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ABSTRACT

In this study, a perovskite based solar cell device has been proposed and the power
conversion efficiency, fill factor, open circuit voltage and short circuit current density of
the proposed device was analyzed. When simulated, it achieves a power conversion
efficiency of over 14% with AM 1.5 illumination. This type of perovskite solar cell has
shown potential towards achieving a low cost and efficient solar energy conversion method
and unlike its silicon counterparts, it has none of the disadvantages that are present in

silicon based solar cells.

Different materials and their combinations were used as electron transport layer and hole
transport layer. Materials that were used as electron transport layer resulted in short circuit
current density of 17.92 mA.cm™. When a combination of two materials were used as hole
transport layer, it has been observed that the external quantum efficiency is close to 55% in
the 350-450 nm range which corresponds to high power conversion efficiency of 14.27%

but the open circuit voltage showed little variation around 1.02 volts .

When MoOQ:3 is used as a hole transport layer and its thickness and doping was optimized, it
was observed that there is a 60% increase in the short circuit current density as the
thickness of MoOs was decreased and a 2% decrease in the PCE and FF with increase in
thickness. When the doping of MoOs is varied, the external quantum efficiency went down
from 55% to 50%.

Detailed realistic technology computer aided design (TCAD) analysis has been performed

to predict the behavior of the device.
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CHAPTER 1
INTRODUCTION

1.1 Renewable Energy Sources

There is a grave energy crisis across the world and the need for renewable energy sources is
increasing. Not only these sources are available in abundance but they are also pollution
free. Energy from the radiation of sun commonly known as solar energy is one such source,
it is available in abundance and is pollution free. Earlier the equipment and machinery
required for converting solar energy into electrical energy was expensive but in the 21%
century with the advancement in research, the cost of equipment has considerably come
down. Although there are many renewable energy sources available like wind energy, tidal
energy, hydro power energy etc, the solar energy is most sought after source due to its easy

availability and abundance.

1.2 Solar Cell

1.2.1 Solar PV effect

Electrode f L
ze;le:;-Proof Film . U - m_ . T

- y L
Semiconductor + 9 & 9 * Load Electric

P-Type > + = + = Current
Semiconductor 1
Solar Cell 4
Electrode
Figure 1.1: Working of a Solar Cell

The collection of light-generated carriers does not by itself give rise to power generation. In
order to generate power, a voltage must be generated as well as a current. Voltage is
generated in a solar cell by a process known as the "photovoltaic effect”. The collection of

light-generated carriers by the p-n junction causes a movement of electrons to the n-type
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side and holes to the p-type side of the junction. Under short circuit conditions, there is no
build up of charge, as the carriers exit the device as light-generated current.

However, if the light-generated carriers are prevented from leaving the solar cell, then the
collection of light-generated carriers causes an increase in the number of electrons on the n-
type side of the p-n junction and a similar increase in holes in the p-type material. This
separation of charge creates an electric field at the junction which is in opposition to that
already existing at the junction, thereby reducing the net electric field. Since the electric
field represents a barrier to the flow of the forward bias diffusion current, the reduction of
the electric field increases the diffusion current. A new equilibrium is reached in which a
voltage exists across the p-n junction. The current from the solar cell is the difference
between I and the forward bias current. Under open circuit conditions, the forward bias of
the junction increases to a point where the light-generated current is exactly balanced by the
forward bias diffusion current, and the net current is zero. The voltage required to cause
these two currents to balance is called the "open-circuit voltage”. The solar cell device is

therefore also called as Photovoltaic (PV) device as it is based on the PV effect.

1.2.2 Diode Equation

Solar cell is a p-n junction diode that transforms solar energy into electrical energy

iuncFion electric field

Bl e n-region




13

Where I_ is light generated current

1.3

Ir is forward diffusion current,

Isis saturation current,

q is charge of electron (1.6x10%° C),

V is voltage generated,

Kg is Boltzmann Constant (1.38x102 J/K),
T is temperature

Parameters of Solar cell

There are few parameters with which the performance of a solar cell is analysed. They are
listed below

1.3.1 Power Conversion Efficiency (PCE)

PCE is the ratio of output electrical power to input optical power

I = (@) * 10090 o eq. (3)

m

1.3.2 Fill Factor (FF)

It is a measure of realizable power from solar cell

Vo I
FF = eq. (4)
Voclsc

Vm is the max voltage generated and Im is the max current flowing through the
device

1.3.3 Open Circuit Voltage

It is the voltage obtained when the current is zero
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nkT IL
VGC = ——1n (_ + 1)
q I

0 s eq. (5)
where lq is the saturation current and
n is the ideality factor
kKT |(N; + An)An
q L eq. (6)

Na is the doping concentration,
An is the excess carrier concentration and

nj is the intrinsic carrier concentration

1.3.4 Short Circuit Current Density

It is the current density when the voltage is zero which is equal to the light
generated current density

Jse = (ot ) = ()

area of active layer areaof active layer

1.3.5 External Quantum Efficiency

It is the ratio of number of electron hole pairs collected by the solar cell to the ratio
of number of photons incident on the solar cell. It considers the effect of optical
losses like transmission and reflection.

