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Due to the simple process, low energy consumption and stable performance,
semiconductor/insulating layer/semiconductor (SIS) solar cells have attracted lots
of research interests. However, the device physics of SIS solar cells needs further
clarification and improvement. In this paper, the effects of TCOwork function on the
performance of TCO/SiO2/n-Si heterojunction solar cells were simulated by
AFORS-HET and the physics mechanisms for these effects were clarified. It is
found that for a work function of 5.2 eV or higher of TCO, the SIS devices possess
high ƞ of 22.9% or higher, while the devices show the S-shape J-V curve with low FF
when the work function work function of TCO is under 5.1 eV. Further analysis
indicates that the work function difference between TCO and n-Si substrate is so
small that there is an insufficient band bending at the interface leading to a lower built-
in electric field that degrades the photogenerated carriers’ separation, which results in
the deformation of J-V curve. Moreover, the simulation results show that the
performances of TCO/SiOx/n-Si devices are significantly affected by the band
offsets at the SiOx/n-Si interface. When the conduction band offset is higher than
0.4 eV, it can effectively prevent electrons from passing through the SiOx layer to
reduce the recombination at the interface, resulting in the excellent output
performances of the SIS device. But for a low conduction band order of 0.4 eV or
less, the blocking effect of electrons weakens, leading to the large recombination at
the interface. Finally, we propose two mechanisms of S-shape J-V curve of SIS solar
cells: one is the built-in electric field is too small to separate photogenerated carriers,
and theother one is that the carrier transmission is blockedby the thick tunneling layer
or insulating layer. This work deepens the understanding of the device physics of SIS
solar cells and paves the way for enhancing the output performance of industrial Si-
based solar cells.
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1 Introduction

With the development of transparent conductive films (TCO), they have been widely used as
the upper semiconductor layer in SIS (Semiconductor/Insulating layer/Semiconductor)
heterojunction solar cells owe to their conductivity similar to metals, high transmittance in the
visible range, and excellent semiconductor properties. The efficiency of SIS solar cells has been
greatly improved, but it still has not exceeded 14% (Maruska et al., 1983;Malik et al., 2008). In 2006,
WenasW. et al. (Wenas and Riyadi, 2006) reported that ZnO/SiO2/Si heterojunction solar cells can
achieve a conversion efficiency of more than 25% by optimizing device parameters. Emanuele
Centurioni and Daniele Iencinella (Centurioni and Iencinella, 2003) studied the influence of the
front interface work function on the performance of HIT structure solar cells. For the insulating
layer that plays a passivation and tunneling role in the SIS structure, the standard ratio of a-SiO2 is
usually used in experiments. Many studies have explored the optimization of various parameters of
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solar cells (Fadakar Masouleh et al., 2016; Pandey et al., 2016; Lupangu
and Bansal, 2017; Shelat et al., 2020; Allouhi et al., 2022), but there is
almost no research on the factors related to tunneling, such as the
bandgap width of the insulating layer affecting the potential barrier for
carrier transport. The insulator’s width determines the width of the
potential barrier, meanwhile, its electron affinity and band gap determine
the height of the potential barrier in the carrier transport process in the
SIS solar cells. Therefore, the work function of the TCO and the width
and bandgap of the insulating layer have important effects on SIS devices.
However, there is no relevant report on the optimization of the insulator.

