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The present research work represents the study of device modelling and simulation of lead-free cesium
titanium (IV) mixed halide (CszTils-xBrx, where x = 1 to 5) based perovskite active layer. The active layer
thickness, operating temperature and defect density are optimized for photovoltaic performance using
SCAPS-1D (Solar Cell Capacitance Simulator — 1 Dimension) device simulator. The validity of the selec-
tion of appropriate physical and basic parameters for the proposed solar cell with cell architecture
FTO/Ti02/Cs2Tils - xBrs/CuSCN/Ag was used for the study. The optimum cell performance of the proposed
device was studied for different thicknesses of the active layer, device temperature and defect density of
active materials. The numerical study using SCAPS-1D revealed optimum device performance for the
thickness of perovskite materials Cs2TiliBrs, Cs2TiloBrs, CseTilsBrs, CseTilsBrz, Cs2TilsBr: at 1.0, 1.0, 0.4,
0.4, and 0.4 pm, respectively. The optimum device performance at temperatures of 10, 10, 20, 20, and 20 °C
was numerically simulated for CsoTiliBrs, CsoTiloBrs, CseTilsBrs, Cs2TilsBrs, and Cs2TilsBri perovskite
materials, respectively. The optimized defect density for all seven perovskite materials was found to be at
101 ¢cm -3. The device has time of response of 1.27 us for Cs2TilsBrs, Cse2TilsBrs, Cs2Til4Brs, and Cs2TilsBr:
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absorbing layers and 1.18 ps for the Cs2Til1Brs absorbing layer-based device.
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1. INTRODUCTION

The solar energy is the most effective renewable en-
ergy resource in a tropical country like India. Photovol-
taic has witnessed tremendous development recently
due to the discovery of new materials. Perovskite have
created a huge interest among the researchers due to
their unique photovoltaic properties, viz. its highly
suitable optoelectronic, physical, mechanical and elec-
trical properties like direct band gap, large charge
carrier mobility, higher optical absorption coefficient
and higher diffusion length makes it an ideal material
for photovoltaic application [1-3]. But, due to its low
shelf life and use of lead (Pb) have brought up new
challenges [4-6]. The development of inorganic lead-
free perovskite has created a new hope in the research-
ers as these materials overcome the past challenges of
organic-inorganic lead-based perovskite materials [7-9].
Titanium (Ti) is an earth abundant less toxic element,
and it could be a contender of replacing Pb in the per-
ovskite structure. Ju et al. (2018) first observed, 1.0-
1.8 €V tunable band gap in the cesium titanium (IV)
halide perovskite materials [6]. Later, Chen et al.
(2018) achieved 3.28 % power conversion efficiency
(PCE) with Cs2TiBre absorbing material in the
FTO/Ti02/Cs2TiBre/PSHT/Au structure [7].
Chakraborty et al. (2019) in their earlier study showed
the performance of Cs2TiBrs, Cs2Tils, Cs2TiCls, Cs2TiFs
materials in a CdS/Cs2TiXe/CuSCN/Si based device
structure through SCAPS-1D simulation technique [9].
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The cesium titanium (IV) mixed halide perovskites are
one of the best contenders for future perovskite photo-
voltaic device material. Thus, a detailed study of these
class of materials having mixed halide perovskite
(Cs2Tile - xBrx, where x = 1 to 5) is need of the hour. The
present manuscript reports the numerical study for the
best photovoltaic performance for optimum conditions
of active layer thickness, device temperature and defect
density of Cs2Tils-xBrx perovskite material. Further,
we have also studied the physical properties of the
perovskite materials by the small signal impedance
analysis. Impedance Spectroscopy Analysis (ISA) was
than implemented using this 1D simulator to study the
various physical properties like impedance (Z), capaci-
tance (C) and conductivity (G) of the active materials
were also studied. Optical properties of the materials
were further investigated to discuss its absorption
efficiency, direct and indirect band gap through the
Tauc plot.

