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Abstract:

This work deals with the simulation and optimization of a single perovskite solar cell
based on the lead-free, inorganic perovskite absorber CsGels with a bandgap energy of
1.6 eV. An appropriate simulation model was designed on the basis of the physical
properties employed and carefully selected. Firstly, the study demonstrated the role of
increasing the bulk defect density of the absorber as well as the interface defect density
at the boundaries between the absorber and the carrier transport layers on increasing the
photo-generated carrier recombination velocity, causing the collapse of the solar cell
performance. The effect of layer thickness on photovoltaic parameters was also
investigated. Next, various combinations of ETL and HTL electron and hole transport
materials, with different bandgap alignments with the absorber were studied. The
performance of the different structures was used to determine the optimum structure for
obtaining the best results. An efficiency of 15.9% was obtained with the ETL-SnO-
/CsGels/HTL- SrCu,0; architecture. Finally, the optimized structure was simulated in a
2T-tandem configuration in combination with the 1.3 eV-CsSnl; based solar sub-cell. It
was found that the efficiency could reach 25%. The aim of this work is to develop an
efficient, lead-free and stable perovskite cell structure that could replace its hybrid
perovskite counterpart and be used as a performing sub-cell in a tandem structure.

1. Introduction

moisture, Formamidinium (FA) of general formula
CH3(NH2)#, is favoured in the A site for a better

The considerable progress made in harnessing
photovoltaic solar energy has led to the development
of wvarious systems and devices aimed at
performance while remaining inexpensive and easy
to manufacture [1]. The emergence of perovskite
materials and their application in photovoltaic
technology represents a real breakthrough in this
field [2]. In recent years, organometallic hybrid
perovskite has been the most widely used absorber
material in photovoltaic solar cells, due to its
advantageous properties that have enabled high
conversion efficiencies to be achieved within a
decade [3].

The most known  halogenated organometallic
perovskite is MAPDI; expressed with the formula
ABXs3, where A is a monovalent cation of
methylamonium (MA) of chemical formula
CH3NH?** | Bsite isa bivalent cation of lead Pb*?,
X is a halide anion of the iodine. However, because
of the sensitivity of (MA) to temperature and

stability. It was also reported that FA-based PSCs
was significantly higher than that of MA-based PSCs
(25.38 mAcm? versus 23.26 mA cm?) [4].
However, perovskite technology has a number of
drawbacks that limit its competitiveness compared
with older and more mature technologies, such as
lead toxicity and the instability of organic
components [5]. As a result, the study of inorganic
and non-toxic perovskite materials has intensified.
Previous work has shown that incorporating
inorganic alkali cations such as Cs*, Rb* and K* into
the (A) site increases the stability and conversion
efficiency of solar cells [6].

On the other hand the harmful lead Pb?* can be
replaced by other metal ions with low or no toxicity,
such as equivalent Sn?", Ge?* Bi*", Sb¥[7].
Replacing Lead with other elements could change
the general formula of the perovskite. One speaks
sometimes of double perovskites when Pb*? is
substituted with one trivalent B%* and one
monovalent B* resulting in the formula A2B’B’’X.
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The perovskite that is the subject of this study is
CsGels, where inorganic caesium (Cs) occupies site
(A) and lead has been replaced by its equivalent Ge*?
because of its very low toxicity [8]. However, it
should not be forgotten that Ge*2 shares with Sn** a
strong tendency to oxidize at room temperature.
Fortunately, a number of methods exist to overcome
this problem [9]. Germanium-based perovskite thin
films have been the subject of much experimental
and computational research.

This work concerns the simulation and optimization
of asingle solar cell based on the inorganic, lead-free
absorber CsGels, followed by a study of the
performance of a tandem solar cell based on the
same structure as a top sub-cell. The aim is to obtain
high-performance structures that could contribute to
the development of efficient solar cell devices based
on low-cost, non-toxic and stable perovskite
absorbers.