From the structural perspective of the device, there are no clear p-type
and n-type layers in the SIS solar cells. In fact, the built-in electric field
comes from the homogeneous p-n junction formed between the
inversion layer on the surface of n-Si induced by the work function of
the TCO and the silicon substrate. In the previous works, it has been
proved that theMoOx/SiOx (Mo)/n-Si device (Gao et al., 2018) has better
photovoltaic performance than the ITO/SiOx (In)/n-Si device (Gao et al.,
2017; Song et al.) essentially due to the different work function differences
between the MoOx/the ITO layer and the n-Si. At the same time, in the
study of SIS heterojunction solar cells, researchers have extensively
explored the effects of the composition and preparation process of the
upper semiconductor TCO film, such as the In/Sn ratio for ITO and the
Al/Zn composition for AZO, on device performance (Ashok et al., 1980;
Ennaoui et al., 2006; Malik et al., 2008; Bo et al., 2009; Bivour et al., 2013;
Chen et al., 2015; Chen et al., 2016; Simashkevich et al., 2016;Huang et al.,
2017; Huang et al., 2019; Liu et al., 2021; Cheng et al., 2022). However, for
the insulating SiO2 layer, it is usually prepared bywet or drymethodswith
a thickness not exceeding 2 nm. For example, H. Kobayashi (Kobayashi
et al., 1991) prepared a silicon dioxide layer by heating a silicon wafer in
1 atm oxygen atmosphere at 450°C for 5min in his study. O. Malik
(Malik et al., 2004) obtained a silicon dioxide layer by immersing a silicon
wafer in a hydrogen peroxide solution for 2–8min. Functionally, it is well
known that the silicon dioxide layer has a passivation and tunneling effect.
However, there are no reports on the silicon oxide (SiOx)’s impact on SIS
devices with different O/Si ratio.

In this paper, the impact of TCO work function on TCO/SiO2/n-Si
heterojunction solar cell performance was simulated using AFORS-
HET. It was found that the small work function difference between
TCO and n-Si resulted in insufficient band bending at the interface,
reducing the built-in electric field and degrading photogenerated carrier
separation, leading to J-V curve deformation. Also, the performance of
TCO/SiOx/n-Si devices was significantly influenced by band offsets at
the SiOx/n-Si interface. Finally, two mechanisms were proposed to
explain the S-shaped J-V curve in SIS solar cells: insufficient built-in
electric field for carrier separation and carrier transmission blocked by a
thick tunneling or insulating layer. This study enhances understanding
of SIS solar cell device physics and opens avenues for improving output
performance in industrial Si-based solar cells.

2 Simulation model

The structure diagram of TCO/SiOx/n-Si heterojunction
photovoltaic devices simulated in this paper is shown in Figure 1.
To focus on studying the properties of TCO/SiO2/n-Si heterojunction
solar cells, the light absorption of TCO was ignored in the simulation.
The light reflection of front contact and back contact was set to be
0.1 and 1, respectively. The back contact back surface field (BSF) effect

was set as flat band. The surface recombination velocities of electrons
and holes on both sides were both set as 1.0 × 107 cm/s. The states of
quasi-donor and quasi-acceptor in amorphous silicon were set to
Gaussian distribution, and the tail state was set to an exponential
form. To ensure that the Fermi level of amorphous silicon is about
300 meV below the conduction band bottom, the doping
concentration of amorphous silicon was set to 7 × 1019 cm-3. Other
detailed parameters of amorphous siliconwere set to the default values
of the AFORS-HET software; The doping concentration of crystalline
silicon was set to as 2 × 1015 cm-3, and the other parameters were set to
the default values of the AFORS-HET software. The carrier transport
model at the interface between c-Si substrate and a-Si layer was set to
the thermionic emission model. The insulating layer SiO2 was located
at the TCO/n-Si interface where tunneling was activated. The
parameter details are shown in Table 1. All calculations of the
photovoltaic device are carried out under AM1.5 (100 mW/cm2)
solar spectrum at room temperature.

3 Results and discussion

3.1 The influence of work function of TCO

3.1.1 The performance parameters of TCO/SiO2/
n-Si photovoltaic devices

It is a critical significance of the work function of TCO thin films
for photovoltaic devices. Although the contact between TCO and the
electrical layer of photovoltaic devices is assumed to be a flat band
and the effect of TCO work function is ignored in many studies
(Zhong et al., 2013; Varache et al., 2015), some researchers have still
paid much attention to the impact of TCO work function on the
performance of solar cells (Centurioni and Iencinella, 2003; Selmane
et al., 2021). The influence of TCO work function on the open-
circuit voltage (Voc), short-circuit current density (Jsc), fill factor
(FF), and conversion efficiency (η) in TCO/SiO2/n-Si heterojunction
photovoltaic devices, is shown in Figure 2. Voc, FF, and η are
significantly affected by the TCO work function, while Jsc
remains almost unchanged. When the TCO work function equals
4.9 eV, the Voc of the TCO/SiO2/n-Si heterojunction solar cell is
740 mV, with FF as low as 57.0% and η of only 15.1%. When the
TCO work function increases to 5.2 eV, the Voc reaches 745 mV, FF
increases to 85.7%, and the η reaches 22.9%. However, when the
TCO work function continues to increase to 5.3 eV, the photovoltaic
parameters of the device remain almost unchanged. The
improvement in FF and η is due to the larger difference between
the higher TCO work function and the c-Si work function, resulting
in a larger built-in electric field, which is favorable for the rapid
separation of photo-generated carriers, reducing recombination,
and thus improving the device performance. It can be seen that a
TCO work function greater than 5.2 eV can achieve better
performance for TCO/SiO2/n-Si heterojunction solar cells.