2. DEVICE STRUCTURE AND SIMULATION

A schematic representation of the proposed photo-
voltaic device FTO/TiOs2/Cs2Tils-+Bri/CuSCN/Ag is
shown in Fig. 1. SCAPS-1D (Solar Cell Capacitance
Simulator — 1 Dimension) software version 3.3.03 was
used for the simulation. Physical parameters can be
optimized through this software having a maximum of
seven-layer device architecture. The effect of physical
parameters viz. active layer thickness, device tempera-
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ture and defect density of perovskite on the perfor-
mance of the proposed photovoltaic device was studied.
The details of physical parameters viz. thickness, band
gap (Ej), electron affinity (Fa), relative permittivity (&),
donor density (INNp), acceptor density (Na), electron
mobility (u») and hole mobility (up) for the base materi-
als, FTO glass, ETL and HTL are shown in Table 1 [9-
13]. The physical properties considered for simulation
and optimization of the active layer are shown in Ta-
ble 2 [12-14].

Ag

CuSCN

Cs;TilsxBrx To Potentiostat

TiO:

FTO Glass

Sun light
Fig. 1 — Schematic view of proposed solar cell device

Table 1 — Base material properties

Properties CuSCN TiO:z FTO

Thickness (um) 0.35 0.14 0.1

Eg (eV) 3.40 3.26 3.60

Eq (eV) 1.90 3.70 4.0

& 9.0 55.0 9.0

Np (1/cm?3) 0 4x1014  2.4x1018

Na (1/cm3) 1x1018 0 1x105

un (cm?2/Vs) 2x10-4 100 100

up (cm?2/Vs) 1x10-2 25 25

Table 2 — Active material properties

Properties I1Br;  1:Brs I3Brs 14Brs I;Br1

Thick (um) 0.3-3 0.3-3 0.3-3 0.3-3 0.3-3
E; (eV) 1.58 1.38 1.26 1.15 1.07
Eq (V) 3.42 3.62 3.74 3.85 3.93
& 10 10 10 10 10
Np (1/em?)  1x10'® 1x10' 1x10' 1x10' 1x101
Na (1/cm3) 1x101?  1x10'® 1x10' 1x10% 1x10%°
un (cm?/Vs) 4.4 4.4 4.4 4.4 4.4
up (cm2/Vg) 2.5 2.5 2.5 2.5 2.5

The active layer thickness of the perovskite is the
first parameter to be optimized. The thickness of the
base materials was kept fixed. The active layer
(Cs2Tils - xBry) thickness varied from 300 to 3000 nm
with the device temperature to be 27 °C. The corre-
sponding voltage-current density curves are obtained
from where the other device parameters like open
circuit voltage (Voc), short circuit current density
(Jse), power conversion efficiency (PCE), fill factor
(FF), and external quantum efficiency (EQE) were
calculated followed by studying the optimum value of
active layer thickness. The device temperature was
optimized next. The optimized thickness of each ac-
tive layer was taken for optimizing the temperature.
The device temperature was varied from 0 to 100 °C.
The optimum values of temperature and thickness
obtained was used to get the optimum values of defect
density. Here, the defect density is varied from 1010 to
1020 for all the seven absorbing materials and the
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PCE parameters were recorded to find the optimal
defect density for the materials.

