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Abstract: Efficiency has been known to be one of the most important factors in a solar cell. This
article presents the results of a simulation performed on a perovskite/CIGS dual-junction solar cell.
In this report, first, a top solar cell consisting of a perovskite absorber layer is simulated using the
pn-junction; the separation and transfer of carriers in this structure are done by the internal electric
field. The pn-junction has a discharge area smaller than the pin-junction, which increases carrier
recombination and reduces optical losses. The perovskite band gap of 1.9 eV is considered, and the
efficiency is 21.65% using the Au electrode. Then, the bottom solar cell is fabricated with a CIGS
absorbent layer with a 1.4 eV band gap and an efficiency of 11.46%. After simulating and evaluating
the performance of the top and bottom solar cells independently, both cells were simulated and
examined for the dual-junction state. Since the perovskite and CIGS band gaps are both adjustable,
these two materials can act as a proper partner for an absorbent layer in a dual-junction solar cell.
In this structure, instead of the usual connection of p-i-n and n-i-p perovskite, n-type and p-type
homojunction perovskite connection is used, in which the transfer and separation of carriers are
done by an internal electric field. Due to the fact that in this structure, the discharge area is smaller,
the recombination of carriers is increased, and the light losses are reduced, which will increase the
absorption and efficiency of the cell. The results show that in the tandem design, we encounter an
increase in V. (2.25 V), thus increasing the efficiency of the solar cell (30.71%).

Keywords: tandem solar cell; p-n homojunction perovskite; CIGS; 4-terminals

1. Introduction

Perovskite as an absorbent layer in solar cells was first reported by Miyasaka et al.
in 2009 [1]. It has been widely used in the manufacture of solar cells since the perovskite
became known [2-13]. The high mobility of the carriers, the easy manufacturing process,
and the great light absorption in the visible area make perovskite a light active layer in
the solar cell. CIGS (Copper Indium Gallium Selenide) also has a very high absorption
coefficient, which is greater than 10° cm~! across the visible spectrum [14]. The general
formula for the CIGS layer is Culn(;_,)GaxSe;, where X specifies the Ga value in the
composition. By adding a small amount of gallium to the CIS (Copper Indium Selenide)
layer, its band gap can be increased from the normal value of 1 eV to 1.7 eV [15].

One of the advantages of a dual-junction solar cell compared to a single-junction solar
cell is the spectral response. In dual-junction cells, the spectral response is equal to the sum
of its two sub-cells. Therefore, a dual-junction solar cell is capable of absorbing a wide range
of sunlight. According to the theory of multicellular cells, open circuit voltage is equal
to the sum of the open-circuit voltages of single-junction cells and short-circuit current is
equal to the minimum short-circuit current of single-junction cells [16]. In multi-junction
solar cells, the low wavelengths of sunlight are absorbed by the first layer, and the higher
wavelengths are absorbed by the next layers, respectively [17,18].
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The structure of most perovskite-based solar cells is p-i-n or n-i-p. However, a com-
parison has been recently made between homojunction and heterojunction perovskite
architectures, in which the pn homojunction architectures, solar cell efficiency is 23%,
which has increased significantly compared to heterojunction architectures [19].

In 2019, the use of Au nanoparticles with a radius of 60 nm increased the absorption
in the structure of the perovskite solar cell [20]. In 2020, the CGS/CIGS dual-junction solar
cell was simulated with and without gallium, and its yield was 32.3% [21].

In 2021, work was carried out on perovskite dual-junction structures with various
compounds, including CIGS, which then led to an efficiency of 25%. The performance of
all compounds is compared [22]. Recently, an inorganic perovskite/organic tandem solar
cell has been developed, the V,,. of which has been increased using the SnO;/ZnO electron
transfer layer, with an efficiency of 20.18% [23].

Furthermore, dual-junction perovskite/CIGS and perovskite/Si solar cells with a
4-terminal architecture were designed and experimented, with a reported efficiency of
25.0% and 25.7%, respectively [24]. Recently, a perovskite/perovskite dual-junction solar
cell was simulated and experimented with Pb-free perovskite (Cs; AgBi, ,5Sbg 25Brs) and
low Pb perovskite (FACsPbg55n 513), with a 2-terminal architecture having an efficiency
of 17.35% [25]. In this report, among the various perovskite, Methylammonium lead
halides CH3NH3Pbl; is considered for simulation. This simulation was performed at
300 K temperature.

