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ABSTRACT Perovskite solar cells (PSCs) have drawn significant consideration as a competing solar cell
technology because of the drastic advance in their power conversion efficiency (PCE) over the last two
decades. The interfaces between the electron transport layer (ETL) and the absorber layer and between the
absorber layer and the hole transport layer (HTL) have a major impact on the performance of the PSCs. In
this paper, we have investigated the defect interfaces between ETL/absorber layer and absorber layer/HTL
of calibrated experimental lead-based and lead-free PSCs. The influence of the defect interfaces is studied in
order to find the optimum value for the maximum possible PCE. While the PCE has not been enhanced
considerably for the lead-based, it is boosted from 1.76% to 5.35% for lead-free PSCs. Also, bulk traps were
found to have minor role in comparison with interface traps for the lead-free cell while they have a significant
impact for the lead-based cell. The results presented in this work would shed some light on designing
interface defects of various types of practical PSC structures and demonstrates the crucial impact of the
interface defects on lead-free vs lead-based PSCs. All simulation studies are performed by using SCAPS-1D

simulator.

INDEX TERMS Interface defects; Lead based Perovskite Solar Cell; Lead free Perovskite Solar Cell; SCAPS-1D.

I.  INTRODUCTION

Recently, an urgent demand for the substitution of fossil fuels
by clean energy sources is universally considered. Solar
energy is one of the most best replacement renewable energy
resources [1]. Silicon solar cells demonstrate about 90% of the
solar cells market [2, 3]. Silicon solar cells offer high PCEs
above 25%; however, these cells are suffering from the
relatively high cost of fabrication. Consequently, efficient, and
low-cost solar cells (SCs) are required [2]. In this regard,
perovskite solar cells (PSCs) have been introduced because of
their high PCE and low-cost fabrication methods [4]. PSCs
have an exceptionally electronic properties like bandgap
tunability, low-cost fabrication techniques, wide absorption
spectrum and long diffusion lengths of carriers.

Perovskite materials are materials with ABXj3 structure
where ABX3 is the structure of calcium titanium oxide
(CaTiOs). During the years 2009 to 2016, PSCs fabricated
from methylammonium lead halides (CHsNHsPbXs, where
X = lodine (1), Bromine (Br), or Chlorine (Cl)) have a fast
improvement in PCE from 3.8% to more than 22% [5-7].
Although this high PCE of lead-based PSCs, toxicity of lead
has a severe issue. Two methods are used to alleviate toxicity
of lead-based PSCs. Firstly, mixing lead with other metals
like tin CH3NHsSnxPby.x [8]. Secondly, replace lead with
analogous metals. The innocuous Tin is considered the most
appropriate material to replace lead because the two
materials are from the same group in the periodic table. Tin-
based devices suffer from instability and SnF; is added to
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make the system more stable [9]. Formamidinium tin iodide
(HC(NH2)2Snlz = FASNI3) has been used to make the
perovskites more solid and stable. FASnl; has an energy gap
(Eg) of 1.41 eV and wide spectrum up to 880 nm. Lately,
many methodologies have been proposed to enhance the
performance of solar cells based on FASnls. Using SnF»-
pyrazine composite or an inverse are achieved PCE of 4.8%
and 6.22%, respectively [10, 11]. The open circuit voltage is
increased when using cascaded electron transport materials
(ETMS) (TiO2—ZnS) [12]. TiO; and Spiro-OMeTAD are the
most famous ETM and hole transport material (HTM),
respectively. Other materials like ZnSe, CdS, ZnS, ZnO and
ZnOS are used as ETMs and CsSnls, Cul, Cu,O, CuO,
CuSCN and NiO are used as HTMs along with other organic
materials [5, 12, 13-15].

The interfaces between electron transport
layer/perovskite/hole transport layer were known as crucial
factors for determining the functioning of the perovskite
solar cell which also affect the stability of the cell. In the
normal structure PSCs, electron transport layers provide
paths for electron extraction and have a crucial effect on the
interface defects of the following perovskite layer. Hao Sun
et al. proposed a method to enhance the conductivity of TiO;
electron transport layer which improves the contact of the
TiO./perovskite interface by using Na,S-doped TiO- layer.
This method results in an efficiency of 21.25% [16]. Another
technique to improve perovskite performance up to 19.7% is
inserting CsBr buffer layer between NiOy perovskite and
hole transport layer to alleviate the lattice mismatch caused
by interface stress [17].

