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Abstract: Perovskite solar cells have become an attractive subject in the solar energy
device area. During ten years of development, the energy conversion efficiency has been
improved from 2.2% to more than 22%, and it still has a very good potential for further
enhancement. In this paper, a numerical model of the perovskite solar cell with the
structure of glass/ FTO/ TiO2/ HsNHsPbls/ HTM/Au by using Silvaco Atlas software is
presented. The effect of hole transport material characteristics, including hole mobility
and band gap offset of organic and inorganic HTM layers such as Spiro-MOeTAD, CuO
and Cu20 on the performance of PSCs are investigated. The simulation results reveal that
with increase of hole mobility in hole transport layer, the cell efficiency is increases.
Meanwhile, the solar cell exhibits a better performance by using inorganic materials like
CuO and Cu.0 as hole transport layer, than by using Spiro-MOeTAD, particularly the
efficiency reaches 22.12% when Cu.O is used.

Keywords: Perovskite Solar Cell, Hole Transport Layer, HTM, Bandgap Offset,
Efficiency.

1. INTRODUCTION

Demand for energy resources is growing with ongoing development of
economy. Forecasts show that the world's population will reach 8.1 billion by
2020. This large number of populations are in great need of energy. The supply
of energy required by fossil fuels is in addition to causing environmental
pollution, global warming, and so on. Therefore, the need to replace clean and
renewable resources today seems more urgent than ever. Photovoltaic technology

* Corresponding author. Email: ghadimi@liau.ac.ir


mailto:ghadimi@liau.ac.ir

66 * Journal of Optoelectronical Nanostructures Spring 2020 / Vol. 5, No. 2

and solar cells are one of the best sources of energy. Perovskite solar cells (PSCs)
have attracted much attention because of their high efficiency. However, unstable
performance and expensive hole transport materials (HTM) limit its expansion.
Organic materials such as Spiro-OMeTAD, PEDOT: PSS and MEH-PPV that are
relatively expensive and have low mobility are used as HTM in PSCs. Some
reports also confirm that the HTM layer affects cell function and a decrease in
cell function has been observed with the use of organic HTM [1]. Therefore, to
commercialize perovskite solar cells and dominate the photovoltaic industry, it is
essential to find an alternative HTM for PSCs. Inorganic materials have been
considered as suitable substitutes for organic HTM layers due to their desirable
characteristics such as high mobility of holes, low fabrication cost, better
chemical stability and their suitable bandgap energy [2]. Using metal oxides with
p-type conductivity, superior charge carrier mobility and high stability are
suitable candidates as HTMs. There are numerous reports on using p-type metal
oxides including CuO, MoOs, and NiOx as HTM layer for PSCs [3-5]. Having
privileged electrical and optical properties, Cu.O can be a promising candidate as
HTM for PSCs. However, more studies are needed to reveal different aspects of
using this material as HTM in PSCs. In the present study, by arrangement of a
numerical simulation, the variation of output parameters of a PSC will be studied
comparatively by considering Spiro-OMeTAD, CuO and Cu,O as HTM layer.
Numerical simulation of solar cells can save time and materials needed to build
and deploy them. Before proceeding with the construction, the desired structure
can be designed and numerically simulated to obtain the desired output
parameters and begin the laboratory work by eliminating possible defects and
problems with a lower error percentage. Recently, many researchers have
reported the simulation of perovskite solar cells using software such as SCAPS
[6 ,7], wxAMPS [8] and GPVDM [9] based on the physical model of drift and
diffusion. To achieve a more objective simulated model that explains the
experimental results, Silvaco Atlas [10] provides a large set of physical models
of drag and drop. Various material models (organic and inorganic) have been
incorporated that allow carrier recombination and mobility in order to adapt to
experimental results. In this paper, a numerical simulation based on a Perovskite
solar cell with Glass / FTO / TiO, / CHsNHsPbls / HTM / Au structure is
performed with the help of Silvaco Atlas software. The influence of the
characteristics of the HTM layer on the performance of the Perovskite solar cell
is studied here. In addition, the simulation results of two inorganic Cu,O and CuO
as HTM layer options are compared to Spiro-OMeTAD, which is used as standard
in PSCs.