1.4 Recombinations in Solar cell

e Radiative Recombination or Band to Band Recombination
In this, there is a direct recombination between electron from conduction band with

a hole from valence band. This phenomenon more readily takes place in direct
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bandgap semiconductors such as GaAs. The photon emitted as a result has an
energy signature similar to the bandgap but it is only weakly absorbed.

e Shockley Read Hall (SRH) Recombination
This type of recombination takes place through defect levels. There are defects in
the crystal lattice which introduces forbidden regions, the energy state of these
forbidden regions traps an electron or a hole. If a hole or electron moves up to the
same energy state before being thermally re emitted into the conduction band then it
recombines with the electron or hole trapped there.

e Auger Recombination
It takes place involving 3 carriers, an electron or a hole recombine but rather than
emitting energy as heat or as photon the energy is gitven to a third carrier, an
electron in the conduction band. The third excited electron then thermalizes back to
the conduction band edge and recombines with a hole.
The Radiative Recombination is a direct recombination whereas the other two are
indirect recombinations. The radiative recombination takes place at a faster rate in
low bandgap and weakly doped materials but as the bandgap and doping is

increased the auger recombination becomes more dominant.

1.5 Need for evolution of materials used in solar cell

There is a monopoly of crystalline silicon (c-Si) solar cells in the global photovoltaic (PV)
market for some decades now, capturing a market share of about 90%?*. During the last 15
years only a marginal improvement in the efficiency of c-Si has been observed; 26.3% was
the highest wafer size efficiency obtained so far with amorphous silicon (a-Si)/c-Si
heterojunction technology? which has come quite close to the 29.4% theoretical maximum
efficiency mark®*. Even with all of this, a cheaper and economically feasible energy
efficient module is needed so that the PV system market becomes competitive with the
conventional energy market. In order to achieve efficiency higher than the practical and
theoretical limit or to achieve ultrahigh conversion efficiency, a different structure with a
different absorbent material with a tunable wide bandgap is needed. The solar cell with a
different material and an analogous structure has been forecasted. But even with all of this

the inherent need to do away with the silicon based solar cells, needs to be understood. This
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point can be substantiated by running through the drawbacks of silicon which are listed

below

It has an indirect optical band gap that requires a thick active layer for the solar

conversion and thus costly fabrication of large area materials.

» Efficiency losses for energy conversion, such as “red losses” at high wavelengths
below the bandgap and “blue losses” at low wavelengths above the bandgap of

silicon.

* In indirect bandgap semiconductors, change in energy (due to photon) and change
in momentum (due to phonon) is required for movement of charge carrier form
valence band to conduction band but in direct bandgap semiconductors, only a
change in energy (due to photon) in required.

* Low absorption of silicon implies more thickness of active silicon layer in PV cell.

1.6 Perovskite

A mineral discovered by Gustav Rose in the Ural Mountains located in Russia. It is named

in the memory of a Russian mineralogist Lev Perovski. Perovskite's crystal structure, its
physical and chemical properties were first explained in 1926 by German Physicist Victor

Goldschmidt, by the way of tolerance factors®.
1.6.1 Structure of Perovskite

Perovskites, with a formulae of ABOs generally exists with a cubic structure and they
crystallize in the orthorhombic. An A-site ion which is usually an alkaline earth element is
present on the corners of the lattice, at the central position of the lattice B-site ions are
present which are most likely to be 3d, 4d, and 5d metal or transition metal elements. For
stability, if the tolerance factortis in the range of 0.75-1.0°, then the structure is

considered stable. Most of the metallic elements are stable in the perovskite structure.


https://en.wikipedia.org/wiki/Gustav_Rose
https://en.wikipedia.org/wiki/Ural_Mountains
https://en.wikipedia.org/wiki/Russia
https://en.wikipedia.org/wiki/Lev_Perovski
https://en.wikipedia.org/wiki/Victor_Goldschmidt
https://en.wikipedia.org/wiki/Victor_Goldschmidt
https://en.wikipedia.org/wiki/Orthorhombic
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_ Ra+Ro
V2 (Rp+Ro)

where t is the tolerance factor, Ra, Rs and Ro are the ionic radii of A and B site

elements and oxygen respectively.
1.6.2 Physical Properties of Perovskite

e Lustre: They have a varying lustre from sub metallic to metallic, colorless streak,
accompanied by imperfect cleavage and tenacity is oddly brittle.

e Color: They are found in various colors like black, brown, and gray, orange to

yellow.

