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ABSTRACT

This dissertation study mainly falls into two parts: simulation study and experimental
investigation of the process-structure-property-performance relationship in perovskite
solar cells.

Herein, a controllable fabrication of annealing-free perovskite films with tunable
crystal grain size and morphology via a seeded approach has been developed.
Specifically, a solution of lead iodide (Pbl2) was spin-coated on a substrate, and a low
concentration solution of Methylammonium iodide (MAI) was dropped onto the Pbl; film
to form perovskite seed before introducing high concentration solution of MAI. The fast,
annealing-free seeded nucleation and growth leads to dense and uniform perovskite thin
films exhibited controllable crystal grains.

In another project, a polymer additive assisted approach to facilitate the growth of
uniform, dense, and ultra-smooth perovskite thin films has also been demonstrated. In
specific, a polymer, Polyamidoamine (PAMAM) dendrimers, was incorporated into the
blend solution of lead iodide (Pbl2) and Methylammonium iodide (MAI) to regulate the
nucleation and growth thereby tuning the morphology and crystallinity. The PAMAM
addition not only realized compact perovskite thin films without pinholes in it, but also
increased the stability.

In the simulation study, both the organic bulk heterojunction solar cells and pervoskite
solar cells have been systematically investigated to help understand the device operation

and guide the experiments. Different electron transport layers (ETL) and hole transport



layers (HTL) were used to study the effect of band gap alignment with adjacent layers and
improve the transport of charges. The change in band gap not only facilitated in collection
of charges but also improved the overall power conversion efficiency (PCE) of the device
in study. Recombination of charges in the bulk active region and its effect on overall

PCE was also studied.
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CHAPTER 1. INTRODUCTION

Although water, global warming, eradication of hunger and poverty, and health are
some of the alarming issues that preventing human being from better living, energy is the
most pivotal compulsion to govern and overcome the above-mentioned issues. The never-
ending energy consumption to the daily requirements has driven the world running short
of fossil fuels energy resources. Most of the energy consumption of the world is provided
by fossil fuels (~80%). The rest is covered using coal (20.8%), natural gas (31.6%) and
crude oil (22.3%)™. Continued dependence on fossil fuels might lead to alarming
increase in rate of CO2 emission. As a renewable energy sources for electricity generation
and power production, photovoltaics that convert endless solar energy to electricity could
be a viable solution. Solar energy has potential as high as 23000 TW, implying by
installing 10% efficient photovoltaic modules covering only 1% area on earth, today’s
global energy demands can be met. After enough investment and persistent study in
photovoltaic field, the maximum capacity of photovoltaics reached only to a fraction of
global energy needs (200 GW).

High-performance, cost effective solar cells for mass production could save the
world in energy crisis, also greatly reduce the emission of greenhouse gas. Compared
with solar cells based on inorganic semiconductors, such as Silicon and Gallium
Arsenide, solution processable organic photovoltaics and perovskite solar cells have a

great potential



to be produced in large quantities at comparatively lower costs because of abundant

materials and their compatibility with roll-to-roll (R2R) printing.

1.1 Hybrid Perovskite Solar Cells

The existing photovoltaic technologies can be categorized into three generations.
The first generation of solar cells is mainly comprised of crystalline silicon and is the
most widely used technology for commercialization to date and cover up to 90% of the
current market. Although the crystalline silicon based photovoltaic technology is widely
used, these bulk silicon solar cells come with limitations in flexibility and energy
consumption to produce high purity silicon ingots. Copper indium gallium selenide
(CIGS) and cadmium telluride (CdTe) based thin film solar cells fall under the second
generation of photovoltaics. CIGS and CdTe PV technologies cover remaining 10% of the
photovoltaic market. These two kinds of solar cells have their limitations in mass
production of telluride and indium. The presence of cadmium in CdTe can be detrimental
to environment. Overall, first-generation and second-generation solar cells may not be a
viable replacement for fossil fuels due to limitations in mass production and overcoming
the cost barrier.

The third generation, which is also known as the emerging photovoltaic
technology holds a strong potential to replace fossil fuels. Dye- sensitized cells (DSSC),
organic solar cells (OSC), quantum dot cells, organic tandem solar cells and perovskite
solar cells (PSC) fall under emerging photovoltaic technologies. Out of all these
technologies, perovskite solar cells standout as a strong contender because of their rapid

progress in efficiency!]. Perovskite solar cells have reached to efficiencies up to 22% in



just a period of 6 years. In comparison, it has taken about 2 decades for silicon based
technologies to reach the same power conversion efficiency.