2. Device structure and simulation method
The simulated perovskite solar cell configuration is shown in Fig. 1. This paper
uses Silvaco Atlas simulator software which has various physical models such as
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organic model for perovskite and HTM layer which are organic. TiO, was used
as electron transport layer because of very good compatibility between its
conduction band and the lower unoccupied molecular orbital (LUMO) of
perovskite layer. Table | presents the various materials and models used in the

simulation.

Fig 1. Simulated Perovskite Solar Cell Structure.
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TABLE 1. The materials type and the used models to describe the carrier mobility

and recombination in Silvaco Atlas.

Recombination Mobility model Material Layer
model type
SRH Carrier concentration Inorganic ETM
And Langevin SRH Poole-Frenkel field Organic HTM (Spiro-
OMeTAD)
And Langevin SRH Poole-Frenkel field Organic Perovskite

Table Il also presents the physical properties of the materials used in the
simulation, collected from various experimental works [8 and 9]. It should be
noted that the Pool-Frenkel field model is suitable for the mobility of organic
materials. This model is used with the Langevin recombinant model. Langevin
recombination is required to enable exchange between pregnant carriers and
single and ternary excitons [7]. The standard AM1.5 spectra were used in the

simulation.




68 * Journal of Optoelectronical Nanostructures Spring 2020 / Vol. 5, No. 2

TABLE Il. The physical parameters for each layer used in the simulation.
Parameters FTO TiO2 CHsNH3sPbl3z CuO Cu0 Spiro-
OMeTAD
Thickness 400 50 450 150 150 150
(nm)
Eq (eV) 35 3.26 1.55 1.3 2.17 2.9
x (eV) 4 4.2 3.9 4.07 3.2 2.2
Nc (cm®) 2x10'8 2x10'8 2.2x10%8 2.2x10% | 2.2x10'8 2.2x10%
Nv (cm3) 2x10%° 2x10%° 2.2x10% 1.8x10'8 | 1.8x10'® 1.9x10%
Np (cm) 10%° 10v7 108 - - -
Na (cm) - - - 1018 108 1018
€r 9 10 6.5 18.1 7.11 3
o (cm?V- 20 20 1 0.1 80 2x10*
ls-l)
pp (cm?V- 10 10 1 0.1 80 2x10*
ls-l)
n (S) 1x107 1x107 1x106 1x107 1x107 1x107
n (S) 1x107 1x107 1x106 1x107 1x107 1x107

Atlas uses the following steps to calculate the output parameters of solar cells:
1- Specifying the solar spectra: Here, we are choosing to simulate AM1.5
conditions sampled between 0.3 microns and 1.2 microns at 50 samples:

BEAM NUM=1 AM1.5 WAVEL.START=0.3 WAVEL.END=1.2
WAVEL.NUM=50

2- Solar optical propagation model: In the present study the ray tracing
method was used to model the propagation of light inside the device:
BEAM NUM=1 AM1.5 WAVEL.START=0.3 WAVEL.END=1.2

WAVEL.NUM=50
In this case, we will perform 50 ray traces.

3- Solar cell extraction:

(@) The first step in solar analysis is to illuminate the device. This is

performed by assigning the beam intensity on a SOLVE statement as follows:
SOLVE B1=1.0
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Here, we assign a value of one "sun" to the intensity of the optical source indexed
as number "1" (B1).
(b) The next step is to extract the illuminated, forward current-voltage
characteristic. First, we should define an output file for capturing the data.
For example:

LOG OUTFILE="IV.LOG"
(c) Capture I-V characteristics:

We need to ramp the voltage past the open circuit voltage (Voc) as in the
following:

SOLVE VANODE=0 NAME=ANODE VSTEP=0.1 VFINAL=0.5
SOLVE NAME=ANODE VSTEP=0.01 VFINAL=0.7

The current-voltage characteristic is observable in TonyPlot using the following:

TONYPLOT IV.LOG
4- Extracting output parameters:

We can now use the DeckBuild Extract capability to capture the various solar cell
figures of merit. We first initialize the Extract capability with the captured input
file as in the following:

EXTRACT INIT INFILE="IV.LOG"

The following lines demonstrate the extraction of short circuit current (lsc), open
circuit voltage (Voc), maximum power (Pm), voltage at maximum power (Vn),
current at maximum power (1), and fill factor (FF).

