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ARTICLE INFO ABSTRACT

Keywords: The effects of the offset level and of the doping level in the perovskite layer upon both the reverse
Perovskite solar cells saturation current (Jo) and the series resistance (Rs) of p-p-n perovskite solar cells have been
Hole Transporting Material (HTM) researched in this paper, using five different materials such as spiro-OMeTAD, Cu,0, CuSCN, NiO

One and two-diode models
Genetic algorithm
Parameters extraction

and Cul, as Hole Transporting Material (HTM). The analysis was carried out by means of the
single and double-diode models of a solar cell and of genetic algorithms based on optimization
technique, in order to extract the desired parameters. The minor degradation of J, and R, has
been found for the condition offset equal to zero and for the highest doping level in p-type
perovskite layer. Also, a comparison has been made of the behavior of two reverse saturation
currents (Jo; and Joz). The power conversion efficiency (PCE) has shown to be more strongly
dependent on Jy, than on Jy;. Results obtained in this work can be used to improve the manu-
facturing process of these devices.

1. Introduction

Energy is a strategic resource for the development of any country. The continuous increase in energy demand together with the
associated environmental impact of fossil fuel combustion is strong incentives to promote the study and development of new
technologies based on renewable energies such as photovoltaic (PV) and wind power generation systems. Solar energy is the most
promising renewable energy source to generate electric power and to reduce the carbon dioxide (CO,) emissions to the atmosphere.

The study of materials and their microscopic properties together with the development of advanced device fabrication processes
has opened the way to new research possibilities in photovoltaic technology in order to improve the performance of the PV cells.

In the last years, research on perovskite solar cells has attracted the interest of the scientific community due to its high power
conversion efficiency (PCE) at low cost [1-6]. Experimental studies of the perovskite solar cells have reported a significant increase in
PCE, from 3.8% in 2009 [7] to 22.7% recently [8], confirming the upward trend of this promising technology. Moreover, these
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Fig. 1. The planar structure of a perovskite solar cell.

devices can be used to generate a solar-to-hydrogen conversion in water photolysis applications [9]. Therefore, further experimental
and theoretical studies are required in order to have a better understanding of the behavior of perovskite solar cells and to optimize
the design of the structure and the selection of materials.

A typical planar structure of perovskite solar cells composed of three regions: HTM/Perovskite/ETM is shown in Fig. 1, where
HTM and ETM are the p-type hole-transporting material and the n-type electron-transporting material, respectively. The solar energy
is absorbed by the p-type central material called perovskite layer, where after the charge carriers are photogenerated and extracted
towards the electrodes, by transporting holes and electrons through the HTM and ETM layers, respectively.

A comparative theoretical study of perovskite solar cells of structure HTM/CH3NH3PbI3/TiO, has been recently developed by the
authors through computer simulation using an organic compound (spiro OMeTAD) and four different inorganic materials (Cu,O,
CuSCN, NiO and Cul) as HTM layer [10]. These inorganic compounds are promising candidates to replace the less stable and more
expensive organic compound spiro-OMeTAD (2,2/,7,7’-tetrakis (N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene). The five ma-
terials considered as HTM layer have different band gap energies (Eg) and electron affinities (X.), which leads to different alignments
between the Maximum of the Valence Band (MVB) of both the HTM and the perovskite layers, which is referred as the offset level
(Offset = MVBytm - MVBperovskite)- The results obtained in Ref. [10] have shown a strong dependence of PCE with both the offset level
and the doping level in p-type perovskite layer. Also, since Cu,O is the material with the lowest offset level (0.06 eV), the highest
value of PCE has been obtained for the Cu,O/CH3NH3PbI;/TiO, solar cell.

For a better and more detailed understanding of the behavior of the perovskite solar cells, new studies on the same group of
devices analyzed in Ref. [10] are presented here. Specifically, in this work, the effects of the offset level and of the doping level in the
perovskite layer upon both the reverse saturation currents and the series resistance of these devices have been researched by means of
the single and double-diode models of a solar cell and of a home-made numerical code based on genetic algorithms. The authors have
previously used genetic algorithms based on optimization technique in order to extract the parameters of GaAs sub-cells for triple
junction space solar cells [11].