The same crystal structure as calcium titanate (CaTiOs3), which was discovered by
Russian scientist L.A. Perovski, the class of perovskite materials are represented as
AMX3, where A is an organic cation, M is a metal cation and X is oxide or halide anion.
The structure of a perovskite crystal is demonstrated in fig. 1. A large organic or
molecular cation (positively charged) of type A is in the center of a cube. The metal
cation M and halide anion X are arranged in MXes octahedral form and the center of the
octahedral M is surrounded by halides X at the corners. The typical perovskite crystals are

generally represented in a form of CHsNH3zMXs, where M = Sn, Pb and X = ClI, I, or Brf?

7]_

Pblg
Octahedron

CH5NH,*

® cni
® I

® Pb*

Figure 1:Structure of hybrid AMX3 perovskite crystals(®!



The most used perovskite material possesses relatively low (<50 meV) excitonic
binding energy due to high dielectric constants up to 30 and a high electron mobility of
around 66 cm2V-1s? reported by Stoumpos et al. Because of its high carrier mobility, the
most common perovskite material, methylammonium lead iodide (MAPDI3 or
CH3sNHz3Pbl3) was first studied as an active layer in field effect transistor. Also, the band
gap energy of 1.5 eV is suitable to harvest sun light spectrum. Since Miyasaka et al
fabricated very first CH3NH3PbX3 based perovskite solar cell in 2009 with X =1, Br and
yielded considerable efficiency of 3.8 %( X=I) and 3.1% (X=Br) respectively, a
tremendous amount of work has been carried out to investigate perovskite solar cells and

in about 5 years, the energy conversion efficiencies have recently reached over 20% [,

1.2 Structure and Charge Transport Layers in Perovskite Solar Cells

There are mainly three kinds of well documented device architectures: mesoporous,

regular planar and inverted planar structures as shown in fig. 2.

(b) Au or Ag (c) Agor Al

ETL HTL
TCO TCO

Figure 2: Three typical device structures of perovskite solar cells: (a) mesoporous, (b)
regular (n-i-p) planar structure, and (c) inverted (p-i-n) planar structure 1%



Hybrid perovskite solar cell mechanism was first observed in DSSCs with
mesoporous titanium oxide (TiO2) structure and since then researchers have heavily
studied this structure. Initial study in the perovskite solar cells using mesoporous
structures faced challenges with film uniformity and device stability due to poor
integration of perovskite precursor in the liquid electrolytes. Later the liquid electrolyte
was replaced by Spiro-OMeTAD as the hole transport layer (HTL) and garnered ~10%
power-conversion efficiency. In the recent years, mesoporous structures have achieved
efficiencies close to 20% by optimizing the mesoporous-TiO: layer thickness and
replacing MAPDI3z with a smaller band gap material, formamidinium lead iodide
(FAPDbI3). However, high temperature annealing is usually necessary to produce a TiO2
layer with good crystallinity, which requires high temperature treatment thereby long
processing time and relatively high cost. Although regular planar structures have reached
higher efficiencies, hysteresis is a major problem when the sweep polarity is switched.

Inverted planar perovskite structure doesn’t have any mesoporous scaffold layers.
These structures usually use organic transport layer, poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT: PSS) or transition metal oxides such as NiOx, MoOs,
V205 and WOs as the HTL and fullerene derivative Phenyl-C61-butyric acid methyl ester
(PCBM) as the electron transport layer (ETL). Inverted planar structures have
considerably lower hysteresis compared to the regular structures. Although, the root cause
of reduced hysteresis in inverted structure is still under study but the absence of meso-
TiOz layer is believed to be the reason. Other attractive advantages of inverted planar
structures over the regular structure include ease of fabrication and cost effectiveness.

Due to the inclusion of high processing temperatures of the oxides based transport layers,



inverted planar structures without these oxide layers are preferred. In this dissertation,
inverted planar structures with organic charge transport layers are used as a platform for
device performance study.

