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Abstract

Perovskite solar cells are the subject of numerous studies. These studies con-
cern among others the optimal thickness and doping of the perovskite and the
choice of charge transport materials. This work investigates the SCAPS simu-
lation of a perovskite solar cell using separately SPIRO-OMeTAD, PEDOT:PSS,
P3HT and Cu,O as the hole transport layer. The cell is completed with hema-
tite as an electron transport layer. Thus, the simulation shows that the optimal
thickness of the perovskite is around 700 nm and the optimal doping is 10*°
cm™. Regarding the hole transport layers, we designed the influence of the
thickness between 5 nm and 20 nm of these layers. It appears that over this
range of thickness, the four HTLs contribute to obtaining almost equal per-
formance of the cell with 35.21%, the maximum efficiency (PCE) obtained with
PEDOT:PSS and 35.16%, the minimum PCE obtained with SPIRO-OMeTAD.
However, this efficiency can reach over 42% by doping the perovskite layer at
10 cm™ NA. These promising results open the way to experimental trials to
determine the real limits for this cell.

Keywords
PSC, HTL, SCAPS, Thickness, Doping

1. Introduction

The diversification of materials in support of silicon is crucial to support the pho-
tovoltaic sector. It is known that silicon is the most widely used material in solar
panels currently commercialized on the market. It represents about 90% of these
panels [1]. Its theoretical limit efficiency (PCE) is 29.4% [2]. In this quest for di-
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versification, perovskite is positioned as a promising material [3]-[7]. Several
studies have announced interesting efficiency (PCE) exceeding 25.5% and compa-
rable to those obtained with silicon [8]-[10]. For example, George G. et al achieved
an impressive 37.67% (PCE) with a lead-free pervoskite cell based on the ITO/
PC61BM/CH3NH3SnI3/PEDOT:PSS/Mo configuration [11]. Olumide et al re-
ported that according to some authors, the efficiency of perovskite solar cells in-
creased from 3.5% to 25.8% [12]. Also, Pratyush Panda et al used two types of
perovskites MASnl3 and FASnl3 together as active layers. They obtained a PCE of
28.06% [13]. If the choice of active material (absorber) is very important, it re-
mains no less important the choice of materials for transporting loads. These are
hole transport materials (HTM) and electron transport materials (ETM). The
characteristics of perovskite solar cells are closely related not only to the nature of
the perovskite, but also to the structure of the corresponding electron transport
layer (ETL) and hole transport layer (HTL) [14]. Solar cells and particularly per-
ovskite solar cells are built according to two configurations. The direct configura-
tion (n-i-p) obeys the structure Substrate (glass)/Cathode (Al)/ETLPerovskite/HTL/
Anode (ITO) and the reverse configuration (p-i-n) follows the structure Sub-
strate (glass)/Anode (ITO)/HTL/Perovskite/ETL/Cathode (Al) [15]. Indeed, in-
stability at the interfaces is one of the many challenges for PSC perovskite solar
cells without HTL in view of successful commercialization [16]. This work exam-
ines the influence of hole transport layers on cell performance. The use of a hole
transport material (HTL) in perovskite solar cells is essential [17]. This layer pre-
sents a physical energy barrier between the anode and the perovskite layer that
blocks the transfer of electrons to the anode, it also improves the efficiency of hole
transfer [18]-[20]. Moreover, the HTL layer allows isolating the absorber from the
metal electrode, thus curbing parasitic reactions (ion diffusion, corrosion), and
can contribute to interfacial passivation [21]. For effective hole collection at the
HTL/absorber interface, the valence band of the HTL should ideally be aligned
with that of the absorber or have a slight shift ([VBO| < 0.1 V), and to block
electrons, the conduction band of the HTL should be considerably higher [22]. In
this work, we want to study by designing with the SCAPS 1D software by compar-
ing the influences of several HTL materials. It is about the PEDOT:PSS, P3HT,
Cu;0 and the SPIRO:OMeTAD. The study concerns the effect of the thickness,
the concentration of doping of these materials on a perovskite solar cell with an
ITO/ETL (a-Fe,0;)/Perovskite/HTL structure (PEDOT:PSS, P3HT, Cu,O and the
SPIRO:OMeTAD. Hematite a- Fe,O; has been studied and shown its performance
asan ETL [23].

The software SCAPS-1D was developed by Professor Burgelman and his team
for electrical solar cell parameter design in fine layers. This was highly tested for
solar cells based on CdTe, CIS and CIGS.