EXTRACT NAME="Isc" Y.VAL FROM CURVE (V."anode",
I."cathode") WHERE X.VAL=0.0

EXTRACT NAME="Voc" X.VAL FROM CURVE (V."anode",
I."cathode") WHERE Y.VAL=0.0

EXTRACT NAME="Pm" MAX (CURVE (V."anode”, (V."anode"
I."cathode")))

EXTRACT NAME="Vm" X.VAL FROM CURVE (V."anode”,
(V."anode"*I."cathode™)) \
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WHERE Y.VAL=$"Pm"

EXTRACT NAME="Im" $"Pm"/$"Vm"

EXTRACT NAME="FF" $"Pm"/ ($"Jsc"*$"Voc")

Given that we know the area of the device in square cm, we can assign it to a
variable and extract power efficiency as follows:

SET area=le4

EXTRACT NAME="OPT INT" MAX (BEAM."1")

EXTRACT NAME="POWER EFF"

(ABS ($"Pm") / (SOPT_INT*Sarea))

To consider the probable emerging states stemming from mismatch between the
absorber layer and the buffer layer, a thin layer (10 nm) named ordered vacancy
compound (OVC) was considered in Perovskite/TiO junction. The most reliable
result was achieved for Eq=1.45 eV, Np=10" cm?, and N.=N,=2x10"® cm for
OVC layer.

3. Results and discussion

3.1. Impact of HTM layer attributes

We investigate the effect of hole transport material characteristics on device
performance based on Spiro-OMeTAD, which is widely used in current solar
cells. Hole mobility and bandgap offset are two important parameters that should
be considered as criteria for selection for hole transport materials.

Figure 2 shows the results of the calculations performed on the short circuit
current density (Jsc), open circuit voltage (Voc), fill factor (FF) and conversion
efficiency (1) in terms of hole mobility.
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Fig 2. Simulated PSC performance in terms of cavity hole mobility: (a) short-circuit
current and open-circuit voltage changes, and (b) FF and efficiency coefficients.
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As can be seen from Fig. 2, with the exception of Voc, the other device output
parameters increase with increasing hole mobility. This behavior can be
explained according to the following equation [13]:

Voo =E, —A 1)

where

A=2(Er, —Efomo) —KksT |n[z—nJ )
p

Here A is the energy loss contributed by the energetic (first term) and charge
transport (second term), Eg is the energy of the hole quasi-Fermi level, E5°M°

is the energy of the donor high-occupied-molecular-orbital (HOMO), kg is the
Boltzmann constant and T denotes the absolute temperature. As can be seen from
Egs. 1 and 2, Vo depends on the electron and hole mobilities directly. The
material with u, < u, will have greater energy loss A and hence lower Voc in

comparison with materials with x, > x, which will have lesser A and hence
higher Voc. So, when the hole mobility increased (Fig. 2) and the ratio u, / u, <1

, the energy loss A increased and resulted in reduction of V.

When the hole mobility reaches 5x107 cm?V's?, the Jsc, Voc, FF, and PCE tend
to be constant. However, Jx~23 mA.cm?, Voc = 1.31 V, FF=65%, and PCE is
close to 17%. The high mobility of the hole leads to improved conductivity and
performance of the device. Spiro-OMeTAD hole mobility is low, which is not
suitable for cell function, and therefore p-type HTM layer doping is necessary to
increase the motility. Thus, materials with high mobility of the hole for the hole
transport layer should be considered.

As we know, the HTM layer is used to transport holes from the perovskite
absorber layer while simultaneously blocking the backflow from the perovskite
to the HTM, so proper location of the conduction band is crucial in the design of
the device. We examine the effect of the conduction band offset on cell function
in this section. A schematic view of the position of the band offset at the junction
of the HTM layer and the perovskite layer is shown in Fig. 3. Different values of
bandgap offset can be obtained by changing the electron affinity . Both positive
and negative offset values of the valence band were varied with 0.1 eV step from
0.1 to 0.5 eV. The simulation results are shown in Fig. 4. Figure 4 (a) shows the
simulation results for different positive values of the valence band offset. In this
case, the maximum of the valence band of HTM layer is lower than the HOMO
layer of the perovskite layer. As the offset potential increases, higher potential
barriers appear between the two layers. This means that the holes produced in the
perovskite layer can hardly enter the HTM layer. It is also seen that as the short-
circuit current and open-circuit voltage remain almost unchanged with increase
in offset while the FF and, as a consequence, the efficiency decreases. The
simulated cell efficiency changes in terms of offset potential are shown in Fig. 4
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(b), which is expected to decrease with increasing band offset. In addition, the
decrease in solar cell efficiency at offset voltages is more than 0.2 eV.
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Fig 3. Schematic view of valence band offset at junction of HTM layer and
perovskite.
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Figure 4 (c) shows the simulation results of the current-voltage characteristic
for different values of negative offset potential. In this case, the location of the
HTM layer valence band is higher than the perovskite layer. The results show that
the short-circuit current remains constant with the offset potential variation while
the negative offset voltage increases as the open circuit voltage decreases. This
reduces the cell efficiency by increasing the offset potential. The reason for this
can be attributed to the difficulty in extracting the holes produced in the
perovskite layer by negative offset.

