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Abstract

Perovskite is one of the most a potential material for photovoltaic devices. Its development
relies mostly on the material engineering to enhance both performance and stability. In this
work, an optimal design of an n-i-p FAPbIs perovskite solar cell (PSC) is investigated.
Various alternative charge transport layers (CTLs) are evaluated, where the findings show that
Copper oxide Cu20 as hole transport material and Magnesium Zinc Oxide MgZnO alloy as
electron transport material are the best candidates. Besides, the device performance is
optimized using a mixed cation and anion based on (FAPDbI3)1-x(MAPDbBr3)x as an absorber
layer. Finally, suitable band offset alignment was established via tuning the affinities of both
CTLs and the addition of an appropriate back electrode material. The optimized
FTO/MgZnO/FAPbI3z©.s55 MAPDBI30.15/Cu20/Ni PSC reaches a conversion efficiency as
high as 25.86%. According to the recommended optimization technique, there is plenty of
space for enhancement.

Key words: (FAPDbI3)1x(MAPDbBrs3)x perovskite solar, Charge transport layers, Band
alignment, back electrode, performance optimization.



Introduction

During the last ten years, hybrid organic-inorganic metal halide perovskite solar cells (PSCs)
have revealed remarkable performance gains. With power conversion efficiency (PCE) record
higher than 25 % [1], PSCs are already intriguingly competing with other known photovoltaic
material systems at a significantly lower manufacturing cost [2]. The outstanding photovoltaic
efficiency of PSCs is attributed to the hybrid perovskite material, which has high drift
mobility, a low binding energy of exciton, effective charge collection, long charge carrier
diffusion lengths, distinguished absorption coefficient, and [3]. Another feature of perovskite
materials that can support the potential of PSC performance to achieve its theoretical
maximum is the decreased bulk recombination rates, particularly the non-radiative component
[4]. Considering these outstanding properties, the second step in boosting PSC performance
will need research and refinement of other PSC constituents, particularly the charge transport
layers (CTLs), to reduce interfacial recombination, a substantial degradation cause [5]. CTL
study has thus concentrated on conductivity / mobility [6], photocurrent hysteresis [7],
interfacial defect passivation [8], film morphology, [9] electronic structure, and device
stability [5]. Since long ago, the CTL electronic configuration, in particular, has been the
focus of research. This layer influences the performance of the device, and a previous study
has found fewer damaging consequences due to possible interfacial dipoles from ionic
accumulation close to the interface [10]. This lack of information regarding the importance of
CTL electronic structure creates a problem when it comes to enhancing the device's
capabilities. Nevertheless, resolving this issue by an effective experimental assessment would
be time consuming and expensive. Therefore, the utilization of device simulations allow the
comprehensive examination of the influence of each component of PSCs as well as alternative

combinations.



Minemoto and Murata conducted a simulation research that gives insight on this subject,
however, a global optimization is needed [11]. Furthermore, beyond the fundamental current
density-voltage (J-V) measurements, information from the fundamental physical mechanisms
is extremely useful in understanding and guiding studies.

In this work, we demonstrate that CTLs with appealing optical properties, good conductivity,
and suitable band structure alignment significantly improve the device performance with the
presence of defects at CTL/perovskite interfaces. It also enhances the device light absorption,
and consequently maintains high PCE. High-performance PSCs have been demonstrated
using hole transport layers (HTLs) with deep energy levels, such as Cu20, and shallow energy
level electron transport layers (ETLS), such as ZnO, which have strong conductivity and high
optical transparence [12]. With the endeavor of enhancing the PSC performance in terms of
open circuit voltage, Voc, a mixed PSC is investigated. Findings show that the usage of
(FAPDI3)o.ss (MAPDbBr3)o1s with optimum band gap (1.56 eV) and thickness (800 nm)
increases the efficiency until reaching a value of 23.56 %. Besides, efficient CTL/PVK
interfaces are critical for pushing PSC efficiency. The conduction band offset (CBO) and
valence band offset (VBO) can be adjusted to achieve this performance. Researchers have
demonstrated that the nature of ETL/PVK interface (spike or cliff structures) generated via
changing the electron affinity of ETL can affect the performance of PSCs, and these band
offsets are important for transport mechanism in PSCs [11]. To overcome the aforementioned
problem, the magnesium doped zinc oxide (Zn1xMgxO) as ETL with adjusted affinity is a
promising candidate for boosting the performance of the device via mitigating the effect of
the interfacial defects. In the same way Cu20 affinity can be tuned to optimize the band offset
alignment in HTL/PVK interface. Moreover, a suitable metal contact with work function is
investigated. These characteristics contribute to the improved performance of the PSCs we

studied. Using enhanced EAetL (3.86 eV) and EAxTL (3.7 €V ) Ni as contact with work



function equal to 5.04 eV we can yield a PCE of 25.86 % for FTO/Zno.sMgo.2o/(FAPbI3)o.85
(MAPDBI3)0.15/Cu20/Ni structure with a short circuit current (Jsc) of 25.01 mA/cm?, an open
circuit voltage (Voc) of 1.23 V and a fill factor (FF) around 83.9 %. The proposed study
offers a practical guideline for a realistic strategy to the CTL design and optimization of

PSCs.