Moreover, to relieve the impact of interface traps, defect
passivation strategies have been extensively studied [18, 19].
Passivation involves terminating dangling bonds so as to
eliminate the recombination centers either within the crystals
or on the surfaces. In perovskite materials, several organic
molecules have been used, which are demonstrated to
improve the open circuit voltage [20]. It was verified that the
presence of PbS [21] or C60 [22] passivates the interface and
grain boundary defects, and, as a result, reduces the
nonradiative recombination. Another technique is performed
by using a triple passivation of the two in-between surfaces
of the perovskite and hole transport layer by using inorganic
salt of Potassium thiocyanate. This improves both the
stability and device performance with a record of 21.23%
efficiency [23].

A lot of work has been devoted to study the bulk defects
and their impact on the solar cell performance [24-27];
however, very little efforts were directed to study the
interface defects between the different layers of the cell [16,
17, 28, 29]. In this work, we have investigated thoroughly
the influence of the interface defects on the performance of
lead-based and lead-free PSCs. The study shows the crucial
role of this type of defects that govern the performance of the
solar cell. In this current study, firstly, we calibrated our
simulation vs practical published lead-based and lead-free

PSCs using SCAPS-1D simulator. Then, we investigated the
defect interfaces ETL/absorber layer and absorber layer
/HTL in order to get the maximum possible PCE taking the
practical values of defects into consideration. In optimizing
the efficiency, we investigate the impact of defect density,
energy position with respect to reference level, capture cross-
section area of electrons and holes.

Il. Calibration of the Lead Based and Lead-Free
Perovskite Solar Cells

Before studying the impact of interface defects on the
performance of the CH3NH3PbX3 lead-based solar cell and
FASNhI; lead-free PSC, a calibration step is performed.
SCAPS-1D is verified with practical lead-based and lead-free
PSCs with a design of (Au) as a back contact, ZnO as ETL for
the lead-based PSC, TiO, as ETL for the lead-free PSC,
absorber perovskite layer, Spiro-OMeTAD as HTL and
Fluorine-doped tin oxide (FTO) as a transparent conducting
oxide (TCO) [30, 31]. A temperature of 300 K and air mass
(AM 15) illumination spectrum have been used for all
simulations. The CH3sNHsPbX; absorption coefficient () is
extracted from practical results [32]. A neutral defects type
with Gaussian distribution is chosen to achieve practical data
[24]. Equation (1) is used for the calculations of the absorption
coefficients (a) of TCO, ETM, FASnI; and HTM with a pre-
factor (A,) which is selected to be 10° cm™eV-2 [33],

a(E) =4, fhv—Eg 1)

The main structure and the energy band diagram of the PSC
different layers are demonstrated in Fig. 1(a) and Fig. 1(b),
respectively. The material parameters of SCAPS-1D are listed
in Table 1 while Table 2 shows the various defect properties
and their parameters. FASnl; has a p-type charge carrier
density [11]. The bulk defect density in FASnI; is selected to
be 2x10% cm to get a carrier lifetime of 2.5 ns which match
the theoretical range (1 ns- 4 ns) [46, 47]. For the lead-based
cell a flat band model is utilized for the interfaces
TCO/semiconductor and metal/semiconductor. The work
functions of TCO and Au for the lead-free cell are set to 4 and
5.1 eV, respectively. Also, the bulk defect density is adjusted
at 7x10'* cm to give the best fit with experimental results.
Further, the series resistance is estimated to be 5.4 Q.cm? [26].
Fig. 2 demonstrates the J-V curves of the practical PSCs [30,
31] against the simulated cells of the lead-based PSC (Fig.
2(a)) and the lead-free PSC (Fig. 2(b)). The performance
parameters of the simulated cells and the practical work are
listed in Table 3 showing good accuracy with absolute errors
between measurements and simulations less than 5%.
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Figure 1. (a) A generic device structure for PSC and (b) Energy diagrams
of ETL (ZnO or TiO2), active layer (CHaNHsPblz or FASnIs) and HTL (Spiro-
OMeTAD).

TABLE 1. Materials parameters of the lead-based and lead-free PSCs

TABLE 2. Parameters of defect interfaces

ETL/
absorber
Parameters absorber
layer /[HTL
layer
Defect type neutrall*2 neutral*2
Electrons capture cross section (cm2) 1E-1514] 1E-15141
Holes capture cross section (cm2) 1E-1514] 1E-15141
Energetic distribution Singlel*! Singlel*!
Above Above
Reference for defect energy level E; Highest Evi! Highest k)
Energy level with respect to Reference (eV) 0.6 0.6
Total density (integrated over all energies)
+ +
(L/cm?) Lead-based 1E+11 1E+11
Total density (integrated over all energies)
+ +
(L/cm?) Lead-free 1E+16 1E+16

TABLE 3 Comparison between practical lead-based and lead-free
PSCs vs the simulated cells using SCAPS-1D.