2. Structure, Methodology and Theoretical
Model

The simulation work was carried out on the basic
structure, which has a conventional architecture of
successive layers configured as follows [10]:
FTO/PCBM/CsGels/Spiro-OMeTAD/Ag. The
absorbing perovskite layer is inorganic, lead-free
CsGels, with a bandgap energy of 1.6 eV and a
thickness of 1 um. The materials for the initial ETL
and HTL layers were PCBM and Spiro-OMeTAD,
measuring 50 nm and 200 nm respectively. FTO was
used as the transparent oxide layer and Ag as the
back contact.

The study begins by examining the effect of the bulk
defect density of the perovskite absorber in addition
to that of the interface defect density on the carrier
recombination and photovoltaic performance of the
device. The impact of varying the thickness of the
main layers mentioned above was then simulated.
The results obtained suggested optimum values for
these parameters.

Next, different combinations of ETL and HTL
materials, which produce different bandgap
alignments at the interfaces with the absorber
material, were studied. The performance of the
different structures was calculated in order to select
the optimum configuration that gives the best
photovoltaic performance.

To conclude this study, the performance of the two-
terminal tandem solar cell was simulated. The
optimal CsGels cell occupies the position of the top
sub-cell in combination with the perovskite-based
CsSnls solar cell with lower bandgap energy as the
bottom sub-cell. The results obtained were compared
with those of similar work.
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The simulation model used in this work consists of
calculating the photocurrent density, the current-
voltage characteristic and the photovoltaic
parameters on the basis of equations derived from
the solution of the Poisson equation and the drift-
diffusion equations for electrons and holes [11].

Jon = @ [y7* F(2). EQE(2) dA )
Jon is the photocurrent density which depends on the
external quantum efficiency EQE (A) and the
incident solar spectrum F(A). g is the electron's
elementary charge. Amin and Amax are the minimum
and maximum wavelengths.

The current-voltage characteristic is expressed in
equation 2.
1 )

The recombination rate due to the density of defects
in the bulk of the perovskite material was evaluated
according to the Schockley-Read-Hall
recombination model [12], expressed in equation 3.
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n and p represent the concentrations of electrons and
holes. T, and t, are electron and hole life-times
given by equation 4.

1

T SEe— 4
wp On,p-Vin-Nt ( )

N: is the bulk defect density in the perovskite
material and Vi, is the thermal velocity.

The effect of interface density at the vicinity of the
absorber with its neighbouring ETL electron
transport and HTL hole transport layers, was
investigated in this work. The contribution of
interface recombination at the rear and the front
interfaces on each side of the perovskite absorber,
was taken into consideration in the evaluation of the
current-voltage curve [13]. Js represent in equation
2, the current loss due to interface recombination
which depends on the recombination velocity S and
the bandgap energy offsets AE. and AE, at both sides
of the perovskite absorber. Equations 5, 6 and 7
express S, AE; and AE,.

S = Vin.0. Nipe Q)

Nint 1s the interfacial defect density and o is the capture
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cross section of traps.
(6)
(7)

AE; = Xeri — Xabs
AE, = (Xure + Egure) — (Xaps + EGabs)

The basic physical parameters used in this
simulation have been taken from research works on
the materials used in the structure [14,15,16,17].

3. Result and Discussion

3.1 Effect of Bulk Defect Density N¢

Although the nature of defects in hybrid and
inorganic perovskites remains poorly understood
and is still under investigation, studies have
demonstrated a direct relationship between the
density of traps in the body of the perovskite and the
collection rate [18,19].

The relationship between increasing defect density
in CsGel; perovskite and the photovoltaic
parameters of the CsGels-based solar cell was
simulated using the established model, where the
recombination rate was evaluated using the
Shockley-Read-Hall approach. The curves are
shown in Fig. 1, when the N defect density of the
absorbing perovskite layer varies 102 cm?® to
10%%cm3,

Between 10'? cm and 10%cm3, the curves show a
slight decrease in photo-current density from 18.93
mA/cm? to 18.52 mA/cm?, stability of open-circuit
voltage at 0.88 and form factor at 78%, and a
decrease in conversion efficiency from 13.86% to
13.57%. This can be interpreted as a stability of PV
parameters over this defect density range. On the
other hand, there is a real degradation of the PV
parameters beyond 10%cm 3, except for FF, which
increases slightly.