The study of the reverse saturation currents is very useful to determine which conduction mechanism is predominant: the dif-
fusion or the recombination process. It is possible to use the single or double-diode models for extraction of perovskite solar cell
parameters since the planar-structured solar cells can in general be treated as a single p-n junction diode [12]. Different planar
perovskite solar cells have been studied in Ref. [12] using the single-diode model.

2. Material and methods
2.1. Extraction of solar cells parameters

The current-voltage output characteristic (J-V) of solar cells provides information about different parameters of interest of the
devices, such as photocurrent, reverse saturation current, ideality factor, series resistance and shunt resistance. Having an accurate

d (D A Rsn v

Fig. 2. Equivalent circuit model of a solar cell: (a) The one-diode model, and (b) The two-diode model.
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Fig. 2. (continued)

knowledge of these parameters is essential for evaluating the performance of the solar cells, for optimizing devices structure, for
improving the fabrication process as well as in devices modelling and simulation [13,14]. These parameters can be accurately
extracted from equations corresponding to the single or double diode models, which are the two main equivalent circuit models
widely used to describe the nonlinear I-V behavior of a solar cell with or without illumination. These models are basically derived
from the semiconductor equations that govern the physics of solar cells [15].

In the first case, one diode is connected in parallel to a light generated current source (Jp,), such as is shown in Fig. 2(a), where J4
and Jg, are the current densities through the diode and the shunt resistance, respectively. The series resistance R represents the
ohmic losses in the semiconductor bulk and in the metallic contacts, whereas the shunt resistance Ry, represents the current leakages
across the p-n junction. Finally, J and V are the output current and the output voltage of the solar cell respectively, which are related
through the following equation [16]:

q(V + ]Rs)] gyl VIR,

JV)=Jn —Jg — Jsn = Jon —
(V) = Jon = Ja = Jon = Jpn — Jolexp| kT R m

where Jj is the reverse saturation current of diode, n is the diode ideality factor, q is the electronic charge, k is the Boltzmann's
constant and T is the temperature in kelvin.

On the other hand, Fig. 2(b) shows the double diode equivalent circuit model, where two diodes are connected in parallel to the
current source and therefore a new current component with an exponential term is added to equation (1). This model allows to obtain
a better understanding of the physical phenomena within the device, since it can be used to study the space charge recombination
effect. The current Jy; represent the diffusion mechanism, including the recombination and drift occurring in the bulk material; and
the current Jy, corresponds to the carrier recombination and generation in the space-charge region of the junction and to surface
recombination [17]. The Rs and Ry, are similar to those corresponding to the one-diode model. In this case, the output current J and
the output voltage V are related by Ref. [18]:

J(V) =Jon = Ju1 = Jaz = Jsn = Jpn — Jnn {exp[q(Lk;RS)] -1

ni
q(V+JR5)] —1- V+JRs

—Joz{expl kT e ()

where Jy; and Jy, are the reverse saturation currents of diodes 1 and 2, respectively. Also, n; and n, are the diode ideality factors,
respectively.

From equations (1) and (2), it can be seen that for modelling the I-V characteristics of a solar cell, it is necessary to extract five
(Jphs Jos Rs, Rsh, 1) and seven (Jpn, Jo1, Jo2, Rs, Ren, M1, N2) parameters, respectively. These equations describe the performance of a
solar cell under illumination or in dark conditions. However, they are transcendental equations that cannot be solved algebraically.
Hence, the use of optimization methods to extract the unknown parameters are required.