1- Device structure
Figure 1 depicts the n-i-p configuration of the studied perovskite formamidinium lead
triiodide (FAPDI3) based solar cell. It comprises, comprehensively, gold as a back contact,
Spiro-OMeTAD as HTL material, an intrinsic FAPbIls perovskite material that serves as light
harvesting material, and SnO2 as ETL material. When the solar cell is illuminated, the
perovskite layer is the region of exitons formation. The diffusion length of electrons (holes)
and ETL (HTL) electrical characteristics are key factors for the dissociation and collection
mechanisms. Exciton separation happens at CTLs/ perovskite interfaces. Electrons move to
the ETL (n) area, whereas holes migrate to the HTL region (p). The electric field at
ETL/perovskite and Perovskite/HTL interfaces is responsible for the dissociation and
migration processes. Table 1 recapitulates the input data for the reference PSC
FTO/SnO2/FAPDIs/Spiro-OMeTAD/Au. An AM1.5G solar spectrum is considered for our

simulation. The perovskite input parameters are obtained from the literature [13].
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Figure 1. a) 3D cross-sectional view of the investigated FTO/SnO2/FAPbIs/Spiro-OMeTAD
perovskite solar cell, b) Bands alignment between perovskite and CTLs.

2- Physical models and parameters
As a simulation software, SCAPS 1d was utilized [14]. The main semiconductor equations
used in SCAPS are Poisson's (1) and the continuity equations for electrons (2) and holes (3),

as shown below:

%(g(x)‘jj—@ = [P0+ Ny ~N; + p, (-0, ()] @)

2R (0-60=0 @

1 dJ
~—2+R,(X)-G(x)=0 (3)
j dx

were, ¢ and g denote the permittivity of the medium, and the electron charge, respectively. v
represents the electrostatic potential and n (p) refers to the electrons (holes) concentration, nt
(pt) represents the trapped electron (hole). No* (Na") denotes the ionized donor-like (acceptor-
like) doping concentration, Rn(X) (Rp(X)) represents the electrons (holes) recombination rate,
the generation rate is symbolized by G(x), Jn (Jp) are the electron and hole current densities,
respectively. In this simulation, a planar structure was employed, where the electron transport

layer ETL was modeled by inspecting different materials such as SnO2, ZnO, TiO2, WQOs,



ZnSe. FAPbDIs used as light harvester, and Spiro-OMeTAD as the hole transport material
(HTM). The second step of this simulation we compare the effect of different HTM such as
PsHT, CuShS2, Cu20, NiO and Spiro-OMeTAD on the device performance. Moreover, gold
(Au), aluminum (Al), silver (Ag), Tungsten (W), Molibiden (Mo), Nickel (Ni), Copper (Cu)
were investigated as a back contact while keeping FTO as the front contact. Table 1
summarizes the parameters values used in our simulation derived from literatures [13, 15-21].
The properties of both CTL/perovskite interfaces including interface defects are also
incorporated in the modeling framework.

Table 1. FTO/SnO2/FAPDbI3/Spiro-OMeTAD parameters with active cell area of 0.09

cma.
Parameters Symbol | 15 | g0 FAPDI MAPbBr spiro-
(unit) 2 8 s MeOTAD
Electron
affinity ¥ (eV) 4 4 4[16,17] 3.6 [17] 2.5
Band gap Eq (eV) 3.5 3.5 1.48 2.3 2.9
Thickness (nm) 500 70 350 / 200
Permittivity &r 9 9 6.6 [18] 28.7 [20] 3
Effective
density of states 5 2.2 17 19 18 18
ot Conduction | Ne@€m ™) | Joi | 22x107 | 1.2x10 2.2x 10 2.2x 10
Band (CB)
Effective
degi'f/ya?; St | v (em ) igg 22x107 | 29x10% | 19x101° | 2.2x 10%
Band (VB)
theragft\:glgcity ems?) | 1x107 | 1x107 1x 107 1x 107 1x 107
Hole thermal ems?) | 1x107 | 1x 107 1x 107 1x 107 1x 107
velocity
Ln m 20 20 2.7[21] 24 [21] 1x 10°
Ko Hy 10 10 1.8[19] | 0.25-0.59 [21] | 1x 10°
Na Na / / 1.3x101 1.3x10% 1.3x10®
Np No 1x1058 | 1x108 | 1.3x100 1.3x10% /
Nt Nt(cm ) | 1x10® | 1x10® | 4x108 | 4x10Bcm 3 | 1x108