The rest of the paper is written as follows: Section 2 deals with the simulation method
and its equations. The general schematic of the solar cell and the table of parameters
required for simulation are also given. In Section 3, the perovskite single-junction solar
cell, the CIGS single-junction solar cell, and the integration of top and bottom cells and
comparison of the results with single-junction modes are simulated. Finally, a conclusion is
drawn in the last section.

2. Materials and Methods

Perovskite solar cell is a top cell. The perovskite solar cell is simulated as a p-n diode
junction. In this method, the separation and transfer of carriers is the responsibility of
the internal electric field. It also reduces light losses and increases the recombination of
carriers [19,26-29]. Accordingly, two layers of n- and p-type perovskite have been used.
Two-hole transfer layer (HTL) and electron transfer layer (ETL) have been placed above
and below them. Figure 1 shows carriers in generation and transport in the homojunction
and heterojunction perovskite solar cell.

PIN Heterojunction Perovskite Homojunction

Figure 1. Carrier generation and transport in heterojunction and homojunction perovskite solar
cells. Black and red arrows indicate the direction of the internal electric field and the direction of
transmission of the carriers, respectively. Electrons are shown with pink circles and holes with
yellow circles.

The lower absorbent cell layer is CIGS. In 4-terminal architecture, there is no need for
current matching and tunnel junction. In this report, the top and bottom cells are connected
in 4-terminals. According to this configuration, two cells are parallel, so 4 electrodes are
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needed. The general schematic of the structure of the perovskite single-junction solar
cell (Figure 2a), the CIGS single-junction solar cell (Figure 2b), and the dualjunction
perovskite /CIGS solar cell (Figure 2c) are shown in Figure 2.

Metal Grid Au % & §;>§ & Q‘\ & Q&
ETL n-type 0.lpm 5x 101 cm=3 Metal Grid Au

ETL n-type Olpm 5x 10 cm™3

Absorber Layer Perovskite n-type 1.5pm 2 x 107 cm™3

Absorber Layer Perovskite n-type 1.5pm 2 x 107 em™3

Absorber Layer Perovskite p-type 05um 2 x 10'® em™3

2 Absorber Layer Perovskite p-type 0.5pum 2 x 10'® em™3
p-type  0.04pm 3 x 108 cm~3

HTL p-type  0.04pm 3 x 10 cm™3

Front Contact ZnO:Al 0.02 pm Front Contact ZnO:Al 0.02 pm

Buffer Layer CdS n-type 2 < 10" o

Buffer Layer CdS ntype  O0lpm 2x 108 cem™3

Back Contact Mo 0.5 pm Back Contact Mo 0.5 pm

(b) (©

Figure 2. Schematic diagram of (a) single-junction top solar cell, (b) single-junction bottom solar cell,
and (c) perovskite/CIGS dual-junction solar cell with 4-terminal architecture simulated in this report.

Three main numerical solution methods are the GUMMEL method, the NEWTON
method, and the BLOCK method. The GUMMEL method is used for equations of a weakly
coupled system with linear convergence. The NEWTON method is used for the equations
of a strong coupling system with a second-order convergence, in which case the software
takes a long time to solve the equations to create a reliable convergence. Finally, the BLOCK
method performs rapid simulations [28]. In this simulation, partial differential equations
(PDEs) have been utilized to model the cell using Newton’s numerical solution.

The function of the solar cell can be evaluated by simultaneously solving the three
main equations of Poisson, the continuity and the transfer of carriers [29]. In general,
Poisson’s equation can be written as follows [30]:

dE  ps

g ) 1

dx & )
where E is the electric field, ps is the density of the charge space, and ¢; is the semiconductor
transmission coefficient. The equations of electron and hole continuity in stable conditions
are [31]:

on _ 19J,
o “gox (G R <2>
dp  19]p
2= g TG R) ®)

In Equations (2) and (3), # and p are the density of free electrons and holes, g is the
charge of electrons, [, and | p are the electron and hole current density, G, and Gp are the
rate of electron and hole production, R, and Ry, are the recombination rate of electrons and
holes specifies, respectively.
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The carrier transfer current equation is as follows [32]:
dn
Jn = q,unnE‘FanE (4)
dp
Jp = quppE — Dy~ (5)

where i, and i, are the mobility of electrons and holes, and D, and Dy, are the diffusion
coefficients of electrons and holes, respectively. The total transfer current is obtained from
the sum of Equations (4) and (5):