3.1.2 The J-V characteristics of TCO/SiO2/n-Si
photovoltaic devices

As shown in Figure 3, the J-V curve of the TCO/SiO2/n-Si
photovoltaic device varies with the TCO work function, indicating
that the J-V curve gradually shows an S-shape when the TCO work
function is below 5.1 eV, while it returns to a normal rectangular
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FIGURE 1
The structure diagram of TCO/SiO2/n-Si heterojunction photovoltaic devices.

TABLE 1 Parameters set for the simulation of TCO/SiOx/n-Si with AFORS-HET.

Parameters n+-a-Si a-SiOx n-c-Si

Layer thickness (cm) 5 × 10−7 variable 1.5 × 10−2

Dielectric constant 11.9 3.9 11.9

Electronic affinity (eV) 3.9 variable 4.05

Mobility gap (eV) 1.72 variable 1.12

Optical gap (eV) 1.72 variable 1.12

Effective DOS in CB(cm-3) 1×1020 — 2.84×1019

Effective DOS in VB(cm-3) 1×1020 — 2.68×1019

Electron (hole) mobility (cm2V−1s-1) 205) — 1,321 (461)

Donor doping (cm-3) 7 × 1019 — 2×1015

Acceptor doping (cm-3) 0 — 0

Total state density in conduction band (cm-3) 1.4 × 1020 — —

Total state density in valence band (cm-3) 1.9 × 1020 — —

CB tail (VB tail) Urbach energy (eV) 0.037 (0.081) — —

σe (σh)for CB tail (cm2) 7 × 10−17 (7 × 10−17) — —

σe (σh)for VB tail (cm2) 7 × 10−17 (7 × 10−17) — —

Maximum A-like Gaussian state density (cm−3eV-1) 1.3×1018 — —

Maximum D-like Gaussian state density (cm−3eV-1) 1.3×1018 — —

Specific energy of Gaussian peak for acceptor (eV) 0.60 — —

Specific energy of Gaussian peak for donor (eV) 0.50 — —

Standard deviation of Gaussian for acceptor (eV) 0.21 — —

Standard deviation of Gaussian for donor (eV) 0.21 — —

σe (σh) for A-like Gaussian state (cm2) 3 × 10−15 (3 × 10−14) — —

σe (σh) for D-like Gaussian state (cm2) 3 × 10−14 (10–16) — —
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shape when the TCO work function is above 5.1 eV. S-shaped J-V
curves have been reported in SIS devices (Shen et al., 2010; Van
Cleef et al., 1998; Kanevce and Metzger). Not only SIS
heterojunction solar cells, but also HIT solar cells (Barrio et al.,
2010; Chavali et al., 2014), organic solar cells (García-Sánchez
et al., 2013), perovskite solar cells (Chiang et al., 2020), and
polymer solar cells (Kumar et al., 2009) exhibit S-shaped J-V
curves. Du Huiwei (Du et al., 2015) from our group also
analyzed the S-shaped J-V curves of AZO/SiOx/n-Si and ITO/
SiOx/n-Si heterojunction photovoltaic devices using equivalent
circuit methods. He believed that the deformation of the J-V

curve was caused by the hindrance of carrier transportation due
to the thickness of insulating layer, which affected the tunneling of
holes. Although the research methods and processes are different,
the conclusion is consistent with the views of Cleef et al. (Van Cleef
et al., 1998). Barrio (Barrio et al., 2010) and Chavali (Chavali et al.,
2014) also explained the insufficient separation of carriers for the
formation of S-shaped J-V curves. However, overall, there is no
unified understanding of the reasons for the formation of S-shaped
J-V curves in heterojunction solar cells.