Perovskite crystals are often mistaken for galena but unlike perovskite galena has a

better metallic luster, greater density, perfect cleavage and true cubic symmetry.

Organo metal halides based solar cells are at the forefront of the PV technology. Of late, the
perovskite solar cells have become attractive candidates for solar cell structures due to their
high efficiency. Suitable tunable bandgap of (1.55-2.3 eV) depending on the halide content,
sharp absorption edge accompanied by little sub bandgap absorption®, and high absorption
coefficient’ are the appealing properties of the methylammonium—lead—halide,
CH3NH3PbX3 (X ¥ Br, 1). In addition to all this, an unconventional boost in PCE over the
last few years has made perovskite solar cells a strong contender for the next generation of
PV technology®.

Lately, two lead halide perovskite material which are similar in properties but differ in their
chemical composition have come up as very strong contenders as absorbent materials in the
solar cell, they are CH3sNH3Pbls and CH3NH3Pbz«Clx. Although their charge generation
and charge transport properties are yet to be fully understood, their two properties®® 2

stand out
e Their charge diffusion length is greater than the absorption depth.

e It enables high efficiency photon harvesting and minimises charge collection losses.


https://en.wikipedia.org/wiki/Cleavage_(crystal)
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CH,NH,PbX,

e 9
o o Methylammonium ion

© Halogen ion
© Leadion

Figure 1.3: Structure of methyl ammonium lead halide perovskite material

1.7 Hole transport Layer and Electron Transport Layer

In the perovskite based PV cells, hole transport layer (HTL) and electron transport layer
(ETL) are used to minimize recombination of the electron hole pair generated in the
perovskite layer so as to maximize the power conversion efficiency’. This takes place

chiefly because of two reasons:-

e Ifan HTL or ETL is present, then the electrons or holes cannot flow directly to the
anode or cathode so by incorporating ETL and HTL the leakage current can be
reduced, this is illustrated by the fact that the devices without ETL and HTL have
high shunt resistances in comparison to the devices with ETL and HTL.

e The ETL and HTL have faster charge transport properties as compared to the active
layer which is perovskite in this case. It means that they offer low resistance to the

path of the charge carrier so the charges that reach the interface of ETL/HTL and
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then can quickly move away from the active (absorbent) material which helps in

minimising or controlling charge recombination taking place in the active layer.

1.7.1 ETL and its characteristics

The ETL, also known as the electron extraction layer or electron collection layer is
basically a n type semiconductor; the layer into which the electrons are injected from the
absorber perovskite layer, the electrons are then transported through the electron
transporting materials (ETM), and then ultimately collected by the cathode.

One of the most significant features of an ETL is that it should be band aligned with the
perovskite layer which means that the lowest unoccupied molecular orbital (LUMO) and
highest occupied molecular orbital (HOMO) should be higher than the perovskite active
layer'® ¢, The second criterion is that it should have high transmittance in the UV-V region
of the spectrum so that a photon can easily travel through it and be absorbed by the
perovskite absorber'® **, The final characteristic of the ETL is that the exciton generated via
light absorption, moving across the perovskite layer, must be dissociated before being
collected by the ETL'.

In this work, compact TiO2 and PCBM have been used as ETL. All the parameters used in
the simulation along with the electrical and optical properties for the ETL materials used

have been listed below

1.7.2 HTL and its characteristics

The HTL is basically the counterpart of ETL and is used to transport holes instead of
electrons; a p type semiconductor device in which the holes are injected from the absorber
perovskite layer, these holes travel through the Hole Transport Material (HTM) and finally
collected by the anode.

The most important criterion that a HTL must fulfil is the band alignment with the
perovskite layer which means that the lowest unoccupied molecular orbital (LUMO) and
highest occupied molecular orbital (HOMO) should be lower than the perovskite active
layer®. The next condition is that it should have high transmittance in the IR region of the

spectrum so that a photon can easily travel through it and be absorbed by the perovskite
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absorber'’. The final characteristic of the HTL is that the exciton generated via light
absorption, moving across the perovskite layer, must be dissociated before being collected
by the HTL at its interface®".