Table 2 recapitulates the parameters values used in our simulation for both ETL/FAPbI; and
FAPDbIy/ HTL interfaces.

Table 2. interfaces properties.

. Defect Capture cross
Energetic h .
Interface Defect type distribution energy section electrons Density
level (holes)
ETL/ FAPbI3 neutral Single Above VB | 1x107(1x10%9) 1x10%




max
Above VB
max

FAPDI3/HTL neutral Single 1x10718 (1x10%) 1x10%

To account for the empirical absorption coefficient of the simulator, we must enter it from
external files based on experimental results. Figure 2 depicts the absorption coefficients of
FTO, ETMs, and HTMs, which are connected to the extinction coefficient computed utilizing
o=47ki) [22], while the absorption coefficient of the active layer was taken from experimental
data [23]. Figure 2 depicts the solar irradiance to evaluate the absorption coefficient of the
investigated materials. The absorption coefficient specifies how deep light of a specific
wavelength may pass into a substance before being absorbed. Engineers may utilize the
absorption coefficient range of materials to help them choose which material to employ in
their solar cell designs. It can be seen from figure that FAPBIs shows higher absorption
coefficient in the visible range than MAPDbI3, however, this later in contrast to FAPbI3
demonstrates an extended absorption to 800 nm. Besides, the ETL absorption coefficients are
also shown in this figure. It is noticeable that attractive ETL material must be transparent
permitting to high amount of photons to be absorbed. This fact will improve the

photogeneration mechanism at the absorber and enhance the device efficiency.
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Figure 2. Absorption coefficients of different ETM materials and perovskites and
solar spectral radiance as function of wavelength.

Similar to [24,25] the transfer matrix method (TMM) approach is employed to determine the
generation rate of the structure and inserted into the software.

4. Results and discussion

Figure 3 depicts the examined PSC's simulated J-V characteristics acquired using data from
tables 1 and 2. Assuming layer thicknesses and optical parameters are close to measurements,
the optical-electrical modeling based on transfer matrix approach and drift diffusion concept
could be capable to efficiently estimate the device behavior [16-21].

The J-V parameters of the reference FTO/SnO2/FAPbIs/Spiro-OMeTAD/Au perovskite solar
cell are evaluated against experimental results to assess the correctness of the simulation
model [13]. Figure 3 illustrates a remarkable coincidence, showing that the proposed
framework is appropriate. The slight discrepancy was mostly attributable to the series
resistance and the charges accumulated at the ETL/PVK and HTL/PVK interfaces. Table 3

summarizes the results of both the simulated and experimental structures, including also the



fill factor (FF) and quantym efficiency of the structure. Figure 3-b depicts the studied

structure's band diagram.
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Figure 3. a) I-V characteristics, b) Band diagram of the investigated solar cell.

The band offset between SnO2 and FAPDbIs is matched in this figure, which may impact the
separation process and therefore restrict the PCE. Whereas, SnO2 guarantees an efficient hole
blocking mechanism. Even if Spiro-OMeTAD is still the main component in highest efficient
reported perovskites, its high hygroscopicity, tendency to crystallize, and vulnerability to both
moisture and heat, justify the investigation of suitable and robust HTMs candidates as a vital
task.

Table 3 Electrical outputs comparison of simulated and experimental perovskite solar

cell.
Voc (V) Jsc (mA/cm‘Z) FF (%) QE (%)
Experimental work [13] 1.2 22.6 77 21.4
Numerical simulation 1.21 22.96 79.17 22.17

4.1. PSC performance with Spiro-OMeTAD as HTM and several ETM candidates

ETM's task is to guarantee electron diffusion from the absorber FAPbIsinto the front
contact FTO through the built-in potential, and hence to the external circuit. This layer is
essential for the diffusion-dissociation of the photogenerated charge carriers. TiO2 is
commonly utilized in devices, being the TiO2 compact/TiO2 mesoporous the most recent

choice [26], however it requires a high temperature processing, which limits the application of



the device to flexible substrates and to the roll-to-roll production processes. To solve these

issues, two types of ETMSs were examined: the first with a elevated temperature of processing,

like TiO2, and the second with a low processing temperature, such as ZnO, ZnSe, WOs, and

SnO2 [27-28]. Table 4 contains the input parameters of the simulated ETMs [24-29].