3. RESULTS AND DISCUSSION

3.1 Optimization of Absorbing Layer Thickness,
Defect Density and Device Operating
Temperature

For this study, the thickness of each perovskite ac-
tive layer was varied from 300 to 3000 nm and the
performance in terms of voltage and current density
was recorded. The simulation results thus obtained
have been used to plot Voc — thickness, Jsc — thickness,
PCE - thickness graph as shown in Fig. 2. The change
in the device Voc, Jsc, PCE can be observed for the
change in the active layer thickness for all five perov-
skite materials viz. Cs2TiliBrs, Cs2Til2Brs, Cs2Til3Brs,
Cs2Til4Brz, and Cs2TilsBri. From this figure, it is clear-
ly observed that initially with the increasing active
layer thickness, the PCE values increases, and the Voc
falls constantly for Cs2TiliBrs, Cs2Til2Brs absorbing
layers, whereas the Jsc increases simultaneously after
500 nm thickness. On the other side, the Voc remains
constant, but Jsc increases with thickness variation for
Cs2TilsBrs, Cs2TilsBre, and Cs2TilsBr: absorbing lay-
ers. The PCE for each perovskite material reaches
maximum at a certain active layer thickness. Further,
increase in the active layer thickness results in de-
creasing the PCE values. From Fig. 2, it is observed
that for the perovskite materials Cs2TiliBrs and
Cs2Til2Brs, the PCE increases up to 1000 nm active
layer thickness. Further increase in the active layer
thickness results in the decrease in PCE. Similar ob-
servations are made for Cs2TilsBrs, CseTilsBrz and
Cs2TilsBr:1 perovskite material where PCE increases up
to a thickness of 400 nm, any increase in thickness
beyond that results in decrement in the PCE value.
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Fig. 2 — Variation of a) Voc, b) Jsc, ¢) PCE with thickness for
the FTO/Ti02/CszTils - :Br/CuSCN/Ag based device structure

The probable reason for the increase in PCE with
increasing the absorbing layer thickness may be due to
the higher photon absorption by thicker layers [15]. At
the maximum power point (MPP), the maximum power
point voltage (Vupp) does not change significantly with
varying the thickness from 300 to 3000 nm. Whereas
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the maximum power point current (Iypp) has under-
gone a huge increment of up to 1000 nm thickness for
Cs2TiliBrs and Cs2Til2Brs perovskite absorbing layers.
Similarly, the Inpp increases for Cs2TilzBrs, Cs2TilsBrs,
Cs2TilsBr1 absorbing materials for a thickness of up to
400 nm. Such increased Impp indicates higher recombi-
nation of carriers. As a result, Puax starts to increase
due to higher Inpp and constant Vupp. So, by analyzing
all parameters, the optimized thickness for Cs2Til1Brs
and Cs2Til2Brs materials was found to be 1000 nm. For
Cs2TilsBrs, CseTilsBrz and Cs2TilsBr: perovskite mate-
rials, the optimum thickness was found to be 400 nm as
seen from the graph. The operating temperature of the
device from 0 (273) to 100 °C (373 K) was taken to op-
timize the device temperature. In this case, the thick-
ness of the active layer was taken to be the optimized
thickness obtained for each perovskite
(Cs2Til1Brs = 1.0 um, Cs2Til2Brs = 1.0 pm,
Cs2TilsBrs = 0.4 pm, Cs2Til4Bre = 0.4 pm,
Cs2TilsBri = 0.4 pm) as studied above. The decrease in
Voc is attributed to exponential increment in roff in
Eq. (2), which leads to similar exponential inverse in-
crement in Io due to the temperature rise [16, 17]. On
the other side, temperature increment may cause the
increment in the recombination process which will lead
to the increment in Jsc. It is observed that, with in-
crease in device temperature, there is a consistent drop
in Voc for all the perovskite material. For Cs2Til1Brs
and Cs2TilsBrs perovskites, there is a substantial
change after 10 °C. The reason behind such peculiari-
ties may be due to higher band gap of Cs2TiliBrs
(1.58 V), and Cs2Til2Brs (1.38 €V) perovskite layers.
Thus, as the temperature starts to increase initially,
the band gap of the materials slightly reduces leading
to a drop in Voc for the perovskite material. Similar
observations were also observed and reported by vari-
ous researchers [18, 19]. Such drop in Voc results in
the reduction of PCE. The variation of PCE with tem-
perature for Cs2Tile - Brx absorbing perovskite layer is
shown in Fig. 3. Thus, as seen from the above numeri-
cal study, the optimal temperature for Cs2Til1Brs and
Cs2Til2Brs materials is 10 °C, whereas for Cs2TilsBrs,
Cs2Til4Bre and Cs2TilsBri materials it is 20 °C.
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Fig. 3 — Variation of PCE with the device temperature at
optimized thickness for the FTO/Ti02/Cs2Til6 - :Br,/CuSCN/Ag
based device structure