3.2 Impact of Defect Density Nin at ETL/CsGel3
and CsGel3/HTL interfaces

The perovskite surface in PSCs is covered with an
electron transport layer ETL and a hole transport
layer HTL on both sides, forming interfaces that are
the site of spurious recombination due to the
presence of trap defects. This effect has been
explored in this section, by observing the effect of
increasing the defect density at the PCBM/CsGels
and CsGels/Spiro-OMeTAD interfaces on the
photovoltaic parameters of the device studied. The
results are depicted in Fig. 2. The influence of the
defect density on the device performance is broadly
similar to that of the bulk defect density in the
absorber studied above, i.e. some stability of the
photovoltaic parameters is observed when the defect
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Figure 1. Impact of the Bulk Defect Density on the PV
parameters of the CsGels-based PSC.

density is below 10** c¢cm3, but most of these
parameters drop beyond this value. Photocurrent
density appears to be insensitive to increasing defect
density at the PVK/HTL interface. On the other
hand, the conversion efficiency, which is also
subject to the explained effect, is more affected by
the increase in defect density at the ETL/PVK
interface than by that behind the PVK/HTL
interface, as shown in Fig.2 (d).



Hayat ARBOUZ / IJCESEN 10-1(2024)33-41

(mA/cm?)
>

14 ~@-ETUPVK
(@) _g-pvkHTL
12 bttt ittt iininniriedh. .

10'2 10" 10'® 10'® 102 102
Nlm(cm'B)
0.9
0.8
2 07
o
>
0.6
05 —8—ETL/PVK
(b)  —w—pVKHTL
10'2 10" 10'6 10'® 102 102
-3
le(cm )
80
:\°~ 75;
g
w
70
—%—ETLPVK
(€) —w=pVKHTL
5 Lo
1012 .|01d 1016 1018 1020 1022
3
Nlm(cm )
14 gt
12
g 10
w
S 8
sl ~—ETUPVK
@) —pvicHTL
4 e et et e e A bt W S PO
10'2 10" 10'® 10'8 10% 10%

int

Figure 2. Impact of the Bulk Defect Density on the PV
parameters of the CsGels-based PSC.

3.3 Impact of ETL and HTL thickness

Like the thickness of the perovskite absorber, the
thickness of the carrier transport layers also
influences the photovoltaic parameters of the solar
cell and must therefore be optimised to obtain
optimum performance.
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Figure 3. Impact of the PCBM-ETL thickness on the PV
parameters of the CsGels-based PSC.

Fig.3 and Fig.4 show the variation in photovoltaic
parameters as a function of ETL and HTL material
thickness.

The decrease in all PV parameters can be seen in
Fig.3 (a), (b), (c) and (d), as the thickness of the ETL
PCBM increases due to the increase in parasitic
absorption that occurs in this layer as its thickness
increases and causes a reduction in the photocurrent
density of the electrons. This means that it is
recommended to use the thinnest thickness for this
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layer, but thick enough to cover the absorber, as was
observed in the experiment [20].

Fig.4. shows the effect of augmenting the Spiro-
OMeTAD-HTL thickness on the PV performance of
the simulated solar cell.

The augmentation of all parameters is shown when
the thickness is varied from 50nm to 500 nm.

The transport layers play an essential role in PSCs
and have a significant impact on the device's
performance. The function of the electron transport
layer is to promote the extraction and transport of
electrons from the absorber to the front electrode and
to block the passage of holes, while the role of the
hole transport layer HTL is to promote the extraction
of holes and to block the passage of electrons to the
rear electrode [21]. A favourable alignment of the
conductive and valence bands on either side of the
perovskite layer is recommended, as well as
appropriate photoelectric properties that favour
carrier extraction and transport.