Table 4 Input parameters of ETMs.

Symbol

Parameters . Zn0O TiO; WOs; ZnSe
(unit)
Electron
affinity x (eV) 4.16 4.26 3.8 4.39
Band gap Eg (eV) 3.26 3.05 2.6 2.81
Thickness (nm) 70 70 70 70
Relative
permittivity, ér 9 9 4.8 8.6
Nc Nc 2.2x10'8 2.2x10'8 2.2x10% 2.2x10'8
Nv Nv 1.9x10%° 1.9x10% 2.2x10% 1.9x10%
Mn Mn 100 20 30 400
o Ko 25 10 30 110
Np Np 1x10%® 1x10% 1x10% 1x10%®
Nt Nt 1x10% 1x10% 1x10% 1x10%

The J-V characteristics and the band diagrams alignment obtained from our simulation are

presented in figure 4-a and 4-b. According to the figure, for the similar thickness of the

ETMs, the performance of PSCs that utilize ZnO and SnO2 was better compared to other

candidates. Table 4 summarizes the figures of merit of the studied solar cell with different

ETMs.
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Figure 4. a) J-V characteristics comparison of different ETM candidates, b) alignment of the
energy band diagrams for perovskite and other ETM candidates.

Table 5 Perovskite solar cell samples’ figures of merit.

Perovskite samples Voc (V) | JscmAlcm™) | FF (%) | QE (%)
FTO/SnO,/FAPbI3/Spiro-OMeTAD 1.21 22.96 79.17 22.17
FTO/TiOy/FAPbI;/Spiro-OMeTAD 1.212 22.93 79.83 22.18
FTO/ZnO/FAPbI3/Spiro-OMeTAD 1.22 22.93 79.92 22.36
FTO/WOs/FAPbI3/Spiro-OMeTAD 1.216 22.78 79.72 22.08
FTO/ZnSe/FAPDI3/Spiro-OMeTAD 1.195 17.85 80.67 17.20

It can be deducted from Figure 4-a, that ZnO, or SnO2, as ETM allows a higher current
density than other ETMSs. This is owing to the high transparence between 300 and 550 nm of
both materials (see Fig. 2) as compared to other candidates which permits improved
perovskite absorption. From figure 4, it is clearly shown that WO3s and ZnO have the highest
Voc. This is owing to the appropriate energy band alignment and the higher electric field
created at the interface with absorber layer which assures a reduced interfacial recombination
rate and an efficient separation mechanism when compared to SnO2. FF and PCE remains
unchanged when the ETM thickness and doping increase. It can be noted that ETM thickness
and doping have only a minor influence on the performance of the device. This fact is mainly
owing to the high light penetration depth into the device which is higher than ETM thickness.
Besides, the proposed model didn’t take into account the parasitic losses dues to the ETL

doping level, so, the obtained results can decrease with increased doping concentration.

4.1.1. The nature of different ETMs band engineering
The band diagram of the studied solar cell employing several ETM candidates is shown in

Figure 5.
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Figure 5 Band diagrams of the investigated solar for different ETM candidates, (a) TiOz, (b)
ZnO, (c) WOs, (d) ZnSe.

Findings from figure 5 imply that ZnO and SnO2 low processing temperature ETMs might be
a viable choice for in PSCs device manufacturing efficiency. However, ZnO ETM can
overcome problems such as the low electric field generated by SnO2/PVK and the poor
transparence of WOs in the mid UV band, allowing the device to function better. Furthermore,
Mg or In Ga doped ZnO may be used to adjust the ZnO affinity and improve the band

alignment offset [30].

4.2. PSC performance with ZnO as ETM and several HTM candidates

12



Due to its large hygroscopicity, inclination to crystalize, and sensitivity to both moisture and
heat, the most widely employed hole transport layer, Spiro-OMeTAD, must be replaced. Up
to this point, robust metal oxide carbon and other inorganic materials have been demonstrated
as effective strategies for increasing device stability, although the PCE in these devices is still
being tuned [31].

