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All-inorganic perovskite solar cells (PSCs) with inverted p-i-n configuration have not yet reached the high
efficiency achieved in the normal n-i-p architecture. However, the inverted all-inorganic PSC are more
compatible with the fabrication of tandem solar cells. In this work, a theoretical study of all-inorganic PSCs
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1.78 eV was used for the CsPbl x Br3—x perovskite layer. The simulation results allow identifying that Cul and
ZnO are the most appropriate materials as HTL and ETL, respectively. Additionally, optimized values of
thickness, acceptor density and defect density in the absorber layer have been obtained for the
ITO/Cul/CsPbl x Br3—x /ZnO/Ag, from which, an optimum efficiency of 21.82% was achieved. These
promising theoretical results aim to improve the manufacturing process of inverted all-inorganic PSCs and to
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Abstract

All-inorganic perovskite solar cells (PSCs) with inverted p-i-n configuration have not yet reached the
high efficiency achieved in the normal n-i-p architecture. However, the inverted all-inorganic PSC are
more compatible with the fabrication of tandem solar cells. In this work, a theoretical study of all-
inorganic PSCs with inverted structure ITO/HTL/CsPbI,Br;-/ETL/Ag, has been performed by means of
computer simulation. Four p-type inorganic materials (NiO, Cu,O, CuSCN and Cul) and three n-type
inorganic materials (ZnO, TiO, and SnO,) were used as hole and electron transport layers (HTL and
ETL), respectively. A band gap of 1.78 eV was used for the CsPbl,Br;-« perovskite layer. The simulation
results allow identifying that Cul and ZnO are the most appropriate materials as HTL and ETL,
respectively. Additionally, optimized values of thickness, acceptor density and defect density in the
absorber layer have been obtained for the ITO/Cul/CsPblBrs;«/ZnO/Ag, from which, an optimum
efficiency of 21.82% was achieved. These promising theoretical results aim to improve the manufacturing
process of inverted all-inorganic PSCs and to enhance the performance of perovskite—perovskite tandem
solar cells.
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1. Introduction

The increase in energy consumption promotes the use of new technologies based on
renewable energy sources to generate electricity, with solar energy being one of the most
promising alternatives. In this sense, the study of solar cells, devices capable of converting
light from the sun directly into electricity, is extremely important today. At the same time, the
study of microscopic properties of materials, in addition to advances in the manufacturing
processes of the photovoltaic devices, has provided a path to develop new technologies in solar
cells with higher power conversion efficiency (PCE) and shorter processing time.
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One of the developments that have gained special relevance in recent years are perovskite
solar cells (PSCs), which have emerged as a technology with the potential to revolutionize the
photovoltaic industry. This is mainly due to their excellent optical and electronic properties such
as tunable band gap, large absorption coefficient, high charge carrier mobility and long
diffusion lengths, and their simpler fabrication process and lower cost compared to conventional
crystalline silicon solar cell (Burschka et al., 2013; Gao et al., 2014; Gonzalez-Pedro et al.,
2014; Gritzel, 2014; Karthick et al., 2020; Saliba et al., 2016; Stranks et al., 2013; Yang and
You, 2017).

In general, PSCs consist of a perovskite layer as a light-absorbing region sandwiched
between a p-type hole-transporting layer (HTL) and an n-type electron-
transporting layer (ETL). HTL allows the free flow of holes towards the anode but blocks
electron flow. On the contrary, the ETL block holes flow but allow the free flow of electrons
towards the cathode.

PSCs with the HTL/Perovskite/ETL structure have substantially increased their PCE from
3.8% in 2009 (Kojima et al., 2009) to 25.5% recently in 2020 (NREL, 2020). The highest
efficiencies so far were obtained for the so-called organic—inorganic hybrid perovskite-
based solar cells using MAPbX; as perovskite layer, where MA is the methylammonium cation
(MA" = (CHs5NH;)") and X is a halide anion (Cl, Br or I'). These devices have achieved
efficiencies comparable to technologies already established in the market, such as thin film solar
cells based on cadmium telluride (CdTe) or copper indium gallium selenide (CIGS), or even, as
silicon solar cells. However, the long-term stability of organic—inorganic hybrid perovskite-
based solar cells is sensitive to water and moisture due to the high volatility of hydrophilic
organic cations (i.e. CH3NH;"), which is a strong obstacle for their further development and
commercial applications (L. Chen et al., 2019a; Conings et al., 2015).