Parameters Vee Js ) FF PCE
[\ (mA/cm?) (%) (%)
Lead-based EXJJ;ZT;(;‘]M' 1120 2113 | 69.68 | 16.60
PSCs Simulated data 1.114 21.17 70.03 16.53
Lead-free Exé’;ggﬁta' 0.264 15.85 4200 | 175
PSCs Simulated data | 02649 | 15607 | 4250 | 176
25 20
¢ Experimental Data [31]
= SCAPS Simulation
20 "
15
< ¢ Exprimental Data [30] o
S 15 ‘ = SCAPS Simulation E
< <10
E E
- -
5 5
0 4 0
0 0.5 1 0.1 0.2 0.3
Voltage (V) Voltage (V)
(a) (b)

Parameters TCO ZnO TiO2 MAPbIz | FASnls Spiro-
OMeTAD

Th;f]‘;:‘)ess 500 500 30 400 350 200
Eq (eV) 35 3,35 3284 157051 1.4178 325,941
Electron

[35] [38] [40]1 [41] [37,44]
affinity (V) 4 4 4 3.9 3.52 2.45
Relative 9 95l 95l 1860 | gk 362
permittivity )
Effective
conduction |, oe 16 | 20E+18 | 2E+18 | 22E+18 | 1E+18 | 22E+18
band density
N (cm™®)
Effective
valenceband | ) e 19 | 19E+19 | 18E+419 | 19E+10 | 1E+18 | 19E+19
density Ny
(em?)
Thermal
velocity of | yp gpa | qpygBel | gea7B | gpe7Bel | gEe7Be | qpe7iel
electrons Vinn
(cm/s)
Thermal
velocity of | gz | qEagBa | qperBa | 1pa7B9 | qEa7Ba | qEe7ia
holes vinp
(cm/s)
Electron
mobility pe 20 1008 20871 3K 200431 2E-4 144
(cm?Vvis?)
Hole mobility
Mo (cm2 Vs 10 2503 1067 17640 220431 2E-4144
1

)

Acceptor
concentration 0 0 0 0 TE+16 l[gEfglg?
Na (cm™®)
Donor
concentration 2E+19 1E+18 9E+16 0 0 0
Np (cm™®)
Nt (cm®) 1E+15 | 1E+15F°1 | 1E+1589 7E+13 2E+15 1E+1582

FIGURE 2. Calibration of practical PSCs utilizing SCAPS-1D (a) Lead-
based PSC and (b) Lead-free PSC.

II.  NUMERICAL TECHNIQUE USED in SCAPS-1D
Simulation tools are valuable methods for design, studying
and expecting the efficiency of SCs. Moreover, simulation
tools can help optimize various technological and geometric
parameters of solar cells. SCAPS-1D is a useful program to
design and study various types of SCs which has been widely
verified vs experimental SCs. It can simulate SCs with up to
seven layers. Most materials parameters can be assigned such
as thickness, energy gap, affinity, permittivity, mobility, and
concentration of doping and other physical or geometrical
parameters [48-50].

The numerical solution in SCAPS-1D solves the basic
physical differential equations in steady state. The main
equations are the continuity equations (Eq. 2 and 3) and
Poisson equation (Eq. 4) which are solved self consistently
until convergence occurs.

1dJ,

- = G(x) 2
1dJ

561_;: G(X)—Up (3)
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Y _q

dx? ¢
Where G(x) is carrier generation rate, generated from the sun,
at a distance x below the surface which is given by [51, 52],

G(x) =f G(A,x)dA
0

(n—p+ Ny —Nj +n,—p,) (4)

2 5)
- f a().(1-r(A) - N(2,0)

a1
-Q(A) - el~a@)-Alq

Moreover, the recombination through deep traps in Eg is
modeled by the Shockley Read Hall (SRH) model [53, 54].
The SRH recombination for bulk and interface defects is
defined by bulk minority carrier lifetimes (z, and 7,) and
interface recombination velocities (S,, and S,), respectively,
utilizing the following equations,

(np —n?)

R = 6
RSHUIE = 4 ) + TP+ 1) ©)
R _ (nipir — niz) 7
RSH,interface — pif +p; nif +ny ( )
S, 7S,
Er —E;
n, = niexp< KT ) (8)
E,—Er
P = niexp< KT ) 9)
_ 1
= 0, NegVen (10)
_ 1
= 0 NepVin (11)
Sp = 0, Nevep (12)
Sp = JpNtvth (13)

The symbols used in the aforementioned equations along with
their definitions are summarized in Table 4.