In this work, compact Spiro OMeOTAD and Molybdenum Trioxide (MoOs/Moly) have
been used as HTL. All the parameters used in the simulation along with the electrical and
optical properties for the ETL materials used have been listed below

ETL/HTL which have inorganic material as their constituents has a longer electron/hole
diffusion length as opposed to ETL/HTL made out of organic and ploymer materials**,

The different properties listed for the perovskite makes it a prime candidate for the primary
absorption layer in the solar cell architecture® ® 1" 2% Different semiconductor materials
such as Spiro MeOTAD and molybdenum trioxide as HTL and Compact TiO> and PCBM
as ETL"% and a combination of these have been used in this work and their comparative
study in terms of PCE, fill factor (FF), open circuit voltage(Voc) and short circuit current
density (Jsc) has been done. The external quantum efficiency (EQE) and short circuit
current density and voltage (J-V) characteristics have been compared to draw out the best
material or a combination of materials. The simulations performed are under AM 1.5
illumination. All the structures proposed are two terminal devices simulated in TCAD

silvaco atlas software.
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Parameter Compact Perovskite | Spiro PCBM | MoOs
TiO2 OMeOTAD

Mobility (cm?/Vs) 0.006 50 0.0001 0.001 0.72

Bandgap (eV) 3.2 1.5 291 1.1 3.1

Conduction band 10% 2.5x10% 2.5x10% 102 2.5x10%°

density (cm3)

Valence band 2x10% 2.5x10% 2.5x10% 2x10%% | 2.5x10%°

density

(cm?)

Affinity (eV) 4 3.93 2.2 4.3 6.7

Permittivity 100 30 3 3.8 5.31

Carrier lifetime 107 10 10° 1012 10°

(sec)

Table showing the optical and electronic parameters used in simulation

The parameters listed above for perovskite, spiro and tio; are as reported by Pandey et al **

the parameters. The parameters listed above for the MoOs and PCBM material are taken

from the literature 0 2417 19
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The SRH, Radiative and Auger recombination rate for the perovskite material used are 10

cm®/s, 1.5x107%° cm™3/s and 3.4x10% cm™/s respectively®®.

n

/\/—J\ -

NV
o

g
o

_OIIIIIIIlIIIIIIIII|IIII|IIII|II

-
[9)]

Refractive Index

0.5
0.0
2 04 06 08 10 12 14 16
Wavelength (um)
(a)
6

[9)]

o

N

Refractive Index

o

w
IIIIIIIIIIII|IIII|IIII|IIIIIIIIIIII

0.2 0.4 0.6 0.8 1.0 1.2 14
Wavelenath (um)
(b)



Refractive Index

Refractive Index

25 | | n
E k
2.0 -
1.5 3
1.0 :
0.5 _: /\
0.0 — ]
. T 1 | T T 1 I I I L) I 1 | T I 1 I I I 1 L] T | 1 T
0.2 0.4 0.6 0.8 1.0
Wavelenath (um)
(©
2.5
] n
1.0 —:
0.0 —

02 04 06 08 10 12 14 16 18
Wavelength (pm)

(d)

23



Refractive Index

24

o
w
15

o
w
o

o
[}
(3

—
V)
(]

e
N
(93}

o
-
o

o
o
o

o
o
o

Pt -
[ e L L e

_‘3 IIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIlIIIIlII

0.4

06 08 10 12
Wavelength (pm)

(€)

Figure 1.4 (a) Real and imaginary refractive index variation with wavelength of perovskite (b) Real and
imaginary refractive index variation with wavelength of compact TiO- (c) Real and imaginary refractive
index variation with wavelength of MoO3; (d) Real and imaginary refractive index variation with wavelength

of PCBM and (e) Imaginary refractive index variation with wavelength of Spiro MeOTAD

The data for the refractive index used in all the simulations for different materials is shown

the figure 1.4 graphically.?*?*
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CHAPTER 2

Numerical simulation of PCBM and MoOs stacked electron and hole
transport layer based perovskite solar cell

2.1Introduction

In the perovskite based solar PV cells, the need is to identify the best possible materials and
their combinations for ETL and HTL. There are a number of inorganic metal oxides
available as ETL like TiO2 and their properties makes a strong case for their use but their
availability is somewhat limited if we can reduce their amount to be used by adding another
layer of an organic material such as PCBM then this can come up as a possible alternative.
Similarly, if we can add a metal oxide like MoOs to the organic HTL like Spiro MeOTAD,
the cost and ease of fabrication can be reduced and their application span can be increased.
In this chapter, various materials and their combinations are used as ETL and HTL as a
result of which EQE as high as 55% was reported and a PCE of over 14% was observed

and in one of the devices, short circuit current density close to 18 mAcm™ was reported.

2.2Device Simulation and Methodology

Fig. 2.1(a) show the basic structure of perovskite solar cell used for simulation using Spiro
MeOTAD as HTM of thickness 280nm and Compact TiO2 as ETL of thickness 90nm and
thickness of perovskite is 300nm . TCAD is used to create the structure, although the
thickness of different regions have been varied in the subsequent structures, but it is done to
obtain best possible results and for fair comparison.

