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Abstract

Highly unstable absorber layers along with costly Hole Transport Materials (HTMs) have been the main
problems in the perovskite-based photovoltaic industry recently. Here, in this work, we intend to meet both
of these problems by introducing a non-toxic caesium-based absorber layer and low-cost material, Graphene
Oxide (GO), as the Hole Transporting Layer (HTL). We use the Solar Cell Capacitance Simulator (SCAPS)
program to study the various output parameters of the device with the structure GO/Cs,TiBre/TiO,. The
physical properties like the thickness of the absorber and hole transporting layers, the role of the layer
interfaces, the effect of electron affinity, optical properties like the band gap of the absorber and hole
transporting layer, electrical properties like the parasitic resistance, and finally, the influence of operating
conditions like the temperature on the working of the device are found out. The results obtained show that a
thickness of 1 um for absorber and 0.1 um for HTL is suitable. Also the optimum values for the front and
back interface layers are 10*° cm™ and 10 cm?, respectively. The resistance values are fixed at 2Q for the
series, and 40Q2 for the shunt resistance. The electron affinity does not seem to have much effect on the
device performance, while with the increase in the temperature, the performance of the device deteriorates.
The highest efficiency that we obtain from the optimized device is 15.3%. In short, this unprecedented work
shows that the Cs,TiBrs-GO-based devices are suitable candidates to achieve highly efficient, eco-friendly,
all-inorganic perovskite solar cells.
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1. Introduction

Solar energy is the ultimate answer to the critical Despite its huge advantages, perovskite solar cells
energy scenario that we are facing today. It also are not free of drawbacks [12], [13]. Generally, an
paves the path toward a green and clean energy. organic-inorganic perovskite belongs to a class of
As of today, silicon solar cells in grids contribute materials with the formula XYZ3, where X and Y
a major portion of the solar energy harvesting are cations and Z any halogen anion [14], [15].
systems [1]. A lot of work is being carried out Some of the common X cations like CH3;NHs,
around the globe to increase the efficiency of the Formabidinium etc.

device, and a maximum of 47% has already been [16], [17] create instability due to their enormous
attained [2]. Along with silicon solar cells, various polar nature, and thereby, reducing the shelf life
organic-inorganic materials [3] are also at the of the device [18], [19]. On the other side, the
front of photovoltaic device research [4], [5]. most commonly used Y cations such as Pb and
Recently, perovskite solar cells (PSCs) have Sn are toxic and raise concerns about their use at
gained much importance in the photovoltaic world the commercial level [20], [21]. Thus efforts are
due to their attractive characteristics like tuneable being made to develop novel materials that
band gap [6], [7], high absorption coefficient [8], overcome these shortcomings, and have the same
high carrier mobility [9], low exciton binding performance level as the already established
energy, long diffusion length [10], etc. The perovskites has [22]. The stability issue can be
efficiency of perovskite solar cells have jumped addressed by replacing the organic ion with any
from 3.8% to 25% in a surprisingly short span of inorganic ion such as Cs and Ge [23], [24].
time [11]. Among  them, inorganic  Caesium-based

perovskites have attracted more attention recently
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due to the high stability and mobility of charge
carriers [25] as compared to their competitors.
Caesium also possesses the tolerance factor [26]
to maintain the perovskite structure, restricting
any phase change, has a better light absorption,
and can be easily doped with existing perovskites
without disrupting the crystal structure due to its
lower ionic radius [27]. However, the caesium-
based perovskite family CsPbXs, where X is any
halogen still possessing the drawback of Pb
toxicity limiting its usage. Ju et al. have
introduced a lead-free caesium titanium halide
family with a double perovskite structure [28]
(Cs,TiXs, X=Br, I, F, C)[29] having an adjustable
band gap, thermal stability, room temperature
fabrication process [30], and most importantly,
removing the problem of Pb toxicity making them
an ideal absorber layers in the perovskite solar
structures. Later, Chen et al. developed a Cs,TiBrs
thin film as a novel absorber layer with an
efficiency of 3% and showing superior stability to
methylammonium and formabidinium absorber
layers [31].