Fig. 3 illustrates a flow chart of the numerical solution of
SCAPS-1D. Firstly, the cell geometry is inserted. Then, the
materials parameters are defined. Poisson equation and
continuity equations are discretized into different mesh points.
Discretization is executed by implying the finite difference
method (FEM), and the current densities are modeled using
the Scharfetter—Gummel process [55]. In the assigned mesh
points, y, n and p are iteratively computed by the Gummel
method [56]. Physical models such as G, U, p, and i, are
enhanced after each iteration. Finally, we can get J-V, C-V, C-
F, QE, AC, G, U and energy diagrams [57].

In should be emphasized here that, in SCAPS-1D, an
interface can be studied between any two layers. The model
used for this implementation is thermionic emission. The
thermal velocity in an interface is equal to the least thermal
velocity of the two layers. An interface defects are like bulk
defects. Recombination states can be found at an interface like
bulk layer. The recombination in interface states is evaluated

by the Pauwels-Vanhoutte theory [58], which is an extension
of the SRH theory.

TABLE 4. Definition of physical quantities used in SCAPS simulator

Symbol Definition Unit
q Electron charge C
& Permittivity of the materials of the different F/lem
layers
Jnand J, Electron and hole current densities, Alcm?
respectively. They are calculated based on
the drift-diffusion model
Unand U, | Electron and hole recombination rate. This cmist
includes Auger, radiative, deep traps, and
impact ionization.
v Electrostatic potential \Y
Np* and Shallow donor and acceptor ionized cm3
Na~ concentrations
nyand p; Trapped electron and hole concentrations cm®
nandp Electron and hole densities cm®
Nwand N; | Bulk and interface defect density cm3
on and oy Electron and hole capture cross-section cm?
Shand S, Electron and hole surface recombination cm/s
velocity
E; Trap energy level eV
A1and A2 lower and upper limits of the wavelengths of pm
absorbed photons, respectively
a(4) and the absorption coefficient and reflection cmt
r(4) coefficient, respectively
Q) Internal quantum efficiency
N(4, 0) incident photon flux Photons/
s.m?

] Solar
calculation L=,
E afE)
Photogeneration

Transport
Drift diffusion

Spr O, Ty

FIGURE 3. Flow chart of the numerical solutions in SCAPS-1D

The traps act as recombination centers lead to losses in the
photocurrent and an increase in the dark current. Both effects
contribute to the decrease in the photo conversion efficiency.
The key physical parameters that ascertain how a specific trap
affects the nonradiative recombination rate are the trap
density, energy level, and electron and hole capture cross
sections. Regarding the density N its value can be
technologically controlled by reducing the crystallographic
defects as grain boundaries and surface defects at the
interfaces throughout the fabrication processes [59].

The electron and hole capture cross sections depend mainly
on the static dielectric constant of the material [60]. Also, they
depend on the physical and chemical uniqueness of the trap
and more prominently on the trap charge state. If the dielectric
constant is high, the screening is strong, and it is less likely
that a charge becomes captured. In [61], it was shown the
liquid-like molecular reorientation motions in the perovskite
allow the effective carrier screening. In addition, in [62], the

4

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2021.3114383, IEEE Access

IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

potassium halide species at the grain boundaries was observed
to lower the capture cross section.

It is reported that neutral vacancy pairs and elementary
vacancy defects do not create deep energy states inside the
perovskite bandgap. Only shallow traps are most likely
generated which are not anticipated to act as powerful
recombination centers [63]. Further, some impurities in the
Pbl, precursor and traces of Au in the perovskite layer,
resulting from electrode diffusion, have been reported to
decrease the cell performance [64]. The trap energy levels
could also be affected by whether the perovskite layer is p-
type or n-type [65]. So, to avoid such impurities which may
produce deep traps, careful manufacturing processes and
tuning the film composition and morphology are required.

In the following sections, we will study the impact of each
interface parameters to determine the most important
parameters that can be tuned to get the best performance. Also,
the impact of bulk traps on the performance will be
investigated to give a complete picture of the traps effect and
to demonstrate the dominant traps the have the most
significant role in controlling the efficiency of the lead-based
and lead-free PSCs.