In perovskite solar cells with any device architectures, perovskite active layer is
always sandwiched in two charge transport layers: ETL and HTL. In terms of material
types, these two charge transport layers can be either organic or metal oxide. The
commonly used organic hole transport layers include poly(3,4-ethylenedioxythiophene)
polystyrene sulphonate (PEDOT: PSS), 2,2',7,7'-tetrakis(N,N-pdimethoxyphenylamino)-
9,9'-spirobifluorene (spiro-OMeTAD), poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA) and poly(3-hexylthiophene-2,5-diyl) (P3HT) [1-24 PEDOT: PSS is a popular
choice due to its ease in solution processing, high stable work function and due to its
improved ohmic contact with active layer, which enhances hole collection and improves
PCE. However, the acidic and hygroscopic nature of PEDOT: PSS may lead to corrosion
of indium tin oxide (ITO) layer and degrade the perovskite absorber layer by leaking
moisture and oxygen through pin holes*>2%, To address the degradation and stability
issue caused by PEDOT: PSS, inorganic metal oxides such as NiOx are used as p-type
hole transport layer?-241. These metal oxides possess higher carrier mobilities and are
more stable compared to their organic counter parts. However, these oxide layers require
high temperature processing, excess of 300°C, making its application difficult in roll-to-
roll printing of flexible solar cells.

The most commonly used electron selective layers in perovskite solar cells are
Titanium dioxide (TiO2) and Zinc oxide (ZnO) because of their large band gaps and high

electron mobilities. Inorganic electron transport materials such as Aluminum oxide



(Al203), Cesium Carbonate (Cs2Co3) and Lithium fluoride (LiF) have also been reported
to be used as ETL and improve the device performance.

By employing different perovskite processing methods and alternate fullerene
derivatives substantial research has been conducted in the inverted perovskite structures
as summarized in the table 1.1201

Table 1: Several representative devices performances of inverted planar structured
perovskite solar cells

perovskite processing HTL ETL V. (V) J.(mA/em?)  FF (%) PCE (%) stability
one-step PEDOT:PSS PC4,BM/BCP 0.60 10.32 63 39
two-step PEDOT:PSS PC4BM 091 10.8 76 74
one-step (Cl) PEDOT:PSS PC4BM 0.87 18.5 72 11.5
one-step (Cl) PEDOT:PSS PC4BM/TiO, 0.94 15.8 66 9.8
solvent engineering PEDOT:PSS PC¢ BM/LiF 0.87 20.7 783 14.1
one-step (moisture, Cl) PEDOT:PSS PCsBM/PFN 1.0§ 20.3 80.2 17.1
one-step (hot-casting, Cl) PEDOT:PSS PCBM 0.94 224 83 174
one-step (HI additive) PEDOT:PSS PC¢BM 1.1 209 79 182
coevaporation PEDOT:PSS/Poly-TPD PC4BM 1.0§ 16.12 67 12.04
coevaporation PEDOT:PSS/PCDTBT PC,;BM/LiF 105 219 72 16.5
two-step spin-coating PTAA PCBM/C60/BCP 1.07 220 76.8 18.1
one-step solvent PEDOT:PSS Ceso 0.92 21.07 80 1544
one-step cn PEDOT:PSS PC,;,BM/ZnO 0.97 20.5 80.1 159 140 h
one-step (Cl) PEDOT:PSS PC4,BM/ZnO 1.02 22.0 74.2 16.8 60 days
one-step NiO, PC4BM/BCP 0.92 12.43 68 7.8
one-step NiO,:Cu PC4BM/Cgy-bis surfcant 111 19.01 73 154 244h
solvent engineering NiO, PC¢ BM/LiF 1.06 202 813 17.3
two-step NiO, Zn0O 1.01 21.0 76 16.1 >60 days

1.3 Stability of Perovskite Solar Cells

Although much of the focus have been on improving the efficiency of the organic-
halide perovskite solar cells, degradation of these cells has been much of a concern. For
perovskite, solar cells to be commercially available as a viable replacement for the
existing photovoltaic technologies, it must overcome the problem of stability and
degradation. One of the main issues causing instability is when perovskite layers are
subjected to moisture and oxygen. The hydrophilic and volatile nature of
methylammonium lead iodide makes it prone to degradation through humidity and heat.

The presence of moisture and oxygen results in non-reversible degradation process in



Methylammonium (MAI) based perovskite solar cells because MAI hydrolyzes in
presence of moisture and oxygen. [2°! Gratzel et al in their work suggested that it is
important to attain extremely high humidity of <1% to power conversion efficiencies over
15%. Guangda Niu et al also found a similar trend and emphasized on the humidity?7],
Niu et al. have reported a detailed study of decomposition in perovskite absorber layer
identifying ultraviolet (UV) light, solution processing techniques and thermal effects
along with moisture and oxygen as the key factors causing degradation.[?]