2. Methodology
2.1. Configuration of the Solar Cell

The perovskite solar cell simulated has a configuration with superposed layers.
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Table 1. Input value of each material.

Figure 1 presents this configuration.

ITO (front contact)

ETL (o-Fe,0,)

Active layer
(Perovskite)

Au (back contact)

Figure 1. Configuration of solar cell.

2.2. Materials

In this study, we used the lead-free perovskite as an absorber layer (active layer).
Then it is sandwiched between hematite (a-Fe,Os) the electron transport layer
(ETL) and SPIRO-OMeTAD or PEDOT:PSS or P3HT or Cu,O as the hole transport
layer (HTL). The choice of hematite as ETL layer is justified by its abundance,
chemical stability and transparency around 70% in the visible [24]. Several mate-

rials such as HTL were used to compare them with the cell’s performance.

2.3. Methods

The SCAPS-1D software was developed by Professor Marc Burgelmann and his
team was chosen to simulate the cell [25]. The optoelectronic properties of each

material have been entered into the software. Table 1 gives the input values for

Material CH;NH;Snl3 a-Fe;Os PEDOT:PSS P3HT Cu0 Spiro-OMeTAD
aterials
[26] [27] (28] [29] [30] [31]
Eg (ev) 2.3 1.3 2.2 1.8 2.17 3.2
X (ev) 3.900 4.170 2.900 3.9 3.200 2.100
e/e0 9.800 8.200 3.000 3.9 3.200 2.100
Nc (cm™3) 3x 10 1x10'® 1x10% 3.000 7.5 3.000
Nv(cm™) 1x10Y 1x 10 1x 10 1x10Y 1x10Y 1x 10"
pe (cm™2/Vs) 2x1073 2x1073 1x 107! 1x10°° 20 2x 107
ph (cm™2/Vs) 5%x107° 5%x107° 2x1073 0.2 80 2x 107
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Continued
Nd (cm™?) 4.003 x 10% -
Na (cm™) 5x 10" 1x10% 1020 1020 1020
Ve (cm/s) 1x107 1x 107 1 x 107 10000 20 2 x 10*
Vh (cm/s) 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107 1 x 107
Doping Type Neutral Neutral Neutral Neutral Neutral Neutral

on (cm™?) 1x107% 1x107% 1x107% 1x107% 1x107% 1x107%
op (cm™) 9.800 8.200 3.000 3.000 7.5 3.000

Energy distribution Gaussian Gaussian Gaussian Gaussian Gaussian Gaussian
Nt (cm™) 1.E+13 1.E+13 1.E+13 1.E+13 1.LE+13 1.LE+13

each material. These values are found in the literature. The simulation was done
under AM1.5G illumination (1000 W/cm?), at a temperature of 300 K. We con-
sidered the ITO, with an output work function of 4.7 eV as the front contact and
gold with an output work function of 5.1 eV as the back contact. In the simulation,
we varied on the one hand the thickness of the perovskite layer between 100 nm
and 1000 nm and on the other hand the doping varying between 1 x 10'° cm™ and
1 x 10 cm™. Then, the thickness of the charge transport layers of the holes vary-
ing between 5 nm and 20 nm was considered. The ETL layer made of hematite has

not changed. Its thickness is set at 10 nm [26].

3. Results and Discussion

3.1. Influence of the Active Thickness Layer on the Cell
Parameters

To study the influence of the absorbing layer, we considered the perovskite solar
cell with Spiro-OmeTAD as the hole transport layer and hematite as the electron
transport layer. We set the thickness of the charge transport layers (ETL and HTL)
at 10 nm each. Figure 2 shows the influence of the thickness of perovskite layer

on solar cell parameters (Jsc, Voc, FF and PCE).

3.1.1. Influence of the Active Layer Thickness on the Short-Circuit
Current (Jsc)

When the thickness of the perovskite varies from 100 nm to 1000 nm, the short-
circuit current Jsc changes from 20 mA/cm? to almost 35 mA/cm? and then stabi-
lizes. It reaches this value from 700 nm. Figure 2 illustrates the influence of the
thickness of the perovskite on the short-circuit current. This evolution is con-
sistent with the literature. Indeed, the increase in thickness improves photonic
absorption in the visible and therefore the generation of electron-hole pairs [32]
[33]. The thickness of 700 nm here seems to be the one that allows the absorption
of almost the entire visible spectrum. What justifies the stability of the current at

this thickness value.
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Figure 2. Influence of the thickness of perovskite layer on solar cell parame-
ters (Jsc, Voc, FF and PCE).