Figure 6-a depicts the J-V curves for ZnO (70 nm)/FAPbIsPSCs (350 nm) based solar cell
using different HTM (200 nm) candidates namely PsHT, Cu20O, CuSbS2, NiO, and Spiro-
OMeTAD. Figure 6-b shows PSC energy level diagrams with ZnO as the ETM and various
inorganic and organic HTM that alter the VBO. The alignment of the energy levels in the
solar cells is critical to their performance. For Perovskite solar cell scenario, photogenerated
electrons are introduced into the ZnO conduction band, at the same time as holes migrate to
the HTM. The photogenerated carriers are then collected at their corresponding contacts. For
electrons extraction at the ETL/FAPDI3 interface, the electron affinity (EA) of ETL ought to
be superior to that of perovskite, whereas the HTM’s energy of ionization ought to be inferior
to that of perovskite for efficient holes extraction at the HTM/FAPDI3 interface. The Voc and
Jsc are influenced by the energy level difference at the ETM/perovskite and perovskite/HTM
interfaces. The input data for the simulated HTMs are listed in Table 4 [13, 32].

Table 6 Input parameters of HTMs.

parameters | SYMOON | papyy NiO Cu0 Cushs;
(unit)
Ea'f‘?‘l’rt;g‘ 4 (V) 3.1 18 3.2 42
Band gap Eq (eV) 1.85 3.6 2.1 1.53
Thickness (nm) 200 200 200 200
Relative & 3.4 11 7.11 14.6
permittivity,
Nc Nc 1x102 | 16x10° | 2.2x10% 2x10%
Ny Ny 1x102 | 1Ix10° | 1.9x10% 1x10
ly ty 1x10% 50 34 49
o o 1x10° 50 34 49
Na Na 1x10% 1x10% 1x10% 1x10%
Nt Nt 1x10% | 1x10% 1x10%5 1x10%5
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From figure 6-a, the best performing device uses Cu20 as HTM, with a Voc of 1.22 V, Jsc of

23.5 mA/cm?, and FF of 83 percent, and an overall PCE of 23.8 percent. NiO was next, with

a PCE of 23.67%, Jsc of 23.3 mA/cm2, Voc of 1.224 V, and FF of 83 percent. CuShS: also

show a quite good behavior, with a PCE of 23.6 percent, a Voc of 1.11 V, a Jsc of 24.38

mA/cm?, and an FF of 87.2 percent.
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Figure 6. a) I-V characteristics comparison of different HTM candidates, b) alignment of the
energy band diagrams for perovskite and other HTM candidates

When PsHT was employed as the HTM, the PV performance was found to be rather poor,

with a PCE of 17.73 percent, Voc of 1.22 V, Jsc of 23 mA/cm2, and FF of 63.2 percent.

Table 5 recapitulate the electrical outputs of solar cell samples using different HTMs.

Between all HTMs studied here, the highest PV performance was seen with Cu20 as HTMs in

PSCs utilizing ZnO as ETM. As compared to other HTMs/FAPbIs combinations,

Cu20/FAPDI3 has an appropriate VBO. This permitted to enhance the Voc.

Table 7 Perovskite solar cell samples’ figures of merit.

Perovskite samples JscmA/cm™?) | Voc (V) | FF (%) | QE (%)
FTO/ ZnO/FAPbI3/Spiro-
OMeTAD 22.93 1.22 79.92 22.36
FTO/ ZnO/FAPDIs/P3HT 23 1.22 63.2 17.73
FTO/ZnO/FAPhI3/NIO 23.3 1.224 83 23.67
FTO/ ZnO/FAPbI3/Cu20 235 1.22 83 23.8
FTO/ ZnO/FAPbI3/CuShS2 24.38 1.11 87.2 23.6

4.2.1. The nature of different HTMs band engineering
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Figure 7 illustrates the band diagrams of the investigated solar cell with different HTM

candidates.
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Figure 7 Band diagrams of different HTM candidates, (a) P3HT, (b) NiO, (c) Cu20, (d)

CuShS:.

It can be seen from figure 7 that a suitable valence band offset VBO* (VBHTmM>VBpvk) is

achieved when using CuShS2 as HTM however this material serves as a weak electron

blocking layer when compared to NiO and Cu20. Organic P3HT and Spiro-OMeTAD exhibit

a VBO~ which can hinder the conversion efficiency.