For the TCO/SiO2/n-Si heterojunction photovoltaic device,
the S-shaped J-V curve caused by the work function difference is
due to the fact that the lower TCO work function causes a smaller
work function difference between TCO and the silicon substrate,
which results in insufficient bending of the energy band of the
silicon. Therefore, there is no enough built-in electric field to
quickly separate the photogenerated carriers, which results in the
deformation of the J-V curve. When the TCO work function is
sufficiently large, the J-V curve returns to normal. According to
the simulation results in Figure 3, for the TCO/SiO2/n-Si
heterojunction photovoltaic device, when the difference
between the TCO work function (5.1 eV) and the c-Si work
function (4.3 eV) (Gao et al., 2017) is 5.1–4.3 = 0.8 eV, the J-V
curve shows a normal rectangular shape. However, when the
difference between the TCO work function and the c-Si work
function is less than 0.8 eV, the J-V curve rapidly evolves into an
S-shape. When the difference between the TCO work function
and the c-Si work function is greater than 0.8 eV, the J-V curve
returns to normal. In the final analysis, when the TCO work
function is not large enough, there is no built-in electric field that
can quickly separate the photogenerated carriers, and the device’s
ability to separate carriers is insufficient, resulting in an S-shaped
J-V curve.

FIGURE 2
The Voc, Jsc, FF and η of TCO/SiO2/n-Si solar cells with varying work function of TCO.

FIGURE 3
J-V curve of TCO/SiO2/n-Si solar cells with different work
function of TCO.
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3.1.3 The band energy of TCO/SiO2/n-Si
photovoltaic devices

According to semiconductor physics, the band bending occurs
on the surface of the crystalline silicon. The amount of band
bending depends on the difference between the work functions of
the TCO film and the crystalline silicon substrate material. Figure 4
shows the band diagram of the TCO/SiO2/n-Si heterojunction
photovoltaic devices simulated with AFORS-HET. It can be seen
that the band bending, i.e., the space charge region, is mainly
located on the surface of the crystalline silicon, and is independent
of the value of the TCO work function. The width of the space
charge region is approximately 500 nm and does not change with
the TCO work function. With the work function increasing, the
band bending becomes more pronounced. The band bending

corresponding to different work functions is approximately
equal to the difference between the TCO work function and the
crystalline silicon substrate work function. For example, when the
TCO work function is 4.9 eV, the band bending is 4.9–4.3 = 0.6 eV.
The amount of band bending determines the upper limit of the
device’s open circuit voltage. Seunghun Lee et al. (Lee et al., 2013)
studied the effect of TCO work function on the performance of
HIT cells and found that the band bending related to the TCO
work function has a significant impact on the open circuit voltage
(Voc) and fill factor (FF) of TCO/a-Si:H (p)/a-Si:H (i)/c-Si (n)/a-Si:
H (n)/TCO solar cells at the front interface. When the TCO work
function is below 5.2 eV, carrier transport is hindered by the band
bending, which is consistent with the results of other research
groups (Lee et al., 2013; Rubinelli et al., 1992; Sanchez-Sinencio
and Williams, 1983; Schmidt et al., 2001), fully demonstrating the
importance of TCO work function for solar cell performance.

