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1. Introduction

Self-powered devices are of increasing interest due to their mul-
tifunctional performance and environmental friendliness. Light,
motion/vibration, thermal gradients, and radio frequency (RF)
electromagnetic radioactivity comprise the main energy sources
from the ambient for self-powered systems.[1] Motion/vibration

and thermal gradients energy are widely
available but with low-power density, and
the devices harnessing them are compact
and convenient, which are generally
used in wearable electronic devices.
Additionally, the devices that exploit ther-
mal gradient energy are accompanied with
a low energy-conversion efficiency.[1–6] As
for the devices that collect RF energy, they
have to deal with very low-power density
levels.[7,8] In contrast, solar energy is
endowed with universality, inexhaustibility,
and high-power density.[9] With the contin-
uous improvement of photoelectric conver-
sion efficiency, solar energy accounts for an
increasing share of the energy supply
system, gradually becoming one of the
main alternatives to fossil energy.[10]

For most electronics, the operating
voltage is generally 1.5�12.0 V (i.e., a few
dry batteries or button batteries). For
example, the silicon impact ionization
metal–oxide–semiconductor (I-MOS) field-
effect transistors require a supply voltage of
�5.5 V.[11,12] Concerning the conventional

single junction solar cells, the open-circuit voltage (VOC) depends
on the bandgap of the semiconductor material and the intensity
of sunlight.[13] Taking silicon solar cell as an example, the VOC is
generally less than 0.75 V under a standard air mass (AM) 1.5G
spectrum (1000Wm�2). As a result, the high-voltage require-
ment is difficult to be met by single junction solar cells alone.
Thin-film solar cell modules, such as CuInGaSe solar cell

T. Wu, L. Chen, Z. Li, W. Shen
Institute of Solar Energy
Key Laboratory of Artificial Structures and Quantum Control (Ministry of
Education)
School of Physics and Astronomy
Shanghai Jiao Tong University
800 Dong Chuan Road, Shanghai 200240, China
E-mail: wzshen@sjtu.edu.cn

H. Lin, Z. Liu, Y. Pang, P. Gao
School of Materials
Sun Yat-sen University
Guangzhou 510275, China
E-mail: linh229@mail.sysu.edu.cn; gaopq3@mail.sysu.edu.cn

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/solr.202200188.

DOI: 10.1002/solr.202200188

H. Lin, P. Gao
Institute for Solar Energy Systems
Guangdong Provincial Key Laboratory of Photovoltaic Technology
State Key Laboratory of Optoelectronic Materials and Technologies
Sun Yat-sen University
Guangzhou 510275, China

P. Gao
Jiangsu Collaborative Innovation Center of Photovoltaic Science and
Engineering
Changzhou University
Changzhou 213164, China

Crystalline silicon solar cells dominate the photovoltaic market nowadays.
However, they are rarely used in self-powered systems (with an operating voltage
of 1.5�12.0 V) mainly because of the low integration of silicon solar cell modules,
which need slicing and then series connection. Herein, a series-interconnected
solar cell which can be prepared on a monolithic silicon wafer, with the capability
to output high voltage by controlling the number of sub-cells, is proposed.
Further, based on a technology computer aided design (TCAD) numerical sim-
ulation, an in-depth analysis of an unconventional non-shunt resistance type of
leakage mechanism under electric and light injection which has not been
reported before is proposed and performed, finding that the leakage current can
be divided into three stages that are closely related to the variation in the
conductivity (resistance) of the transition region (TR) under injection conditions.
Then, several targeted methods especially an unusual method of increasing the
recombination to constrain the rise in conductivity in TR are proposed to improve
its efficiency by suppressing leakage current at different stages. Finally, simu-
lation reveals that the proposed monolithic on-chip solar micromodules enable
not only high voltage but also high efficiency (≥24.0%), which well meets the
requirements of self-powered systems at low cost.
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modules, can achieve high-voltage output by interconnecting
multiple CuInGaSe solar cells in series on a single substrate.[14]

Monolithic tandem solar cells stacking solar cell materials with
different bandgaps are also capable of high-voltage output.[15]

For instance, a GaInP/GaAs/Ge triple junction solar cell with
a VOC of 2.5 V was integrated vertically with a Au/ZnO
Schottky diode by Hou et al., achieving a self-biased ZnO-based
humidity sensor.[16] Both of thin-film solar cell modules and
monolithic tandem solar cells are suitable to integrate with elec-
tronics to realize a self-powered system. Nevertheless, now they
are suffering from high cost, low conversion efficiency, instability
or difficulty in large-scale production, etc., compared to crystalline
silicon solar cells.[15–19]

Actually, crystalline silicon solar cell is the most mature and
widely used type of solar cells with a market share of over 90%
nowadays.[20,21] However, it is rarely used in self-powered sys-
tems mainly because of the low integration of silicon solar cell
modules with the capability of high-voltage output, which need
slicing and then series connection. Here, we propose a

series-interconnected solar cell that can be prepared on a mono-
lithic silicon wafer, we call it series-interconnected monolithic
silicon (SCMS) solar cell, its structure is shown in Figure 1a,
b. The output voltage can be controlled by the number of sub-
cells connected in series, achieving adjustable and high-voltage
output. Moreover, more than 90% of all the semiconductor
products are made of silicon,[22] and it is promising and of great
significance to integrate silicon solar cells with silicon-based
chips to achieve self-powered chips.

