on a 4 inch silicon substrate;
the diffractive nature of the nanospheres is evident. The
scanning electron microscopic (SEM) image in Figure 3(b)
provides a close view of a monolayer of nanospheres, reveal-
ing their hexagonal arrangement; the side-view SEM image
of the arrangement of nanospheres confirms the monolayer
arrangement. Owing to the success of the aforementioned
deposition process, the 550 nm nanospheres were used in the
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Figure 4: Reflectance spectra of flat c-Si wafer and NPSiS wafers
obtained using integrated sphere system.

rest of this work. Figures 3(c) to 3(f) were obtained after
etching times of 80 s (NPSiS-1), 150 s (NPSiS-2), 230 s (NPSiS-
3), and 450 s (NPSiS-4), and the resulting depths of the four
textured wafers were about 180 nm, 270 nm, 370 nm, and
550 nm, respectively. Gradually increasing the etching time
reduced the diameter of the SiO

2
nanospheres and gradually

reduced the top diameter of the frustum nanostructure
until the nanosphere mask that had the shape of the NPSiS
structure was overetched and so changed from a frustum
shape to a bullet shape; its depth was limited to about 550 nm.

Figure 4 shows the reflectance spectra of flat c-Si wafer
and NPSiS wafers that were obtained using the integrated
sphere system with an angle of incidence of light of 8∘,
in a wavelength range from 350 nm to 950 nm. The curve
through the black symbols reveals that the flat silicon wafer
has an average reflectance of 37.96%; the curves through the
red, blue, pink, and green symbols provide the measured
reflectance results forNPSiS-1, NPSiS-2,NPSiS-3, andNPSiS-
4, which have average reflectance values of 22.62%, 16.89%,
10.21%, and 3.64%, respectively. The measurements demon-
strate that the total reflectance of NPSiS decreases as its depth
increases, and the antireflective properties of all NPSiS wafers
are evident not only in a particular range of wavelengths
but also in the full range of wavelengths over which silicon
absorbs region. The gradient of the refractive index of
the nanostructure of the Si wafer surface can effectively
reduce the Fresnel reflection of photons of short wavelengths
(<550 nm). For long wavelength photons (>700 nm), the
effective refractive index of the nanostructure as a porous
layer between the Si wafer and air is a discontinuity of
the refractive index, increasing the absorption of incident
photons [37].

Figures 5(a) to 5(d) presented side-view SEM images of
the NPSiS wafer following magnetron sputtering deposition.
As shown in Figures 5(a)–5(d), the low step coverage that was

achieved using the sputter coating process yielded different
thicknesses of the covering ITO thin films on the top and side
of the nanostructure.However, even though the step coverage
that was achieved by sputtering is not very uniform, the ITO
films and the p-type a-Si film both nevertheless formed a
continuous layer, as shown in Figures 5(a)–5(d). Moreover,
the nonuniform ITO films formed a layer with a gradient in
the refractive index, which enhanced the antireflection effect
of the NPSiS cells, as presented in Figure 5(e).

To discuss the omnidirectional antireflection effect, the
angle-resolved integrated sphere system was used to measure
the average reflectance of NPSiS wafers in HJT cells when
light was incident at various angles. Figures 6(a) and 6(b)
show the average reflectance that was achieved with light
at angles of incidence from 8∘ to 60∘. The reflectance of
NPSiS-4 wafers was less than 12% for all angles of incidence,
and the NPSiS-4 HJT cell devices exhibited the strongest
omnidirectional antireflection effect of all NPSiS HJT cells,
with a reflectance of less than 6% for all angles of incidence at
wavelengths between 350 nm and 950 nm. The above results
demonstrate that the depth of NPSiS was 550 nm and the
profile became bullet-shaped, and then its reflectance was
nearly omnidirectional. Figure 6(c) presents a photograph of
the reference HJT cell and the NPSiS HJT cells. As the depth
ofNPSiS increased, the outward appearance of theNPSiSHJT
cell became more like that of a dark solar cell.