3.1.4 The built-in electric field of TCO/SiO2/n-Si
photovoltaic devices

As introduced above, the band bending of TCO/SiO2/n-Si
depends on the difference between the work functions of TCO
and n-Si. Vbi is the built-in potential difference. The electric field
intensity represents the gradient of the potential. Under the
influence of the built-in electric field, electrons and holes are
separated rapidly and transported in opposite directions, thus
producing the photovoltaic effect. The built-in electric field
determines the device’s ability to separate photogenerated
carriers. The built-in electric field for the various TCO work
function in TCO/SiO2/n-Si heterojunction photovoltaic devices
were simulated and shown in Figure 5. The built-in electric field
is greatly affected by the TCO work function. The electric field is
relatively stable within 1 nm of the silicon surface, and gradually
decreases afterwards. When the TCO work function is 5.3 eV, the
maximum built-in electric field can exceed 4 × 108 V cm-1. However,
when the TCO work function is 4.9 eV, the built-in electric field is
only 2 × 106 V cm-1, which is significantly different from the electric
field intensity generated when the work function is 5.3 eV.When the
work function increases, the built-in electric field increases rapidly.
This can also help to understand the simulation results in section
6.2.2, where the photovoltaic parameters of the device are improved
as the work function increases. This is because higher work
functions can excite larger electric fields, thereby enhancing the
ability of TCO/SiO2/n-Si heterojunction photovoltaic devices to
separate photogenerated carriers.

3.1.5 The influence of TCO work function on the
inversion layer

In TCO/SiO2/n-Si heterojunction photovoltaic devices, the
Fermi levels of TCO and crystalline silicon are different, which
causes the flow of electrons and holes and forms a built-in electric
field. The electrons in the space charge region produce additional
potential energy due to the built-in electric field, causing the band
to bend. When the difference in work function between TCO and
n-type silicon reaches a certain level, the band bending causes the
Fermi level of a thin layer on the surface of the silicon to be lower
than the intrinsic Fermi level or even close to the valence band

FIGURE 5
The built-in electric field of the TCO/SiO2/n-Si with different
work function of TCO.

FIGURE 4
The band diagram of the TCO/SiO2/n-Si with different work
function of TCO.
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maximum. At this point, a p-type thin layer is formed on the
surface of the n-type silicon (as shown in Figure 6), which is
called an inversion layer. The thickness of the inversion layer in
TCO/SiO2/n-Si heterojunction photovoltaic devices changes
with the TCO work function as shown in Table 2. As the
work function increases, the thickness of the inversion layer
gradually increases, but the magnitude of the increase becomes
smaller and smaller. When the TCO work function is 5.3 eV, the
thickness of the inversion layer reaches 265 nm. In fact, the
p-type inversion layer induced by the work function difference
and the n-type silicon substrate form a homogeneous p-n
junction, which is the internal cause of the device photovoltaic
effect. A lot of research has been done on the inversion layer in
crystalline silicon, especially in MOS structures (Skocpol et al.,
1986; Fischetti and Laux, 1993; Takagi et al., 2002; Ando, 2007;

Ghannam et al., 2015; Yu et al., 2015; Gao et al., 2017). We believe
that in the SIS structure, the inversion layer should act as the
emitter. This is consistent with the view of Moustafa Ghannam
(Ghannam et al., 2015) that the inversion layer acts as the emitter
in the HIT structure.

3.2 Optimization of insulator layer in TCO/
SiO2/n-Si solar cells

3.2.1 SiO2 layer’s width on the output parameters of
TCO/SiO2/n-Si photovoltaic devices

The thickness of the SiO2 layer determines the width of the
barrier in the transport of carriers in the TCO/SiO2/n-Si
heterojunction solar cell. R. Varache (Varache et al., 2015)
pointed out in his study of carrier transport in solar cells that the
tunneling factor decreases sharply with the increase of the thickness
of the insulating layer. Therefore, studying the impact of the SiO2

layer on the performance of TCO/SiO2/n-Si heterojunction solar
cells is very vital.

As shown in Table 3, the open-circuit voltage (Voc) and the
short-circuit current (Jsc) of the TCO/SiO2/n-Si heterojunction
photovoltaic device hardly fluctuate with the variation of SiO2

width, while the fill factor (FF) and conversion efficiency (η)
rapidly decrease with the increase of SiO2 width. When the
thickness of SiO2 increases from 1.8 nm to 2.3 nm, although the
thickness change is only 0.5 nm, the fill factor decreases from
85.9% to 74.5%, and the conversion efficiency also drops from
22.9% to 19.9%. At the same time, as shown in Figure 7, it can be
seen that with the increase of the SiO2 insulating layer thickness,
the J-V curve of the TCO/SiO2/n-Si heterojunction photovoltaic
device gradually exhibits an S-shape. Obviously, this is due to the
increase in thickness, which reduces the tunneling probability and
hinders the transport of charge carriers, thereby affecting the
device performance. This is consistent with the research results
of Huiwei Du (Du et al., 2015) in our research group.