From the perovskite crystal structure, it can be inferred that methylammonium
cation via hydrogen bonds is weekly bonded with lead and halide ions. This weak
bonding can result in breaking of bonds with exposure to water molecules. The stability
problem in the perovskite absorber layer can be overcome by modifying the elemental
composition of the perovskite absorber material. Perovskite absorber layer stability can
also be controlled by adding functional molecules or polymer additives to absorber layer
material. These nanometer-sized polymer additives help crosslinking the neighboring
perovskite grains and wraps the crystal surface making absorber layer less susceptible to
moisture and oxygen.

Plenty of extensive studies have been carried on to address the stability of the
whole device and the absorber layer itself. Addition of polymer additives to perovskite
absorber layer has shown to improve the crystallinity and increase the device stability.
Halogen additives such HI, alkyl halides, phosphonium halides, NH4ClI, CaCl> have also
been reported to enhance the device performance!?-321, Polyethyleneimine (PEI) has
shown to control the crystal-growth of the perovskite film. Addition of Polyethylene

glycol (PEG) additive to perovskite precursor have shown to improve the morphology of



the perovskite film!®3l, Stability of perovskite absorber layer have shown to be improved

with bifunctional 4-ABPA ammonium cation34,

1.4 Working Principle of Perovskite Solar Cells and Device Characterization

As stated before, in this study inverted structure with organic charge transport
layer is utilized because of easy fabrication and avoiding high-temperature processing of
metal oxides. The inverted architecture of perovskite solar cells is shown in Figure. 3(a).
It consists of ITO anode, PEDOT: PSS hole transport layer, perovskite light absorbing

layer, PCBM electron transport layer, and aluminum cathode.
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Figure 3: (a) Schematic of inverted perovskite solar cell structure used in the
project, (b) energy band diagram showing charge carrier transport and collection.



In a typical photovoltaic device, photo-excited charge carrier undergoes three
major steps: generation of charge carriers, charge transport and collection at the
electrodes. First, electrons and holes are generated when a photon is absorbed by the
perovskite absorber layer. Bandgap of the perovskite absorber layer determines the
number of photons that can be absorbed. Photons whose energy is higher than the
bandgap of the absorber layer are absorbed and broken down to free electron and hole
charge carriers, while incident photons whose energy is lower than the bandgap will go
through without absorption. Low bandgap materials ensure more absorption of photons;
however, narrow band gaps can also harm the device by compromising the photovoltage.

Photo generated charges are transported to the corresponding electrodes through
electron and hole transport layers. Generally, larger diffusion lengths in active layer are
beneficial in transport of charges as the charges can reach the buffer layer interfaces
before being recombined. In the charge collection process, electrons are collected at the
metal cathode (Al, Ag) through electron transport layer and holes are collected at the ITO
anode through hole transport layer. These charge selective electron and hole transport
layers play a crucial role in the charge transport and collection process. These layers help
in reducing the energy barrier between perovskite absorber layer and the respective
electrodes thereby minimizing the interfacial recombination of charges.

Figure. 3 (b) shows energy band diagram of inverted perovskite solar cells with
ITO/PEDOT: PSS/Perovskite/PCBM/AI structure. Energy band diagram is an important
tool to show charge transport and collection. As the sunlight shines on the perovskite
solar cells, the photons with energy greater than band gap of perovskite semiconductor

will be absorbed and generate electron and holes as free charge carriers. Electrons in the
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conduction band like balls move from perovskite active layer through PCBM electron
transport layer and are collected at Al cathode. Meanwhile, holes in the valence band like
bubbles transport from perovskite layer to PEDOT: PSS hole transport layer and are
collected at ITO anode. From the energy band diagram, it can be noticed that PCBM ETL
layer also serves as hole blocking layer from hole collection at Al cathode, and PEDOT
HTL acts as electron blocking layer from electron transport and collection at ITO anode.
Therefore, charge transport layers facilitate collection of respective charges to the
corresponding electrodes and block the undesired charges. The accumulation of positively
charged holes at ITO anode and negatively charged electrons at Al cathode creates
electric field between electrodes thereby generating electricity.

