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Simulation studies are vital to understanding solar cell performance and in
optimal device design for high-efficiency solar cells. Cell performance is sen-
sitive to many factors, including device architecture, energy band alignment
at the interfaces, materials used for photogeneration, charge extraction,
doping density and thickness of various layers. The role of electron transport
layer (ETL) thickness and its doping density on device performance is explored
in this work. As the ETL thickness is increased from 10 nm to 200 nm, both fill
factor (FF) and efficiency remain high up to 40 nm, at 0.85 and 28.04%,
respectively, and beyond 40 nm, they decrease gradually due to a sharp in-
crease in series resistance, reaching zero at 200 nm. However, J . and V.
remained unchanged up to an ETL thickness of about 150 nm and 160 nm,
respectively. These results were confirmed by contour plots of the simulated
Voo, Jse, FF and efficiency results. We observed that when ETL approached
200 nm, J . and V. decreased to zero and 0.88 V, respectively. This can be
attributed to very high series resistance and recombination in the cell. Donor
concentration variation in the ETL from 10'7/cm? to 10%°/cm® has much less
impact on Jg., and V.. remains unchanged. However, fill factor and efficiency
improved, which might be due to an increase in conductivity in the ETL. Our
result shows that for an optimized device, with an AM 1.5 spectrum, a cell
efficiency of 29.64% was achieved with V., J,. and fill factor of 1.241V,
28.70 mA/cm? and 0.83, respectively.

Key words: CH3NH3PbI3, ETL thickness, contour map, ETL doping density,
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INTRODUCTION

Perovskite-based solar cells are third-generation
solar cells and represent an alternative to first
generation (silicon) and second-generation (thin
film) solar cells, due to low material cost, low

(Received August 16, 2019; accepted February 22, 2020;
published online March 10, 2020)

thermal budget, simple fabrication processing meth-
ods, high efficiency and suitability for fabrication on
flexible substrates.

Methylammonium lead iodide (CH3NHj3PbIs),
known as MAPbI3, is a leading organic—inorganic
perovskite material used as an absorber, since
MAPbDI; is an efficient light-absorbing material in
the visible region. High diffusion length,' ambipolar
transport properties (i.e. MAPbI; can transport
electrons and holes to their respective electrodes)
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and suitable band gap of about 1.5 eV make MAPbI;
a leading candidate for use as an absorber in solar
cells. Using MAPDbI; as absorber, record efficiency of
24.2% has been reported.? For absorber band gap of
1.5 eV, the Shockley—Queisser limit for a single-
junction solar cell is ~ 31.64%.5

There are two main structures used for fabrica-
tion, viz. planar structure and mesoporous struc-
ture. In the latter structure, metal oxide
nanostructures (referred to as scaffolds) such as
TiOs, ZnO, SnO,, Al;O3 or ZrO, are embedded
within the perovskite absorber layer to enhance
electron transport from the absorber to the top
electrode through the electron transport layer
(ETL). A mesoporous structure is used in the
development of a dye-sensitized cell structure,
where a perovskite layer is assisted by an underly-
ing nanostructure made of metal oxide nanoparti-
cles to improve light absorption. A disadvantage of
using a mesoporous structure is the complicated
high-temperature (450°C) process required for
mesoporous structure formation,* and cell efficiency
depends on pore size.” On the other hand, for a
planar type, the maximum processing temperature
is around 200°C, and cell efficiency for a planar type
is higher than that of a mesoporous type. This
suggests that a mesoporous type is not a prerequi-
site for high-efficiency solar cells. Therefore, a
planar structure consisting of flat layer stacks was
used in our simulation.

A perovskite solar cell works as follows: Incident
light generates free electron—hole pairs in the
absorber layer. Due to a concentration gradient,
diffusion occurs toward the interface from the bulk
region of the absorber,® and the presence of an
electric field at the absorber interface causes drift
(i.e. movement of charges under the influence of an
electric field) on both sides. Note that drift allows
charge carriers to cross to the other side where they
are majority carriers. Therefore, by diffusion and
drift mechanisms, electrons and holes travel toward
the ETL and hole transport layer (HTL), respec-
tively, and are collected by their respective p-type
and n-type electrodes.