It should be noted that there is almost no reports on SCMS
solar cells except that Nordmann et al. have proposed a similar
structure, but with part of the silicon removed to form deep
groove isolation to reduce leakage current.[23,24] However, its
complex fabrication process and low efficiency (≤18.7%) reduce
the application potential. Therefore, without complicated groov-
ing or traditional slicing methods, how high-efficiency SCMS
solar cells can be obtained becomes the main research object
in this study. Our analysis found that leakage channel in
SCMS solar cells is the main difference between SCMS solar
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Figure 1. a) The 3D sketch and b) cross section of the series-interconnected monolithic silicon (SCMS) solar cells. c) Specific structure of one sub-cell
region (SCR). LSCR is the width of the SCR. d) Simplified equivalent circuit of the SCMS solar cells. The black bold line represents the main current channel,
the direction of I is the direction of the total current under illumination (i.e., a–b–c–d). The blue line represents the leakage channel, Ileak is the leakage
current flowing through each transition region (TR). Note that since the TRs are inherently a semiconductor, the resistance of Rt varies under electric and
light injection, the role of TRs is not simply a shunt resistance known from the equivalent circuit model of a solar cell.[27]
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cells and normal interdigitated back contact (IBC) solar
cells.[25,26] Here, through a silvaco TCAD-based numerical sim-
ulation, we not only clearly demonstrated the properties of leak-
age current during electric injection and light injection, but also
proposed and performed an in-depth analysis of an unconven-
tional non-shunt resistance type of leakage mechanism under
electric and light injection, which has not been reported before,
supported by current density map, band diagram, andmathemat-
ical equation fitting of the leakage current. Based on our deep
understanding of the leakage mechanism, several practical meth-
ods including an unusual method of increasing the recombina-
tion to constrain the rise in conductivity in the transition region
(TR) have been proposed to improve the performance of the
SCMS solar cells by suppressing leakage current, and the simu-
lation results showed that an VOC of (0.767�N) V (N is the num-
ber of sub-cells) and an η of more than 24.0% of the SCMS solar
cells (the thickness of silicon wafer is 62 μm) can be realized for
homojunction. This means the SCMS solar cells can not only
achieve high-voltage output by controlling the number of sub-
cells, but also maintain high efficiency level, which well meets
the requirements of self-powered systems at low cost.

2. Structure and Simplified Equivalent Circuit of
SCMS Solar Cells

Figure 1a,b shows the 3D sketch and the cross section of the
SCMS solar cells, respectively. The differences between SCMS
and normal IBC solar cells can be observed as follows: one is that
there are equally spaced opaque objects on top of the n-Si bulk of
the SCMS solar cells for shading and we call the silicon regions
directly below the opaque objects the TRs, which divide the whole
SCMS solar cell into several identical sub-cell regions (SCRs),
thus an SCMS solar cell consists of n SCRs and (n� 1) TRs
(n is an integer), as shown in Figure 1b. The other refers to
the position of the electrodes, the anode and cathode of the mid-
dle SCR are connected in series with the cathode of the previous
SCR and the anode of the next SCR, respectively. As we can
observe in Figure 1a, between adjacent SCRs, hole-transport
layers (HTLs) and electron-transport layers (ETLs) are in series,
while inside each SCR, all the HTLs are connected in parallel and
same for all the ETLs. In addition, parts of the electrodes are
deposited under the TRs to achieve this series connection. To
isolate electrodes from the TRs, only insulating layers (not shown
in the figure) need to be inserted between electrodes and TRs,
which can easily fabricate through physical mask. Only one pair
of HTL/ETL inside each SCR is shown for simplicity in
Figure 1b, in fact each SCR contains multiple pairs of
HTL/ETL as shown in Figure 1c. If there are P pairs of
HTL/ETL inside each SCR, we define the Period of SCMS solar
cells is P and LSCR is the width of each SCR. Since the width of
HTLs, ETLs, and their gaps are fixed, a larger value of Period
means a larger LSCR. The aforementioned monolithic silicon
solar cell fabricated by Nordmann et al.[23,24] actually reduces
leakage current by digging a deep groove in the TRs, but as a
consequence, it significantly increases the complexity of the
process. If the resistivity of each TR of our SCMS solar cells
is infinite, the TRs are similarly removed, they can completely
isolate the SCRs.

Concerning the direction of carrier transport in the SCMS
solar cells, similar to normal IBC solar cells, holes move to
the HTLs and electrons move to the ETLs under illumination
inside the SCRs as demonstrated by the black arrows in
Figure 1c. In addition, some holes and electrons flow through
the TRs causing leakage current as revealed by the red arrows
in Figure 1b,c, which do not flow through the metal wires to form
effective current in circuit. Obviously, the presence of this leak-
age channel is the biggest difference between the SCMS solar
cells and normal IBC solar cells. A simplified equivalent circuit
of the SCMS solar cells is showed in Figure 1d to facilitate the
understanding of the working principle of the SCMS solar cells
and the difference with normal IBC solar cells. The black bold
line represents the main current channel, and the direction of
I in the figure is the direction of the total current under illumi-
nation (i.e., a–b–c–d). The blue line represents the leakage
channel, and Ileak is the leakage current flowing through each
TR. According to the equivalent circuit model of a basic p–n junc-
tion solar cell, under ideal conditions (i.e., ignoring series and
shunt resistance), it is equal to a diode that represents the
p–n junction and a current-generation component that repre-
sents the diffusion current of light-generated carriers.[27] Each
SCR can then be equal to a diode and a current-generation com-
ponent, I0 is the current flowing through the diode, and IL is the
photocurrent. We can easily get