The substitution of the volatile organic compounds with cesium (Cs®) is one of the
alternatives that have recently begun to be explored and that has proven to be very effective in
order to prevent degradation and improve stability of the PSCs, which makes them very
attractive for further study (Liu et al., 2018; Sutton et al., 2016; Wang et al., 2020). In the last
years, several works have been reported in the literature dedicated to improving the
performance of CsPbl,Brs.. based PSCs, with x between 0 and 3 (Jiang et al., 2018; Li et al.,
2018; Swarnkar et al., 2016; Tian et al., 2019; Wang et al., 2017). From the variation of x
values, it is possible to tune the band gap of CsPbl,Br;. in the range between 1.73 eV and 2.31
eV for CsPbl; and CsPbBrs;, respectively (Tao et al., 2019). In particular, CsPbl; based PSCs
have significantly enhanced the efficiency from 2.9% (Eperon et al., 2015) to 19.03% (Wang et
al., 2019). In addition, an optimum efficiency of 21.31% has been obtained for these devices by
numerical simulation (Lin et al., 2020). On the other hand, efficiencies of 16.2% (Tian et al.,
2019), 10.9% (Subhani et al., 2019) and 10.6% (Zhao et al., 2019) have been reported for
CsPbI,Br, CsPbIBr; and CsPbBr; based PSCs, respectively.

Most of the high-performance all-inorganic PSCs reported so far are based in the normal n-
i-p architecture due to their superiority in performance (W. Chen et al., 2019; Tian et al., 2019).
However, the study and development of all-inorganic PSCs with inverted p-i-n structure has
become very attractive due to these devices are more compatible with the fabrication of
perovskite—perovskite tandem solar cells (Beal et al., 2016; Zhang et al., 2018), whose
efficiencies can be improved by optimizing the design of each inverted all-inorganic PSCs
separately. For instance, inverted CsPbl,Br; based PSC (band gap of 1.78 eV) with a PCE of
15.6% was recently reported, where a Lewis base small molecule was used to passivate the
inorganic perovskite film (Wang et al., 2020). Also, inverted all-inorganic CsPb;.,Ni,[,Br (x =
0-0.1) PSC with a PCE of 13.88% was reported (L. Chen et al., 2019b). These PCE values are
still well below the 25.2% of organic—inorganic hybrid PSCs, therefore, further studies of
inverted all-inorganic PSCs are really very desirable in order to explore the factors that limit its
performance and to obtain higher efficiencies than reported so far.

In this work, a comparative analysis of different combinations of inverted all-inorganic
PSCs based on CsPbIBrs. as perovskite layer, with band gap of 1.78 eV, has been carried out
by means of computer simulation. Modeling and simulation techniques are fundamental tools to
predict and analyze the behavior of the devices under study. Additionally, from these tools it is



possible to investigate the relationship between the internal physical mechanisms and material
properties with device performance. Four materials (NiO, Cu,O, CuSCN and Cul) have been
proposed as inorganic hole-transporting layer (i-HTL); and three materials (ZnO, TiO, and
Sn0,) were used as inorganic electron-transporting layer (i-ETL). These seven inorganic
materials under consideration in this study have different physical parameters, such as band gap
energies, electron affinities, carrier mobilities, among others, and they are promising candidates
for use in all-inorganic PSCs with inverted structure. The devices performance was theoretically
evaluated for different thicknesses, acceptor densities and defect densities in the perovskite
layer, to optimize the design of the structure and to enhance the efficiency of these inverted all-
inorganic PSCs.

