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Numerical analysis of ultra-thin MASnlI3 based perovskite solar cell by SCAPS-1D
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Future solar cells are perovskite solar cells (PSC). Silicon based solar cells offer an
unlimited source of clean energy. Even if perovskite PCE is currently not at its optimum, it
has shown great potential for improvement. Numerical analysis of PSC is now more
convenient using different simulation software which is a great way to experiment on PSC.
In this study, a unique structure of PSC has been proposed, its key parameters like
acceptor density, perovskite defect density, interface defect density, and thickness has been
investigated to find out their impact on device performance. After optimization a high
power conversion efficiency (PCE) 30.57%, open circuit voltage of 1.02 V, short circuit
current of 34.68 (mA/sz) and fill factor 86.21% respectively was obtained.
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1. Introduction

Lead free Perovskite solar cells have been getting great attention recently because of their
good electrical and optoelectrical properties, high PCE (power conversion efficiency), and easy
fabrication technique. Perovskite is a 3™ generation solar cell with a general formula of ABXj,
where A is an organic cation. B is a metal cation and X is a halogen anion [1]. Perovskite has high
absorption coefficient excellent bipolar charge mobility, long carrier diffusion length, low exciton
binding energy, low trap state density and tunable band gap [1,31,32,33,34]. methyl ammonium
(MA) lead halide (MAPbX3) show high PCE [2], which is the most desired characteristic of a
commercial solar cell. Many countries are stepping away from lead-based solar cells and have
strict laws against using lead. Using lead causes many problems as it is a very toxic material and
harmful to humans, animals, and the environment [3]. Lead-based solar cells are not very reliable
for long use as lead has stability issues [4,35,36,37,38]. So many materials like Sn (II), Bi (III), Ti
(IV), Sb (IIl), Ge (II) have been tried as a supplement to lead [5]. Among those Sn-based halide
PSC got the most attention because of its similar properties to lead halide Perovskite [5] Sn-based
PSC has an ideal band gap of 1.3 ev, low-temperature solvability, long life, ferroelectricity and
absorption capacity of a large spectrum of light [6]. High PCE makes it a great candidate to
substitute lead. CdSe, TiO, and ZnO have been used as electron transport layer (ETL)[7][8]. TiO,
is the most popular ETL, but it has its disadvantages. TiO, has a high fabrication temperature and
low electron mobility [8]. CdSe does not have a proper manufacturing process and has low
crystallinity. ZnO can be a good substitute for TiO, because it has low fabrication temperature,
higher electron mobility, wide band gap, good optical transmittance, low toxicity, and can be
casily synthesized by spin coating technique[8][39]. Cu,Bx,, is a relation between copper-based
chalcogenide compounds (where X=S, Te, and B= Bi, Sb, Sn) which are being used as P-type
material[9][10]. Among all those compound CuSbS,, (copper antimony sulfide) stand out because
of it’s ideal optical band gap of 1.38 ev-1.66 ev, low cost, non-toxic earth-abundant
material[11][40].Thus CuSbS, has great potential to be used as hole transport material (HTL) in
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PSC. Solar cell capacitance simulator (SCAPS) has been used in this study. In SCAPS different
operational parameters like thickness, defect density, acceptor density, and temperature can be
tested to find out the optimum performance. This proposed device is eco-friendly and has high
PCE which could be used to power rural areas and also high power consuming commercial areas.
Along with long last ability, this device can work under high temperature.

2. Methodology

2.1. Theory

Simulation softwares are useful tool to study and experiment on different solar cells.
Various parameters like acceptor density, defect density, thickness, work function can be calculated
and varied to get the optimum performance. SCAPS-1D is a very useful tool to simulate various
solar cells. SCAPS solves three main physical differential equations (I) electron continuity
equation (II) hole continuity and (III) passion equation in steady state and solves them
continuously till the convergence occurs.

dpn _ Pn—Pno de dpn d2Pn
P2 ™ + Pn'up E—i_ HpE dx Dp dx? (1)
M _ Gptefeo e @y dPnp
dac Gp ™m +np,une dx”ng dx bn dn? (2)
da d —
(02D = q[pP() = n(x) + N3 (x) = Ny () + Pp(x) = 1] 3)

where,
Symbol Definition

D denote diffusion coefficient
=X Electric field

G Generation rate

¥ Electrostatic potential

Q Electron charge

™ Hole lifetime

™m Electron lifetime

up Electron mobility

un Hole mobility

n(+)x Trapped electron concentration
n(x) Free electron concentration
pt(x) Trapped hole concentration
p(x) Free hole concentration

ND+(x  Ionized donor
NA-(x) Ionized acceptor

Maximum power P, is a product of current density J,, and voltage at maximum power
point Vi,

Proax = Jup X Vinp 4)

Fill factor (FF) is a ration between maximum power and the product of open circuit
voltage (V,.) and short circuit current (J5.)