The power-conversion efficiency (PCE) can be characterized by current versus
voltage measurement. Since current depends on device area, current density is the
parameter to characterize the performance of solar cells. Figure 2 shows the schematic of
current density versus voltage (J-V) curve. PCE is the ratio of maximum electrical power
output to the incident light power (Equation 1). Another parameter called fill factor (FF)
is defined as the ratio of maximum output power to the product of short-circuit current
(Jsc) and open-circuit voltage (Voc), which is indicated by the shape of the J-V curve, the
squarer the J-V curve, higher the FF. Short-circuit current is the current when the solar
cell is short-circuited, the voltage across the cell is zero. Open- circuit voltage is the
maximum voltage through solar cell when the current is set to zero. Based on Equation 3,
the efficiency of a solar cell is determined by short-circuit current density, open-circuit
voltage and fill factor (FF). Power conversion efficiency of a solar cell can be greatly

improved by increasing these parameters.
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Figure 4: J-V curve of a solar cell
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CHAPTER 2. SIMULATION STUDY OF PEROVSKITE SOLAR CELLS

2.1 Introduction
Semiconductor device simulator is a powerful tool to get physical insight and

guide experiments. Here a commercial software, semiconducting emissive thin film optics
simulator (SETFOS), is employed to study opto-electronic properties of multi-layer
organic and perovskKite solar cells. By varying input parameters, such as layer thickness,
mobility, recombination, the device performances can be simulated. Based on physical
insight from the device simulation and parameter optimization, experiments can be

guided to attain high performance solar cells.

charge drift-diffusion
& recombination

.

exciton
diffusion, transfer & decay

T

dipole emission /
light-incoupling

11PD JE|O>

Figure 5: Simulation workflow of SETFOS for photovoltaic devices

Fig. 5 shows the workflow of SETFOS simulation for organic and perovskite solar
cells. SETFOS first calculates the reflectance (R) and transmittance (T) as a function of

wavelength. The absorbance (A) is then determined based on the conservation of energy
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A= 1- (R+T). The absorption profile of every individual layer is derived by using

the refractive index (n) and extinction co-efficient (k) values.
When light passes through a medium, some part of it will always be attenuated.

This can be conveniently considered by defining a complex refractive index.

n=n+ik
Then the absorption coefficient can be expressed in terms of extinction coefficient
as:

(4tk)

And Transmission T is given by

T = exp(—ad)
Where ‘o’ is the absorption coefficient and ‘d’ is the thickness. In the above

equation scattering losses are neglected and the fraction of radiation lost (1-T) is

attributed entirely to absorption.

A=1-—-T
=1 — exp(—ad)

Refractive index and extinction coefficient values extracted from literature or
experiments were plugged in SETFOS to obtain absorbance for the perovskite absorber
layer.

After light absorption, electron and hole pairs (excitons) are generated. After

dissociation, free electrons and holes are created. To calculate the charge carrier transport

as drift and diffusion, the semiconductor continuity equations are used.

dn _ TR 2 goptey G
at ~  q ar + 9OPlp Gn
dn VE; dpt

—= £ —-R— —+qgoptyp G
aE p 2t T 90Ptp Gp
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Where n is the density of electrons, p is the density of holes, R is recombination,

dant dp

— and d—tt denotes charge capture by traps and goptnp is the generation efficiency.

The simulation parameters used in this study are summarized in table below.
Perovskite has good absorption and the optimum thickness selected for simulations was
around 300nm. The highest occupied molecular orbital (HOMO) and lowest occupied
molecular orbital (LUMO) of perovskite layer are 3.9 eV and 5.4 eV which constitutes to
a favorable bandgap of 1.5 eV. Perovskites have high electron, 5 cm?V!s* and hole
mobility, 5 cm?V-1s?

Table 2: Input parameters used for perovskite solar cell simulation

Parameter Symbol Value Unit
Thickness (perovskite) Th perovskite 300 nm
LUMO (perovskite) LUMO perovskite 3.9 eV
HOMO (perovskite) HOMO perovskite 5.4 eV
Dielectric constant (perovskite) 10 -
Electron mobility Hn 5 cm?V-ist
Hole mobility Hp 5 cm?V-ist
Langevin recombination nrR 0.08 1
efficiency
Optical charge 1 1
generation efficiency
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2.2 Influence of Different PCBM and Cathode Materials on PCE
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Figure 6: Energy band diagram of perovskite solar cells with inverted structure of
ITO/PEDOT/Perovskite/PCBM/Cathode. ETL layer is either PCs1BM and PC7:BM with
Al or Ag cathode.