I ¼ IL � I0 � Ileak (1)

If countless SCRs are connected in series, the voltage drop of
each SCR is equal because each SCR is exactly the same.
Assuming the voltage drop is U, the potential at points a, b, c,
and d is (n� 2)U, (n� 1)U, nU, and (nþ 1)U, respectively.
Obviously, because there exists a voltage drop on both sides of
the TRs, this must cause the leakage current in TRs. It should
be noted that, since the TRs are inherently a semiconductor,
though we use a resistor Rt to describe the TR, actually the
leakage current in the TR is extremely complex, and the resis-
tance of Rt varies under electric and light injection. Therefore,
the leakage current does not simply vary linearly with U, and
the role of TRs is not simply a shunt resistance known from
the equivalent circuit model of a solar cell.[27] The leakage mech-
anism is the core of the study in this paper. Understanding the
causes of leakage current helps us to radically reduce leakage
current, and to further improve the efficiency of the SCMS
solar cells.

3. Mechanism of Leakage Current Under Electric
Injection

To enable a more detailed observation of the characteristics
of the leakage current, the curve of leakage current of the
SCMS solar cell (Period¼ 8, LSCR¼ 16.2mm, and the corre-
sponding surface area S of a sub-cell is 1.62� 10�4 cm2) under
only electric injection versus voltage is provided in Figure 2a.
Note that the horizontal axis “voltage” in the figure represents
“U” in Figure 1d, that is, the voltage drop of each SCR (the “volt-
age” in this paper represents ‘U’ unless special instructions).
The simulation method and extraction method of leakage current
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are detailed in Methodology. The leakage current does not
simply vary linearly with U as mentioned previously, but can
be divided into three stages: I) linear variation stage at low
voltage; II) exponential variation stage at moderate voltage;
and III) saturation stage at high voltage. For convenience, we call
the two pairs of HTL/ETL nearest to TR as HTL1/ETL1 and
HTL2/ETL2, respectively. Simulation result shows that the
leakage current exhibits an independence from Period, which
indicates the leakage current only comes from the regions
above HTL1/ETL1 and HTL2/ETL2 (Methodology). Therefore,
we only need to focus on the region consisting of HTL1/
ETL1, HTL2/ETL2, and TR (Figure 2a, left) to study the leakage
mechanism.

3.1. Direction of Leakage Current at Three Stages

According to analysis of dark current density maps and band dia-
grams, we propose the schematic diagram of the leakage circuit
at three stages, where, band diagrams are described in Figure 3,
while the other two are showed in Figure 2. As shown in
Figure 2b,c), they illustrate the schematic diagram of the leakage
circuit at stage I and corresponding dark current density map by
simulation when applied voltage is U¼ 0.2 V, respectively (the
complete dark current density maps in these three stages are
shown in Figure S2, Supporting Information). At this stage,
the leakage current mainly comes from the region above ETL1
and flows to ETL2 (I1). Rsh representing a shunt resistance in

(a)

(b) (c)

(d) (e)

(f) (g)

Figure 2. a) Dark Ileak�U curve of the SCMS solar cell (Period¼ 8, LSCR¼ 16.2 mm, S¼ 1.62� 10�4 cm2), which can be divided into three stages (linear
variation, exponential variation, and saturation stage). Schematic diagram of the leakage circuit at stages b) I, d) II, and f ) III, and the corresponding dark
current density map by simulation when applied voltage are c) U¼ 0.2 V, e) U¼ 0.6 V, and g) U¼ 1.2 V. Where, in (a), the fitting results are
Rsh¼ 1.7� 108Ω, I02¼ 1.8� 10�12 A, and m¼ 2.
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the equivalent circuit model of a basic p–n junction solar cell[27] is
used to describe the resistance of the leakage circuit. It is well
known that, in the contact region between HTLs and n-Si region,

it will form large band upward bending, acting like a diode. In
contrast, it forms ohmic contact between ETLs and n-Si region
due to low band bending and major carrier transmission, leading

(a)

(c)

(d)

(e)

(f)

(b)

Figure 3. The 3D dark band diagram of 3 consecutive sub-cells in series in a SCMS solar cell (Period¼ 4) at a) U¼ 0 V and b) U¼ 0.6 V. The
corresponding 2D band diagram in the x direction at c) y¼ 100 μm and d) y¼ 249.99 μm with different voltages (0 V state and three stages).
e) The corresponding 2D band diagram in the y direction at x¼ 6700 μm (middle of hole-transport layer [HTL]1 region) with different voltages.
①: 2D band diagram in Figure 2c with different voltages. f ) A local detailed view of Figure d), consisting of HTL1/electron-transport layer [ETL]1,
HTL2/ETL2, and TR. ②: 2D band diagram in Figure 2c with different voltages. “H” in these figures represents “HTL” and “E” represents “ETL”.
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to I1 dominate at low voltage. Figure 2d,e shows the situation of
stage II. At this stage, the leakage current I2 dominates, which
comes from the region above HTL1 and flows to ETL2.
Concerning stage III, most current flows from the HTLs to
the closest ETLs inside the same SCR, only a small part of
the current flows to the TRs as shown in Figure 2f,g. The I2
is still dominant, but gradually saturates.