Je=Tn+] p 6)

In this process, the Shockley-Reed-Hall recombination method has been used to
consider the production recombination effect of carriers [33]. Moreover, in this simulation,
for the distribution of electron density and cavities, the Dirac-Fermi distribution function
at a temperature of 300 K according to Equation (7) has been used [34]:

1
F(E) = 1+ e(E—Ep)/KT )

Here, K is the constant of Boltzmann, T is the absolute temperature in Kelvin, and Er
is the form of surface energy. In this simulation, the finite element method (FEM) using
the Newton iterative algorithm method is used. The basis of this method is either the
complete elimination of differential equations or their simplification to ordinary differential
equations, which are solved by numerical methods such as Euler. The flowchart of the
general simulation process is given in Appendix A. The parameters required to simulate
the Perovskite/CIGS dual-junction solar cell are also listed in Table 1, and some of these
parameters were reported in [35,36].

Table 1. Semiconductor parameters used for simulation.

Parameters Symbol Unit Perovskite HTL ETL cds CIGS
Band gap [35] Eq eV 1.9 231 35 24 14
Electron affinity [36] Xe X, 3.9 4.08 3.9 4 4.6
Relative permittivity [35] €r Fcm™! 6.5 9 6.5 10 13.6
Electron mobility [35] fn cm?/Vss 1.6 25 1.6 100 100
Hole mobility [35] My cm?/Vs 0.2 100 0.2 25 25
Conduction band effective Ne cm—3 22x1018  22x108  22x108  22x108 22 x 108
density of states [35]
Valence band effective N, cm™3 18x 109 18x10° 18x10° 18x10° 1.8 x 10

density of states [35]

3. Results and Discussion

This section is divided into three parts: Section 3.1 simulates the perovskite single-
junction solar cell. Section 3.2 presents the CIGS single-junction solar cell simulation.
Section 3.3 simulates the integration of top and bottom cells and compares the results with
single-junction modes [37].

3.1. Perovskite Top Cell

In this section, we first examine the results obtained from the simulation of a single-
junction perovskite solar cell, which is the top cell of the dual-junction structure. The
specifications of this cell are shown in Figure 2, and the relevant parameters are presented
in Table 1.

Figure 3 shows solar cell band structure including HTL layer with a thickness of
0.04 um and an impurity density of 3 x 10'8 cm~3 p-type, perovskite layer with a thickness
of 0.5 um and a density of 2 x 10 cm ™3 p-type, a thickness of a layer of perovskite
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1.5 pm and impurity density 2 x 10 em ™3 n-types, and finally, an ETL layer with a
thickness of 0.1 um and impurity density of 5 x 10'® cm 2 n-type. The black curve shows
the conduction band, and the red curve shows the valence band. Figure 4 illustrates the J-V
characteristic of a single-junction perovskite solar cell. The main parameters of the cell can
be calculated by the assistance of this diagram.

ETL
perovskite
HTL

bt L]

(=]

—
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Figure 3. Energy band diagram of perovskite solar cell (Top Cell).
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Figure 4. The ]J-V characteristics in the perovskite top cell.

The number of photons absorbed per area unit of the solar cell per time unit is plotted
according to the wavelength for the perovskite single-junction solar cell in Figure 5. As
can be concluded from the figure, the highest cell absorption efficiency occurred in the
perovskite layer. The output parameters obtained from the top cell (perovskite) are given in
Table 2. Due to the fact that in the top cell (perovskite), instead of the p-i-n heterojunction,
the p-n homojunction is used, and the tunnel junction is considered ideal; as a result, it
passes the whole flow and has no losses.
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Figure 5. The photon absorption rate curve in top solar cell (perovskite).

Table 2. Simulated results for top solar cell.

Jsc (mA/cm?) Voc (V) FF (%) n (%)
Perovskite top cell 41.45 1.41 51.06 21.65

In the homojunction perovskite structure, due to the presence of an internal electric
field, the recombination rate of the carriers is lower. Therefore, a reduction in electron
concentration causes an increase in free holes of the p-type region of perovskite, which
moves the region away from the interface and improves cell performance.