FF = _fmax. )

VocXIsc

The power conversion efficiency can be calculated by
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— Pmax _ TmpX Vimp __ VocxJsexFF
PCE B Pin B pPin -= Pin (6)
2.2. Device configuration
This  Study proposes a new  structure of  perovskite solar  cell
(FTO/ZnO/MASnI;/CuSbS,/Pt). ZnO is used as electron transport material (ETL), MASnl; is
used as the absorber layer and CuSbS, is used as HTL. Also, SnO,: F (FTO) is used as transparent
conducting material and Pt is used as anode material. In a solar cell, the band alignment of each
layer is important for smooth function and optimum efficiency as it governs light absorption,
carrier generation, and charge transport.
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Fig. 1. (a) Schematic structure (b) Energy Band diagram (c) grading of energy parameters
of simulated device.

2.3. Simulation parameters

All the values of different parameters used in this simulation are taken from various
literatures, theories, and experiments. All basic parameters are listed in table 1 and defects
parameters are listed in table 2.
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Table 1. Basic parameters of each layer.[44-50]

Parameters FTO (TCO) ZnO (ETL) CH;NH;S,, 15 CuSbS,
(absorber layer) (HTL)
Thickness (nm) 100 10 1000 400
variable variable Variable
Bandgap energy, Eg (eV) | 3.4 33 1.3 1.580
Electron affinity, y (eV) 4.5 4.1 4.17 4.20
Relative permittivity, er 9.1 9.0 8.2 14.60
Conduction band density | 1.1x10° 2.2x 1018 1x 108 2% 1018
of states, Nc (cm—3)
Valance band density of 1.1x10%° 1.9 x 10%° 1x 108 1 %19
states, Nv (cm—3)
Thermal velocity of 1 x 107 1x 107 1 x 107 1x 107
electron and hole, (cm/s)
Electron mobility, pun 20 100 1.6 49
(cm2 /Vs)
Hole mobility, pp (cm2 10 25 1.6 49
/Vs)
Donor concentration, ND 1.1x10%° 1x 108 0 1x 1015
(cm—3)
Acceptor concentration, 0 0 1x 106 1.380
NA (cm—3) x 1018
Table 2. Defect parameters of each layers.[44-51]
Parameters Zn0O CH;3NH;S, 13| CuSbS, ZnO/ CH3NH;S, 13
CH3NH;S,I; | CuSbS,
Interface interface
Defect type Neutral | Neutral Neutral Neutral Neutral
o, (Cm™?%) 1 1x107% 1x107%3 1x107% 1x107%
X 1071°
5, (Cm’) 1 1x107*° 1x 10712 1x1071° 1x107*°
X 1071°
Energy distribution Single Gaussian Single Single Single
Characteristic energy | - 0.100 - - -
(ev)
Energy level with 0.600 0.600 0.600 0.600 0.600
respect to Ev (above
Ev) (eV)
Defect density, Nt 1 1 x 10t 1 x 10 1 x 10%° 1 x 10%°
(cm-3) x 1015 | (Variable)

3. Result and discussion

Simulation has been run for different values of perovskite thickness, ETL and HTL
thickness, Acceptor doping density, perovskite defect density, Interface defect density and metal
work function and obtained results are discussed below.
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3.1. Optimization of thickness

Perovskite As the absorber layer plays an important role in device performance[12].
Thickness of the perovskite affects photovoltaic characteristics like Ve, Jgo, FF ,and PCE
[13,14]. In this study, the thickness of the absorber layer has been varied from 100nm-1000nm. As
the thickness increases Jgc and PCE increases. PCE increases rapidly till 600nm. After 600nm, the
increase in PCE was slow and the highest PCE 30.57% was recorded at 1000nm. As the thickness
was increasing till a certain point, the absorber layer was still thin so a lot of photogenerated
carrier could reach to electrode and generate power [15], so PCE was high. After 1000 nm PCE
starts to drop with increase in absorber layer thickness because of higher recombination in thick
absorber layer [15]. Jgc was continuously increasing because of significant absorption coefficient
of perovskite [15]. Highest value of Jgc (34.842657 mA/Cm?) was recorded at 1200 nm. Voc and
FF was decreasing with increase in absorber layer thickness. Vo drops because of higher
recombination of free charge carrier in thick absorber layer [13] and drop in FF was the result of
increased series resistance [12,13]. Figure 2 shows the graphical representation of photovoltaic
output as a function of absorber layer thickness.
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Fig. 2. Photovoltaic output as a function of absorber layer thickness.