In terms of an ideal energy band diagram (Fig. 1),
charge collection can be explained easily. Holes
travelling toward the ETL are reflected back since
valance band discontinuity (AEvy;) at the absorber/
ETL interface acts as a barrier for holes to flow to
the ETL. Similarly, a high conduction band discon-
tinuity (AEge) at the HTL/absorber interface
restricts electrons from reaching the HTL. These
two layers (ETL and HTL) are known as blocking
layers for minority carriers. Due to a downward
slope and negligible conduction band barrier (AEq;)
at the absorber/ETL interface, electrons can easily
reach the ETL and n-type electrode. Holes also
easily reach the HTL since AEy, at the HTL/
absorber interface is very small for an appropriate
absorber band gap of about 1.4 eV. From the
absorber layer, charge carriers within the diffusion
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length reach the ETL and HTL and are collected by
n-type and p-type contact electrodes, respectively.

Planar structure simulation requires three main
layers, viz. ETL, absorber (perovskite) layer and
HTL, and contact electrodes to collect charge carri-
ers. Each layer thickness is in the nanometer range.
A slight change in thickness can influence device
performance. For example, a high ETL thickness
causes series resistance and absorption losses in the
device. Since light enters the device through the
ETL, high transparency with a suitable band gap
and thickness is required. For an ETL, n-TiO, is
used due to its acceptable optical and electrical
properties such as wide band gap of 3.2 eV, high
transparency and high electron mobility. For prac-
tical device fabrication, TiO, layers are prepared by
thermal oxidation of sputtered Ti film,” atomic layer
deposition,® spray pyrolysis deposition,’ sol-gel
method'® and spin-coating.'!

Device simulation provides guidance for experi-
mental fabrication. A systematic study has been
performed in our simulation by varying TiO. film
thickness and its doping density to find out its
influence on device performance. The aim of this
work is to design high-efficiency solar cells by fine-
tuning the electrical properties by varying the ETL
thickness and its doping density.

Device Structure and Simulation Details

Analysis of microelectronic and photonic struc-
tures (APMS), developed by Fonash et al.,'? is
generally used for simulation. In this work, per-
ovskite solar cell simulation was carried out by
using wxAMPS software,'® which is an improved
version of AMPS and solves the 1D problem. A
device having the structure glass/fluorine-doped tin-
oxide (FTO)/TiOo/MAPDbIs/spiro-OMeTAD/Au was
used for simulation. FTO and Au act as top and
bottom contacts, respectively.

To determine the device performance, a set of
basic equations, viz. Poisson’s equation, and current
continuity equations in steady state for electrons
and holes are utilized in the wxAMPS program.
These equations are given below:'*

(1/q)(6/0x)[ex0¢py/ 0x] = p (1)
(1/q)(0de/dx) = —G(x) + R, (x) for electrons  (2)

(1/q)(0eJ} /0x) = G(x)—Rp(x) for holes (3)

where x, ¢, ¢, q, p, J,, Jp, G and R represent the
position, dielectric constant of the material, local
electric potential, electron charge, summed charge
density (including free carriers, ionized impurities
and trapped charges), electron current density, hole
current density, optical (charge carrier) generation
rate and total (charge carrier) recombination rate,
respectively.
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Fig. 1. (a) Schematic diagram of a perovskite solar cell, (b) an ideal energy band diagram of a planar perovskite solar cell [data from Ref. 19].
HTL, absorber and ETL correspond to p-spiro-OMeTAD, p-CHsNH3zPbl; (band gap of 1.4 eV) and n-TiO,. Negligible conduction band
discontinuity (AEcq 0.07 eV) at the ETL/absorber interface and valance band discontinuity (AEy, 0.17 eV) at the HTL/absorber interface allow
electrons and holes to easily reach the ETL and HTL, respectively. High valance band discontinuity (AEy; 1.87 eV) at the ETL/absorber interface
and conduction band discontinuity (AEc, 1.81 eV) at the HTL/absorber interface block holes and electrons, respectively. For this reason, the ETL
and HTL are known as hole-blocking layer and electron-blocking layer, respectively.

wxAMPS numerical simulation is performed’® by
simultaneously solving the above coupled nonlinear
differential equations related to charge transport
characteristics. Newton’s and Gummel’s methods
are used to solve these equations.