3.2. CIGS Bottom Cell

In this section, the simulation of the lower solar cell (CIGS) is discussed separately.
The CIGS solar cell is simulated as a p-n diode junction. So, ZnO:Al as front contact, CIGS
type n is used as the absorbent layer and CdS type p is used as the buffer layer with the Mo
back contact layer underneath. The top electrode is considered ideal.

Cu(Inj_x.Gay)Se; has a variable energy gap from 1.04 eV to 1.68 eV. The increase in
the energy gap of an absorbent and thus the rise in the gallium content is determined by:

x = Ga/(In+ Ga) ®)

The relationship between the energy gap and the value of x, which represents the
content of gallium, is expressed as [37,38]:

Eg = 1.011 + 0.664x — 0.249x(1 — x) )

In this study, the value of x is considered 0.7, and according to Equation (9), the value
of the band gap of 1.4 eV is obtained.

According to the structure of the solar cell shown in Figure 2, the band structure of the
bottom cell and the difference in the energy state of different materials in the conduction
and valence bands is depicted in Figure 6. The conduction band and valence band curves
are shown in black and red, respectively. The smoother the changes between different
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layers, the better the transfer is due to better alignment of the bands. Due to the fact that
the band gap in the bottom cell is larger, the electron accelerates and passes, which causes a
break in the Schottky barrier.

3

2

5 1
&
5]
a

0

-1

-2

1 2 3 4
Microns

Figure 6. The energy band diagram of CIGS solar cell (bottom cell).

Figure 7 shows the number of photons absorbed per area unit of the solar cell per time
unit in terms of wavelength for a single-junction CIGS solar cell. As indicated in Figure 8,
the J-V characteristic is used to compare and determine the basic parameters of the solar
cell. The values obtained from the simulation of the bottom cell are given in Table 3.

2
2x10% = Photon Absorption Rate (/cm°s)
2 16x10%2
=
3
£
51 2x1022
g cas
= CulnGaSe
5 gx102! Molybdenum
£
4x1 02 1
" o

1 2 3 4
Distance from top (microns)

Figure 7. The photon absorption rate curve for bottom cell (CIGS).
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Figure 8. The J-V curve characteristics for the CIGS bottom cell.
Table 3. Simulated results for bottom solar cell.
Jsc (mA/cm?) Voc (V) FF (%) N (%)
CIGS bottom cell 25.80 0.84 72.93 11.46

3.3. Perovskite/CIGS Tandem Solar Cell

In this section, we will simulate and fully evaluate the perovskite/CIGS dual-junction
solar cell according to the top and bottom cells examined in the previous sections. The
pn junction has a smaller discharge area than the pin junction, thus increasing the recom-
bination of carriers and reducing optical losses. In this type of connection, due to the
homogeneity of layers p and n, they create a strong internal electric field by which the
separation and transfer of carriers are done.

Considering that the effect of different metal grids on perovskite/CIGS dual-junction
solar cell has been investigated before [38] and because the most important characteristic of
the above electrode is its working function, then in this structure, due to the proximity of
Au working function to perovskite, Au as a metal connection is used.

Figure 9 shows the band structure of a dual-junction solar cell. In this figure, the
conduction band is marked in black, and the valence band is marked in red. The energy
band diagram (EBD) is to examine the overall performance of carriers in the solar cell.
According to the results obtained in the previous sections, the V;. value of the top cell
is higher (1.14 V), which is also confirmed by the EBD diagram. It is observed that in
the intersection, the edge of the conduction strip and the capacity of a bend are found
upwards. This facilitates the movement of the carriers and separates the carriers better in
the intersection; thus, it leads to an increase in efficiency.

In the next step, we will have a look at the photon absorption rate in a dual-junction
solar cell. According to Figure 10, in the perovskite layer, the range of which is determined
by the figure guide, we have the highest absorption rate compared to other layers, and in
the intersection, the increase in absorption is also observed.
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Figure 9. The energy band diagram of tandem solar cell.
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Figure 10. The absorption rate curve for perovskite/CIGS tandem solar cell.
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The J-V curve for the tandem solar cell is shown in Figure 11. As demonstrated in the
figure, the top cell has a relatively high V;. due to the higher bandgap of the perovskite
absorber layer in comparison to the bottom cell. Finally, by comparing the three simulated
modes, it will be represented that in the tandem mode, the highest amount of voltage is
obtained compared to the two single-junction modes.