Hole Transporting Layer (HTL) and Electron
Transport Layer (ETL) also play a vital role in the
performance of perovskite solar cells [32], [33].
Suitable HTLs and ETLs act as a path for the
carriers to reach the respective electrodes [34],
[35]. Most often, hole transporting layers are
generally organic polymers such as [2,2',7,7'-
Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-
spirobifluorene] (Spiro-OMeTAD)[36],
poly(triaryl ~ amine)  (PTAA)[37], poly(3-
hexylthiophene-2,5-diyl) (P3HT) [38], and
poly(3,4-ethylenedioxythiophene):  poly(styrene
sulfonate) (PEDOT: PSS) [39], etc. [40], [41];
most of these HTL materials are very expensive;
at the same time, they are highly unstable.
Recently, graphene and its derivatives like
graphene oxide and reduced graphene oxide have
started to revolutionize the optoelectronic industry
with its unique properties [42], [43]. In this work,
we introduce Graphene Oxide (GO) as a novel
hole transporting material. Graphene oxide has
already been reported as a front electrode and hole
transporting layer in various perovskite structures.
They have reduced the stability of the perovskite
devices due to moisture, ion electromigration,
temperature, etc. Graphene oxide in the form of
guantum dots has been used in perovskite solar
cells, and increases the efficiency of the device
[44]. They are also used in nanocomposite forms
as they have low processing costs and large-scale
development possibility.

Here, in this work, we introduce the device
structure FTO/GO/Cs,TiBrg/TiO,. The main
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purpose of the work is to find the feasibility of
using graphene oxide as an effective HTL along
with the Cs,TiBrg absorber layer. Different
influencing parameters are varied thoroughly to
study the effects on the photovoltaic parameters
such as the open circuit voltage, short circuit
current, fill factor, and the efficiency of the
device.

2. Methodology

Numerical simulation is a crucial part of any
experiment saving a vast amount of time, and cost
and giving a deep insight into the actual physical
phenomenon playing inside. There are many
simulation packages available in the market such
as COMSOLE, MATLAB, and SCAPS-1D,
AMPS. Here, we use the SCAPS (Solar Cell
Capacitance Simulator) software developed at the
Department of Electronics and Information
System, University of Gent, Belgium [45]. The
program uses the three equations the -carrier
continuity equations, the poisons equation, and the
drift-diffusion equation (1-7), and solves these
equations for various input parameters to give
various device outputs [46], [47].
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where ¢ is the electric potential, g is the electronic
charge, ¢ is the dielectric constant, n is the
electron concentration, p is the hole concentration,
Jn is the electron density, J, is the hole current
density, G is the carrier generation rate, and R is
the carrier recombination rate. D, and D, are the
electron and hole diffusion coefficients,
respectively, and p, and P, are the electron and
hole mobility, respectively.

The solar cell capacitance simulator is preferable
to other simulation packages due to its user-
friendly interface and flexibility in setting various
parameters. Also the results are available in a
wide variety of formats including current-voltage,
capacitance-voltage, quantum efficiency, band
structures, recombination rates, etc. [48]. On the
other hand, the users can easily vary the different
parameters that affect the performance of the
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devices. The materialistic properties like the
thickness, band gap, electron affinity, carrier
concentration, and other operating parameters like
the temperature, applied voltage, frequency, and
illumination can all be changed easily. The device
is represented as a stack of different layers in the
software, and any device with up to 7 layers can
be simulated using SCAPS 1-D. Along with that,
there are also provisions for front and back
contacts, and to determine the effect of various
interfaces between these layers [28]. All these
properties can be varied to obtain the output
parameters both in the dark and illuminated
conditions.

3. Device structure and simulation parameters

As mentioned earlier, the proposed device has a
structure FTO/TiO,/ Cs,TiBrg/GO/Metal Contact.
Table 1 gives the simulation parameters that we
have used in the article. Also table 2 shows the
defect density parameters used in the model. The
values are taken from various published articles
and a few by reasonable assumption. Band
alignment is very important in the case of charge
diffusion of heterojunction solar cells, and the
band alignment diagram is given in figure 1. The
simulation is conducted under the illumination of
AM1.5G with an intensity of 1000 mW/cm? at the
300 K operating temperature. In this work, the
properties like thickness, bandgap, electron
affinity, and doping density are studied. Two
interfacial layers Cs,TiBrg/TiO, and Cs,TiBrs/GO
are also studied on their interfacial defects.
Finally, the influence of the series and shunt
resistance and operating temperature on their
device performance was also studied.