3.1.1. ETL and HTL thickness

ETL and HTL thickness was varied from 10 nm to 100 nm in this study. Values of Vg,
Jsc, FF, and PCE did not change noticeably and became almost saturated at 20nm. ETL and HTL
thickness do not have any significant impact on the performance of this device. The effect of ETL
and HTL thickness on this PSC has been illustrated in Figure 3.
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Fig. 3. Photovoltaic output as a function of ETL and HTL thickness.

3.2. Acceptor doping density
One of the most important parameters of perovskite solar cell is acceptor density.

CH;3NH;S,I; is very unstable in ambient atmosphere. While exposed to air due to oxidization Sn**
will rapidly oxidize into a more stable form Sn** [16]. It acts like a P-type dopant within the
material in self-doping process and the whole semiconductor acts like p-type. Here SnF, is added
to prevent the formation of Sn?* to Sn** [41,42,43]. In this study acceptor density has been varied

from 10™* Cm™- 10° Cm™ as per previous studies [16,17]. As acceptor density increases from

10%* Cm™-10'" Cm™® Voc, PCE and FF increases. Increase in photogenerated carrier is the reason
for increasing PCE and FF. The Highest value of PCE was recorded at 10'® Cm™3. The Highest

value of FF was recorded at 10'” Cm™ and after that FF starts to drop. FF drops because of non-
radiative recombination away from open circuit condition and decrease in transport layer mobility,

which causes SRH recombination to increase [18]. As acceptor density increases from 101* Cm™>-
10° Cm* Vo rises and  Jgc falls. Rise in , V. is the result of increased radiative
recombination at open circuit condition [18,19]. Jgc decreases because of an overall increase in
recombination in short circuit condition [18]. With the cumulative effect of V¢, Jgc and FF

according to equation (VI) PCE drops after10'® Cm™. Change in Vg, Jgc FF and PCE are
illustrated in figure 4.
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Fig. 4. Photovoltaic output as a function of acceptor doping density

3.3. Defect density

While improving the performance of solar cell, defect density is another crucial parameter
that needs to be taken in consideration. Perovskite have a high defect tolerance but still there are
some deep defects that hampers the PCE of perovskite to reach Schockley- Queisser limit [20,21].
Defects can cause degradation in device performance by excessive carrier recombination [22].
Most of the defects stays mainly on the surface of perovskite and on grain boundaries [23,24].
Defects also exists in the interface of two different layers of solar cells and they are called
interfacial defects. Native point defects are the most studied defects in halide perovskite.
Perovskite has vacancies, interstitial, substitutions, dopants and antisite occupancy defects. Higher
order defects such as grain boundaries and dislocations also exist in perovskite [25]. Defect density
influences the recombination of perovskite specially the Schockley Read Hall (SRH)
recombination as in equation (VII) [26]. Shockley Read Hall model for interface defects is given
in equation (VIII) [26].

2

- np-ni
SRH = 7 (n+n; c(E“Ei)/KT+Tn (P+n; C(Ei-Et)/KT) (7)
DifxP;p—n;2
SRHintcrfacc = PiftP1 Mif4ng (8)
+
Sn Sp
n, = n; e®EEIKT 9)
Ei-Et)/KT
pl _n e( i-Et) (10)
T 1 (11)
T e VN
1
o 12
P gy VN 12
Sp =0p VthNti (13)

Sn = 0n VinNyi (14)
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where,
Symbol Definition
N Electron density
P Hole density
ni? Thermal generation
Et Trap energy level
Nt Perovskite defect density
T, Lifetime of electron
T Lifetime of hole
O, Electron capture cross-section
Iy Hole capture cross-section
Vin Thermal velocity
Sp Hole surface recombination velocity
Sh Electron surface recombination velocity
Ny Interface defect density
Ei Intrinsic energy level
KT Thermal Energy