Tunneling component models (trap-assisted tun-
neling and intra-band tunneling) are included in the
wxAMPS program'®!®17 for better simulation of
heterojunction solar cells. In the trap-assisted tun-
neling model, carrier mobility is enhanced by an
electric field present at the junction.'® The intra-
band tunneling model provides carrier transport
across abrupt heterojunction interfaces. In the
intra-band model,'” thermionic emission as well as
intra-band tunneling is considered. The wxAMPS
simulation tool uses Newton’s and Gummel’s meth-
ods to improve stability by calculating intra-band
tunneling.'®

Since photogeneration and recombination mainly
occur in the perovskite absorber layer, defects in the
perovskite layer play an important role in deter-
mining the device performance. Various types of
defect (donor-like, acceptor-like, etc.) parameters for
the materials are defined in the simulation and
reported elsewhere.'? In the absorption layer, Gaus-
sian-like distribution is more appropriate to
describe the defect states.?° Defects are located
0.6 eV above the top of the valance band with a
density of 1 x 10'"/cm?®; characteristic energy of
0.1 eV is considered, and the electron and hole
capture cross section is set to 1 x 10%/cm?.

The wxAMPS program determines the electron
and hole concentration in the defect levels. The

concentrations of trapped electrons and holes from
all defects are incorporated into Poisson’s equation,
and the number of carriers involved in the recom-
bination process are used in the continuity equa-
tions for free electrons and free holes.

In this work, the donor concentration in the ETL
was varied from 1 x 10'7/em® to 1 x 10%%cm?.
Based on our previous work, the acceptor doping
density in the absorber and HTL was fixed as
2.14 x 10'"/em® and 10'%/cm?®, respectively.?’ The
characteristic energy for tail states was 0.01 eV,
and tail state density was 1 x 10*cm®eV. The
thermal velocity for electrons and holes is set to
107 cm/s. The absorption coefficients for the ETL,
absorber and HTL were obtained from Refs. 22—-24.

Basic simulation parameters are shown in Table -
I. Material parameters are chosen from experimen-
tal and theoretical results. Film thickness, carrier
mobility and optical band gap for the materials are
also given in Table I.

The simulated structure consists of three main
layers, viz. electron transport layer, absorber layer
and hole transport layer. Light I-V characteristics
of the device were determined using an AM 1.5 solar
spectrum, and light enters through the transparent
conducting oxide (TCO). The reflection coefficients
of the top and bottom surfaces were set to 0 and 1,
respectively. ETL thickness and doping density
were varied from 10 to 200 nm, and 10'"cm?® to
10%%cm?, respectively. The thickness and doping
density of the absorber and HTL were fixed at
500 nm and 2.14 x 10'"/cm?, and 200 nm and 10"/
cm?, respectively.
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Table I. Basic parameters used for perovskite solar cell simulation. TiO,, MAPb51§Sand spiro-OMeTAD are

used as ETL, absorber and HTL, respectively, as active layers in the simulation

2

Parameter

Thickness (nm)

Band gap (eV)

Relative permittivity (e,)

Electron affinity (eV)

Defect density/cm?

Effective density of states in the conduction band/cm?
Effective density of states in the valence band/cm?®
Donor concentration/cm®

Acceptor concentration/cm?

Electron mobility (cm?/V s)

Hole mobility (cm?/V s)

TiOq MAPbDI; p-spiro-OMeTAD
10-200 500 200
3.26 14 3.0
9.0 32 3.0
4.0 3.93 2.05
1 x 10%° 2.5 x 103 1 x 10%°
2.2 x 108 2.2 x 108 2.2 x 1018
1.8 x }701290 1.8 x 10%° 1.8 x 10"
1 x 107~ 0 0
0 2.14 x 107 1 x 108
20 2 1x 107
10 2 2 x 1074
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Fig. 2. Photovoltaic parameters as a function of ETL thickness: (a)
Jsc and V; (b) fill factor and efficiency. Fixed thickness of 500 nm
and 200 nm was used for the absorber and HTL, respectively, in the
simulation.