4.3. Optimized (FAPDbI3)1-x (MAPDBr3)x perovskite solar cell
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Notably, perovskite materials' compositional engineering has been widely used to modify
their bandgap and structural characteristics for application in competitive PSCs. As an
absorbent layer, (FAPbI3)1x (MAPbBr3)x (x = 0.1-0.15) has been shown to boost the Voc of

solar cells and confirmed superior stability [33,34].
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Figure 8. I-V characteristics of (FAPDI3)1-x(MAPDbBrs)x with different compositions.
Figure 8 depicts the |-V characteristics of (FAPbI3)ix(MAPbBr3)x with different
compositions. It can be seen from this figure that as the fraction of MAPDbBr3 increases, Jsc is
penalized. This fact is mainly due to the increased bandgap which hinders the absorption. On
the contrary, the Voc increases with increasing the MAPDbBTrs fraction, which make a tradeoff
between both outputs. The best composition is (FAPbI3)o.ss(MAPbBr3)o.1s for which an

efficiency of 23.56 % is achieved.

Table 8 Electrical outputs of the investigated perovskite solar cell.

J
Structure Voc (V) m Ni?n-?) FF (%) | QE (%)
FTO/ZnO/(FAPbI3)0.85(MAPbBI3)o.15 /Cu,0 1.267 23.56 86.08 23.56
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Several theoretical and simulation investigations have shown that the optimal thickness of a
perovskite layer for a single cation perovskite layer, like FAPbIs, is 300-500 nm [35].
Determining the optimal thickness of the mixed cation-anion perovskite layer has a
considerable influence on device performance. As a result, we examined the influence of
perovskite thickness on PV performance employing ZnO and Cu20 as CTL materials,
respectively. When seen in Figure 9, as the thickness of the perovskite increases, the FF
decreases monotonically in relation to the rising series resistance. At the same time, Voc
drops, which is attributed to the carriers’ recombination rate increase in the presence of a
larger absorber layer, resulting in a rise in saturation current greater than in photocurrent. A
thick layer, otherwise, captures further light and therefore boosts charge carrier concentration,
resulting in a high Jsc value. Following that, the PCE rises to a high of 25.74 percent at 800
nm thickness, after which it saturates and begins to fall. The transfer of charge carriers

becomes longer as the absorber layer thickness rises, increasing the rate of recombination.
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Figure. 9 Electrical outputs of the mixed cation perovskite (FAPbI3z)o.ss(MAPbBTr3)o.15 solar
cell versus the absorber layer thickness, (a) Jsc, Voc, (b) FF, PCE.

It is worthy to note that adding MAPDbIs improves the solar cell stability. However, the cliff-

like conformation presented by the mixed perovskite/CTLs must be resolved by the band
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offset engineering of both ETL and HTL materials, this fact will be investigated in the
following section.

4.4. Mixed perovskite/CTLs band offset engineering

One of the PSCs community's concerns is band energy alignment between the absorbing
material and CTLs. To overcome such difficulties, efforts should be made to establish a
connection between theoretical and experimental research. Via the theoretical modeling
detailed in section 2, we be able to see the creation of two structures linked to the CBO of
ZnO/(FAPbI3)o.ss(MAPbBr3)o.15 interface, which depend on the difference between electron
affinities of ETL (EAerL) and absorber (EAabsorber)), as depicted in Figure 10. The electron
affinity of ZnO can be tuned via adding different Mg content. As showed in the figure, CBO(-
) developed a cliff-like conformation, whereas CBO(+) created an energy spike-like
conformation. i.e., if ETL's conduction band is lesser than the absorber's, the energy cliff
CBO (-) is created, without any potential barrier for electrons. If ETL's conduction band is
relatively high compared to that of perovskite, the spike-like conformation CBO (+) is
established, operating as a electrons barrier, as depicted in Figure 14. The development of
cliff-like conformation cause an accumulation close to ZnMgO/perovskite, which improves
recombination in this location. The creation of spike-like conformation, on the other hand,
decrease recombination at ZnMgO/(FAPDI3)o.ss(MAPbBr3)o.15 by acting as band bending.
Analogous phenomenon has been seen in PSCs as well as other thin-film solar cells [35-36].
Improved performance of PSCs requires also an appropriate energy band alignment at
perovskite/ HTL interface. The difference between the absorber layer's valence band and that
of HTM is considerable. As mentioned earlier, valence energy Ev (EAabsorber-EAHTL)<O iS
required to enhance the photovoltaic parameters [12]. We investigate the influence of VBO

via adjusting the electron affinity (EAnTL) of Cu20 to produce a deeper HTM level associated
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with mixed perovskite material. Adjustment the electron affinity of Cu20 may improve the

performance of the SC, as seen in Figure 10.

Vacuum level
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Figure 10 Band alignments of ZnMgO/Mixed perovskite with negative and positive
CBOs and those of mixed perovskite /Cu20 layers with negative and positive VBOs.