Many parameters extraction techniques using equations (1) and (2) have been proposed in the literature, such as the New-
ton-Raphson Method (NRM) and the Levenberg—Marquardt Algorithm (LMA), which are both based on the gradient descent ap-
proach [19]. In recent years, heuristic methods such as genetic algorithms, have been used to improve the accuracy and computa-
tional efficiency for extraction of solar cell parameters as compared to conventional techniques, due to their known advantages
related to the global minimum finding, easy of coding, etc. [11,20,21]. The genetic algorithms method, inspired by the biological
evolution process, is based on the global search and optimization techniques [22]. This method does not determine a unique solution
since there may be more than one combination of input parameters that yields the same output value. However, it is a powerful tool
for obtaining approximate solutions to the exact solutions.

2.2. Simulation details

With the aim to understanding the behavior of different p-p-n perovskite solar cells, a numerical code based on genetic algo-
rithms, fully developed by the authors in Python, has been used in order to extract the reverse saturation current, the series resistance
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Table 1

Characteristic parameters of the twelve solar cells under study.
Solar Cell HTM Offset (eV) Na (em ™)
SC.1 Cu,0 0.06 10"
SC.2 CuSCN 0.13 10"
SC.3 NiO 0.17 10"
SC.4 Cul 0.23 10"
SC5 spiro-OMeTAD 0.32 10"
SC.6 Cu,0 0 10"
SC.7 Cu,0 0.16 10"
SC.8 Cu,0 0.26 10"
SC9 Cu,0 0.36 10"
SC_10 Cu,0 0.06 10'8
SC_11 Cu,0 0.06 10"
SC.12 Cu,0 0.06 10%°

and the ideality factor from equations (1) and (2). In particular, twelve devices of planar structure HTM/CH3NH3PblI3/TiO, have been
analyzed, which are similar to those studied in Ref. [10], where HTM is one of the following materials: Cu,O, CuSCN, NiO, Cul and
spiro-OMeTAD. Table 1 displays the complete set of the solar cells researched in this work, where the offset level is defined as
Offset = MVByry - MVBperovskite; and N is the acceptor carrier concentration in the perovskite layer. It is considered that the solar
radiation enter through the n-type transparent conducting oxide TiO,. The standard AM1.5G spectrum (1000 Wm%; T = 300 K) has
been used.

Table 2 summarizes the main physical parameters used for each layer in the one-dimensional code SCAPS-1D (Solar Cells Ca-
pacitance Simulator) [23] in order to obtain the I-V characteristic of the solar cells described in Table 1, where E, is the band gap
energy, X. is the electron affinity, Nc and Ny are the effective density of states (DOS) in the conduction and the valence bands,
respectively; u1, and p, are the electron and hole mobilities, respectively; ¢ is the relative permittivity; and N, and Ny, are the acceptor
and donor carrier concentrations, respectively. These values are similar to those used by authors in Ref. [10].

The genetic algorithm based on optimization technique used in this work was implemented according to the following con-
siderations:

- Binary representation is used as a solution encoding.

Table 2
Main physical parameters used for each layer in the SCAPS-1D software.
Cu,0 CuSCN NiO Cul spiro-OMeTAD

HTM (400 nm) Eg (eV) 2.17 3.6 3.8 3.1 3.06
Xe (eV) 3.2 1.7 1.46 2.1 2.05
Ng (em™3) 2.50 x 10%° 2.50 x 10%° 2.50 x 10%° 2.50 x 10%° 2.50 x 10%°
Ny (cm™%) 2.50 x 10%° 2.50 x 10%° 2.50 x 10%° 2.50 x 10%° 2.50 x 10%°
iy (cm?v~1s™1) 80 25 2.8 44 2.00 x 1074
p (em?*v™1s™) 80 25 2.8 44 2.00 x 1074
£ 6.6 5.1 11.7 6.5 3.0
Ny (cm™2%) 3.00 x 10'® 3.00 x 10'® 3.00 x 10'® 3.00 x 10'® 3.00 x 10'®
Np (cm™%) 0 0 0 0 0