Results and Discussion

Wide-band-gap and highly transparent material
is required for an ETL, and TiO, fulfills both
requirements. It collects electrons from the absorber
and block holes from reaching it. Figure 2 shows ¢/,
Voo, FF and efficiency as a function of TiO, layer

thickness. Up to about 160-nm thickness, J . and
V,. remain constant at 25.4 mA/cm? and 1.29 V,
respectively, and independent of ETL thickness,
and then both decreases drastically as the TiO,
thickness increases further (Fig.2a). A sharp
decrease in Jg. could be due to decrease in light
transmittance through the TiO. layer and high
series resistance in the cell. The decline in V. can
be attributed to recombination due to poor charge
carrier separation® at the interface between TiO,
and the perovskite layer which might be due to high
series resistance in the cell. J. and V. as a function
of ETL thickness are in agreement with the contour
plot shown later in this section.

A high ETL thickness (> 160 nm) can have
effects in many ways: (1) restricts electron transport
to FTO, (2) increases the recombination rate that
reduces V,., and (3) adds series resistance to the
device which affects the fill factor and cell efficiency.
Figure 2b shows the fill factor and efficiency for
ETL thickness between 10 nm and 200 nm. For
TiO; thickness up to 40 nm, the fill factor and cell
efficiency are almost constant at about 0.85 and
28.04%, respectively. As the thickness increases,
electrons have to travel longer distance to reach the
top electrode. Due to an extended path length, there
is a high probability for electrons to recombine with
minority carriers (holes). Therefore, cell efficiency
decreases mainly due to a decrease in fill factor
caused by an increase in series resistance. If the fill
factor is low, series resistance is high and vice versa.
Fill factor is a measure of series resistance. When
the ETL thickness is > 160 nm, fill factor become
zero, and cell efficiency drops to zero. For high-
performance solar cells, an ideal ETL thickness of
about 40 nm is required for a high fill factor. As
shown in Fig. 3, an increase in TiOy thickness
causes an increase in series resistance in the cell
from about 1 Q ecm? to about 10® Q cm?.

Figure 4 shows a contour map of the simulated
Jse, Voo, FF and efficiency versus ETL thickness and
absorber thickness. HTL thickness of 200 nm was
used in device simulation. J,. remains constant up
to an ETL thickness of about 150 nm, corresponding
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to an absorber thickness of 500 nm (Fig. 4a).
Beyond 150 nm, J,. decreases to zero as the ETL
thickness increases to 200 nm. This result is similar
to Fig. 2a where J is constant until ETL thickness
is about 150 nm, after which it becomes zero as the
thickness approaches 200 nm. Figure 4b shows a
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Fig. 3. Series resistance in the cell increases as ETL thickness
increases. The inset shows series resistance of about 2.5 Q cm? for
an ideal thickness of 40 nm in the cell.

steady V,. up to an ETL thickness of about 160 nm,
and beyond that, V. decreases to ~ 0.9 V. Figure 2a
also shows a similar result with a constant V. of
1.29 V until about 160 nm, and then it decreases to
about 0.9V when ETL thickness is increased to
200 nm. The fill factor remains unchanged until
ETL thickness of 70 nm (Fig. 4c), and beyond that,
it decreases to zero as the ETL thickness becomes
200 nm. Similarly, in Fig. 2b, the fill factor remains
almost constant up to ~ 70 nm, and reduced to zero
as the ETL thickness becomes 200 nm. Also, Figs. 2-
b and 4d shows that, until ETL thickness of about
40 nm, cell efficiency remains constant, and beyond
that, efficiency becomes zero as the ETL thickness
reaches 200 nm due to high series resistance
(Fig. 3).

In terms of energy band alignment (Fig. 1) and
high V., TiOg suits spiro-OMeTAD well, since it
blocks holes from reaching the top electrode, and
high V,. is due to the difference between®’ the
quasi-Fermi level of electrons in TiO, and the
highest occupied molecular orbital (HOMO) level
of spiro-OMeTAD. The effect of ETL doping density
is shown in Fig. 5. J,. decreases marginally from
28.72 mA/cm? to 28.70 mA/cm? (Fig. 5a). This is due
to the fact that photogeneration mainly occurs in
the MAPbI; layer, and, hence, J,. is not affected by
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Fig. 4. Contour mapping of (a) Js¢, (b) Voc, (c) FF and (d) efficiency. HTL thickness of 200 nm was used in device simulation.
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Fig. 5. Perovskite solar cell performance: (a) Jsc and Vqc, (b) fill
factor and efficiency as a function of ETL (TiO,) doping density.