2. Simulation details

Simulations were performed with SCAPS-1D software (Burgelman et al., 2000), which is
widely used and recognized by the scientific community related to PSCs (Adhikari et al., 2016;
Chakraborty et al., 2019; Haider et al., 2019; Lin et al., 2020). This software numerically solves
the three coupled differential equations: the Poisson and the continuity equations for electrons
and holes. The output parameters such as short-circuit current density (Jsc), open circuit voltage
(Voc), power conversion efficiency (PCE), maximum power point (Pwax), fill factor (FF) and
external quantum efficiency (EQE), can be calculated using the SCAPS-1D software, in order to
obtain the response of the device under different design and operating conditions.
Some of the authors of this paper have previously used SCAPS-1D to study the organic—
inorganic hybrid PSCs (Cappelletti et al., 2018; Casas et al., 2017).

Fig. 1 shows the configuration of the all-inorganic PSC used in this work, which consists of
an inverted structure ITO/i-HTL/CsPbI,Br;/i-ETL/Ag, where light enters through the i-HTL.
The standard AM1.5G spectrum (1000 W/m?; T =300°K) has been used.
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Fig. 1. Device architecture of inverted all-inorganic PSC used in this work.

Tables 1-3 summarize the main parameters used in the simulations for the perovskite layer,
and for the materials chosen as i-HTL and i-ETL, respectively, where N, and Np are
the acceptor and donor density, respectively; ¢ is the relative permittivity; X is the electron
affinity; E¢ is the band gap energy; u, and p, are the electron and hole mobilities, respectively;
Nr is the defect density; and Nc and Ny are the effective conduction and valence band density of
states, respectively. These values are based on experimental and theoretical studies recently
reported in the literature (Lin et al., 2020; Wang et al., 2020). For example, a band gap of 1.78
eV was used for the CsPbI,Br; thin film, like that reported in (Wang et al., 2020). The value of



2.07 x 10" cm™ for the Ny in the perovskite layer was chosen to obtain a carrier diffusion length
of 1 pm, which is a similar value to the one used in Dastidar 2017 and Lin 2020 (Dastidar et al.,
2017; Lin et al.,, 2020). The absorption coefficient (&) used for the CsPblI,Brs;, layer was
calculated from the Beer-Lambert law a = 2.303A/t (Nama Manjunatha and Paul, 2015), where
A and t are absorbance and thickness of film (350 nm), respectively, which were obtained from
Wang 2020 (Wang et al., 2020). The absorption coefficient as a function of the wavelength for
the CsPbl,Br;, layer used in this paper is shown in Fig. 2. The work functions of the front and
back contacts are 4.7 eV (ITO) and 4.26 eV (Ag), respectively (Behrouznejad et al., 2016).
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Fig. 2. Absorption coefficient values of CsPbI,Brs film used in this work versus wavelength.

Absorption coefficient (cm™)

1x10*

Table 1.

Physical parameters of the perovskite material used in the simulation.
Parameters CsPbIBrj_«

Thickness (nm) 350

Na(cm™®) 1x10°

Np(cm™) -

& 6

X(eV) 3.95

Ec(eV) 1.78

U (cm?V-'s™) 16

1 (cm?V7's™) 16

Nr(cm™) 2.07 x 10"

Nc(cm™) 1.1 x 10%*

Ny (cm™) 8 x 10"

Table 2.

Physical parameters of the i-HTL materials used in the simulation.
Parameters NiO Cu.0 CuSCN Cul
Thickness (nm) 25 25 25 25
Na(cm™®) 3 x10% 3 x10% 3 x10% 3x10%
Np (cm™®) - - - -

& 11.7 7.11 10 6.5
X(eV) 1.46 3.2 19 2.1
Ec(eV) 3.8 2.17 3.4 3.1

ta (cm?Vs?) 2.8 200 2x10* 100

U (cm?V's™) 2.8 80 2 x 10" 44

Nr(cm™) 1x 10" 1x 107 1x107 1x 10"



Nc(cm™) 25x10°  25x10°  1.7x10°  2.8x 10°

Ny (cm®) 25x10°  25x10° 25x10%  1x 109
Table 3.