3.4 Performance of Alternatives ETLs-based
Structures

PCBM has been widely used as an electron transport
layer material in PSCs due to its ease of deposition
and excellent electron mobility, which enables high
conversion efficiencies to be achieved. However, it
has been reported that PCBM does not cover the
rough surface of the perovskite absorber as well as
other electron transport materials and its organic
nature favours instability [22], hence the need to
study inorganic materials as electron transport
layers. In this study, several materials were proposed
to replace the PCBM of the basic structure. These are
SnO,, TiO2, IGZO and ZnSO. The performance of
the structures based on these materials are presented
in table 1.

The results obtained with the ETLs of TiO, and
IGZO are very similar to those of the basic structure.
The difference lies in the value of the CBO
conduction band offset, which is higher between
CsGels and IGZO. On the other hand, the structure
with ZnSO-ETL gave poorer performance than the
base structure, although the CBO was close to
alignment. The structure based on the SnO- electron
transport

Table 1. Performance of ETL-based structures

ETL Jph Voc FF | PCE | AE,
mA/cm? Volts | % % eV
PCBM | 20.08 0.941 | 78,5 | 15.83 | 0.38
SnO; 20.07 0.947 | 78.8 | 15.94 | 0.48
TiO, 20.08 0.940 | 78.3 | 15.84 | 0.38
IGZO 20.08 0.931 | 78.4 | 15.80 | 0.64
Zn0S 20.07 0.942 | 78.3 | 15.62 | 0.08
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Figure 4. Impact of the Spiro-OMeTAD-HTL thickness on
the PV parameters of the CsGels-based PSC

layer recorded the best performance, and was
therefore considered the most favourable candidate
for replacing the PCBM material in the device,
despite its higher CBO than that of the base
structure.

3.5 Performance of Alternatives HTLs-based
Structures

Spiro-OmeTAD HTM is commonly used in high-
performance PSCs [23] due to its high performance
potential and ease of low-temperature processing.
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However, its low hole mobility and high cost mean
that it can be replaced by HTLs that do not have
these problems, such as inorganic copper-based
materials Cu,O, Cul and SrCu,0,, as well as Ni-
based materials such as NiO [14], which were
investigated in this letter. The performance of their
corresponding structures are grouped in table 2. The
results showed inferior performance to the baseline
structure for Cu,0 and Cul HTLs, while NiO and
SrCu,0, based structures recorded similar
performance.

However, SrCu.O, was preferred due to the
alignment of the valence band with that of the
CsGels perovskite absorber.

4. Optimization and Performance

Based on these results, we considered the following
optimum structure: FTO/SnO,/CsGels/SrCu202/Ag,
where SnO; and SrCu,O, materials with respective
thicknesses of 50 nm and 350 nm were determined
as alternatives to the PCBM and Spiro-OMeTAD
layers of the basic device. The thickness and defect
density of the CsGels absorber layer were set at 1um
and 10%cm respectively, while the defect density at
the interfaces adjacent to the transport layers was set
at 10%cm3. The J-V curve of the optimised device is
shown in Fig. 5 and compared with that of the basic
structure.  The  corresponding  photovoltaic
performance is shown in table.3.

Table 2. Performance of HTL-based structures

HTL Jon Voo | FF | PCE | AE,
mA/em? | Volts | % % eV

Spiro- 20.08 0.941 | 78,5 | 15.83 | 0.23
OMeTAD

Cu,0 18.12 0.939 | 78.9 | 14.31 | 0.27
Cul 19.88 0.941 | 78.5 | 15.63 | 0.20
SrCu.0; 20.07 0.941 | 78,5 | 15.83 | 0.01
NiO 20.07 0.941 | 78,5 | 15.82 | 0.30

Table 3. Optimal Performance

Basic: FTO/PCBM/CsGels/Spiro-OMeTAD/Ag
Joh Voo FF PCE | 4E. | AE,
mA/cm? | Volts | % % eV eV
20.08 0.941 | 78.50 | 15.83 | 0.38 0.30
Optimal: FTO/SnO2/CsGels/SrCu202 /Ag

Jph Voc FF PCE AE, AE,
mA/cm? | Volts | % % eV eV
20.07 0.948 | 78.6 15.93 | 0.48 0.01

5. 2T-tandem Structure based on CsGels;

Conversion efficiency can be further improved by
designing new device structures such as tandem
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solar cells that are capable of achieving a PCE
exceeding the Shockley-Queisser limit of single-
junction solar cells thanks to a wider exploitation of
the solar spectrum.