Table 1. Simulation parameters for each layer of the
proposed PSC.

Properties Tio, Cs,TiBrs GO
Thickness 232 200 100
Bandgap 3.2 1.8 2.48
Electron affinity 4.1 4.0 2.3
Dielectric permittivity (relative) 9 10 10
Conducthn band effective 20E+18 6E+19  22E+18
density of states
Valence bag‘: :tgfecst“’e density  jpi19  214E+19  18E+19
Electron mobility 20 0.236 26
Hole mobility 10 0.171 123
Donor density 1E+18 3E+19 0
Acceptor density 0 3E+18 2.0E+18
References [49] [50] [51]

Table 2. Parameters setting of interface defects.

Defect type Neutral
Defect density 107
Electron capture cross section 1077
Hole capture cross section 10
Distribution Gaussian
Defect energy level with respect to reference At the middle of band gap
Characteristic energy (eV) 1.1

General parameters used in defect layers
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Figure 1. Energy band information of the device.
3. Results and Discussion

Absorber layer thickness variation

In a perovskite solar cell, the most important
portion is the perovskite layer since it is where the
solar energy is absorbed. The thickness of this
layer hence decides the efficiency of the device. In
this work, the influence of the absorber layer was
examined by varying the thickness of the absorber
layer from 0.01 pm to 1 pm. Figure 2 shows in
detail the variation of photovoltaic parameters
with the change in the absorber thickness. It is
seen that all the photovoltaic parameters are
enhanced. The efficiency of the device increased
from 4.2% at 0.1 um to 10.2% at 1 pm thickness
of the Cs,TiBrs layer, and this increase in
efficiency can be attributed due to the increase in
short circuit current from 10.2 mAcm? to 23.47
mAcm? This directly implies an increase in
charge carriers with the increase in thickness.

To further study this phenomenon, the Quantum
Efficiency (QE) of the device was noted along
with the absorber thickness. Quantum efficiency
gives information about how well the carriers are
generated from the incident photons of a
particular wavelength. Figure 3 shows the
variation of QE with the wavelength of the
proposed device with different absorber
thicknesses. It can be seen that with the increase
in absorber thickness, the QE of the device
increases in the longer wavelength region. This is
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expected since with the increase in absorber
thickness, more photon-generated electron-hole
pairs will be generated. Also for incident light
above 800 nm, QE was reduced to zero implying
the mismatch between incoming photon energy
and the bandgap of the absorber material. It is also
noted that the parameters go to saturation when
the thickness reaches about 1 pm. Fill factor and
Vo levels are at almost 78% and 0.55 V,
respectively. This is due to the recombination of
the charge carriers within the thick absorber layer
before reaching the electrodes or theoretically,
then the thickness of the layer will be greater than
the diffusion length of the carriers. Thuis the
optimum thickness of the absorber layer is taken
at 1 um for further study.

\
\
!
\

A
o
—

Efficiency
a o~
ENI.
1 | L

78.68 |-

77.84

FillFactor
-~ ~
o @
=
N o
| 1
L I\
|

\
\

L

\

[+
™
I

J_(mAcm 2)
NS
[ S

0.5548 |

0.5475 |-

.5402 |-
0.6329 |-

0.0 0.2 0.4 0.6 0.8 1.0

v (V)

Thickness(um)

Figure 2. Variation in photovoltaic parameters with
absorber layer thickness.
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Figure 3. Quantum efficiency study of the device with
variation in absorber layer thickness.