In the inverted structure of ITO/PEDOT/Perovskite/PCBM/Cathode, PCBM serves
as an electron transport layer to facilitate transport of electrons from perovskite absorber
to Al/ Ag electrode. There exist two kind of PCBM: PCs:BM and PC7:BM with different
LUMO energy levels. PCs1BM has LUMO energy level of 3.9 eV, the same as the
perovskite semiconductor. PC7:BM has LUMO energy level of 4.1 eV, lower than the
LUMO of perovskite, which will facilitate electron transport to cathode. As shown in the
Table 3, with the same cathode, perovskite solar cells with PC7:BM as ETL always
demonstrate better performance than those with PCs1BM. As for the cathode metal,
typically used materials are low work function metal Al and Ag. Metal Al has work

function of 4.26 eV, smaller than Ag work function of 4.6 eV, which means the Fermi
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level of Ag is lower than Al. The large energy difference between LUMO of PC7:BM and
Fermi level of Ag results in hindering efficient electron transport thereby lowering the
PCE, which is indicated in Table 3. The optimum combination for energy level matching
Is with PC7:BM and Al electrode, attaining an efficiency of 13%, which is higher than the
worst case of PCe1:BM with Ag cathode (PCE = 7.9%).

Table 3: Device performance with PCBM ETL and Al/ Ag cathode

Fullerene and

Electrode Vo ). FF Efficiency
PC,,BM with Ag 0.669 22.660 0.5206 7.8925
PC,,BM with Al 0.748 22.146 0.659 10.9188
PC,,BM with Ag 0.755 22.668 0.6133 10.5007
PC,,BM with Al 0.714 22.160 0.8235 13.0313
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2.3 Effect of P3HT Hole Mobility on Efficiency

3.1eV

e
3.6 ' e
3.8 39eV

4.0 - )

4.2
4.4 7

sedm il 170 (100nm)
4.8

5.0 7

527 \J 5.1eV
5.4

5.6

5.8 h+

6.0 5.9eV

6.2— h+

6.4 —
6.6—

6.8 —

;g: h( ITO glass /

7.4
7.6

P3HT(20nm)

Energy (eV)

Figure 7: Energy band diagram with P3HT as HTL in inverted perovskite solar
cells

Conventionally P3HT is used as a strong electron donor in organic solar cells.
Recent research has demonstrated that P3HT can serve as a HTL in inverted perovskite
solar cells to facilitate transport of holes from perovskite absorber layer to the holes
collecting ITO electrode. Herein, the effect of P3HT hole mobility on the overall device
performance was studied. From the band diagram in fig. 7, HOMO energy level of P3HT
matches well with the HOMO of perovskite active layer. Hole mobility is responsible for
transport of holes via P3HT hole transport layer to the ITO electrode. The simulation
results in Figure 8 show that as the hole mobility of P3HT layer increases, the open circuit
voltage and fill factor increases accordingly. As the hole mobility in P3HT increases, less

photo-carriers are accumulated inside the bulk thereby reducing the charge carrier
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recombination. As a result, the power conversion efficiency increases as hole mobility in

P3HT increases.
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2.4 PCE versus ITO Work Function
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Figure 9: Energy band diagram with PEDOT HTL and PCBM ETL

y

For the conventional inverted perovskite solar cells with
ITO/PEDOT/Perovskite/PCBM/AI structure, the effect of ITO work function change on
the device performance was also investigated in this study. Fig. 9 shows the energy band
diagram with ITO work function variation from 4.0 eV to 4.7 eV. Upon light absorption
by perovskite active layer, the generated electrons move through PCBM and are collected
at Al cathode, while holes transport through PEDOT layer for collection at ITO anode.
Both electrons and hole are not able to transport to the opposite directions because PCBM
ETL also serves as hole blocking layer and PEDOT HTL acts as electron blocking layer.
As demonstrated before for electron transport from PCBM to Al cathode, the appropriate
energy difference between LUMO of PCBM and Al Fermi level is critical. Herein, the

energy difference between HOMO of PEDOT and Fermi level of ITO was also studied.
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Figure 10: Efficiency vs ITO work function

Fig. 10 shows the effect of ITO work function modification on overall PCE of the
device. As increase in ITO work function lowers the Fermi level, facilitating hole
injection from PEDOT HTL to ITO anode. The closer the work function of ITO is
increased to the HOMO of PEDOT, the more convenient for holes transport and being

collected at ITO anode, leading to overall enhancement of PCE.
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Figure 11: Energy band diagram without PEDOT hole transport layer

Although PEDOT is a conventional choice serving as HTL in inverted perovskite

solar cells, the hygroscopic and acidic nature of PEDOT can corrode ITO layer and

degrade the perovskite active layer thereby causing the solar cell degradation. Fig. 11

shows the energy band diagram of typical inverted perovskite solar cells without PEDOT

HTL layer. The effect of ITO work function modification without the PEDOT hole

transport layer between perovskite absorber layer and ITO electrode was also

investigated. As shown in fig. 12, without PEDOT hole transport layer, the correlation

between power conversion efficiency and ITO work function follows similar trend, i.e. as