In Fig. 2.1(b) PCBM of thickness 10nm has been added between compact TiO> and
perovskite as ETM. In Fig. 2.1(c) a thin layer of MoO3 of thickness 10nm and the thickness
of PCBM is 10nm has been added after Spiro MeOTAD as HTM. In Fig. 2.1(d) MoOs of
thickness 10nm has been added as HTL between Spiro MeOTAD and back contact, PCBM
is removed. The electrodes, anode is made up of a high conductivity metal like Au with a
work function of 5.1eV and cathode is transparent Fluorine doped Tin Oxide (FTO) with
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work function of 4.4eV. The rest of the parameters are kept same. The length of all the
structures is kept at 1000nm. The simulation is done considering basic recombination loses
such as Shockley-Read-Hall (SRH), Auger and Radiative recombinations. The
recombination constants used in this simulation are identical to as reported previously in

chapter 1. The simulations performed are under AM 1.5 illuminations. All the structures

proposed are two terminal devices simulated in TCAD Silvaco atlas software.

Cathode O 0 G Sunlight

Compact TiO; (90nm)

Spiro MeOTAD (280nm)

Anode
(a)
Cathode G G G Sunlight
Compact TiOz (90nm)
Spiro MeOTAD (280nm)
Anode

(b)
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Cathode G G O Sunlight

Compact TiO; (90nm)

MoO s (10nm) Spiro MeOTAD (280nm)
Anode
(©)
Cathode G 0 O Sunlight
Compact TiO2 (90nm)

Spiro MeOTAD (280nm)

MoO 5 (5nm)

Anode

(d)

Figure 2.1 (a) Structure 1 i.e. basic structure with Compact TiO; as ETM and Spiro MeOTAD as HTM (b)
Structure 2 with stacked PCBM layer between ETM and perovskite (¢) Structure 3 with stacked PCBM layer
between ETM and perovskite and stacked MoO3 layer between HTM and back contact and (d) Structure 4
with stacked MoOs; between HTM and back contact, PCBM is removed.
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2.3 Simulation Results and Discussion

Fig 2.2 compares the EQE of structures 1, 2, 3 and 4, all the curves obtained are from
wavelength 350-700 nm. As evident from the curve, the peak from structures 2 and 3 is
reached between wavelength 550-600 nm range while the peak for structures 1 and 4 is
obtained at wavelength 430nm. The essential part is that the peak obtained from structures
2 and 3 have peaks at higher wavelength of 500-600 nm due to the addition of PCBM layer
which affects ‘blue’ light that is the short wavelength light absorption which takes place at
the surface of the perovskite whereas the green light is absorbed at the bulk of the
perovskites’ layer. This is because the EQE is affected due to the transmission losses in the
solar cell with the addition of PCBM, the charge carriers have low collection probability
due to high resistance or decreased mobility of electrons but high quantum energy is
produced at low wavelengths and more electron hole pairs are generated as a result but as

stated they are recombined at the HTL/ETL junctions.

Fig 2.3 compares J-V characteristics of the four structures in structures 2 and 3 at low
anode current density of the order of is 0-0.5 mAcm2 and for the structures 1 and 4, the
anode current density is 5SmAcmand goes upto 25 mAcm but the anode voltage for all
the structures is about 1 V at zero Jsc as the carrier concentration and lifetime for structures
2 and 3 is low due to extra addition of PCBM and MoOs. The anode current density is
reduced as the collection probability decreases due to high resistance offered by the PCBM
layer which affects the FF which in turn reduces the Jsc at low Voc .

Fig.2.4 (a) gives the variation of PCE of all the four structures. The losses are high in the
2" and 3" structures due to resistance of the PCBM layer causing a hindrance for the flow
of electron which decreases its FF causing a decrease in PCE in comparison to structures 1
and 4. Moreover, it shows that the addition of MoOz has not affected the efficiency of the
solar cell owing to its small thickness and comparable bandgap with Compact TiO». There
is approximately 10% decrease in the PCE due to the addition of PCBM from structurel to
2 because of the low conduction and valence band density which causes low input power in

the perovskite region.

Fig 2.4 (b) shows the variation of FF for the structures even when the maximum current for

structure 2 and 3 is low. The fill factor is still comparable and only a decrease of 13% is
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observed between the lowest in structure 3 to the highest in structure 1. This is due to the
fact that the maximum values for the current and voltage are comparable which is a
consequence of relatively similar carrier lifetime in the perovskite layer in all the four

structures.