HTL layer thickness variation

The HTL generally blocks the electrons, and
provides a suitable passage for the photogenerated
holes to reach the electrodes without any short
circuit in between [52]. Hence, they play a vital
role in increasing the efficiency of the device. The
HTLs require specific properties like suitable
bandgap, work function, and proper thickness. In
this work, we have used a novel material,
graphene oxide, as the HTL. Figure 4 shows the
variation in parameters with HTL thickness.
Although the fill factor decreases with the
decrease in thickness of the HTL, other
parameters increase. Js. decreased slightly from 15
mAcm?at 0.1 pm to 12.70 mAcm™ at 1 pm. This
indicates the loss of charge carriers with an
increase in thickness. Increased HTL thickness
increases the diffusion length of the charge
carriers, and thus the carriers have to travel more
distance to reach the counter electrode, thereby
decreasing the probability of recombination. The
results indicate that graphene oxide used as a thin
layer is an effective HTL layer with caesium-
based perovskite solar cells.
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Figure 4. Variation in photovoltaic parameters with
thickness of graphene oxide layer.
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Interface defect density variations

The interface between the layers in general plays a
very crucial role in the performance of the device.
If the interface has greater defects, greater will the
recombination and loss of carriers, and thereby,
decreasing the efficiency of the device. The
influence of the interface defects [53] can be seen
in equation (6).

(6)

where S;; is the interface recombination velocity,
A is the ideality factor, and &, is the effective
barrier height. High interface defects will lead to a
low V.. Here, we have varied the defect densities
of both the front and back interfaces, i.e. TiO,-
Cs,TiBrg interface and the back interface
Cs,TiBrg-GO. The TiO,-Perovskite interface
defect density is varied from 10*° cm™ to 10 cm
% and the back interface between Perovskite- GO
varied from 10" cm® to 10" cm™. The results
obtained are indicated in figures 5a and 5b. All the
photovoltaic parameters declined rapidly with the
increase in defect density. The parameters
decreased drastically till the defect density
became 10 cm?, and then it remained the same.
Both the results indicate that the defect density
influences the recombination rates, lifetime, and
mobility of carriers. With the increase in defect
density, the recombination of carriers also
increases owing to the decrease in various
parameters. The front interface density should be
less than 10 cm™ and the back interface density
less than 10" cm,
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Variation in band GAP of absorber layer

The absorber material Cs,TiBrg is a member of
caesium-based perovskites having a general
equation Cs,TiXs X is Br, Cl, I or F. All of these
members have almost identical properties except
bandgap. Their band gap varies from 1.6 eV, 1.8
eV, 1.9 eV, and 2 eV for X as Br, I, F, and ClI,
respectively. Here, the bandgap of the absorber
material was varied from 1 eV to 2 eV to simulate
other members of the same caesium-based
perovskite family. From figure 6, it is clear that
with the increase in the bandgap of the absorber
material, the efficiency decreases drastically from
15% to 3%. This is expected since a higher
bandgap for the window layer and a lower
bandgap for the absorber layer produce more
photogenerated current, and thus increasing FF,
and vice versa.
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Figure 6. Variation in various photovoltaic parameters
with variation in band gap of absorber layer.



T. Titu / Renewable Energy Research and Applications, Vol. 4, No. 2, 2023, 159-169

Variation in shunt resistance and series
resistance

The various internal resistances have a great
impact on the performance of the device. The
resistance between the different layers of the cell
and between the layer and metal contacts are all
important factors. The relationship between
various parameters of a solar cell can be find out
by assuming the diode equivalent model of a solar
cell, and based on this and various numerical
simulations, a balanced model for a highly
efficient perovskite solar cell can be represented
as the following equation [54]:

— (V_]Rs)

J
Rsh

()
where Ry and Ry, refer to series resistance and
shunt resistance, J, and J, are the current losses
due to radiative emission and non-radiative
recombination’s, and is denoted as the
photocurrent obtained by solving the Maxwell’s
equations. Among the various parameters in his
equation for efficiency loss, the most important
parameters are the series and shunt resistances.
Not only the efficiency, the fill factor of the
device also depends on the series and shunt
resistance; the fill factor in the presence of series
resistance and shunt resistance ‘is given as
equations (8) and (9) [54]:

FF, = FF,(1—R,)

+]r(V_]Rs) +]n(V_]Rs) _]p

(8)
)

The series resistance was varied from 2Q to 8Q,
and shunt resistance was varied from 10Q to 40Q.
The effect of this variation is plotted in a contour-
graph, as seen in figure 7.