3.2.2 Effects of SiOx/n-Si interface band steps on
the output parameters of TCO/SiOx/n-Si
photovoltaic devices

Energy band offset has two main effects on the heterojunction
solar cell. Firstly, the presence of a barrier can reduce
recombination at the interface. Secondly, it may affect the
transport of carriers and cause a decrease in the fill factor if the

TABLE 2 Thickness of the inversion layer in TCO/SiO2/n-Si solar cells with
different work function of TCO.

Work function of TCO (eV) 4.9 5.0 5.1 5.2 5.3

Thickness of the inversion layer (nm) 180 230 256 261 265

FIGURE 6
Schematic diagram of the inversion layer in TCO/SiO2/n-Si solar
cells (Ec、Ev denote conduction band minimum and valance band
maximum, respectively; Eif、Ef denote intrinsic Fermi level of c-Si and
Fermi level of CO/SiO2/n-Si solar cells, respectively).

TABLE 3 The performance of TCO/SiO2/n-Si with different thickness of SiO2.

Width of SiO2 (nm) Voc (mV) Jsc (mA · cm-2) FF (%) η (%)

1.0 745 35.9 85.9 23.0

1.8 745 35.9 85.7 22.9

1.9 745 35.9 85.3 22.8

2.0 745 35.9 84.0 22.5

2.1 745 35.9 80.9 21.6

2.2 745 35.8 78.6 21.0

2.3 745 35.8 74.5 19.9
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barrier is too high or too wide. The effect of the energy band offset
at the SiOx/n-Si interface on the performance of the TCO/SiOx/
n-Si heterojunction solar cell was simulated. The results show that
the short-circuit current is not basically affected by the energy
band offset and remains at 35.9 mA cm-2. The open-circuit voltage
varies with the energy band offset, as shown in Figure 8A. When
the electron barrier exceeds 0.4 eV, the open-circuit voltage
reaches 745 mV and is no longer affected by the increase of the
electron barrier. However, the variation of the hole barrier has
almost no effect on the open-circuit voltage. As shown in
Figure 8B, when the electron barrier exceeds 0.4 eV, the
conversion efficiency reaches 22.9% and is no longer affected by
the increase in the electron barrier. The conversion efficiency
decreases slightly when the hole barrier exceeds 4 eV. Figure 8C
shows the effect of the energy band offset on η. When the
conduction band offset is higher than 0.4 eV, η stabilizes at
85.57%. The conduction band offset can effectively prevent
electrons from crossing the SiOx layer, suppress carrier
recombination at the interface, and help the photovoltaic device
achieve excellent performance. When the conduction band offset is
less than 0.4 eV, interface recombination increases, and both the
fill factor and conversion efficiency gradually decrease. This result
is similar to the research on a-Si/c-Si solar cells by other research
groups (Kanevce and Metzger; Barrio et al., 2010; Korte, 2012). An
appropriate energy band offset plays a role in suppressing the
recombination at the heterojunction interface, helping the cell to
obtain better performance.

3.3 Analysis of S-shaped J-V curve

An S-shaped J-V curve gradually appears when the work
function difference between TCO and c-Si substrate is less
than 0.8 eV. The small work function difference between TCO
and c-Si materials leads to insufficient built-in electric field,

making it difficult to separate the photogenerated carriers
timely. In addition, we also find the J-V curve gradually shows
an S-shape when the SiO2 layer thickness exceeds 2 nm. The
carries have to tunnel through the high barrier of SiO2 layer,
decreasing tunneling probability. Those above mentioned indicate
that the formation of S-shaped J-V curves in photovoltaic devices
is not unique.

Figure 9 shows S-shaped J-V curves caused by different reasons,
and the reasons cannot be distinguished from the figure alone.
Through summary analysis, it can be found that there are two
reasons for the formation of S-shaped J-V curves in photovoltaic

FIGURE 7
J-V curves of TCO/SiO2/n-Si solar cells with different thickness
of SiO2.