ITO work function increases, PCE is improved. However, without PEDOT hole transport

layer, the overall power conversion efficiency is lower compared to case with PEDOT at

same ITO work function. As a hole transport layer, PEDOT can smooth the energy step
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between perovskite and ITO, creating appropriate energy difference for hole transport

from perovskite to ITO.
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Figure 12: Efficiency vs ITO work function
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CHAPTER 3. SIMULATION STUDY OF ORGANIC POLYMER SOLAR CELLS

3.1 Introduction

Organic photovoltaic (OPV) technology has received great attention in the past
decade because of easy fabrication and cost effective over a large area, and the power-
conversion efficiency has improved from about 1% in to more than 10%, which is from
organic bulk heterojunction solar cellsB>41. Compared to the inorganic semiconductors
which have low exciton binding energy due to high di-electric constant, organic
semiconductors require substantial energy to dissociate the excitons into free electrons
and holes because of their lower di-electric constants and strong Coulomb interaction
[3842] Also, organic semiconductors have low charge transport mobilities. Charge
transport between molecules is by hopping instead of moving in the energy band due to
weak van der waals interaction in organic semiconductors. Although afore mentioned
properties, organic semiconductors have demonstrated high absorption coefficients,
requiring very thin absorber layer to harvest sunlight spectrum(*l, and the solution
processable capability enables organic solar cells to be manufactured using low-cost roll-
to-roll printing. Researchers throughout the world have made every effort in improvement
of the efficiency by synthesis of new novel materials, understanding the device
mechanism, engineering new device architectures, improving the charge carrier transport

by designing new pathways*°.
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The schematic in fig. 13 shows the basics steps involved in light harvesting of the
organic molecules, exciton generation/diffusion/separation, charge transport and
collection at electrodes. During the energy conversion process, both excitons and free

charge carriers can be recombined thereby the absorbed photons are wasted.

Incident photons

Conversion step

( ~
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Figure 13: Schematic flow chart showing the steps converting sunlight to electricity in
organic photovoltaics.

Currently bulk heterojunction PV cells based on polymer-fullerene derivatives
(electron donor-acceptor) are the most successful organic solar cells. A typical BHJ solar
cell configuration is shown in fig. 14, in which the active layer consisting of the donor

and acceptor blend is sandwiched between a transparent anode on glass and metal
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cathode. The sun light is usually absorbed in the conjugated polymer layer (electron-
donating semiconductor), and strongly Coulomb-bound electron-hole pairs known as
excitons are generated inside the donor polymer. Before dissociation, photogenerated
excitons must diffuse towards the fullerene derivative (electron acceptor) and reach the
donor-acceptor interface first. Because of the energy offset between electron donor and
acceptor materials at the interface (heterojunction), excitons are separated with free
electrons moving into low-energy states in acceptor and holes transporting in the donor
material. Finally, electricity is generated when electrons are collected at top metal cathode
and holes reach the transparent conducting oxide (TCO) anode. The formation of
heterojunction structure in organic solar cell development is a quantum leap for

significant increase of power-conversion efficiency3®4°,

TCO

.‘ glass

Figure 14: Schematic of conventional (regular) polymer-fullerene bulk heterojunction solar
cells. A blend of conjugated polymer with a fullerene derivative serves as active layer. A
transparent conductive oxide (TCO) such as ITO acts anode, and a top metal electrode*414°]
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Although conventional (regular) organic solar cells have resulted in high
efficiencies, there are some underlying issues which are hindering the further
improvement of the OSCs. In the conventional organic solar cell structure as shown in
fig. 14, ITO is used as the efficient hole collecting electrode (anode) and a layer of
PEDOT: PSS is used as a hole transporting layer. The strong acidic nature of PEDOT:
PSS layer results in the corrosion of ITO/ PEDOT interface over the period of time. The
degradation of ITO/ PEDOT interface quality inevitable reduces the solar cell
performance. Conventional solar cell structure also uses low-work function metal,
aluminum (Al) as top electron collecting layer (cathode) which is widely regarded as air-

sensitive in nature.

Energy (eV)

Energy (eV)

Figure 15: Schematic of solar cell configuration for a) Regular structure: ITO (anode)
glass/ PEDOT: PSS/ PCPDTBT: PC70BM/ Al (cathode) b) Inverted structure: ITO
(cathode) glass/ ZnO/ PCPDTBT: PC70BM/ PEDOT: PSS/ Au (anode)
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Air-sensitive issue of Al electrode makes a way for the diffusion of oxygen and
moisture in the underlying active layer through pinholes and grain boundaries, damaging
the device stability.