It was seen that with the increase in series
resistance the efficiency of the device was reduced
to 4%, while with the increase in shunt resistance,
the efficiency increased to 2% from 0.5%. From
the theory mentioned above, the decrease in
efficiency of the cell with series resistance can be
attributed due to the increase in recombination
probability, which reduces Jg, and thereby,
reducing the efficiency of the device. The high
value of shunt resistance of the device helps to
maintain a stable performance of the device as
less current flows backwards across the p-n
junction.

1
FFSH = FFo(j. -
RSH
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Variation with temperature
To study the performance of the proposed device
in the outside environment, a temperature
variation study was carried out. The operating
temperature was varied from 300 K to 500 K. As
seen from the figure though, the current density
remained at 15% the V., FF, and efficiency
declined from 0.541 V, 75.6%, and 6.54% at 300
K to 0.460679 V, 69.499%, and 4.9162% at 500
K. Vo will get reduced due to the increase in
reverse saturation current as per equation (10)
[55].
V,e = AV,,[LN (1 +]“)] 10
Jo
However, with the increase in temperature, the
energy of the charge carriers also increases
resulting in a higher percentage of recombination
before reaching the depletion region, which
results in a lower efficiency of the device, as seen
from figure 8. This behaviour can also be
recognized due to the increase in the interfacial
defects with the rise in temperature, which
increases the recombination or in other words,
increases the series resistance, and thus decreases
the efficiency.
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Figure 8. Effect of operating temperature on photovoltaic
parameters of the device.

Electron affinity

The carrier recombination at the interfaces plays a
major role in determining the efficiency of the
device. The various layers must be carefully
selected such that the recombination probability is
as low as possible. This can be obtained by
engineering there band offset of the absorber,
HTL, and ETL. The Conduction Band Offset
(CBO) and Valence Band Offset (VBO) can be
optimized by using the following relations:

VBO =XurL - Xperv + EhitL - Ecperv

CBO = yperv - XeTL
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where yperv, (uTL, and yer. represent the electron
affinities of the absorber [55], [56].

layer, HTL, and ETL, respectively. Also Egpery
and Egyr. represent the band gap of perovskite
and ETL, respectively. Hence, by tuning the
electron affinity of various layers, we can adjust
CBO and VBO of the devices. In the present
work, the electron affinity of the HTL layer and
perovskite varied from 2 eV to 2.6 eV and 4 eV to
4.6 eV, respectively, as shown in figures 9(a) and
9(b). It can be seen that the electron affinity does
not play any vital role in the various photovoltaic
parameters of the device.
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Figure 9(a). Effect on photovoltaic parameters due to
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4. Conclusions

A simulation was carried out in the standard
operating conditions for SCAPS-1D. The
optimized thickness values for maximum PCE
value were observed to be 1 um for the absorber,
0.1 um for HTL. The higher the thickness, the
more the number of charge carriers formed but the
higher will be the number of recombination of
charge carriers too. The performance of the device
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deteriorated when the defect density value
increased for both interfaces, and it was found that
the front interface density should be less than 10
cm™ and the back interface density less than 10%°
cm?® for an optimum performance. It can be
attributed due to the larger number of
recombinations at these interfaces. With the
increase in the band gap, efficiency decreased
from 15% to 3%, attributed to the lower photon
absorption. The performance decreased with the
increase in the operating temperature range, and
the optimum temperature was found to be 300 K.
Also the resistance values were fixed at 2Q for
series and 40Q2 for shunt beyond, which it
negatively affects the device performance.
Finally, the electron affinity of the absorber seems
to be not much involved with the inner working of
the device as the parameters almost remained
constant with a change in it. The elicited results
suggest that Cs,TiBrgs can play a momentous role
as an absorbing perovskite toward the highly
efficient lead-free all-inorganic perovskite solar
cell technology. The findings also reveal that GO
could be a promising HTL for the fabrication of
low-cost, high-efficiency caesium-based
heterojunction solar cells. In short, the proposed
structure has the potential to be a suitable
substitute in developing highly efficient solar cells
for photovoltaic applications after confirmation in
the laboratory.
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