Based on the previous analysis, the following formula is
applied to fit the stages I and II of the Ileak�U curve in Figure 2a

Ileak ¼ I1 þ I2 ¼
U
Rsh

þ I02 exp
U

mVT

� �
� 1

� �
,U ≤ 0.85V (2)

A good agreement can be observed. I1 ¼ U
Rsh

is the linear leak-

age current at stage I, and I2 ¼ I02½exp U
mVT

� �
� 1� is the exponen-

tial leakage current at stage II. The fitting results are
Rsh¼ 1.7� 108Ω, I02¼ 1.8� 10�12 A, and m¼ 2. Rsh was
found to be very close to the resistance of the path in the x
direction of I1 (we call it path I) as shown in
Figure 2b: RI ¼ ρ L1

t�d ¼ 1000Ω cm� 4200 μm
250 μm�1 μm ¼ 1.68� 108 Ω,

where L1¼ 4200 μm is the average distance between ETL1 and
ETL2 in the x direction, that is, the average length of path I.
ρ and t are the resistivity and thickness of silicon wafer, respec-
tively, and d is the length of TR in the z direction (the default
parameters in this simulation are detailed in Methodology), thus
t� d is the cross-sectional area of the TR (path I). As for stage III,
it is a saturation stage (not a linear variation stage) and we fit it
with a polynomial as detailed in Figure S3, Supporting
Information. The difference between the dark current–voltage
(I–V ) curve of a sub-cell and the dark Ileak�U curve of the
SCMS solar cell can also be found in Figure S3, Supporting
Information.

3.2. Analysis of Band Diagrams at Three Stages

For a clear understanding of the leakage mechanism, a complete
band diagram is required. As shown in Figure 3a,b), they are 3D
dark band diagrams of 3 consecutive sub-cells in series in a
SCMS solar cell (Period¼ 4) atU¼ 0 andU¼ 0.6 V, respectively.
We divide the n-Si region (with a thickness of 250 μm) into a bulk
region (y≤ 245 μm) and a selective contact region
(245< y< 250 μm) near the carrier collection layer according
to the y coordinate. Figure 3c,d provides the corresponding
2D band diagram in the x direction at y¼ 100 μm (bulk region)
and y¼ 249.99 μm (selective contact region) with different vol-
tages (0 V state and three stages), respectively. We can observe
that the quasi-Fermi levels in the TRs as well as the regions above
HTL1/ETL1 and HTL2/ETL2 are flat when the applied voltage
U¼ 0 V, but are inclined at stages I, II and III, since there is
a voltage drop on both sides of each TR (i.e., the voltage drop
between ETL1 and ETL2 or between HTL1 and HTL2).
Therefore, the carriers near the TRs flow to TRs driven by electric
field, resulting in leakage. In addition, a barrier ΔV exists
between the adjacent HTLs and ETLs inside the SCRs in the
selective contact region, as illustrated by the green arrow in
Figure 3d, causing the carriers transport in the x direction being
difficult. As a result, the leakage current only comes from the

regions above HTL1/ETL1 and HTL2/ETL2. A more detailed
explanation can be found in Figure S2, Supporting
Information. The direction of the leakage current is shown by
the red arrows in the figure, and leakage indeed exists at both
the left and right edges of the SCRs.

At stage I of leakage, the I1 dominates, which comes from the
region above ETL1, since it is ohmic contact between ETLs and
n-Si region while there is a large barrierΔV2 in the contact region
between HTLs and n-Si region at this time. As shown in
Figure 3e, it is the 2D band diagram in the y direction at
x¼ 6700 μm (middle of HTL1 region) with different voltages.
As the voltage increases, this barrier ΔV2 decreases from
1.12 eV at U¼ 0 V to 0.65 eV at U¼ 0.6 V. Thus, more and more
holes can cross the barrier, as shown by the hollow circles and
green arrows, causing the I2 to exceed I1, and then I2 dominates
at stage II. When at a high-voltage level, ΔV disappears
completely and reverses, as shown in Figure 3c,d at stage III,
thereby most current flows from the HTLs to the closest ETLs
inside the same SCR, only a small part of the current flows to
the TRs.

3.3. Theoretical Analysis of Linear, Exponential Variation or
Saturation of the Leakage Current, and the Origin of the
Ideality Factor m

According to the current equation of drift and diffusion, the
total electron current Jn and the total hole current Jp can be
expressed as[13]

Jn ¼ σn
q
∇EFn (3)

Jp ¼
σp
q
∇EFp (4)

where, q is the electron charge. EFn and EFp are the quasi-Fermi
levels of electrons and holes, respectively, and ∇EF is related to
electric field (namely applied voltage). σ is the corresponding con-
ductivity of a semiconductor, which is related to the carrier con-
centration[13]