FIGURE 8
(A) Voc, (B) η and (C) FF for TCO/SiOx/n-Si solar cells with varying
electron and hole barrier heights.
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devices. One is that the built-in electric field is too small, resulting in
insufficient ability of the device to separate photogenerated carriers,
such as in TCO/SiOx/n-Si devices where the work function
difference between TCO and n-Si is not large enough. The other
reason is that carrier transport is hindered, such as in TCO/SiO2/
n-Si devices where the SiO2 layer is too thick, or in a-Si/c-Si
structures where the band offset is too large.

3.4 Structural optimization on the
performance of TCO/SiO2/n-Si photovoltaic
devices

In order to improve the conversion efficiency of solar cells,
researchers have conducted extensive exploration for a long time.
Surface texturing on crystalline silicon to reduce optical losses is a
common method. Texturing is a selective etching of certain
planes in the crystal lattice of the silicon surface to expose
pyramid-like structures, which can increase the probability of
light absorption by allowing incident light to enter the cell
multiple times. Because higher surface recombination rate
reduces the open-circuit voltage of the cell and limits the fill
factor, passivation is also an important step in improving the
conversion efficiency of solar cells. Field effect passivation is the
deposition of a heavily doped passivation layer on the surface of

crystalline silicon, which causes the energy band on the surface to
bend and form an internal electric field, suppressing charge
recombination. It is used to reduce the back surface
recombination rate in n/n+ or p/p+ junctions. And we will
simulate the effects of surface texturing and back surface field
(BSF) passivation to optimize the output parameters of TCO/
SiO2/n-Si heterojunction solar cells. As shown in Table 4, the
efficiency of TCO/SiO2/n-Si heterojunction solar cells are only
15.4%. Surface texturing on crystalline silicon improves both
short-circuit current and open-circuit voltage, but not by much.
Deposition of the back field passivation layer has a significant
effect on the performance of the device, especially the open-
circuit voltage, which is greatly improved; Meanwhile, the fill
factor and conversion efficiency also have significant
improvement. When the device has both surface texturing and
back field passivation, the open-circuit voltage can reach 745 mV,
with the fill factor of 85.7% and conversion efficiency of 22.9%,
respectively.

4 Conclusion

In summary, we investigates the impact of TCOwork function on
the performance of TCO/SiO2/n-Si SIS solar cells by AFORS-HET
simulation and proposes two mechanisms for the observed S-shape
J-V curve with low FF. Optimized simulation of the non-standard
SiOx insulation layer in TCO/SiOx/n-Si heterojunction solar cells is
also conducted. The results show that the work function of TCO
greatly affects the open-circuit voltage (Voc), fill factor (FF), and
conversion efficiency of the device, while the short-circuit current
(Jsc) remains largely unchanged. A higher TCOwork function (5.2 eV)
leads to improved Voc (745 mV), FF (85.7%), and conversion
efficiency (22.9%), attributed to the increased built-in electric field
and reduced carrier recombination. Additionally, the interfacial band
step in TCO/SiOx/n-Si heterojunction devices effectively inhibits
electron diffusion and suppresses interface recombination, resulting
in excellent device performance. The research findings on TCO
provide a deeper theoretical guidance for the industrial
heterojunction with intrinsic thin film (HIT) solar cells.
Meanwhile, the SiOx layer of SIS solar cell has the passivation and
tunneling effect and plays the same role with the SiOx layer of the
tunneling oxide passivation contacts (TOPCon) solar cell with mass
production, deepening our understanding of TOPCon solar cells. This
study provides valuable insights for enhancing the performance of
industrial Si-based solar cells.

TABLE 4 Comparison of solar cell performance for TCO/SiO2/c-Si with texture and BSF.

Solar cells type Voc (mV) Jsc (mA · cm-2) FF (%) η (%)

TCO/SiO2/c-Si 578 32.5 81.5 15.4

TCO/SiO2/c-Si with Textures 580 33.4 81.6 15.8

TCO/SiO2/c-Si with BSF 745 35.3 85.7 22.5

TCO/SiO2/c-Si with Textures + BSF 745 35.9 85.7 22.9

FIGURE 9
Comparison of J-V curves caused by different origins.
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