The exceptional properties of perovskites offer great
potential for their use in tandem devices. The final
part of the study consists of simulating the above
optimized CsGels solar cell structure as the top cell
of a tandem structure, combined with a bottom cell
based on CsSnl; perovskite with a lower bandgap
energy of 1.3 eV, which has already been optimized
in a previous work.

The monolithically integrated two-terminal 2-T
architecture was considered, where the two parts are
connected in series, so the voltages generated by the
two sub-cells are summed, but their photo-generated
currents must be matched [24]. Otherwise, the
overall photocurrent of the tandem will be limited to
that of the sub-cell generating the smallest current.
Fig.6 illustrates the current matching condition that
allows the upper and lower sub-cells to have the
same Jsc values. This was achieved by thinning the
CsGels; absorber layer of the upper sub-cell.

The current was found to correspond to a thickness
of 380 nm where both photocurrents are equal to
14.91 mA/cm?.

An efficiency of 24.9% was obtained, the voltage
was increased to 1.74 V and the fill factor to 85%.
The J-V curves for the top, bottom and tandem cells
are shown in Fig.7. The PCE of the tandem device
was calculated and listed in table 4 along with that
of other tandem devices reported in the literature for
comparison. The efficiency obtained by the
simulated tandem device is very close to that of
reference [25] which has a bottom silicon
heterojunction and also to that of reference [26]
based on the Bottom 1.22 eV- perovskite of
MAFAPDSNIs.

However, this study recorded a better PCE than the
1.25 eV poly-silicon/SiOz, 1.25 eV ¢-Si and 1.25 eV
CIGS based structures of references [27,28,29]. In
general, a good correlation was found with the
reported results.

5. Conclusion

A Single perovskite solar cell based on the absorbing
perovskite material CsGels with a bandgap energy of
1.6 eV was the subject of this work. This perovskite
is inorganic, lead-free and easy to fabricate. The
study began by examining the effect of the density
of defects in the overall absorber and at the interfaces
between the perovskite and its neighbouring ETL
and HTL layers, and of the thickness of these layers,
on the photovoltaic parameters of the solar cell. A
model for calculating the J-V curve has been
described
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Table 4. Performance of PVK Tandem Devices

Top PSC Bottom PSC PCE (%)
/ Eg(eV) | Eq(eV)

CsGels/ CsSnls/ 24.9

1.6 1.3 This work
CsFaPb(1Br)3/ Si-HJ 25.2 [25]

1.6 1.25

CsRbFAMAPH(IBr)s/ | Poly-Si/SiO; 24.2 [26]

1.63 11.22

CsRbFAMAPK(IBr)s/ | Homo-c-Si/ 22.5[27]

1.62 1.25

CsMAFAPDL(IBr)s/ CIGS/ 23.1[28]

1.63 1.25

CsFaPb(lbr)3 MAFAPbShI3/ 24.8 [29]

11.77 1.22

in which the effect of bandgap energy offsets at the
interfaces has been taken into account. The
performance of structures based on alternative
materials of the ETL and HTL layers was simulated,
and the results obtained were compared with those
of the basic structure, depending on their
photovoltaic performance and their appropriate band
alignment with the CsGels absorber. According to
the simulation results obtained, the SnO,/CsGels/
SrCu,0; configured structure was favoured as the
optimal structure, for which an improved efficiency
of 15.93% was achieved. Finally, the structure was
simulated as the top subcell in a tandem
configuration with the bottom subcell of CsSnls that
was the subject of previous work. The efficiency was
increased to 24.9%. The results correlate well with
some of the reported results.

The aim of this project is to develop technology
based on lead-free, stable and inorganic perovskites
in a single and tandem architectures.
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