Defects plays a key role in determining the perfor-
mance of the photovoltaic device, as it can affect the
performance of the photovoltaic device. It may cause
heavy charge recombination between the interfaces
[20]. The defect density (Vi, cm ~3) was varied from 1010
to 1020 in the Perovskite absorbing layer. For this
study, the optimized values of active layer thickness
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and device temperatures obtained above were taken
into consideration. Fig. 4 shows the variation of PCE
with the change in defect density for Cs2Tile—-xBrx ab-
sorbing layer. It can be observed that the increment in
defect density above 10°cm~-3 to 104 cm-3 reduces
both the PCE and Puax. The reason behind such fall in
PCE and Puax may be due to the reduction in Voc sig-
nificantly with nominal drop of Jsc. A further increase
in the defect density beyond 10 cm~-3, both the Voc
and Jsc falls abruptly, thus leading to a huge reduction
in the PCE and Puax. This may be due to an enormous
increase in back recombination process [12, 20]. Such
losses in the parameters leads to a decrease in Puax.
So, it can be observed that the optimal defect density
for Cs2Tils - xBrx absorbing layer is 1010 ¢cm - 3.

3.2 Study of External Quantum Efficiency and
Optical Property

EQE is the ratio of generation of charge with re-
spect to the illuminated photons [13]. Fig. 5 shows the
effect of illumination from 100 to 1000 nm was studied
for different perovskite absorbing layers.
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Fig. 4 - Variation of PCE with the material defect density at
optimized thickness and temperature for the FTO/TiOy
Cs2Tils - xBr,/CuSCN/Ag based device structure
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Fig. 5 - Quantum efficiency spectrum for the FTO/TiOs/
Cs2Tils - xBr,/CuSCN/Ag based device

The active materials Cs2Til1Brs, Cs2Til2Brs and
Cs2Til3Brs are active up to 780 nm, 890 nm and 950 nm
wavelength, whereas, other two materials Cs2Til4Brs,
and Cs2Til5Br1 is seen to be active till 1000 nm wave-
length. All perovskite active materials show maximum
EQE at the 350 nm wavelength. The EQE starts to fall
gradually from 700, 780, 450, 900, 950 nm wavelength
for Cs2Til1Brs, Cs2Til2Brs, Cs2TilsBrs, Cs2TilsBrz, and
Cs2TilsBr1 materials, respectively. This may indicate
reduction in light absorbance, enhancement of reflec-
tion and low diffusion length. In the SCAPS-1D simula-
tor, the optical absorption coefficient (a°) can be calcu-
lated from the following model [19]. Fig. 6a shows opti-
cal absorption coefficient (a°) spectra of different ab-
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sorbing layers at the 100-800 nm wavelength. From
figure it is clearly observed that at 100 nm wavelength,
the value of optical absorption coefficient is almost
3.4x10% cm~! for all the absorbing layer and after that
it is fall drastically. This absorption coefficient is very
important to present the Tauc plots of Vahv and (ahv)?
vs photon energy (hv) in Fig. 6b and Fig. 6¢c. From this
figure band gaps for the indirect and direct optical
transition can be easily estimated by drawing linear
line in the Tauc plots. From Fig. 6b, the indirect band
gap of the absorbing materials can be deduced as
1.8 eV for Cs2Til1Brs, 1.6 eV for Cs2Til2Brs, 1.55 eV for
CsoTilsBrs, 1.52eV for Cs2TilsBr:, 1.48eV for
Cs2TilsBr: approximately Whereas the direct band gap
of Cs2TiliBrs, Cs2TilaBrs, Cs2TilsBrs, Cs2Til4Bre,
Cs2TilsBri materials is estimated to be 1.65, 1.58, 1.44,
1.33, 1.26 eV approximately from Fig. 6¢c. This higher
indirect band gap nature of the materials indicates that
optimal photon emission efficiencies of the materials is
not higher.
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Fig. 6 — a) Absorption coefficient spectra, b) indirect optical
transition, c) direct optical transition Tauc plot for the
FTO/Ti02/Cs2Tils - :Br/CuSCN/Ag based device