50 T T : :

=== Perovskite
CIGS

==&-=Tandem [

o
c -

<
é 30 -
%‘ 0 Y :
]
g X
=
= ) i
z " 1
G \.
1 1 1 1 lQ
% 0.5 1 15 2 25

Voltage (V)
Figure 11. Comparison of J-V characteristics for the top, bottom, and tandem solar cell.

The photovoltaic parameters obtained from the perovskite/CIGS dual-junction solar
cell simulation are given in Table 4 and are also compared with the single-junction cells
of perovskite and CIGS. Similar work is also shown in the comparison table. The amount
of short-circuit currents obtained in the top cell with respect to the homojunction p-n
perovskite solar cells is reasonable [39-44].

Table 4. Comparison table of photovoltaic parameters of single-junction and tandem solar cells.

Jsc (mA/cm?) Voc (V) FF (%) 1 (%)
Perovskite top cell 41.45 1.41 51.06 21.65
CIGS bottom cell 25.80 0.84 72.93 11.46
Tandem cell 25.80 2.25 73.02 30.71
p-n homojunction pvsk [26] 24.23 1.12 80.50 21.38
Perovskite/CIGS [39] - - - 22.7

According to Table 4, we encountered an increase in V. in dual-junction mode, which
has also increased efficiency. Figure 11 illustrates the external quantum efficiency (EQE)
in terms of the wavelength of the incoming light for different top and bottom cell values.
The results obtained in Figure 12 show that the highest EQE of 80% and 79% are between
wavelengths of 0.4 pm and 0.9 um for the perovskite and CIGS solar cells, respectively.
Due to the refractive index of perovskite and CIGS, oscillations occur in the wavelength
range of more than 1000 nm [45].
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Figure 12. The effect of EQE on top (perovskite) and bottom (CIGS) solar cells.

Given that the idea of this paper is to connect the perovskite p-n homojunction in a
dual-junction structure, it is noteworthy to consider the possibility of constructing such
a structure, which was made in 2019 [26]. To further confirm this connection, KPFM
measurements were performed on the cross section of the homojunction structure in the
dark. The efficiency of homojunction perovskite cells has been confirmed at 20.5% by the
National Institute of Metrology in China. In order to evaluate the stability of homojunction,
transmission electron microscopy (TEM) studies were performed that stored homojunction
perovskites in ambient air in the dark for 160 hours. The stability of homojunction has
increased by about 3% compared to heterojunction, and they are relatively stable against

moisture and oxygen [26].

4. Conclusions
The report first simulated the perovskite single-junction solar cell, which is a p-n
diode connection, n- or p-type doping is performed by stoichiometric control of perovskite
precursors, with a cell efficiency of 21.65%. The CIGS single-junction solar cell is then simu-
lated with a 1.4 eV band gap, with an efficiency of 11.46%. The photovoltaic parameters,
photon absorption diagram, energy band structure, and J-V are each analyzed separately.
Most perovskite structures are in the form of p-i-n connections, but in this structure, n-type
and p-type homojunction perovskite connections are used. The task of transferring and
separating the carriers is the responsibility of the internal electric field. Carrier light losses
are reduced, which leads to increased absorption and efficiency of the solar cell. Finally, the
perovskite cell was simulated and examined as a top cell with a 1.9 eV band gap and a CIGS
cell as a bottom cell with a 4-terminal architecture as a dual-junction. In the dual-junction
state, the Js. of the cell 25.80 mA /cm?, the V,. was 2.25 V, the fill factor was 73.02%, and
the efficiency was 30.71%. Comparing the perovskite p-n junction with the p-i-n junction

and the experimental work is in the next step of our research.
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Appendix A
The general process of performing optical and electrical simulations is shown in

Figure Al.
Schema definition

Determining border conditions

!

Apply the solar spectrum

|

Solve Maxwell equations using Fixed structure
the FEM method

F

bugs

Convergence

Extraction of optical production rate

!

Definition of electrical parameters and
simulation area

Calculation of electric potential and electric field and carrier
density by solving Poisson equation and drift-diffusion equations

Fixed structure
bugs

Convergence

Calculation of electrical parameters of quantum
efficiency and J-V curve

Figure A1. The flowchart of general process of performing optical and electrical simulations.
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