4.4.1 ETL/perovskite interface
Modified ZnO-doped with an optimum Mg concentration has a lot of promise for
fabricating effective conduction bands and achieving the required spike structure. Mg
treatment of ZnO has recently been demonstrated to improve electron extraction and
minimize recombination in MAPbI3 [30]. An optimal conduction band (affinity) of
ZnMgO (3.86 eV) may be achieved by adjusting the quantity of Mg doping. Figure 11
depicts energy levels diagram (relative to the vacuum level) of ZnO films by varying
the electron affinity of ZnO via adding different amounts of Mg (0.05-0.2) with

respect to the absorber.
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Figure 11 Zn1.xMgxO energy levels Diagram (relative to the vacuum level)
(x=0-0.20).

Figure 12 depicts the impact of the CBO on the electrical outputs of the device. The cliff like

conformation turns into a spike one when the CBO value increases (CBO= EApvk-EAETL).
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Figure 12 a) Jsc and Voc as function of EAetL b) FF and PCE as function of EAgrL )
Band diagram for different EAerL values d) Total recombination rate for different
EAetL values.

It can be seen from figure 12-a that the Jsc raises slightly with increasing EAetL, in other
hand, the more the EAerL increase the Voc will be penalized, which is attributed to the
transition of the band alignment structure from spike-like conformation (EAetL =3.86 eV, 3.96
eV, 4.06 eV) to cliff-like conformation (EAetr.= 4.16 eV, 4.26 eV), this fact increases the
electron-hole recombination effect due to the decreased potential difference, as it is illustrated
in figure 12-d. In contrast, the creation of a spike structure causes the establishment of a
barrier at ETL/mixed-perovskite that favors charge carrier separation. From figure 12-b it can
be seen that the EAetL have a slight effect on the FF and the efficiency till a value of ETL
affinity equal 4.26 eV, which is attributed to the formation of cliff-type conformation, which
in turn cause an increase recombination rate.
The solar cell with CBO* = +0.29 eV (EAeT.=3.86eV) and spike-like conformation performed
the best, with a large PCE value of 23.86 percent, a Voc of 1.274 V, a Jsc of 21.45 mA/cm?,
and a FF of 87.3 percent for a thickness of perovskite equal to 350 nm.

By studying the benefits of the spike-like structure generated at the ETL/absorber layer

interface, it is clear that trying to avoid this structure will be ineffective since it works as a
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barrier to block electrons to the back contact. Therefore, it increases the rate of recombination

at the interface.

4.4.2. Perovskite/HTM interface

The impact of the VBO on photovoltaic characteristics of PSCs utilizing the optimal
CBO (0.29 eV) for ZnMgO/mixed-perovskite as mentioned in the preceding section is shown

in Figures 13-a and 13-b.
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Figure 13 Electrical outputs of the investigated solar cell as function (CuO2) affinity,
(@) Jsc, Voc, (b) FF, PCE.

When the HTL affinity EAxTL increases more than 3.2 eV (Vso™ = -0.41 eV), both Voc and Jsc
increase. In addition FF and PCE improved for increased EAwntL values and reach the
maximum for EAnTL equal to 3.7 eV (VBO*=0.09 eV) (VBO = EAnTL+EQHTL- ( EAPVK +
Egevk). In our study, we determined the optimal value of EAnTL to be 3.7 eV (VBO*= 0.09
eV) while also determining the optimal value of EAnTL to be 3.86 eV (CBO*=0.29 eV). Based
on these findings, we may improve the efficiency of PSCs by increasing the HTMs ‘deep
lower unoccupied molecule level (LUMO) in relation to the absorber layer. We attained this

by utilizing Cu20 as the HTM, but by optimizing its electron affinity (3.7 eV), which
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theoretically can give a peak performance of 24.16 and 25. 86 percent for a thickness of
perovskite equal to 350 nm and 800nm, respectively.

4.5. Optimized back contact work function
Because of its high efficiency and cheap manufacturing cost, organic—inorganic halide PSCs

have deserved the attention of many researchers. Back contact metals such as Au and Ag are
commonly utilized. However, they show limitations such as Au being expensive and Ag being
unstable when exposed to the environment. In this study, Au, Ni, Cu, Mo, W, Al and Ag
illustrated in figure 14 were considered as back contact electrodes for PSCs. We investigated
how metals' work functions impact their photovoltaic properties.

R o O

-4 é ‘4.15 LUMO

FTo INesMg0oz

Figure 14. Optimized alignment of the energy band diagrams for perovskite with different
metal contact candidates.