3.3 Study of Impedance Spectroscopy Analysis
for Perovskite Active Layers

Impedance spectroscopy analysis (ISA) is an ad-
vanced technique to study the active material proper-
ties which allows the characterization of materials in a
large range scale of higher and lower frequencies [20].
In this technique, an AC signal (small frequency modu-
lated frame) is applied to a DC signal. ISA helps to
characterize kinetic processes of active materials with
respect to different time scale. Nyquist plot and Bode
plot are two tools which is very useful to analyze the
complex frequency dependent impedance characteris-
tics [18]. Here, the real and imaginary parts of the
impedance (Z, Ohm) are described in the x-axis and y-
axis, respectively. In Fig. 7a and Fig. 7b, the Nyquist
plot and Bode plot of the perovskite solar cell device at
the optimized conditions is depicted in the frequency
frame. By looking in Fig. 7a, it can be seen that the
Nyquist plot arc for the Cs2Til2Brs, Cs2TilsBrs,
Cs2TilsBre, and Cs2TilsBri perovskite materials are
almost similar, and the device has a deteriorated semi-
circular shape. On the other side, Cs2Til1Brs absorbing
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layer has near perfect semi-circular shape. The semi-
circular shape obtained due to the parallel formation of
RC pair (where R is shunt resistance and C is the junc-
tion capacitance of the device). The perovskite solar
cells produce an arc, which are slightly different from
the semi-circular shape, this may be due to the AC in
the device [20]. The reason behind the slight deviation
from semi-circular shape of the arc may also be at-
tributed to the existence of multiple reactive behavior
in the different interfaces of the device. On the other
side, the Bode plot shows a peak at 0.125 MHz fre-
quency for all the materials except the Cs2TiliBrs,
where peak is observed at 0.135 MHz. By reversing the
peak frequency, the characteristic time (resonance
time) of the device can be easily found. So, the corre-
sponding resonance time period for Cs2Til2Bry,
Cs2Til3Bra, Cs2TilsBre, and Cs2TilsBr: absorbing layer
based devices is approximately 1.27 us, and for the
Cs2Til1Brs material based device is 1.18 ps. This faster
response of the device indicates pure electronic changes
has occurred in the device. The capacitance (C) — volt-
age (V) and conductance (G) — voltage (V) graphs are
very useful for the estimation of total radiation induced
in the solar cell. Fig. 7c and Fig. 7d show the C-V and
G-V plots for different perovskite materials. From this
graph, it is clearly visible that both C and G are vary-
ing with the applied voltage, and it is also observed
that highest peak in the C-G plot is same for the
Cs2Til1Brs, CseTil2Brs, CseTilsBrs perovskite layers at
0.78, 0.72 and 0.7 V, respectively, whereas for the other
perovskite materials there is a significant difference in
the C-G plot with V. The reason behind this variation
may be due to the existence of impurity with the lower
frequency level of the impedance.
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Fig. 7 - Impedance analysis: a) Nyquist plot, b) Bode plot, ¢)
C-V plot, d) G-V plot for the FTO/Ti02/Cs2Tils - :Bro/CuSCN/Ag
based device

4. CONCLUSIONS

This research article presents the optimization of
thickness of absorbing layer, device temperature and
material defect density for Css2Tils-:Brx perovskite
material. The performance of the device in terms of
PCE, J-V, Puax, FF, and EQE obtained using the simu-
lation was used to study the optimized condition for the
parameters. The optimum device performance is ob-
served at 1.0, 1.0, 0.4, 0.4, and 0.4 pm for Cs2Til:Brs,
Cs2Til2Brs, Cs2TilsBrs, Cs2TilsBre, and Cs2TilsBr: per-
ovskite materials, respectively. Whereas the optimum
device temperatures are found to be at 10, 10, 20, 20,
20 °C for Cs2TiliBrs, Cs2Til2Bra, Cs2TilsBrs, CseTil4Bro,
and Cs2Til5Br1 perovskite materials, respectively. Dur-
ing the simulation process, it was observed that defect
density had a great impact on the charge recombination
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rate. The optimized defect density of 1019 cm-2 is ob-
served to be optimal for all five absorbing materials. The
CseTiliBrs absorbing material-based device has better
Nyquist shape and faster time of response with reso-
nance time period of 1.18 us. This indicates, Cs2Til:1Brs
absorbing material based device has better opto-
electrical property compared to other four material.
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HocnigxeHusa epeKTUBHOCTI IEPOBCKITHOrO COHAYHOIO €JIEMEHTY Ha OCHOBI 0€3CBUHIIEBOrO