ETL doping density. V,. remains constant and
independent of doping density, which means that
the recombination rate is not affected. This suggests
recombination resistance neither increased nor
decreased. Figure 5b shows a slight increase in fill
factor, and then saturation was observed, which
might be due to a reduction in series resistance in
the cell. An improvement in efficiency from 29.26%
to 29.63% is mainly due to an improvement in the
fill factor. Our results suggest that ETL doping
density of 10*%cm? is suitable for high efficiency,
and ohmic losses can be avoided.

Simulated light J-V curves as a function of ETL
doping density are shown in Fig. 6. Doping density
for the absorber and HTL was fixed as 2.14 x 107/
ecm® and 10'®/cm?®, respectively. Film thickness of
40 nm, 500 nm and 200 nm was used for the ETL,
absorber and HTL, respectively. Figure 6 indicates
that J-V characteristics are almost the same, and
photovoltaic parameters (J., V., FF and efficiency)
extracted from light J-V curves are almost inde-
pendent of ETL doping density. For all dopin,
density values between 1 x 10'"em® and 1 x 102Y/
cm?®, with ETL thickness of 40 nm, J.., V,., FF and
efficiency of 28.70 mA/cm?, 1.24 V, 0.83 and 29.64%
were obtained. The best performance results were
observed with ETL thickness of < 40 nm. If the ETL

Jeyakumar, Bag, Nekovei, and Radhakrishnan
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Fig. 6. Light -V characteristics as a function of ETL doping density.
The highest efficiency of 29.64% was achieved for doping density of
10%%cm®.

thickness is increased beyond 40 nm, cell efficiency
gradually decreases to a minimum due to a decrease
in fill factor (Fig. 2b) and an increase in series
resistance (Fig. 3).

CONCLUSIONS

The role of ETL thickness and its doping density in
cell performance is reported in this work. Cell perfor-
mance was evaluated by light I-V characteristics. Our
results show that high V. and J . remain unchanged
until ETL thickness of 150-160 nm, which can be
attributed to no change in the recombination rate and
carrier generation mainly occurring in the perovskite
layer. Beyond the thickness of 160 nm, V. and /.
decreased to 0.88 V and zero, respectively. A similar
result was obtained from contour mapping. ETL
thickness of < 40 nm is required to achieve high /.
and V., low series resistance and high fill factor and
efficiency. When the thickness is > 40 nm, efficiency
decreases gradually due to a decrease in fill factor
caused by an increase in series resistance in the cell.
Variation in donor concentration from 1 x 10'"/cm?to
1 x 10%%cm? has no impact on V,, and J.; however, it
improves the fill factor, which might be due to an
improved conductivity and hence an improvement in
efficiency. For an optimized device with ETL thickness
of 40 nm, ETL donor concentration of 1 x 10%%cm?,
absorber thickness of 500 nm and HTL thickness of
200 nm, the highest efficiency of 29.64% was obtained
with V., Js and fill factor of 1.24 V, 28.70 mA/cm?
and 0.83, respectively.

In conclusion, the critical parameters are ETL
thickness and its doping density. The other critical
parameters are absorber (perovskite) thickness,
band gap, doping density and HTL thickness and
its doping density. Our results show that ETL
thickness and doping density around 40 nm and
1 x 10%%/cm?®, respectively, are required. For a per-
ovskite layer, ideal parameters of ~ 500 nm thick-
ness, around 1.4eV band gap, and acceptor
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concentration of 2.14 x 10'"/cm? are required. For a

p-type spiro-OMeTAD HTL, thickness around

200 nm and doping density of 1 x 10'¥/cm® are

required. This work shows an upper limit for TiO,
(ETL) thickness to be used in a CH3NH;3PbIs-based
planar perovskite solar cell.
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