3.1.2. Influence of the Active Layer Thickness on the Open-Circuit
Voltage (Voc)

We notice in Figure 2 that the Voc decreases from 1.32 V to about 1.23 V. This
decrease results in an increase in recombination effects as the layer becomes in-
creasingly thick [32], showing that any increase in thickness induces a drop in the

open circuit voltage.

3.1.3. Influence of the Active Layer Thickness on the Fill Factor (FF)

Figure 2 shows a moderate decrease in the fill factor from about 83.5% to 81.5%.
This results in increased losses due to the resistance series and internal recombi-
nations. Indeed, when the thickness of the active layer increases, the path of charge

carriers lengthens and increases their probability of recombination [8] [33].

3.1.4. Influence of the Active Layer Thickness on the Power Conversion
Efficiency (PCE)

In Figure 2, we can see that the efficiency increases from 20% at a thickness of 100
nm to practically 35% at 700 nm. This maximum value is reached as soon as the

active layer (absorbent) reaches a sufficient thickness for an almost complete ab-
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sorption of the visible spectrum while maintaining acceptable losses. These results
confirm the existence of an optimal perovskite thickness around 700 nm, in agree-
ment with experimental and numerical works which place this maximum between
400 and 800 nm depending on the carrier diffusion length and the crystalline qual-
ity of the absorber [8] [34] [35].

Furthermore, the use of Fe,O; as an electron transport layer (ETL) influences
these results. Although abundant, stable and inexpensive, FeO generally exhibits
a lower electron mobility than TiO or SnO generally used, and can absorb part of
the blue spectrum [34]. Obtaining a high efficiency with this material requires an
optimization of the interfaces (passivation, doping) to limit recombinations at the

ETL/absorber interfaces.

3.2. Influence of HTL Thickness Layer on the Cell Parameters

3.2.1. Influence of HTL Thickness Layer on the Short-Circuit Current

It is observed in Figure 3 that, when the thickness of the HTL layers varies from
5 nm to 20 nm, the short-circuit current (Jsc) increases slightly from 33.948
mA/cm? to 33.949 mA/cm? 33.947 mA/cm? to 33.951 mA/cm? 33.947 mA/cm? to
33.948 mA/cm? for PEDOT:PSS, P3HT and Cu,O respectively. It remains however
constant at 33,947 mA/cm? for the SPIRO-OMeTAD. These results show that re-
gardless of the HTL material, the short-circuit current varies slightly. This means
that the HTL layers are thick enough to ensure the selectivity of holes and block

electrons, but not thick enough to introduce recombination phenomena.

—&— SPIRO-OMeTAD
33.960 —e— PEDOT:PSS
—A— P3HT
v— CuO

33.950

Jsc (mA/cm?)

33.940

I e e e I A m s p e e e e R
4 6 8 10 12 14 16 18 20 22

Thickness HTL (nm)

Figure 3. Influence of the thickness layer of HTL (SPIRO-OMeTAD, PEDOT:PSS,
P3HT and Cu:O) on short-circuit current.

3.2.2. Influence of HTL Thickness Layer on the Open Circuit Voltage

In Figure 4, the open circuit voltage (Voc) is constant at 1.243 V for SPIRO-
OMeTAD and P3HT and 1.244 for PEDOT:PSS, and Cu,O. It clearly appears that
the Voc values are almost equal for all four HTL used. This suggests that this

thickness range does not strongly influence the open circuit voltage.
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Figure 4. Influence of HTL thickness layer (SPIRO-OMeTAD, PEDOT:PSS,
P3HT and Cu:0) on open circuit voltage.

3.2.3. Influence of HTL Thickness Layer on the Fill Factor

The fill factor (FF) displays practically constant values with slight shifts between
the different HTL as we can observed in Figure 5. The best form factor, 83.41% is
obtained with P3HT, followed by PEDOT:PSS, 83.37%. The lowest form factor of
83.26% is obtained with SPIRO-OMeTAD. In any case, the variation of HTL
thickness between 5 nm and 20 nm does not significantly influence the form fac-

tor.