Fig. 2.4 (c) shows Jsc variation in all the structures, because of the low optical losses and
increased collection probability near the pero/PCBM interface of the small wavelength light
aided by the small region of PCBM in structure 3 where the maximum short circuit current
density Jsc is achieved. The low resistance path offered to the flow of electrons by PCBM
also aids in high Jsc but only a small decrease of 2% is observed between the highest and
lowest Jsc. The Jsc for structure 3 is lowest due to increased optical loses in the MoO:s.

Fig 2.4 (d) shows the difference between Voc of all the structures. Voc directly depends on
mobility and carrier concentration and that’s why it is highest for structure 4 followed by
structures 1, 3 and 2. Only a marginal difference of 1.7% is observed between Voc of
structure 1 and 3 chiefly due the low carrier concentration and mobility of PCBM.
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Fig. 2.2: Quantum Efficiency Curve (of structures 1, 2, 3 and 4).
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Fig. 2.4: (a) Power Conversion Efficiency (of structures 1, 2, 3 and 4) (b) Fill Factor (of structures 1, 2, 3
and 4) (c) Short Circuit Current Density (of structures 1, 2, 3 and 4) and.
(d) Open Circuit Voltage (of structures 1, 2, 3 and 4).

2.4 Summary

In this work, the PV device was designed by using different material as HTL and ETL and
combinations of these different materials was also simulated. The EQE, J-V curve, PCE, FF
were obtained and analysed. In the first basic structure where compact TiO> was used as
ETL and Spiro MeOTAD was used as HTL, modifications were made and PCBM and
MoOs was used as ETL and HTL repectively. Although the large values of PCE, FF and
Vo far outweigh the disadvantage of low Jsc in first structure, there are certain applications
of small portable electronic devices such as externally mounted energy sources where high
Jsc Of structure 2 and 3 can be useful. The EQE of Structure 4 clearly resembles the best
possible outcome among the the four structures.lIt is our contention that the combinations of
ETL and HTL should be decided depending on the usage. Overall the best results were
obtained when back contact PCBM was removed and MoOs was employed as HTL in

conjunction with Spiro MeOTAD.
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CHAPTER 3

Optimization of molybdenum trioxide stacked HTL in perovskite based
solar cell

3.1Introduction

In the conventional perovskite based solar cells, this chapter seeks to vary the thickness and
doping of MoOs and compare the results so obtained. The reason for taking this approach is
that the MoOs as HTL and its effects are yet to be fully understood and explored. Firstly in
this chapter, the thickness of MoOs is varied from 5nm to 20 nm and it was observed that
there is a drastic decrease in the short circuit current density by almost 60% as we increased
the thickness. Further, when the doping was varied, the EQE went down from 55% for 1018
cm carrier concentration to 50% for 10® cm= carrier concentration. The cost of fabrication
is reduced upon increasing the thickness and doping of deposition of MoOsz and therefore

this kind of exhaustive study becomes extremely crucial.
3.2 Device Structure and Simulation Methodology

Figure 3.1 (a) shows the layer of MoOs stacked between the anode and the spiro and is
being used as an HTL. Here the width of MoOs is kept at 5nm, and perovskite thickness
which is the active absorbent material is kept at 300 nm and the thickness of spiro is kept at
280 nm which is used as an HTL in conjugation with the MoOs, compact TiO is used as an
ETL and its thickness is 90 nm. Only the thickness of MoOs is varied in the subsequent
structures and the thickness of all the other layers are kept constant so that the results can
be fairly compared. Although the small thickness of MoOsz will pose some difficulties in
fabrication but its advantages far outweigh those difficulties. The electrodes, anode is made
up of a high conductivity metal like Au with a work function of 5.1eV and cathode is
transparent Fluorine doped Tin Oxide (FTO) with work function of 4.4eV. The doping
concentration of Compact TiO2 is kept at 5x10° cm and that of PCBM is 1x10%° cm™ they
are both n type materials. The doping concentrations of perovskite, Spiro MeOTAD and
MoOs are 2.14x10% cm3, 3x10% cm™ and 1x10 cm™ respectively; they are all p type

materials. In figure 3.1 (b) the thickness of MoOz has been increased to 10 nm and the rest
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is kept same as the figure 3.1(a). In figure 3.1(a) structure 5, the doping of the MoOs is also
varied from 10 cm=to 108 cm™ to its effects. the SRH, radiative and auger recombination
constants for MoOs are 10°%cm=/s, 10*cm/s and 103! cm™/s respectively and carrier
lifetime for MoOs is in the order of 10 nanoseconds as discussed in previous chapters. The
length of all the structures is kept at 1000nm. The simulation is done considering basic
recombination loses such as Shockley-Read-Hall (SRH), Auger and Radiative
recombinations. The recombination constants used in this simulation are same as reported
previously in chapter 1-table 1. The simulations performed are under AM 1.5 illuminations.
All the structures proposed are two terminal devices simulated in TCAD Silvaco atlas

software. The simulations performed are under AM 1.5 illuminations.
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Figure 3.2 (a) Structure 5 with MoOs of thickness 5nm stacked between HTM and back contact (b) Structure
6 with increased thickness of 10 nm of MoOj stacked between HTM and back contact and (c) Structure 7
with stacked MoQ3 layer of thickness 20nm between HTM and back contact.
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3.3 Simulation Results and Discussion