σ ¼ Nqμ ¼ ðN0 þ ΔNÞqμ (5)

where, N is the total carrier concentration in the semiconductor,
including the carrier concentration N0 at thermal equilibrium
(i.e., related to the doping concentration) and the injected non-
equilibrium carrier concentration ΔN. μ is the carrier mobility.
In addition, the concentration of electron (n) and hole (p) at non-
equilibrium satisfies[13]

np ¼ n2i exp
EFn � EFp

kT

� �
(6)

where, ni corresponds to the intrinsic carrier concentration. k is
Boltzmann's constant and T is the thermodynamic temperature.
At stage I of the leakage, ΔN�N0, leading to N�N0, σ� σ0,
which is the initial conductivity. Therefore, the conductivity of
the regions along path I remains unchanged at stage I. The
quasi-Fermi levels of the regions along path I are found to be
straight at stage I in Figure 3c,d, that is, ∇EFn and ∇EFp do
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not change with the x coordinate. And they both vary linearly
with voltage at stage I according to the simulation results, result-
ing in a linear variation in the leakage current with voltage. In
contrast, at stage II, ΔN≫N0. The electron concentration is
approximately equal to the hole concentration, since the injected
electron and hole concentrations are equal. According to
Equation (6), we can obtain

n ≅ p ≅ ni exp
EFn � EFp

2kT

� �
(7)

Combining with Equation (5), we get

σ ¼ 2niqμ exp
EFn � EFp

2kT

� �
(8)

Disregarding recombination temporarily (SRH lifetime is
long enough), the quasi-Fermi-level splitting (QFLS) is dictated
by the voltage drop V in this region, it can be expressed as[13]

EFn � EFp ¼ qV (9)

As shown in Figure 3f, it corresponds to a local detailed view of
Figure 3d, consisting of HTL1/ETL1, HTL2/ETL2, and TR. The
QFLS of the regions along path I are 0.20 or 0.18 eV at U¼ 0.2 V
and are 0.60 or 0.53 eV at U¼ 0.6 V, that is, they are all found
close to qU at stages I and II since the voltage drop on both sides
of the TR is U. Thereby the conductivity here is

σ ¼ 2niqμ exp
U
2VT

� �
¼ C exp

U
2VT

� �
(10)

where,C is a constant and VT¼ kT/q is the thermal voltage. It can
be observed that the conductivity increases exponentially with the
applied voltage at stage II, whereas ∇EFn and ∇EFp change rela-
tively slowly, and results in the variation in leakage current being
dictated by the variation in conductivity of the regions along path
I (note that in fact the path in the x direction of leakage current I2
is mainly composed of path I) at stage II. Consequently, the leak-
age current varies exponentially with the voltage at stage II and
the value of the ideality factor m in Equation (2) should be 2
according to Equation (10).

At stage III, the QFLS of the regions along path I is saturated,
that is, EFn–EFp is a constant or varies particularly little. More
specifically, saturation is reached when the QFLS in the TRs
reaches about 0.8 eV, as shown in Figure 3f at stage III. In fact,
most of the applied voltage drops on the bulk region at this time
because of its finite resistivity, this is the same as when a diode is
at a high-voltage level.[13] Therefore, the conductivity, ∇EFn and
∇EFp of the regions along path I all change notably slowly,
leading to saturation of the leakage current.

4. Mechanism of Leakage Current Under Light
Injection

Figure 4a–c shows the 3D band diagram and the corresponding
2D band diagram in the x direction at y¼ 100 μm and
y¼ 249.99 μm at U¼ 0 V of the SCMS solar cell (Period¼ 4)
under AM1.5G solar spectrum (correspond to Figure 3a,c,d)).

The corresponding 2D band diagrams at other voltages are
provided in Figure S4, Supporting Information. Unlike the dark
condition, the quasi-Fermi levels are not flat under illumination
at 0 V because of the diffusion current of light-generated carriers,
which are generated everywhere over the whole solar cell (except
TRs). Take particular notice of the inclined band in the TRs indi-
cated by red dotted line, it means the leakage current appears
after light injection (Equation (3) and (4)), which is driven by pho-
togenerated voltage drop on both sides of each TR (the region
consisting of HTL2, TR, and ETL1 is similar to a p–n junction).
The light current density map by simulation of the complete
structure when U¼ 0 V is shown in Figure S2d, Supporting
Information. Figure 4d illustrates the schematic diagram of
the leakage circuit under light and electric injection.
Compared to electric injection only, there is an additional
photoinduced leakage current IPL. The IPL is constant as long
as the light intensity remains the same, no matter how much the
electric injection is, this can be explained in terms of the same
photogenerated voltage.

Figure 4e is a local detailed view of Figure 4c, consisting of
HTL1/ETL1, HTL2/ETL2, and TR. The QFLS in the TR is
0.58 eV under AM1.5G solar spectrum, the corresponding
IPL is 3.7� 10�7 A (�2.3 mA cm�2 for LSCR¼ 16.2mm), which
can be read from Figure S1d, Supporting Information. Figure 4f
can be obtained by subtracting IPL from the light leakage current
at different voltages. The remaining leakage current at stage I
and stage II still exhibit good accordance with Equation (2)
(and the light leakage current at stage III are almost the same
as the dark leakage current as shown in Figure S3,
Supporting Information), which is due to the fact that after sub-
tracting the light injection only the electric injection remains.
Therefore, the SCMS solar cells should satisfy the superposition
principle as the conventional silicon solar cells, which means the
current–voltage characteristic of an illuminated solar cell is the
dark current–voltage characteristic shifted by the short-circuit
photocurrent.[28] The fitting results are Rsh’¼ 2.3� 106Ω,
I02'¼ 1.8� 10�12 A, and m’¼ 2. Compared with the fitting
results under only electric injection in Figure 2a, we recognize
that only Rsh changes obviously, this is because photogenerated
carriers cause the conductivity of the SCRs to increase.
According to Equation (5), the injected photoconductivity in
the SCRs is σpho¼ 0.12 S cm�1 when ΔN¼ 1� 1015 cm�3 and
μ¼ 750 cm2 V s�1.[29] And the original conductivity of the
silicon wafer is σo¼ 1/ρ¼ 0.001 S cm�1. Therefore, the resis-
tance of path I under AM1.5G solar spectrum is as follows:
R