Physical parameters of the i-ETL materials used in the simulation.
Parameters ZnO TiO, SnO;

Thickness (nm) 25 25 25

Na(cm?®) - - -

Np(cm™®) 3% 10 3 x 10" 3% 10

& 9 9 9

X(eV) 4 4 4

Ec(eV) 3.16 3.2 3.5

U (cm?V-'s™) 100 20 20

1 (cm?V7s™) 25 10 10

Nr(cm?) 1% 10Y 1% 10Y 1% 10Y

Nc(cm™) 4.5 % 10" 1x10% 4.36 x 10"

Ny (cm™®) 1x 10 2% 10? 2.52 x 107

Fig. 3 shows, the values with respect to the vacuum level, of the Minimum of the
Conduction Band (MCB) and of the Maximum of the Valence Band (MVB) for the i-ETL and i-
HTL materials used in the simulation, respectively. MCB and MVB values are also observed for
the CsPbI,Br;-, layer with a band gap of 1.78 eV.
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Fig. 3. Energy-level diagram of the studied inverted all-inorganic PSC with different i-ETL and i-HTL.

3. Results and discussion

First, an analysis of the twelve different possible combinations (i-ETL/i-HTL) of the
inverted all-inorganic PSCs was carried out based on the physical parameters presented in
Tables 1-3. The results of the output parameters are summarized in Table 4. In particular,
the first row in this table corresponds to the materials used in (Wang et al., 2020). The value of
PCE of 11.77% obtained from simulations for the ZnO/NiO combination, can be considered as
a good first approximation to the experimental results presented there for the control device
with the non-passivated perovskite film. Although in Wang 2020 (Wang et al., 2020), a value of
PCE of 13.9% is mentioned, a histogram of PCE values over 32 PSCs is presented in the
supplementary material, where the PCE values are approximately between 11.5% and 13.9%.

Table 4.
Output parameters of the PSC for the twelve different combinations considered in this work.

P-ETL/i-HTL  Jsc(mA/ecm®)  Voc (V)  FF (%) PCE (%)

Zn0O / NiO 13.44 1.13 77.55 11.77



SnO, / NiO 13.42 1.13 77.55 11.75

TiO, / NiO 13.44 1.12 77.24 11.67
Zn0 / Cu,O 12.98 1.13 78.44 11.53
Sn0O, / Cu, 0 12.97 1.13 78.44 11.51
TiO, / Cu,0 12.98 1.12 78.49 11.47
ZnO / CuSCN 13.44 1.14 73.25 11.19
Sn0O, / CuSCN 13.42 1.14 73.26 11.18
TiO, / CuSCN 13.44 1.13 72.24 11.01
ZnO/ Cul 13.46 1.13 78.61 11.96
Sn0O,/ Cul 13.45 1.13 78.61 11.94
TiO, / Cul 13.46 1.12 78.50 11.89

It can also be observed in Table 4 that Jsc and Vo values remain almost unchanged for the
twelve cases, whereas FF and PCE are the most fluctuating parameters, approximately 9%
between their minimum and maximum values. The lowest FF and PCE values are obtained for
the three PSCs based on CuSCN as HTL, which is mainly due to the low hole mobility of
CuSCN compared to the other materials. Therefore, CuSCN is not the optimal material as HTL
for CsPbI,Br;-« based PSCs as considered in this work. On the contrary, the three PSCs with Cul
as HTL show the highest FF and PCE values. In order to study in more detail the PCE variation
as a function of the hole mobility, simulations varying this parameter were carried
out. Fig. 4 shows results obtained when the hole mobility is varied from 2 x 10” to 200
cm’V's™, whereas the other values of Table 2 have remained unchanged. Only three i-ETL/i-
HTL combinations are plotted in this figure for clarity. A critical hole mobility value near 10
cm’V's? can be observed, below which PCE is significantly reduced up to around 8%. On the
contrary, PCE remains constant for values of hole mobility larger than 10 cm*V™'s™.

12 4 .,/,gflilft

PCE (%)
N
N

| ./ i-ETL / i-HTL combinations

9 &
‘/ —8— ZnQ/ Cul

e Sn0, / Cul
o —e-TiO, / Cul

10° 10" 10° 107 10" 10° 10 10°
Hole mobility (cm*V's™)

Fig. 4. Power conversion efficiency versus hole mobility for three i-ETL/Cul combinations considered in this work.