V. Optimization of ETL/PSK and PSK/HTL Defect
Interfaces of the Lead Based Cell

A. Optimization of ETL/PSK Defect Interface
In this subsection, the influence of defect density N between
ETL and perovskite interface is studied. It has a substantial
impact on the functioning of the solar cell as the quality of
the interface ETL/absorber layer has shown a pronounced
influence on the performance of the PSC [66]. Consequently,
the recombination rate of carriers increases which alters Vo
of the PSC. Fig. 4(a) illustrates the efficiency vs interface
defect density where the computation is based on the Fermi
level (Em). The performance is improved with reducing N
with no considerable impact below N; of 1x10'* cm?2. As
lowering Nt means increasing the cost of fabrication, a value
of N; of 1x10% cm could be chosen as a design parameter
which gives PCE = 16.53%.

In the next simulations, two distinct values of N; are used:
a low concentration value of 10 cm? and a high
concentration value of 1014 cm. The variation of the defect
position (E;) with respect to the highest Ey is inspected. It can
be inferred from Fig. 4(b) that the change of E: does not
affect the PCE for the low value of N;. On the other hand, for
the high concentration value of N;, the PCE starts with a high
value of about 16% when E; coincides with the valence band
edge, Ey, then it has a lower constant value of 15.41% up to
the defect position, E; of 1.3 eV. The PCE is then increased
reaching about 16% for E: matched with the conduction band
edge, Ec. There are two types of defects; the shallow defects
with position of higher and lower than the mid of the E4 of
PSK and nearer to E. and E,, respectively which have low
destructive impact on performance in comparison to deep
defects which are near the mid of Eg [67].

In addition, the PCE variation vs ETL/PSK cross-section
area of electrons (ov) is investigated for the same two levels

of Ni. As discussed herein, the capture cross-section signifies
the likelihood of the trap capturing the free charge carrier.
When light is irradiated to the PSC, carriers are generated in
the absorber layer [36]. The electrons will be in the direction
from the absorber layer to ETL and the holes will be in the
direction from the absorber layer to HTL. Consequently, in
ETL/PSK interface the cross-section area of electrons has no
significant effect upon the performance parameters and the
cross-section area of holes has a significant impact.
However, in the PSK/HTL interface the cross-section area of
electrons has significant influence on the performance
parameters and the cross-section area of holes has no
significant impact. So, the PCE dependence on oy is the same
as the previous calculations. It can be inferred from Fig. 4(c)
that the change of o, does not affect the PCE for the low
value of N. But for the large value of N the PCE is
decreasing with increasing the capture cross section, an. The
PCE is about 15.45% for o, greater than 1x102? cm2. For N;
of 10! cm?, g, of 1x10° cm? is chosen as a practical value.

Furthermore, the effect of ETL/PSK cross-section area of
holes (oy) is investigated. Fig. 4(d) illustrates the efficiency
Vs ap, Increasing the cross-section has a significant impact on
the performance. For N of 10!* cm?, the PCE is decreasing
for o, greater than 1x10* cm2 but for N; of 10 cm?, the
PCE is decreasing for o, greater than 1x108 cm2. So, g, of
1x107%¢ cm2 may be chosen.

17 17
16.5
s — N =10" em?
16
= _ 14 2
@) N N =10"cm h
A~ \
1
1550 ,
145 15
10" 10" 10" 0 0.5 1 15
N -ETL/Pero (cm™) E (V)
(@) (b)
17 17
16.5
—_ \
e\a \ ——N =10" em?
N t
8 16 ‘\ _ N'=10”cm'z
& \
550
15 145
10-25 10-20 10—15 10—10 10-25 10-20 10—15 10—10
2 2
o, (em) 9, (ecm”)
(c) (d)

FIGURE 4. Variation in efficiency according to the variation of (a) Nt of
the ETL/Perovskite interface, (b) Et-Evmax, (C) on and (d) op.

B. Optimization of PSK/HTL Defect Interface

Here, the defect density of the absorber/HTL interface is
investigated. Fig. 5(a) illustrates the PCE variation vs
interface defect density where the calculation is based on the

5

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2021.3114383, IEEE Access

IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Fermi level (Eg). The efficiency is improved with lowering
N¢ with no major impact below N; of 1x10* ¢cm2 N; of
1x10% c¢m is chosen and, in this case, PCE = 16.53%.

Next, two values of N; are treated, 10! cm2 and 10 cm2.
For the low concentration value of N, the energy E; with
respect to the highest Ev and o, of absorber/HTL interface
does not have a significant impact on the performance as can
be depicted in Fig. 5(b) and Fig. 5(d), respectively, while an
efficiency degradation is observed when PSK/HTL cross-
section area of electrons (on) is increased as can be depicted
in Fig. 5(b). Meanwhile, for the other high concentration
value of N, the trend of the impact of trap energy position,
illustrated in Fig. 5(b), is the same as that of the
ETL/Perovskite interface which indicates the crucial role of
designing shallow acceptor traps (near Ec) to enhance the cell
performance for any trap density value. Furthermore, the
efficiency degradation is observed when PSK/HTL cross-
section area of electrons and holes are increased as can be
depicted in Fig. 5(c) and Fig. 5(d), respectively. Values of o,
= 1x10% cm? and g, = 1x10*° cm? could be chosen to
prevent this degradation.