Figures 15-a and 15-b showed the electrical outputs of our simulated solar cell (extracted
from Figures 15-c) terminated with different back contact. The performance of PSCs initially
improves with raising metals work function till a specific value of 5.04 eV, beyond which it

saturates.
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Figure 15 Electrical outputs for different metal work function values a) Jsc and Voc b) FF
and PCE c) J-V characteristics d) Band diagrams.

Because of band bending at the metal-semiconductor interface, the Fermi level energy drops
when utilizing a metal with a higher work function value, rendering the contact more ohmic
[38]. Based on the metal work function values shown in Figure 14 for various back contacts,
we suggest that Ni, with a work function of 5.04 eV, should be an efficient option to
substitute the expensive Au electrode. An efficiency of 25.86%, for perovskite thickness of
350 nm, can be reached by using structure FTO/ZnMgO/(FAPDbI3)o.s5 (MAPbBI3)0.15/Cu20/Ni
for low cost PSCs.

4.6. Optimized FTO/Zno.sMgo.20/(FAPDI3)0.ss (MAPbBr3)0.15/Cu20/Ni structure

Table 7 presents a comparison of the optimized and conventional PSCs. It illustrates the
design structure's capability in improving the PSC without compromising the conversion
efficiency. This is possible by employing efficient CTLs materials and an appropriate band
engineering offset. The comparison clearly shows that the suggested solar cell (see last
column in Table 9) is capable of producing superior outcomes, making it an appealing

alternative.

24



Table 9 Comparison between optimized perovskite solar cell and conventional
structures.

Conventional

Design parameters Experiment al solar cell Oppmlzed
work [13] . perovskite solar cell
(simulated)
ETL material SnO; SnO; ZnosMgo..0
Dopping concentration (cm2) 10% 10t° 10Y
Thickness 70 70 50
Affinity (eV) 4 4 3.86
CBO (eV) 0 0 0.29
HTL material Spiro-OMeTAD Spiro-OMeTAD Cu,0
Doping concentration (cm) 108 108 1018
Thickness 200 200 250
Affinity (eV) 2.2 2.2 3.7
VBO (eV) -0.38 -0.38 0.09
Perovskite material FAPDI; FAPDI; (FAPbI3)/(MAPbBTr3)
MAPBrI; ratio (%) 0 0 15
Band gap 1.51 1.51 1.56
Affinity (eV) 4 4 4.15
Thickness 350 350 350
Electrode Au Au Ni
work function (eV) 5.1 51 5.04
Output parameters
Jsc (MA/cm?) 22.6 22.96 25.01
Voc (V) 1.2 1.21 1.23
FF 77 79.17 83.9
Efficiency (%) 21.4 22.17 25.86
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Conclusion

The FAPbI3 absorber-based PSC is numerically investigated and optimized using SCAPS-1D
software package. Initially, a variety of potential inorganic materials for CTL are investigated.
Cu20 HTL outperforms other choices; hence it is regarded as the best candidate for HTL in
FAPDI3 i-PSCs. For ETLs, SnO2, TiO2 and ZnO provides similar conversion efficiency when
implemented as ETLs, owing to its elevated transparence and high conductivity. In order to
boost the performance of the investigated solar cell, FAPDbI3 solar cell with different
MAPDBrs amounts is examined. Hybrid (FAPbI3)oss(MAPbBr3)o.1s presents the optimal
performance where an efficiency of 23.56 % is reached. Besides, we analyze the absorber
thickness influence on the performance of the solar cell. To decrease interfacial recombination
in PSCs, energy level engineering is critical. Accordingly, we study the impact of the
conduction band offset (CBO) in PSC by varying the Mg content to locate the appropriate
electronic properties of ZnO (conductivity and electron affinity). We discovered that an
appropriate value of the conduction band offset (CBO* =0.29) assures a “spike-type™ band
alignment. This choice lowers the unwanted recombination mechanism at the ZnosMgo.2O
/(FAPDI3)o.ss(MAPDbB3)0.15 interface, resulting in a challenging PCE with an optimized Cgo of
0.29 eV. Cu20's adjusted Vo™ was determined to be 0.09 eV. In addition, the impact of the
back contact work function is investigated. According to simulation findings, Ni back
electrodes with a work function of 5.04 eV is appropriate for ZnosMgo.2O
/(FAPDI3)0.85(MAPbB3)0.15/Cu20 i-PSCs. For mixed perovskite based i-PSCs, an optimal
efficiency of 25.86 percent may be attained after extensive optimization. The simulation
results are useful in better clarifying and enhancing the performance of perovskite solar cells

based on FAPDIs.
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