3amimanoro ramoreunigy CszTile-xBrx (x =1 mo 5)

Kunal Chakraborty?, S.V. Kumari2, Sri Harsha Arigela3, Mahua Gupta Choudhury?,
Sudipta Das4, Samrat Paull

1 Department of Energy Engineering, North-Eastern Hill University, Shillong, Meghalaya, India
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JlaHna HaykoBo-mocIigHA poboTa ABJIsSE COOOK TOCTIIMKeHHI MOIEIOBAHHA IPUCTPOIO Ta IMITAIlil Iepo-
BCKITHOTO aKTHBHOI'O IIIAPy HA OCHOBI 0€3CBHHIEBOTO 3Mimanoro rajsorediny mesioo-turany (IV) (CseTils-
«Bry, e x = 1 no 5). ToBmpHA aKTUBHOrO mIapy, poboYa TeMIiepaTypa Ta T'yCTUHA AedeKTiB ONTUMI30BaHl
Ui (POTOEJIEKTPUYHUX XAPAKTEPUCTHUE 3a Joromoron cumysisaropa mpuctpoio SCAPS-1D (Solar Cell
Capacitance Simulator — 1 Dimension). J{ss1 mocitiiskeHHS BUKOPHCTAHO 00IPYHTOBAHICTH BUOOPY BIAIOBI-
nHUX (I3WYHEX Ta 0a30BMX IapaMeTpiB 3alpOIOHOBAHOTO COHSYHOIO eJIeMeHTa 3 apXiTeKTypoIio
FTO/Ti02/Cs2Tils - »Bro/CuSCN/Ag. JlocmimxeHo ONTUMAaJIbHI XapaKTEPUCTUKH €JIEMEHTIB ITPOIOHOBAHOTO
IPHUCTPOIO JJIs PIBHUX TOBIIUH AKTUBHOTO IApy, TEMIIEPATYPHU IIPUCTPOIO TA T'YCTUHH JeeKTIiB AaKTUBHUX
marepiaiiB. YucenbHe nocaiprenHs 3 BukopucranasamM SCAPS-1D nokasaso orrrnmasibHy IpoyKTHBHICTD
mpunany st ToBiwH mepoBckiTHux Marepiamii  CseTiliBrs, CseTilsBrs, CseTilsBrs, CseTilsBrs Ta
CsoTilsBr1, Bimmosigmo pisamx 1,0; 1,0; 0,4; 0,4 Ta 0,4 Mm. OnTEMAaJIbHY IIPOAYKTUBHICTH IIPHUJIALY IIPK
temneparypax 10, 10, 20, 20 ta 20 °C uwncespHO Mojes0Basn s epoBckiTHUX Marepiams CsTiliBrs,
CsoTil2Bra, CsoTilsBrs, CseTilsBrs Ta CsoTilsBri Bimmosigmo. BeramosiieHo, 1110 onTMMi3oBaHa T'yCTHHA [e-
deKTiB 11 BCiX ceMM MEepPOBCKITHHUX MaTepiasis craHoBuTh 1010 cvm-3. [IpucTpiit mae yac Biaryky 1,27 Mic
s norsmmHaounx mapiB CseTilsBrs, CsoTilsBrs, CsoTilsBrz i Cs2TilsBr: Ta 1,18 Mrc gj1s mpucTpoio Ha oc-
HoBI1 norymmHadoro mapy CseTiliBrs.

Kmouori crosa: 3mimmanuii rasorenisn, [leposckit, EQE, ISA, SCAPS-1D, ®oroenekTpuyHMAIA.
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