Perovskite (400 nm) Eg (eV) 1.5
Xe (eV) 3.93
N¢ (em™3) 2.50 x 10%°
Ny (ecm™?) 2.50 x 10%°
Un (em?v~1s™hH 50
pp (em?V™1s™h 50
I3 30
Ny (em™3) 1.00 x 10"
Np (em™3) 0

TiO, (90 nm) Eg (eV) 3.26
X. (eV) 4.2
Ng (em™3) 1.00 x 10%
Ny (ecm ™) 2.00 x 10%°
ity (cm?v—1s™1) 1.00 x 1073
p (em?*v™1s™h) 1.00 x 1072
£ 100
Ny (cm™2%) 5.00 x 10'®
Np (cm™%) 5.00 x 10*°
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- The fitness function is based on equations (1) and (2), expressed as:

f(]phy Jos Rg, Rgn, n) = Jph —J—Ja— Jn

V+JRs V+IR
=T —J _]O{exp[u] -1} = VR

kT Rsh 3)
and
f Uons Jous Jo2> Rs» Rens 1, 1) = Jon —J — Jn — Jo — Jan
=Jn = J = Jon {exp[ 2] — 1)
~Jatexp[ ] — 1) = L @
respectively.

- Random selection of the initial population.

- Initial population size: 500 individuals.

- Roulette wheel is used as method of selecting individuals for reproduction.
- The one-point crossover is employed with the crossover probability 0.7.

- Mutation probability 0.005.

- The genetic algorithm is executed 1000 generations.

The input data for the genetic algorithm are a set of N = 50 values taken from each J-V curve. The optimum solution is achieved
when the fitness function is f(...) = 0 for any J-V pair. The Root Mean Square Error (RMSE) is used in order to evaluate the per-
formance of the technique based on genetic algorithms, which is calculated as:

| N

1
RMSE = ,|[= > fi(.)?
\/N § 5)

3. Results and discussion
3.1. Analysis with the one-diode model of a solar cell

Five parameters, such as Jpy, Jo, Rs, Rsn and n, can be extracted from the single diode model of a solar cell. It is often assumed that
the light generated current density, J,p, to be equal to the short-circuit current density Js. [19]. Additionally, the effect of Ry, can be
negligible. Thus, the solar cell parameter extraction problem reduces to the determination of three parameters: Jy, Rs and n, from the
J-V characteristics. An efficient solar cell structure would possess low values in both parameters: J, and R;.

The results obtained of the extraction of J, and R; using genetic algorithms (GA) for the complete set of the solar cells studied in
this work are summarized in the second and third column of Table 3, respectively. An optimum value of n equal to 1.44 has been
extracted and fixed in all cases. The fourth column presents the RMSE values calculated with equation (5). Table 3 also presents the
values of short-circuit current density Js., open circuit voltage V,. and power conversion efficiency PCE, which were obtained from
the SCAPS-1D software.

As can be observed in Table 3 the values of V,,. and PCE suffer significant variations with respect to both the offset level and the
acceptor carrier concentration in the perovskite layer, whereas no changes were obtained in the values of J, for all devices con-
sidered here. Therefore, for the purpose of a better understanding of this behavior, an analysis of the data of J, and R, taken from

Table 3

Parameters extraction results of the solar cells described in Table 1 using the one-diode model.
Solar Cell Jo (Acm™2) R, (Q) RMSE (Acm™2) Jse (mAcm™2) Voo (V) PCE (%)

(GA) (GA) (GA) (SCAPS-1D) (SCAPS-1D) (SCAPS-1D)