In figure 3.2 (a), the PCE with the variation in the thickness of MoOs is shown. As we can
see from the graph, the PCE is highest for the 5nm thickness and the difference of PCE
between 10 nm and 20 nm thickness in almost negligible. This can be attributed to the fact
the all the PCE above 10nm saturates in MoOs because the charge transportation for a
thickness greater than 10nm is less as high resistance is offered to the path of travelling
hole. The mobility of the MoOg is drastically decreased when the thickness is increased
beyond 5 nm and therefore the number of charge carriers being collected at the anode starts
decreasing which reduces the FF of the solar cell ultimately affecting the PCE. There is a
gradual decrese in PCE as we decrease the thickness from 5 nm to 10 nm but once it
reaches 10 nm, there is no decrease in PCE and it saturates. The 5 nm thickness yields the
best results not only for PCE but also for FF and J-V curves. Decreasing the thickness
below 5 nm is not considered suitable as it will pose numerous challenges during
fabrication and different kinds of measures will be required to ensure that there is no

contamination which will further add to the cost of fabrication.

Similarly in figure 3.2 (b), the fill factor between different thickness have been compared
due to reason stated above and the 5 nm thickess structure yield the maximum FF. The FF
is directly proportional to the PCE as discussed in chapter 1 so when the FF is decreased
the PCE for the corresponding structure is affected accordingly. The FF is a measure of the
useful energy or the light energy converted into electric energy so as evident from the
figure 3.2 (b) the maximum useful energy is obtained from the structure having a thickness

of 5 nm.

In figure 3.2 (c), the J-V curves for different thickness of MoOs are compared. The J-V
curve for 20 nm thickness is essentially a straight line which is not useful in solar cell as the
maximum power generated is very low which is due to the low Jsc. But the J-V curves for
the 5 nm thickness and 10nm thickness are comparable. The interesting point is that even
with low PCE and FF, the Vo for 10 nm thickness is slightly higher than the 5 nm
thickness and this is because Vo depends on the saturation current l, as discussed in
chapter 1 eq (5) in the main absorbent layer of perovskite as less number of holes are being

injected into the HTL due to its large thickness and the PV devices’ internal electric field
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increases which saturate the device much more quickly. This translated into a high Vo for
the 10 nm thickness as compared to the 5 nm thickness and as the thickness is increased,
the PV device saturates at a faster rate and for the same reason, the PV device with 20 nm
and 10 nm thickness of MoOs has comparable Voc. The Jsc keeps on increasing as the
thickness of the MoOz is decresed this is because the collection probability is increased i.e.,
more number of holes are collected for small thickness of MoOsz. The low Jsc here
symbolizes high resistance of the PV device which inherently conveys the fact that less
number of holes are successfully travelling through the HTL used here. There is a 60%

decrease in the Jsc as we increased the thickness of MoO3z from 5nm to 20 nm.

Efficiency %
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Figure 3.3 External Quantum Efficiency Curves with variation in doping of MoO3

In figure 3.3, the variation in EQE is shown when the doping of MoOs is varied from 108
to 10 cm3. The EQE is a measure of the conversion rate from photons to the electron hole
pairs generated. Addition of any kind of layer at the back end will affect the EQE at the red
portion of spectrum i.e., the high wavelength light as this light has high penetration depth
so it will be absorbed at the back end of the active layer or near the perovskite/HTL
interface. The reason for the low EQE at low charge carrier concentration in MoOs is the
decrease in mobility of MoOz which decreases the holes collected at the perovskite/HTL
interface. Moreover, the low concentration MoO3z achieves its highest peak of 50% in the
blue region of spectrum as compared to the highly doped MoOs which enables the
increased transportation of charge carriers due to high mobility so the charge carriers
collected from the perovskite layer will receive a smooth passage through MoOs this leads
to the EQE of as high as 55% which is not the case in lightly doped MoOs. On further
study, we found that the doping of all the HTL layers used should be equal and greater than
the active absorbent layer by a factor of 102 cm™ but less than by a factor of 10* cm™ for the
best possible results of EQE beacuse the mobilities of individual layers may vary but the
flow of charge reamins same, so in order to facilitate a smooth charge carrier flow, doping

should remain same. Further increasing the doping yielded no appreciable change in the
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results as the least resistant path is already available. Increasing the doping adds to the cost
of fabrication of semiconductors at nanoscale and may change the properties desired for its
application in PV device. So it is considered wise to not increase or decrease the doping of

the HTL layers too much and should be kept similar to active perovskite layer.