0
I ¼ 1

σ0þσpho

L1
t�d ¼ 8.26Ω cm� 4200 μm

250 μm�1 μm ¼ 1.39� 106 Ω. Rsh’ is

larger than RI’ as there is no injected photoconductivity in
the TRs due to shading. Additionally, the IPL dominates at
low-to-moderate voltages actually, since the QFLS in the TR is
up to 0.58 eV under AM1.5G solar spectrum.

We can conclude that regardless of electric or light injection, it
is the presence of voltage drop on both sides of each TR that
cause leakage current, and the variation in the conductivity
(resistance) of the regions along path I plays a decisive role in
the variation in the leakage current under different injection.
Furthermore, the effects of light injection and electric injection
on the leakage current are independent of each other and can be
superposed.
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5. Seven Methods to Suppress Leakage Current
(Density) to Achieve the Homojunction SCMS
Solar Cells with an Efficiency of ≥24.0%

Since the conductivity (resistance) of the regions along path I has
a crucial effect on the variation in the leakage current, reducing
the leakage current requires cutting down its conductivity
(resistance). In this section, we use two paths in terms of resis-
tance to reduce the leakage current (mainly change the resistance
of each TR) and further improve the performance of the SCMS
solar cells. According to the law of resistance, the resistance of
each TR (RTR) as a function of the voltage U can be described as

RTRðUÞ ¼ ρðUÞ L
td

¼ 1
d

L
t

1
σo þ σinjðUÞ

 !
(11)

σo¼ 1/ρ is the original conductivity of the TR, and σinj(U ) is
the injected conductivity as a function of U. d is the length of TR
in the z direction, but we do not take it into consideration here
(this is a 2D simulation). As shown in Figure 5a, path A is to
increase the original resistance of each TR (i.e., increasing ρ
and L, and decreasing t); path B is to increase the recombination
of carriers in the TRs, thereby attenuating the effect of carrier
injection (light and electric injection) on conductivity of the
TRs (i.e., reducing σinj(U )).

Figure 5b shows the dark Ileak�U curves of the SCMS solar
cell (Period¼ 8) at different ρ, which belong to path A to reduce
the leakage current. The leakage current at stage I exhibits a sig-
nificant decrease as ρ increases. At stage I, σo≫ σinj(U ), while at
stage II, σo� σinj(U ). Therefore, increasing ρ (or decreasing σo)
affects the leakage current only at stage I, exhibiting
an increase of Rsh. The corresponding light (current
density�N)�(voltage/N) (J–V ) curves and η at different ρ are
presented in Figure 5c. Note that the horizontal axis in the figure
is the total voltage/N, N is the number of sub-cells, and the J–V
curves and η have taken the effect of shading on the surface of the
TRs into account. We can observe that the SCMS solar cells
require a silicon wafer with high ρ to be competitive. The η boosts
from 6.8% at ρ¼ 2Ω·cm to 18.2% at ρ¼ 1000Ω cm. Short-cir-
cuit current density ( JSC), VOC, and fill factor (FF) as a function
of ρ can be found in Figure S5, Supporting Information.

Decreasing the wafer thickness t or increasing the length L of
each TR, which belong to path A can also increase RTR(U ) in the
full voltage range according to Equation (11). But we have to pay
attention to that the final efficiency of the SCMS solar cells
results from the trade-off between the effect of various parame-
ters on the leakage current and the effect on the SCRs. The
detailed analysis of the effect of t and L on the final efficiency
is provided in Figure S6, Supporting Information.

A high surface recombination rate in each TR (STR) or a low
SRH lifetime in each TR (τ TRSRH) can effectively attenuate the

(a)

(d) (e) (f)

(b)

(c)

Figure 4. a) The 3D light band diagram and the corresponding 2D band diagram in the x direction at b) y¼ 100 μm and c) y¼ 249.99 μm of the SCMS
solar cell (Period¼ 4) atU¼ 0 V (corresponds to Figure 3a–d). d) The schematic diagram of the leakage circuit under light and electric injection. e) A local
detailed view of Figure c, consisting of HTL1/ETL1, HTL2/ETL2, and TR. ②: 2D band diagram in Figure 2c at U¼ 0 V. f ) (Ileak�IPL) versus U curve of the
SCMS solar cell (Period ¼ 8) under AM1.5G solar spectrum. The fitting results are Rsh’¼ 2.3� 106Ω, I02'¼ 1.8� 10�12 A, and m’¼ 2.
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effect of carrier injection on conductivity of the TRs, which belong
to path B. Here, only changing the SRH lifetime in each TR
instead of that of the whole silicon wafer might not be industrially
feasible or are just too expensive (such as using laser to execute a
targeted damage to TR), the purpose of this is only to explain the
physical mechanism. Figure 5d gives the dark Ileak�U curves of
the SCMS solar cell (Period¼ 8, L¼ 1000 μm) at different τ TRSRH.
A cliff-like drop in the leakage current at stage II and III can be
observed as τ TRSRH decreases, exhibiting a sharp reduction of I02,
that is, σinj(U ) is reduced. When τ TRSRH is extremely small
(i.e., recombination is extremely strong), such as τ TRSRH¼ 10�9 s,
σinj(U )¼ 0, only the stage I should exist as shown by the blue
triangles in Figure 5d. This means that the injected conductivity
can be eliminated, which is significant for the improvement of the
efficiency of SCMS solar cell.