SC.1 4.64 x 107" 0.34 1.93 x 1073 23.64 1.22 25.06
SC.2 1.18 x 107 ¢ 0.46 442 x 1074 23.65 1.21 24.86
SC.3 2.31 x 107 ¢ 0.59 1.28 x 1073 23.65 1.21 24.57
SC.4 7.21 x 107 1° 0.81 3.47 x 1072 23.65 1.19 23.78
SC5 4.46 x 107 1° 1.35 4.49 x 1073 23.65 1.12 21.79
SC.6 2.35 x 10~ %7 0.31 2.35 x 1073 23.64 1.23 25.10
SC.7 1.85 x 107 ¢ 0.56 2.51 x 1074 23.64 1.21 24.44
SC.8 1.22 x 1071 0.97 3.77 x 1073 23.65 1.17 23.09
SC9 2.01 x 10~ 1.63 1.03 x 1073 23.65 1.09 20.99
SC_10 9.20 x 10718 0.22 211 x 1072 23.64 1.23 25.62
SC_11 4.42 x 10718 0.15 1.32 x 1073 23.65 1.26 26.64
SC_12 2.59 x 10718 0.12 1.30 x 1072 23.67 1.30 27.44

342



M.A. Cappelletti et al. Superlattices and Microstructures 123 (2018) 338-348

102-: |—a—J

10° /
] : D/ _ A/A
: A/
10° 4 i o :
g0 0e 010 gl U206 025 '0.80 U35
Offset (eV)

Fig. 3. Normalized electrical parameters as a function of the offset level for the five different HTM materials considered in this work.
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Fig. 4. Normalized electrical parameters as a function of the offset level for the Cu,O/Perovskite/TiO, solar cell.
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Fig. 5. Normalized electrical parameters as a function of the acceptor carrier concentration in the perovskite layer for the Cu,O/Perovskite/TiO,
solar cell.

Table 4

Parameters extraction results of the solar cells described in Table 1 using the two-diode model.
Solar Cell Jo1 (Acm™?) Joz (Acm™?) RMSE (Acm™2) PCE (%)
SC.1 6.81 x 10~ %7 1.91 x 10~ 2 1.41 x 1073 25.06
SC.2 1.02 x 1076 1.70 x 10~ 3.93 x 1074 24.86
SC_3 1.43 x 1071° 352 x 1071 2.24 x 1074 24.57
SC.4 2.30 x 107 ¢ 9.38 x 10~ 11 6.84 x 107* 23.78
SC.5 8.14 x 107 ¢ 3.50 x 10~ *° 3.84 x 1074 21.79
SC.6 5.54 x 1077 1.49 x 10713 1.66 x 1072 25.10
sc7 1.28 x 107 1¢ 2.88 x 10~ 11 1.21 x 107* 24.44
SC.8 3.06 x 107 ¢ 1.55 x 10~ *° 7.47 x 10™* 23.09
SC9 2.04 x 10715 4,98 x 1071° 473 x 107* 20.99
SC_10 4.30 x 107" 1.07 x 107 * 1.43 x 1072 25.62
SC_11 3.04 x 10~ %7 1.04 x 107 '° 3.98 x 1074 26.64
SC_12 1.44 x 107" 2.68 x 1071¢ 1.93 x 107* 27.44

Table 3 are shown in Fig. 3, Fig. 4 and Fig. 5. The lines through the data points are only intended to guide the eye.

Fig. 3 shows the variation of J, and R, parameters with respect to the offset level of the five different materials considered for the
HTM layer (SC_1, SC_2, SC_3, SC_4 and SC_5). The values presented are normalized to those corresponding to the offset level equal to
0.06 eV (i.e. Cu,0 as HTM layer), which are 4.64 x 1077 Acm ™2 and 0.34 Q, for J, and R, respectively. This figure shows that J,
and R; reach the lowest values for the Cu,O/CH3NH3PbI3/TiO, heterojunction as compared to the corresponding parameters of the
devices based on the other four hole-transport materials. It can also be seen an abrupt increase in J, (close to 2 orders of magnitude)
and a gradual increase of R (close to 4 times) when the offset level is increased. These significant increases in J, and R could explain
the reduction of the PCE, from 25.06% to 21.79% for Cu,O and spiro-OMeTAD, respectively.