16.6 16.6
~ 164 ~
3\/ é] 4 —N‘=1><10"cm'2
8 8 6 - = N =1x10" cem?
™ 162 Ay
1
1
L S N A f
16 16.2
10" 1083 10" 0 0.5 1 1.5
N -HTL/Pero (em™) E (V)
() (b)
16.6 16.6
Y N
16.5 \ 16.5 !

\

— N, =1x10" em?

—N,=1x10" em?

= = N =1x10" em? = = N =1x10" cem?
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=

163 - 16.3 1
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16.2 16.2 S ==
10—25 10—20 10-15 10-10 10—25 10—20 10-15 10-10
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(c) (d)

FIGURE 5. Variation in efficiency according to the variation of (a) N: of
the HTL/Perovskite interface, (b) E+-Evmax, (C) on and (d) op.

It can be concluded here that the most vital factor that
affects the performance of the cell is the trap density. If the
trap density is low, the impact of E; position is neglected
while there is a minor influence on the efficiency when
concerning op for the ETL/Perovskite interface and o, for the
HTL/Perovskite interface. This is due to the rise of the
electron and hole surface recombination velocity according
to increasing o, or op as indicated in Eq. (12) and Eq. (13).
As N increases, the impact of N; on the efficiency is more

noticeable and one can see the importance of refining the
design parameters in order to reach an optimum cell
performance.

VI. Optimization of ETL/PSK and PSK/HTL Interface
Defects of the Lead-Free Cell

In this section, we study the influence of the defect interfaces
between ETL/PSK and PSK/HTL of the lead-free PSC. The
sequence of the optimization is carried out in the same order
as in the case of lead-based PSC.

A. Optimization of ETL/PSK Interface Defect

The variation of the interface defect density of the interface
ETL/absorber layer is investigated in Fig. 6(a) which
illustrates the impact of the interface defect density on PCE.
The performance is improved with decreasing N; with no
lower limit according to the simulation. This finding is
extremely important as the trend is not the same as the lead-
based cells. In lead-based PSC, there is a lower limit for the
trap density below which there is no significant improvement
in the efficiency. On the other hand, in lead-free PSC,
decreasing trap density gives a linear increase in the
efficiency which is beneficial in solar cell design. But as
lowering N: means increasing the cost of fabrication, a
suitable value N: of around 4x10*! cm could be chosen in
our design which gives PCE = 4.5%.

Two values of N; are used in the investigation of the
influence of trap parameters on the efficiency. A low
concentration value of 4x10% ¢cm and a high concentration
value of 10 cm?® are considered in the following
simulations. The effect of ETL/PSK trap energy position (E:)
with respect to the highest Evy is firstly studied as shown in
Fig. 6(b). For low value of N, the change of E; does not affect
the PCE substantially. when N is 10** c¢cm?3, the PCE is
degraded if the trap position is near the mid-gap. So, for both
cases of trap density, E: is chosen to be a shallow trap in order
to boost the performance. In addition, the impact of
ETL/PSK o, and op is examined and the results of the
corresponding PCE is shown in Fig. 6(c) and Fig. 6(d),
respectively. It is noticed the performance is degraded for
low values of oy and oy, for both values of N:. So, o, of 1x10°
16 cm2 is chosen. Also, o, = 5x1076 cm? is preferable for both
trap concentrations.

B. Optimization of PSK/HTL Defect Interface

The variation of the defect density of the absorber/HTL
interface is explored as illustrated in Fig. 7(a). The
performance is improved with decreasing N; which is the same
trend as for the absorber/ETL interface Two different values
of N; are considered in the next simulations, 1x10* cm™ and
106 cm3. Fig. 7(b) illustrates the performance variation vs
PSK/HTL trap energy position (E;) with respect to the highest
Ev (which is that of the PSK). It can be inferred from the figure
that the change of E; does not affect the PCE for any N; value;
s0, an E; position which coincides with E¢ or E, is chosen.
Further, Fig. 7(c) and Fig. 7(d) illustrate the dependence of
PCE on PSK/HTL on and op for the two values of N the
dependence is weak as can be inferred from the figures. o, of

6
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1x10%® cm? and o, of 1x10 cm? are chosen as design

parameters.
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Also, it can be concluded here, for the lead-free cell, that
the most critical factor that influences the cell efficiency is
the trap density. If the trap density is low, the impact of E;
position is neglected while there is a minor influence on the
efficiency when concerning 6, and o, for the ETL/Perovskite
interface and HTL/Perovskite interface. As N; increases, the
impact of E: on the efficiency is noticeable only for the
ETL/Perovskite interface while it has a minor effect for the
HTL/Perovskite interface. Moreover, the impact of o, and oy,
is not strong as in the case of lead-based solar cell. This is
due to the higher N; values encountered in the lead-free cell
vs the lead-based one.