To analyze further the optical properties of NPSiS HJT
cells, Figure 5(e) shows the reflectance spectra of NPSiS HJT
cells and a nontextured HJT cell when light at wavelengths
between 350 nm and 950 nm was normally incident. The
curve through the black symbols reveals that the nontextured
HJT cell had an average reflectance of 14.80%. The curves
through the red, blue, pink, and green symbols represent
the measured reflectances of the NPSiS-1, NPSiS-2, NPSiS-
3, and NPSiS-4 HJT cells, which had average reflectance
values of 10.75%, 9.28%, 6.18%, and 2.04%, respectively.
The purple dashed curve represents the reflectance of the
100 nm thick ITO layer on a glass substrate (B270). Based
on the conductivity and work function of the TCO layer,
the antireflection wavelength of the TCO layer on the silicon
wafer was designed to be about 780 nm, and its average
absorption was about 3.4% at wavelengths from 350 nm to
950 nm. In this TCO design, the reflectance of the non-
textured silicon HJT cells exhibited a peak at a wavelength
close to 500 nm, at which wavelength the external quantum
efficiency (EQE) of nontextured siliconHJT cell was reduced,
as shown in Figure 7(c). However, the designed TCO layer
increased the transmittance of incident light, increasing the
EQE of the nontextured HJT cell to 75.5% at a wavelength of
400 nm.

To investigate the electrical properties of HJT solar cells,
the EQE, dark current-voltage (I-V), and illuminated I-V
properties under a simulated AM1.5G condition at room
temperature were measured. The EQE measurements yield
the photon conversion efficiency of HJT cells at wavelengths
from 300 nm to 1100 nm in steps of 10 nm; the dark I-V results
are related to the characteristics of the interface between the
p-type a-Si : H thin films and the n-type c-Si substrates in
the HJT cells, and the illuminated I-V measurements yield
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Figure 5: Side-view SEM images of NPSiS wafer following magnetron sputtering deposition on four NPSiS wafers. (a) NPSiS-1 HJT cell, (b)
NPSiS-2 HJT cell, (c) NPSiS-3 HJT cell, (d) NPSiS-4 HJT cell, and (e) reflectance spectra of NPSiS HJT cells and nontextured HJT cell.

the𝑉oc, short current density (𝐽sc), fill-factor (FF), and power
conversion efficiency of the HJT solar cells.

Figure 5(e) reveals that deeper NPSiS (1–4) HJT cells
have a lower reflectance at a wavelength of 500 nm, so
the 𝐽sc values that are calculated from the measured EQE
vary from 26.65mA/cm2 for the nontextured HJT cell to
30.81mA/cm2 for the NPSiS-1 HJT cell, 31.40mA/cm2 for the
NPSiS-2 HJT cell, 33.08mA/cm2 for the NPSiS-3 HJT cell,

and 35.22mA/cm2 for the NPSiS4 HJT cell, as presented in
Figure 7(c). These results demonstrate that the four NPSiS
HJT cells exhibit differently enhanced EQE; in particular,
in the NPSiS-4 HJT, the region of reduced EQE was com-
pletely repaired owing to the TCO layer, and its 𝐽sc reached
35.22mA/cm2.

Figure 7(a) plots the measured dark I-V results that were
obtained with injected voltages from −0.8V to +0.8V. The
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Figure 6: Average reflectance results achieved with light at angles of incidence from 8 degrees to 60 degrees at wavelengths between 350 nm
and 950 nm; (a) flat Si wafer and NPSiS wafer, (b) nontextured HJT cell and four NPSiS HJT cells, and (c) photograph of reference HJT cell
and NPSiS HJT cells.

Table 1: I-V characteristics of four NPSiS HJT cells and nontextured reference HJT cell.