Since the Cu,O is the material with the lowest real offset (0.06 eV), Figs. 4 and 5 show the results obtained of the extraction of
electrical parameters on the Cu,O/CH3NH3PblI3/TiO, solar cells. Specifically, Fig. 4 shows the normalized data (Jo and R;) as a
function of the offset level (SC_1, SC_6, SC_7, SC_8 and SC_9). The offset level was artificially modified by changing the electron
affinity of Cu,O. In this case, the values presented are normalized to those corresponding to the offset level equal to zero, which are
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Fig. 6. Normalized electrical parameters as a function of the offset level for the Cu,O/Perovskite/TiO, solar cell.

2.35 x 1077 Acm ™2 and 0.31Q, for J, and R, respectively. The data set presented in Fig. 4 show a similar behavior to that
described in Fig. 3. It can also be observed that the best condition to achieve the lesser degradation in J, and R, is obtained for when
the offset level is equal to zero. Under this condition, no differences in the value of PCE were found using CuSCN, Cul and NiO as HTM
layer, whereas for spiro-OMeTAD the value of PCE is reduced due to its very low value of hole mobility [10].

Finally, effects of the acceptor carrier concentration in the perovskite layer upon the J, and R, values are shown in Fig. 5 for the
condition offset equal to 0.06 eV (SC_1, SC_10, SC_11 and SC_12). These values are presented as normalized with respect to those
corresponding to the N, equal to 107 cm ™3, which are 4.64 x 10717 Acm ™2 and 0.34 Q, for J, and Ry, respectively. It is possible to
observe in this figure that when N, is increased from 10’7 to 10%° cm ™3, then Jj, and R, decrease about 95% and 65%, respectively.
Therefore, the decreasing of Jy, and R could be the main reason for the increase of PCE from 25.06% to 27.44%.

3.2. Analysis with the two-diode model of a solar cell

The addition of a second diode to the previous model, makes it possible to study in more detail the space charge recombination
effect. The second diode in the double-diode model contributes two additional parameters: the reverse saturation current Jy, and the
ideality factor n,. Therefore, from this model seven parameters can be extracted, Jpn, Jo1, Joz2, Rs, Rsh, 1 and 1. In a similar way to the
analysis carried out previously with the single-diode model, it was assumed that J,, = Js. and the effect of Ry, was considered
negligible. Also, the R; parameter was taken with the values presented in Table 3. Thus, in this case, from the J-V curves, the solar cell
parameter extraction problem reduces to determination of four parameters: Jo1, Joo, n; and n,.

Table 4 contains the results obtained using genetic algorithms of the extraction of Jy; and Jy, for the twelve solar cells studied in
this work. The optimum values of n; equal to 1.44 and of n, equal to 2.50 have also been extracted and fixed in all cases. Ideality
factors higher than 2 have also been obtained for different perovskite solar cells in Ref. [12]. The fourth column presents the RMSE
values calculated with equation (5). Finally, for convenience, in Table 4 the values of PCE are also shown.

The values obtained for Jy; and Jo, in Table 4 are consistent with literature data since Jy, is generally 3 to 7 orders of magnitude
larger than Jo; [18]. An analysis of the data of Jy; and Jy, taken from Table 4 are shown in Fig. 6 and Fig. 7.

Fig. 6 shows data of Jo; and Jy, as a function of the offset level on the Cu,0/CH3NH3PbI3/TiO, solar cells (SC_1, SC_6, SC_7, SC_8
and SC_9). These values are normalized to those corresponding to the offset level equal to zero (SC_6), which are 5.54 x 10717
Acm ™ %and 1.49 x 10~ '3 Aem 2, for Jo; and Jy,, respectively. As a comparison, it has also been added in Fig. 6 the data of J, shown
previously in Fig. 4. It can be seen in Fig. 6 a much greater increase in Jy, (close to 3300 times) than in Jy; (close to 37 times), when
the offset level is increased from O to 0.36 eV. Therefore, the decrease in PCE, from 25.10% to 20.99% is a major consequence of the
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Fig. 7. Normalized electrical parameters as a function of the acceptor carrier concentration in the perovskite layer for the Cu,O/Perovskite/TiO,
solar cell.
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strong increase in the carrier recombination in the space-charge regién of the junction.