3.2. Effect of HTM Layer Type Selection

CuO and Cu,O are p-type semiconductors and both have relatively wide
bandgaps. Their bandgap values are 1.3 eV and 2.17 eV, respectively [3]. We
conclude from the previous section that in order to reduce the energy loss and
obtain high-performance cells, the offset between the valence band of the HTM
layer and the perovskite layer must be low. The offset potential of CuO and Cu,0O
and perovskite layer is lower than 0.1 eV. In addition, Cu20 has a hole mobility
above 80 cm?V s and CuO has a relatively high value of 0.1 cm?V"'s™ compared
to Spiro-OMeTad (0.002 cm?V-'s™). For these reasons, CuO and Cu,O are
thought to be potential substitutes for HTM in perovskite solar cells.
In this section we perform simulations for three HTM layers (Spiro-OMeTAD,
CuO and Cu.0) and compare the results. The results of the simulations are shown
in Figure 5 and the table given in Figure.
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Fig 5. J-V characteristic curve and output parameters table related to simulation of the
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performance.
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The results show that the use of CuO and Cu,O leads to better results than the
Spiro-OMeTAD. Especially for Cu,O where the efficiency reached 22.12%.
Also, due to its good bandwidth, valence band position and high hole mobility,
the results of its short circuit current and its open circuit voltage show high values
compared to other counterparts. To better understand of the cell performance with
different HTM layers, the electric field profile (corresponding to the potential)
was calculated and shown in Fig. 6.
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Fig. 6. Electric field profile for PSC with (a) Spiro-OMeTAD, (b) CuO and (c) Cu,0
as the HTM layer.

The main difference between the electric field distribution profiles in Fig. 6 is
the variation of electric field intensity in HTM layer. As can be seen, the
background of field for Cu.O layer contains colors indicating higher intensity
than that of the other counterparts. Meanwhile, it can be seen from the figure that
the potential for FTO and Au is ~0.45 V and 1.02 V, respectively. This potential
difference between electrodes provides a driving force for photo-generated
excitons to be separated as charge carriers (electrons and holes). The existence of
HTM layer with more positive potential in the vicinity of Au electrode can
enforce the driving force. This can increase the built-in electric field followed by
increase in V.. Such a behavior is observed in this study. Consequently, the
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efficiency of solar cell may increase.

The results of this simulation illustrate the fact that CuO and Cu.0, as inorganic
and relatively inexpensive compounds, are very good substitutes for the
expensive Spiro-OMeTAD organic material.

4. CONCLUSION

In this paper, a Perovskite solar cell with glass / FTO / TiO, /CH3NH3sPbls /
HTM / Au configuration was designed and simulated using the Silvaco Atlas
device simulator software. The influence of the characteristics of the HTM layer
including hole mobility and valence band offset on the designed cell performance
was investigated. The device performance was also studied by changing the HTM
layer from Spiro-OMeTAD to CuO and Cu2O. The simulation results showed that
the high mobility of the HTM layer leads to superior cell performance. For Spiro-
OMEeTAD, when the mobility reached 5x10° cm?V's™, the efficiency reached its
maximum value, and its changes stopped after that amount with increasing
mobility. The valence band offset showed a profound effect on the cell
functionality. Both positive and negative band offset had a significant effect on
the cell performance. The results revealed that the band offset between -0.2 eV
and + +0.2 eV resulted in the best device performance. Finally, by considering
the optimum values and also using Cu20 as HTM, the 22.2% optimum efficiency
was achieved for the solar cell.
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