VII. Physical interpretation of the results before and
after optimization

One of the most important differences between the lead-based
and lead-free PSCs is the impact of the interface trap density.
Regarding the lead-based sell, decreasing N: beyond a certain
value is not beneficial as there is a saturation in the efficiency.
However, the efficiency is boosted linearly when decreasing
N; concerning the lead-free cell. Further, shallow defects with
a position lower than the mid of E; of PSK have low
destructive effect on performance, while deep defects which
are near the mid of Eq have strong influence [39]. This is true
for both types of solar cells.

As mentioned above in the lead-based cell, in ETL/PSK
interface, for low values of N the cross-section area of
electrons has no significant effect on the efficiency while the
cross-section area of holes has a significant impact. On the
other hand, in PSK/HTL interface the cross-section area of
electrons has a more substantial impact on the performance
than that of the effect of cross-section area of holes. Also, both
cross-section areas of electrons and holes in ETL/PSK and
PSK/HTL defect interfaces of the lead-free cell have a little
influence on the performance parameters. This difference is
according to the distinction of the structure of the cells. In the
lead-based, an intrinsic layer of perovskite is sandwiched
between ETL and HTL and the structure is p-i-n [68]. But in
the lead-free cell the structure is p*-p-n [26].

In this section, we provide a comparison that demonstrates
the effectiveness of the optimization processes of the
interfaces carried out in this work for both lead-based and
lead-free PSCs. Firstly, the JV curves of the initial and
optimized PSCs for the lead-based cell and the lead-free one
are simulated and the results are shown in Fig. 8(a) and Fig.
8(b), respectively. The performance parameters of the initial
design and after optimizing the defect interfaces, for both lead-
based and lead-free PSCs, are listed in Table 5 for comparison.
The influence of interface parameters on the lead-based is
minor and very little improvement is accomplished. However,
the design and tuning of the interface parameters significantly
affects the performance of the lead-free PSC.

Referring to Table 5, the performance enhancement for the
lead-free cell is mainly due to the improvement in the open
circuit voltage (Vo) which increases from about 0.26 V to
about 0.52 V. This doubling of Vq is due to overcoming the
recombination mechanism that arises on the interfaces and
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limit the reverse saturation current of the cell. For a physical
justification of the cell behavior corresponding to the
interfaces’ optimization, we draw the dark characteristics
before and after optimization for the lead-based and lead-free
cells as shown in Fig. 10(a) and Fig. 10(b), respectively. Also,
the local ideality factor is illustrated. As can be inferred from
Fig. 10(a), the lead-based cell has almost the same reverse
saturation current for both the initial and final structures.
Regarding the lead-free cell, the situation is completely
different. The reverse saturation current is declined for the
optimized design which indicates a higher open circuit
voltage. Also, the local ideality factor is decreased which
results in a higher fill factor [69, 70]. The low ideality factor
results in less recombination losses which was proven
experimentally in the literature [71]. So, this work shows the
importance of optimization of interface defects on the
performance of lead-free PSCs. Most studies are directed to
lead-based cells, but their improvements are limited because
of the high efficiency of the initial structure. This study is very
important because it shows that inspecting the interface
defects in the lead-free cells is crucial to increase the cell

efficiency.
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FIGURE 8. (a) JV curves of the initial and optimized lead-based cell and
(b) JV curves of the initial and optimized lead-based cell

TABLE 5. Comparison between the initial design and the optimized

one
Vos Jse FF | PCE
V) | (mAlcm?®) | (%) | (%)
Initial (Lead-based) 1114 21.174 70.03 | 16.53
Optimized 1115 21175 | 70.02 | 16.53

(Lead-based)
Initial (Lead-free)) | 0.2649 15.607 4259 | 176
Optimized
(Lead-free)

0.5259 16.727 60.84 | 5.35

VIIl. Bulk traps vs Interface traps

In the previous sections, the interface properties were
investigated thoroughly to optimize and determine the most
important parameters that strongly impacts the efficiency of
the PSC. In this section, we incorporate the bulk traps into our
study to give a complete picture about the influence of various
types of defects. This analysis is important to determine the
most effective competing defects, bulk vs interface traps. The
bulk traps that are highly effective in the PSC are those found
inside the absorber as it is the region in which the photoexcited
carriers are mainly generated.