3.4 Summary

In this work, the PV device was designed by varying the width of the MoOs which is used
here as an HTL in conjunction with Spiro MeOTAD. The width was varied from 5nm to 20
nm and variation in the PCE, FF and J-V curve were found. Although the large values of
PCE, FF and Jsc far outweigh the the disadvantage of low Vo in 5 nm thickness of MoO3
as comapred to 10 or 20 nm thickness, there are certain applications of small portable
electronic devices such as calculators where high Vo can be useful. It is our contention that
the thickness of the MoOz should be decided depending on the usage. Overall the best
results were obtained for 5 nm thickness of MoOas. Further the doping of the MoOz was
varied and the EQE for the same was analyzed and it was concluded that the best rsults
were obtained for a doping which is similar to the other material used as HTL and should
be slightly greater than the dopingof the active layer. The ideal doping in our work was

found to be 108 cm™.



41

CHAPTER 4
CONCLUSION

4.1 Summary

We used perovskite as the primary absorbent layer or the active layer in all of the devices
because of its attractive properties as discussed in chapter 1. Despite the fact that a good
absorbent material with suitable bandgap is present yet the PCE is not increasing at a rapid
rate as the materials used as HTL and ETL needs to be studied more thoroughly. In this study

we covered the two main aspects associated with perovskite based PV cells

In the first chapter, different materials were used as ETL such as compact TiO, and PCBM,
similarly different materials were used as HTL such as Spiro MeOTAD and MoOs3,
combination of two or more of these materials were also employed in some of the
simulations. From these analyses we concluded that the individual properties of materials do
not govern the functioning and results of the PV cell but their combinations and their ability
to act as desired by the absorbent material. The PCE is highest in the basic structure but at the
expense of slight decrease in PCE higher Jsc and Voc can be obtained. For small current
application structures 2 with stacked PCBM layer between ETM and perovskite and 3 with
stacked PCBM layer between ETM and perovskite and stacked MoOs layer between HTM
and back contact can be employed as it can generate same amount of voltage for small
current these small solar cells can be used in electronic circuits. the sharp peak in the
quantum efficiency curve at small wavelengths also supports the application span for
structure 4 with stacked MoOs between HTM and back contact, PCBM is removed with large
generation of electron hole pairs the theoretical efficiency of solar cells can easily be

achieved.

In the second chapter, we discussed the simulation results by varying the thickness and
doping of the MoOs layer which is used as an HTL and back contact PCBM was removed so
that the thickness and the doping of the MoOs can be optimised. After studying the results it
was concluded that the optimum thickness of the MoOz was found to be around 5nm at which
the PV device yielded best results but we cannot completely rule out the thickness greater
than 5 nm as it may find its application in low current devices as the Vo is greater than that
of PV device with MoOgzthickness of 5 nm. The doping is found to be optimum at the higher
side of 10! cm and in conjunction with the active layer and other materials used as HTL if
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increasing the doping as it will add to the fabrication cost and yields not appreciable change

in the result so it is advised to not increase the doping by too much either.

4.2 Future Prospects

The low cost of fabrication of this device and attractive results makes it a prime
candidate for its use in handheld electronic devices such as calculators, radios,
televisions, LED lights and even cell phones. The proposed PV device can generate
high power quickly and has maximum power greater than its counterparts therefore
even with quick surges in power, they have a long life span which makes them ideal
for their application in electronic devices.

The generation of power at a large scale for the proposed device will require further
study but so far the results are very promising. The aim is to use proposed device or
its modification at Mega Watt scale power generation. The front contact of MoOs
helps in increasing the PCE and in reducing the fabrication cost so that it can become
economically feasible at industrial scale and easy installation is possible but it is still a
long way from that. Our proposed device will help in realizing a PV cell which has all
the aforementioned qualities.

The proposed device will find its application in the automobile industry. The cars
need sudden acceleration and deacceleration which comes about by varying the torque
which is controlled by the current supplied by the source. The high Jsc supplied to the
batteries used in the cars which are powered electrically by the proposed device can
help solve that aspect of automobile industry if it can be mounted on an automobile as
a secondary source.

The silicon based solar powered street lights sometimes stop functioning when there
are extreme weather conditions. So different manufacturing process is required for it
to be used in different weather conditions like mountains, deserts, coasts etc. But no
such problem was faced in our study and so the proposed device can be looked at as
an alternative as only one manufacturing process will be required for the proposed

device.
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