In this study perovskite defect density has been varied from 10" Cm™ to 10" Cm™ to
investigate the effect of defect density on perovskite [10,17,27]. As defect density decreases from

10" Cm™ Vg, Jsc, FE. PCE increases. Highest value of Vo, Jsc, FF and PCE (1.0225 v,

34.680360 mA/Cm?, 86.21% and 30.57% respectively) was recorded at 10" Cm™ as shown in
figure 6. As defect density decreases recombination reduces because defect works as
recombination center in semiconductor devices [10]. Non-radiative recombination also decreases
as defect density decreases [28]. In a uniform excitation, electron hole pairs are generated equally
but with higher defects free charge carrier gets trapped and that results in reduced carrier life time
and shorter carrier diffusion length [29]. Theoretical expression of diffusion length is given below.

Carrier diffusion length, L=vDt (15)
D= Diffusion co-efficient
D= uKT/q (16)

u = Carrier mobility.
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Fig. 5. Effect of defect density on photovoltaic parameters.
3.4. Interface defect

To test the effect of Ni; on PCE in ETL / Perovskite interface Ny; has been varied from a
lower value of 101°Cm™ to a higher value of 1013 Cm™. As N;; increases from 101°Cm™ PCE
starts to drop. PCE drops to 28.94% at N;= 1013 Cm™ as shown in figure 6. Numerical analysis
was conducted to check the effect of different values of Et, g, and o, on PCE for different values
Nij(where Ny= 10" Cm™ -10" Cm™.). For ETL/Perovskite layer it is evident from the figure:6
that Et and o, does not have any effect on PCE for highest (Nti:1013 Cm'3) to lowest (Nti=1010
Cm™ ) value of N;; . But for g, PCE drops with decreasing g, for all values (Highest to lowest) of
Nt. In HTL/Perovskite layer as shown in figure:7 (d) values of Nt have been varied from

1019 Cm™>-103 Cm™and a decrease in PCE was observed with increasing Nt. At Nt= 1013 Cm™
PCE was 29.56 %. From figure:7 (a), (b) and (c) it can be observed, Et does not have any effect on
PCE for any values of Nt. But PCE drops with decreasing o, for all values of Nt and PCE drops

for o, while Nt=10"? Cm but remains saturated for other values of Nt.
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3.5. Metal work function

Metal work function (@) is an important parameter to develop a greater built-in voltage
Vi [12]. Vy,; increases for a higher value of @. As Vy; increases an electric field also increases in
the direction of p-n junction. As a result of that increased electric field V¢ increases because there
is an increase in photogenerated carrier. This overall Vy; increase is unidirectional. Such potential
is helpful for majority drift within absorber layer towards the junction [30]. PCE and FF increases
for a higher value of @. This is because Schottky barrier for hole decreases in HTL/Metal contact
interface as the value of @ increases [12]. It helps hole transportation to back contact. Jg- has small
dependency on @ comapred to Vgc, FF and PCE. Figure § illustrates the effect of metal work
function on different photovoltaic parameters and figure 9 shows the band diagram of PSC for

different anode material.
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4. Conclusion

In this work the structure FTO/ZnO/MASnI;/CuSbS,/Pt was observed to be a highly
efficient eco-friendly PSC. In this study some experiments were conducted on this novel structure
to find out the optimum performance of this device. Previous works on PSC have been evaluated
and their techniques have been used throughout this study to improve the performance of this PSC.
Acceptor density, absorber thickness, defect density, interface defect density, ETL and HTL
thickness and metal work function have been varied to achieve the highest performance. Acceptor

density was set at 1016 Cm™ where this simulation work shows highest efficiency (30.57%). It
was found that lower defect density is beneficial for PSC because of lower trap, less recombination
center and shorter diffusion length. Perovskite defect density and interface defect density have

been kept 10* Cm™ and 10° Cm ™3 respectively. A balanced absorber thickness is necessary to
get highest performance because carrier recombination depends on absorber layer thickness.
Absorber thickness is kept at 1000nm. ETL and HTL thickness do not have any noticeable impact
on the performance of this device. A high work function is always better because, Schottky barrier
decreases with higher work function. In this study Pt (@ = 5.7ev) is used as back metal contact.
As a future work, This perovskite solar cell can be combined with piezo material for biomedical
device for healthcare purpose in [52]-[56].
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