Fig. 7 shows the normalized data for Jo; and Jy,, calculated by varying the acceptor carrier concentration in the perovskite layer
(SC_1,SC_10, SC_11 and SC_12). The values presented are normalized to those corresponding to the N equal to 107 cm 3, which are
Jo1 = 6.81 x 1077 Acm ™2 and Jy, = 1.91 x 102 Acm ™2 Again, as a comparison, it has also been added in Fig. 7 the data of J,
shown previously in Fig. 5. In this case, it can be observed that when N, is increased from 10'” to 10%° cm ™3, then Jo, decreases more
strongly (close to 4 orders of magnitude) than Jy; (about 80%), which tend to improve the solar cell performance.

In order to better understand the physical mechanisms of conduction present within the devices, we have plotted in Fig. 8 the
variation of the current components through the two diodes, J4; and Jg», calculated as:

+ JR,)

\%4
Jaraz = ]01,02{exp[q(n -1
1

2kT (6)
as a function of the voltage, for the two extreme cases: devices with the minimum and the maximum PCE values (SC_9 and SC_12,
respectively).

Fig. 8 shows that for the SC_9 device (PCE = 20.99%), the dominant effect from 0 V to V,, is the minority carrier recombination in
the space-charge region. On the contrary, for the SC_12 device (PCE = 27.44%), two different behaviors occur within the device. At
voltages below 0.25V, the effect of Jy, is more significant than Jg;, whereas the current flow controlled by minority carrier diffusion
outside the space-charge region is the dominant effect at voltages from 0.25V to V. For all solar cells considered in this work, the
values of the slopes are ﬁ and n;ﬁ for J41 and Jy,, respectively. Besides, it has been found that as the value of PCE increases from
20.99% to 27.44%, the value of voltage for which both mechanisms have the same effect (J4; = J4o) decreases from 1.09 V to 0.25 V.

4. Conclusion

The results obtained in this work have allowed us to study in detail the physical mechanisms of conduction present within the
perovskite solar cells and are useful to contribute to the design, optimization and manufacturing process of such devices. This paper
continues the research started in a recent work of the authors. In the study performed here, the behavior of the reverse saturation
current and the series resistance of perovskite solar cells of structure HTM/CH3;NH3PblI3/TiO, with five different Hole Transporting
Material (HTM), such as spiro-OMeTAD, Cu,0O, CuSCN, NiO and Cul, has been discussed. These parameters have been extracted using
genetic algorithms based on optimization technique and the single and double-diode models of a solar cell. It has been observed that
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these parameters are strongly dependent on both the alignment between the Maximum of the Valence Band (MVB) of the HTM and
perovskite layers (offset level), and the doping level in p-type perovskite layer. Specifically, it has been obtained that the increase in
the offset level from 0 to 0.36 eV, produces an abrupt increase in J, (close to 3 orders of magnitude) and a gradual increase of Ry
(close to 5 times), which could explain the reduction of the PCE from 25.10% to 20.99%. In opposition, J, and R decrease about 95%
and 65%, respectively in the case that the acceptor carrier concentration in the perovskite layer has gone increasing from 107 to
10%° em 2, which could be the main reason for the increase of PCE from 25.06% to 27.44%. Besides, a comparison has been made of
the behavior of two reverse saturation currents (Jo; and Jyo). It has been found that the offset level and of the doping level in the
perovskite layer affect more strongly to Joo than Jo;. Finally, it has also been found that when the carrier recombination and
generation mechanisms in the space-charge region of the junction predominates over the carrier diffusion mechanism, including the
recombination and drift occurring in the bulk material, the devices are less efficient. Therefore, the use of HTM materials with lower
offset levels and p-type perovskites with higher doping levels would be good alternatives for the organic compound spiro-OMeTAD in
order to reduce the cost and increase the performance of the devices.
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