The corresponding light J–V curves and η are presented in
Figure 5e. The η can still increases from 19.6% at τ TRSRH¼ 10�2 s
to 22.1% at τ TRSRH¼ 10�9 s when other parameters are relatively
optimized. However, the η saturates at τ TRSRH¼ 10�6 s although
there is still an obvious drop in the Ileak from τ TRSRH ¼ 10�6 s
to τ TRSRH¼ 10�9 s. Actually, the total loss current of the SCMS
solar cells includes the leakage current flowing through each
TR (Ileak) and the recombination current in each TR (Irec). Irec
is similar to the recombination contribution caused by edge
effect in silicon solar cells.[27,30] This is detailed in Figure S7,
Supporting Information. Moreover, recombination exhibits a
considerable benefit under illumination, which can significantly
reduce injected photoconductivity and hence the IPL as shown in
Figure S7d, Supporting Information. JSC, VOC, FF, and η as a
function of τ TRSRH are provided in Figure S8, Supporting

(a) (f)

(b) (c)

(d) (e)

Figure 5. a) Schematic diagram of the physical process of carrier transport in the TR, illustrating paths A and B (5 methods in total) to reduce the leakage
current. Methods (6) and (7) are also listed. b) Dark Ileak�U curves and c) the corresponding light J–V curves of the SCMS solar cell (Period¼ 8) at
different ρ, which belong to path A. Note that the horizontal axis in the figure is the total voltage/N,N is the number of sub-cells, and the J–V curves and η
have taken the effect of shading on the surface of the TRs into account. d) Dark Ileak�U curves and e) the corresponding light J–V curves of the SCMS
solar cell (Period¼ 8, L¼ 1000 μm) at different τ TRSRH, which belong to path B. f ) Light J–V curve of the SCMS solar cell (Period¼ 14, ρ¼ 1000Ω·cm,
t¼ 62 μm, L¼ 1000 μm, and STR ¼ 106 cm s�1).
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Information. STR works the same as τ TRSRH, the performance of
SCMS solar cells at different STR are presented in Figure S9,
Supporting Information. In a word, increasing recombination
in the TRs has a significant effect on reducing the loss current.
Obviously, the proposal of this unusual method requires a deep
understanding of the leakage mechanism, and it has not been
reported before.

It is worth mentioning that an outstanding improvement of
the performance of SCMS solar cells as the Period increases
can be observed in Figure S10, Supporting Information, η
is optimized from 7.1% at Period¼ 2 (LSCR¼ 4.2 mm) to
21.3% at Period¼ 14 (LSCR¼ 28.2mm). Dividing Equation (1)
by the surface area S of a sub-cells in the SCMS solar
cells gives

J ¼ JL � J0 �
Ileak
S

(12)

Increasing the Period (LSCR) means increasing S, thereby
the leakage current density Ileak/S is reduced, the performance
of the SCMS solar cells can be remarkably improved in all
aspects in spite of the unchanged leakage current. This indicates
that the width of the sub-cells cannot be too small, otherwise η
will be greatly compromised. In addition, shading the surface of
the TRs is also a method to optimize the performance of
SCMS solar cells as demonstrated in Figure S5, Supporting
Information, this can be explained in terms of reducing light
injection.

Utilizing the previous methods, that is, Period¼ 14,
ρ¼ 1000Ω cm, t¼ 62 μm, L¼ 1000 μm, and STR¼ 106 cm s�1,
we can achieve the homojunction SCMS solar cell with a JSC
of (39.2/N) mA cm�2, a VOC of (0.767�N) V, a FF of 79.8%,
and an η up to 24.0%. The corresponding light J–V curve is pre-
sented in Figure 5f. In fact, the efficiency can be even higher. In
the previous sections, we have performed the simulation based
on an infinite number of sub-cells connected in series. That is,
there are N SCRs and N� 1 TRs and N tends to infinity. At this
time, N� 1/N is approximately equal to 1, that is, leakage exists
on both left and right edges of each SCR. If only two sub-cells are
connected in series, thenN� 1/N is equal to 0.5 and leakage only
exists on one edge of each SCR. If the same parameters as afore-
mentioned are used, we can obtain the SCMS solar cell with two
sub-cells in series with a JSC of (40.6/N) mA cm�2, a VOC of
(0.772�N) V, a FF of 81.7%, and an η up to 25.6%. That is
to say, the efficiency of the homojunction SCMS solar cells with
the aforementioned parameters should be between 24.0% and
25.6%. The efficiency can be further improved by passivating
contact technologies,[31] etc.