Reflectance at
500 nm (%)

Designated
areas (cm2) 𝑉oc (mV) 𝐽sc (mA/cm2) FF (%) Eff (%) Enhancement

(%) Rs (Ω-cm2)

Nontextured 35.91 0.76 537.69 28.80 56.30 8.67 — 9.61
NPSiS-1 27.33 0.68 461.84 31.42 68.90 9.99 15.22 3.08
NPSiS-2 23.38 0.76 434.89 32.26 65.00 9.12 5.19 3.07
NPSiS-3 12.99 0.79 442.96 33.70 66.50 9.93 14.53 2.54
NPSiS-4 2.64 0.71 481.94 36.20 65.20 11.40 31.49 2.68

left-most curve in Figure 7(a) shows that the leakage currents
of NPSiS HJT cells of various depths all exceeded those of
the nontextured HJT cell. The right-hand side of Figure 7(a)
reveals that generation-recombination currents of the four
NPSiSHJT cells at less than the threshold voltage all exceeded
those of the nontexturedHJT cell, implying that the junctions
in the fourNPSiSHJT cells containedmore defects than those
of the nontextured cell [38].

The above results follow mostly from the fact that the
ICP dry etching process damages the NPSiS surface, so more
defects are generated in that surface than in the surface of the
nontextured Si wafer. Figure 7(b) compares the illuminated I-
V characteristics of HJT solar cells with an NPSiS wafer with
those of a cell with a flat siliconwafer. Table 1 also summarizes
these characteristics. In Figure 7(b), the 𝐽sc of the NPSiS-4

HJT cell is 36.20mA/cm2, and its efficiency is 11.4%, which is
31.49% greater than that, 8.67%, of the nontextured HJT cell
(Table 1).This result is consistent with the reflectance that was
obtained using the integrating sphere system (Figures 5(a)
and 5(b)), indicating that the lower reflectance of NPSiS is
associated with the absorption ofmore photons, so the NPSiS
HJT cells have a higher 𝐽sc.

All NPSiS HJT cells exhibited an improved FF, because
NPSiS increased the surface contact areas (as presented in
Figure 8), reducing the resistivity of theHJT cells, causing the
series resistivity of all the NPSiS-HJT cells to be lower than
that of the nontextured HJT cell and the FF of the NPSiS-
HJT cells to be higher. However, the FF of NPSiS cannot
grow steadily with the surface area being increased, because
the dry etching processes damage the surface of the NPSiS
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Figure 7: Measured I-V curves of four NPSiS-HJT cells and nontextured HJT cell: (a) dark I-V, (b) illuminated I-V (AM 1.5G condition),
and (c) corresponding external quantum efficiency (EQE) characteristics.

wafer, generating more defects on its surface, increasing
the leakage current of the cell, and reducing the shunt
resistivity. The 𝑉oc values of all of the NPSiS HJT cells were
therefore reduced to different degrees. This phenomenon
will be investigated by treating the plasma-damaged surfaces
using various methods.

4. Conclusion

In this work, RF magnetron sputtering was performed to
fabricate silicon HJT solar cells. In the sputtering deposition
process, p-type a-Si : H films were sputtered with added

boron grains on the p-type c-Si target to increase the amount
of dopant boron atoms in the thin films.Then, the ITO/p-type
a-Si : H/n-type c-Si structure was fabricated for use in HJT
solar cells, and its characteristics were measured.The𝑉oc, 𝐽sc,
FF, and power conversion efficiency of the reference Si-based
HJT solar cells were 537mV, 28.8mA/cm2, 56.3%, and 8.67%,
respectively.

NPSiS wafer was demonstrated effectively to improve the
power conversion efficiency of HJT cells. The NPSiS-4 HJT
cell efficiency was 11.4%, representing an enhancement of
31.49% relative to that, 8.67%, of the flat silicon HJT cell.
This enhancement arose from the improvement in 𝐽sc, which
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Figure 8: SEM images of metal contacts of four NPSiS HJT cells: (a) NPSiS-1 HJT cell, (b) NPSiS-2 HJT cell, (c) NPSiS-3 HJT cell, and (d)
NPSiS-4 HJT cell.

increased the absorption of incident light on the surface of
the NPSiS wafer, and from the improvement in FF by the
increase in the surface area of the silicon, which reduced
the series resistance of the NPSiS HJT cells. The dry etching
process reduced the𝑉oc of theNPSiSHJT solar cells. A further
investigation must be undertaken to solve this problem.
Based on the above results, NPSiS that is patterned using
nanospheres lithography in the sputtering deposition process
can be used in the low-cost fabrication of Si-based HJT solar
cells.
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