In particular, the highest PCE value of 11.96% was observed for the ZnO/Cul combination.
Although the theoretical results presented in Table 4 were obtained using a thickness of 350 nm
for CsPbl,Br;. layer, a similar qualitative behavior was observed for higher thicknesses.

Later, new simulations on the PSC with the inverted structure of ITO/Cul/CsPbI,Br;/ZnO/
Ag have been performed, using different thicknesses, acceptor densities and defect densities for
the perovskite layer. The study was focused on this layer, in which light is absorbed to produce
photo-generated carriers, thus playing a decisive role in the device performance.

In Fig. 5 is plotted the simulated current density-voltage (J-V) characteristics of the solar
cell for three different thicknesses of the absorber film: 350, 750 and 1050 nm. Compared to the



originally analyzed thickness (350 nm), a slight reduction in Vo but a significant increase in Jsc
were obtained for the other two devices. This result is shown more clearly in Fig. 6,
in which the variation of the electrical parameters (PCE, Voc and Jsc) as a function of the
CsPbI,Brs., thickness can be observed. The values presented in this figure are normalized to
those corresponding to their maximum values, which are 16.06%, 1.15 V, and 23.79 mA/cm?,
for PCE, Voc and Jsc, respectively. In the case of the PCE parameter, a strong increase is also
seen when the thickness is increased from 250 to 750 nm, but for thicknesses greater than 750
nm the PCE values have remained almost unchanged. Regarding these results, a value of 750
nm is considered as the optimized value in what follows.
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Fig. 5. J-V characteristics with three different thicknesses of the perovskite layer.
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On the other hand, Fig. 7 shows the variation of PCE as a function of the acceptor density in
the perovskite layer. As can be seen in this figure, for the range of values considered here, a
significant reduction in PCE occurs when N, is varied from 10" to 10'® cm™.
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Fig. 7. PCE as a function of Na.

Finally, the defect density of perovskite layer has a significant impact on device
performance, such as is shown in Fig. 8 for two different cases: one for the initial values
presented in Table 1 (red circles), and other assuming the optimized values obtained in previous
step, that is: thickness (t) = 750 nm and N, = 10" cm™ (blue circles). The simulation results
show that for a minority-carrier diffusion length of 1 pm (N7 = 2.07 x 10" cm™), the PCE value
increases from 11.96% to 16.34% when optimized parameters are used. Finally, this figure also
shows the performance improvement that could be achieved by reducing the defect density.
Specifically, for the extreme case of Ny = 2.07 x 10" cm™ (that is minority-carrier diffusion
length of 10 pm) an optimum efficiency of 21.82% can be obtained for the inverted device with
a structure of ITO/Cul/CsPbl,Br; «/ZnO/Ag.
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4. Conclusion

In the theoretical study performed here through SCAPS-1D simulations, the performance of
the all-inorganic PSCs with inverted structure ITO/i-HTL/CsPbl,Br;/i-ETL/Ag has been
discussed and optimized. A band gap of 1.78 eV was used for the CsPbliBr; thin film.
Different inorganic materials have been compared as i-HTL (NiO, Cu,O, CuSCN and Cul) and
i-ETL (ZnO, TiO; and Sn0O,). The simulation results show that Cul as HTL and ZnO as ETL
have better performance than the other i-ETL/i-HTL combinations studied. Then, the effects of
variation in thicknesses, acceptor densities and defect densities in the perovskite layer on the
device performance were simulated for the inverted architecture ITO/Cul/CsPbI,Br;/ZnO/Ag.
Optimized values of 750 nm and 10" cm™ were obtained for the thickness and acceptor density,
respectively. Also, an optimum efficiency of 21.82% could be achieved for this device
considering a minority-carrier diffusion length of 10 pm (that is, by reducing the defect density
up to 2.07 x 10" cm™). The results obtained in this work are very useful to contribute to the
design, optimization, and manufacturing process of inverted all-inorganic PSCs and to improve
the efficiency of perovskite—perovskite tandem solar cells. Considering that the results obtained
through numerical simulation represent a prediction of the behavior of the devices under study,
then, the experimental development of promising devices will depend both on the maturity of
the technology and on the precise control of the materials involved.
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