6. Conclusion

The study has been carried out by means of a TCAD-based
numerical simulation based on an accurate simulation method.
Our analysis revealed that the SCMS solar cells only have one
more leakage channel, compared with normal IBC solar cells.
We have extracted the leakage current and proposed and per-
formed an in-depth analysis of an unconventional non-shunt
resistance type of leakage mechanism under electric and light
injection, which has not been reported before by investigating

the current density map, band diagram, and mathematical equa-
tion fitting of the leakage current, finding that the leakage current
can be divided into three stages that are closely related to the vari-
ation in the conductivity (resistance) of the TRs under injection
conditions. Then, based on our deep understanding of the leak-
age mechanism, several practical methods especially the unusual
method of increasing the recombination to inhibit the rise in
conductivity in the TR have been proposed to improve the effi-
ciency of the SCMS solar cells by suppressing leakage current
(density) at different stages, namely increasing ρ, L, STR, and
Period, decreasing t and τ TRSRH and shading the surface of the
TRs. Finally, the simulation exhibited that a VOC of more than
(0.767�N) V (can reach [0.772�N] V or even higher) and an
η of more than 24.0% (can reach 25.6% or even higher) of the
SCMS solar cells can be obtained. This confirms that the
SCMS solar cells not only have the ability to output high voltage
by controlling the number of sub-cells, but also have the potential
to maintain high efficiency, which well meets the requirements
of self-powered systems at low cost. After all, low cost is our per-
manent pursuit.

7. Methodology

7.1. Simulation Method

Since leakage existed at both the left and right edges of the SCRs
as shown in Figure 1b,c, our simulation unit consisted of 2 half
SCRs (i.e., only P/2 pairs of HTLs/ETLs inside the SCRs) and 1
TR, as a way to simulate the SCMS solar cells with Period¼ P, as
shown in Figure S1a, Supporting Information. To easily under-
stand the leakage mechanism, a homojunction SCMS solar cell
was simulated here, that is, pþþ–Si as HTL and nþþ–Si as ETL,
the simulation parameters can be found in Table 1.
Shockley–Read–Hall (SRH) recombination, Auger recombina-
tion, Fermi–Dirac carrier statistics, and bandgap narrowing
model were deployed into the simulation.[29] The default resistiv-
ity ρ and thickness t of silicon wafer were ρ¼ 1000Ω cm and
t¼ 250 μm, respectively, and the default length L of the TR in
the x direction is L¼ 2000 μm in this paper. Additionally, this
is a 2D (x and y) simulation, the length of the SCMS solar cell
in the z direction is 1 μm by default. Note that all simulation

Table 1. Region parameters used in the simulation.

Region parametersa) n–Si HTL (pþþ–Si) ETL (nþþ–Si)

Doping concentration
or Resistivity

2–1000Ω cm 1�1021 cm�3b) 5�1020 cm�3b)

Layer thickness [μm] 30–250 1 1

Length [μm] – 1200 400

SRH lifetime (τSRH)
c) [ms] 10 10 10

a)Other parameters: 1) The length of TR in the x direction is 50–4000 μm.
2) Gap between HTL and ETL is 200 μm. 3) SiNx/Al2O3 is 65 and 15 nm, respectively.
4) The surface recombination rate at the pþþ–Si/metal and nþþ–Si/metal interface is
107 cm s�1 (thermal velocity limit). The rest can be found in ref.[29]; b)Such high
doping concentration is to suppress the high contact recombination at Si/metal
interface[32]; c)1/τeff¼ 1/τSRHþ 1/τAugerþ 1/τsurfþ 1/τrad.

[33]
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results in this paper are based on the aforementioned simulation
unit in Figure S1a, Supporting Information, except for the band
diagram of three consecutive sub-cells in series in an SCMS
solar cell (Period¼ 4) in Figure 3 and 4a–c and the performance
of the SCMS solar cell with two sub-cells in series:
JSC¼ (40.6/N) mA cm�2, VOC¼ (0.772�N) V, FF¼ 81.7%,
and an η¼ 25.6%, the simulation of the latter two were based
on their complete structures.

7.2. Extraction Method of Ileak

Ileak was the sum of all current flowing through a cross section of
the TR. It was assumed that the current density at any position
was J(x, y), and there was a cross section named S’ at x¼ x0 in the
TR as demonstrated in Figure S1b, Supporting Information,
then

Ileak ¼
Z
S
0
Jðx0, yÞdy (13)

It was noted that the current flowing through every cross sec-
tion of the TR was equal no matter in the light condition or the
dark condition since the TR was a field without sources.
Additionally, we found that the leakage current exhibited an inde-
pendence from Period revealed by Figure S1c,d, Supporting
Information, which indicates that the leakage current only comes
from the regions above HTL1/ETL1 and HTL2/ETL2. This also
meant our developed simulation unit with P/2 pairs of HTL/ETL
inside the SCR would not underestimate the leakage current as
the leakage current did not come from all HTLs/ETLs, it could
accurately simulate SCMS solar cells with Period¼ P.

7.3. Extraction Method of Irec

It was assumed that the recombination rate at any position was
R(x, y), then

Irec ¼ q
ZZ

TR
Rðx, yÞdxdy (14)

That is, Irec is the area integral of the recombination rate in the
TR as demonstrated in Figure S1b, Supporting Information.
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