—&— SPIRO-OMeTAD
—&— PEDOT:PSS

—A— P3HT
—v—Cu,0
A A A A
83.4 1
*——————e ——————0
o e
>
t \4 v v v
83.2 T T T T T T T T T 1

Thickness (nm)

Figure 5. Influence of HTL thickness layer (SPIRO-OMeTAD, PEDOT:PSS,
P3HT and Cu;O) on fill factor.

3.2.4. Influence of HTL Thickness Layer on the Power Conversion
Efficiency
We can observe the influence of HTL thickness layer (SPIRO-OMeTAD, PE-

DOT:PSS, P3HT and Cu;O) on efficiency in Figure 6. As for the other parameters,
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the efficiency (PCE) keeps constant values respectable of 35.16% for SPIRO-
OMeTAD; 35.19% for P3HT and Cu,O and 35.21% for PEDOT:PSS. It appears
from these analyses that the thickness range considered (5 nm to 20 nm) is not a
limiting factor. It is rather the energy alignment and the quality of the interface
that determine the performance of the cell. Although the HTL. considered in this
study compete with almost equal cell performance, they still have intrinsic limits
[36]. Indeed, the SPIRO-OMeTAD suffers from instability due to Li-TFSI doping
[37]. PEDOT:PSS can corrode the electrodes from the presence of PSS which is
acidic and attracts water [38]. As for P3HT, its conductivity is low. It requires
appropriate doping to improve its conductivity [38]. Interracial quality and defect

management are limits for Cu,O [39] [40].

—=&— SPIRO-OMeTAD
35.30 4 ®  PEDOT:PSS
—A— P3HT
—v—Cu0
35.25
o ° ° °
35.20

PCE (%)

35.15

BIB0+———T—T 77T T T T
4 6 8 10 12 14 16 18 20 22

Thickness (nm)

Figure 6. Influence of HTL thickness layer (SPIRO-OMeTAD, PEDOT:PSS, P3HT
and Cu:0) on efficiency.

3.3. Influence of Doping Active Layer on Solar Cell Parameters

Figure 7 shows the influence of doping (1 x 10" to 1 x 10 Cm?) of the perovskite
layer on Jsc, Voc, FF and PCE. We considered the perovskite solar cell with Spiro-
OmeTAD as the hole transport layer and hematite as the electron transport layer.
We notice that when the NA concentration increases from 1 x 10" to 1 x 10%
Cm3, all the parameters of the cell improve. These improvements are related to a
better conductivity of the material, an enhancement of the internal field (which
promotes charge separation) and a reduction in series resistance [41] [42].
However, beyond 1 x 10*° cm™ and particularly at 1 X 10 cm™, all parameters
drop sharply (PCE = 8%). This phenomenon reflects a massive increase in non-
radiative recombination and possibly Auger recombination [43]. Excessive dis-
placement of the Fermi level then reduces Voc and FF, and consequently the yield.
The use of hematite as ETL layer with its modest stability and mobility, requires

interfacial passivation in order to fully exploit the benefits of optimized doping
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[8]. These results are in line with the work of Qureshi et al [34]. To obtain high
yields, it is necessary to properly dope the absorber and improve the HTL/Ab-
sorber and Absorber/ETL interfaces.
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Figure 7. Influence of perovskite doping layer on solar cell parame-
ter.

4. Conclusion

In this study, it was the question about simulating the performance of a perovskite
solar cell using different types of HTL materials. We first simulated the influence
of the thickness of the perovskite on the cell parameters. It appears that the thick-
ness of 700 nm would be the optimal thickness of the perovskite. Then, we ex-
plored the effect of the thickness of hole transport layers on the solar cell param-
eters. We can remember that for the considered thickness range (5 nm to 20 nm),
SPIRO-OMeTAD, PEDOT:PSS, P3HT and Cu,O contribute separately to having
almost equal performances. The major difference lies in the limits of their intrinsic
properties. Finally, we simulated the effect of perovskite doping on cell perfor-
mance. It turns out that performance drops with too much doping. The optimal
doping is around 1 x 10* cm™ which allows for a conversion efficiency of more
than 42%. Certainly, we have not presented here the influence of the electron

transport layer, the hematite, however these results could depend on this layer all
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the more so as its mobility and transparency are also factors in the performance
of the solar cell. In perspective, the experimental study would enable these theo-
retical results to be compared with real results and to analyze the stability of dif-

ferent HTL in relation to the performance of the cell.
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