Figure 10 displays the efficiency as a function of absorber
bulk trap density N for both lead-based (Fig. 10(a)) and lead-
free (Fig. 10(b)) PSCs. The simulation is carried out for two
cases, one with the default values of the interface parameters
and the other case is for optimized parameters designed here
before. Generally, the trend of the efficiency is that it increases
when the bulk trap density decreases as expected. As
displayed in Fig. 10(a), when Nig is lower than 10** cm in the
lead-based cell before optimization of the interface
parameters, the efficiency nearly saturates at about 19.25%
with any further decrease in Ng. Also, when the interface
parameters are optimized, the PCE saturates at a higher value,
namely about 21.15%. the results show the crucial role of the
bulk traps in lead-based cells. Also, the role of interface traps
is dominant for low values of Nis. So, in order to have a good
design for the lead-based PSC, both bulk and interface traps
should be optimized simultaneously.

Referring to Fig. 10(b), the efficiency trend, according to the
variation of bulk trap density, is less pronounced for the lead-
free cell. The PCE increases from 1.76% and saturates at
slightly higher than 1.8% for Ng lower than 10 cm?.
Additionally, for the optimized interface parameters, the PCE
increases from 5.35% to 5.55% when Ng decreases from
2x10'° cm® to 10¥ cm?®. This little increase in the PCE
suggests the minor impact of the bulk traps for the lead-free
cell. These results show the importance of optimizing the
interface parameters in lead-free cells to enhance the
efficiency.
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FIGURE 9. Dark characteristics before and after optimization of (a) the
lead-based cell and (b) the lead-free cell.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2021.3114383, IEEE Access

IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Default Interface Parameters — — Optimized Interface Parameters
22 6
r==~ i |  F=====4_
N ~
20 \ 5 RSN
18
s \ S
= 16 =
O Q
- a3
14
2
12 —_—
10 1
10° 10" 10® 10" 0% 10" ' 10"
NtB Bulk Defects Density (cm's) N(B Bulk Defects Density (cm's)

(a) (b)
FIGURE 10. Efficiency of the solar cell utilizing default and optimized
interface parameters as a function of bulk defect density (a) lead-based
PSC and (b) lead-free PSC. The vertical lines indicate the default bulk
trap density used in all other simulations.

VIl. CONCLUSION

SCAPS-1D s utilized to simulate lead-based PSC with ZnO
as ETL and Spiro-OMeTAD as HTL. The lead-based PSC is
firstly verified with a practical work. The influence of the
interfaces’ defects ETL/absorber and absorber/HTL is
investigated. Decreasing N; of ETL/absorber and
absorber/HTL interfaces from 1x10™ to 1x10% cm increases
the PCE by only 0.02%. If N; is increased, the PCE decreases
substantially. Although the interfaces’ defects could be
optimized, the photovoltaic parameters do not change. In
addition, we have calibrated a lead-free PSC with practical
measurements. The influence of the interface defects
ETL/absorber and absorber/HTL is investigated. Decreasing
N: of ETL/absorber and absorber/HTL interfaces is found to
have a pivotal effect leading to increase the efficiency linearly.
This impact is not seen in the lead-based cells as the efficiency
is saturated beyond a certain value of the trap density.
Regarding the lead-free cell, the interface defects are
optimized and the PCE is enhanced from 1.76% to 5.35% at a
considerably low interface trap density that is not far from
experimental considerations.

Other interface parameters like the electron and hole cross-
section area, and trap energy position are investigated. For
lower values of Ny, the influence oy, o and E; is minor on the
PCE. On the other hand, for the higher values of N the
influence is significant, and care must be taken in order to
design such factors for better performance. Finally, we
investigated the variation of bulk trap density of the absorber
to differentiate between its impact on the cell performance and
the impact of the interface quality. It was found that the
interface influence is much more crucial than the bulk traps
specially for the lead-free PSC.

Moreover, the impact of the absorber bulk trap density is
investigated. In the lead-based cell, optimizing the interface
traps pushes the efficiency for low values of bulk traps. So,
both types of traps play important role in controlling the
recombination through the PSC. On the other hand, in the case
of lead-free cell, the bulk traps have minor influence while the

interface quality greatly impacts the performance and is a
promising direction to boost the efficiency.
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