To address stability issue in OSCs with regular structure, inverted OSC
architecture was developed as shown in fig. 15(b). Instead of PEDOT hole transport layer
on the top of ITO electrode, electron collecting buffer layer, such as ZnO or TiOg, is
deposited on the ITO surface. After spin-coating of active layer, metal oxides such as
MoO3 or V20s is deposited on the top of it as hole transport layer followed by the thermal
evaporation of air-stable and high work-function metals such as gold (Au) and silver (Ag)
as anode. Therefore, in the inverted architecture, the polarity of charge transport and
collection is reversed and bottom contact ITO serves as an electron collecting electrode
(cathode). In addition, the use of ZnO/ TiO- electron collecting buffer layers to replace
acidic PEDOT: PSS and replacement of air-sensitive top electrode with a stable high

work-function electrode results in an improved device stability.

3.2 Inverted Device Structure and Materials in Simulation

An inverted solar cell structure has been shown to be a promising solution to
increase the air stability of organic bulk-heterojunction photovoltaic cells while
preserving their solution processibility and ability to be fabricated on a variety of flexible
substrates. In this structure, conducting polymer PEDOT:PPS serves not only as a hole
transport layer, but also as a protecting layer to block the diffusion of oxygen into the
active layer. Air stability is further increased by replacing low work function Aluminum

with a higher work function, higher stability metal on top of PEDOT:PPS as the anode. In
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this study, low band gap polymer Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-
b;3,4-b’]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT), was used as donor
polymer in the inverted solar cell architecture: ITO/ETL/PCPDTBT: PCBM/ PEDOT:
PSS/ Au as shown in Figure x. PCPDTBT and PC70BM were chosen as donor and
acceptor molecules because of their broad-spectrum absorption due to the low bandgap
nature of the PCPDTBT polymer (~1.46eV). The chemical structure of PCPDTBT and
PC70BM molecules are shown in Figure x. The effects of PCPDTBT: PCBM active layer
thickness, charge carrier mobility, the langevin recombination rate, and electron transport

layer selection on power-conversion efficiency (PCE) were systematically investigated.

GLASS

Figure 16: Inverted organic solar cell configuration: ITO (cathode) glass/ ZnO/PCPDTBT:
PCBM/ PEDOT: PSS/Au (anode)
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Figure 17: Chemical structure of a) PCPDTBT polymer b) PC70BM 48]

3.3 Optimization of Active Layer
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Figure 18: a) Variation of efficiency, short-circuit current density and fill factor with active
layer thickness b) Simulated J-V characteristics as a function of active layer thickness.

Since active layer thickness plays critical role in performance of organic bulk
heterojunction solar cells, it has always been the first device parameter to be optimized.
The optimized active layer thickness can balance the light absorption and charge carrier
recombination, reaching the best performance with the given material system. In this
study, the active layer thickness was also first optimized based on a given electron

mobility of 6E-3 cm?/Vs, a hole mobility of 1E-4 cm?/Vs, and a Langevin recombination
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rate of 0.5. Langevin recombination rate is a parameter to characterize the recombination
of electrons and holes during transportation in the device. As seen from fig. 18a, PCE
reaches a maximum value of 3.97 with an active layer thickness of 60nm, where light
absorption and recombination are anticipated to be well balanced. The efficiencies at
active layer thickness smaller and larger than 60nm are always lower than this peak
efficiency. This peak efficiency can be explained by the variation of short-circuit current
density and fill factor as a function of active layer thickness. As the active layer thickness
increase, more sun light can be absorbed, resulting in the increase of Jsc. On the other
hand, the increase of active layer thickness cause more recombination of electrons and
holes because these charge carriers have to transport longer distance to reach their
respective electrodes. The increased charge carrier recombination lowers the fill factor,
which has been indicated in the later session. All these parameters, including efficiency,
short-circuit current density and fill factor are extracted from simulated current density
versus voltage curves as shown in fig. 18b. Note that the open-circuit voltage almost does

not change with variation of active layer thickness.

3.4 Dependence of Optimal Thickness on Mobility and Recombination

Above simulation on optimization of active layer thickness is based on given charge
carrier mobilities and recombination. Here the dependence of optimal active layer
thickness on mobility and recombination rate was further investigated. First, the
recombination rate is kept the same as 0.5, the charge carrier mobilities for both electrons
and holes are increased by one order of magnitude, that is, electron and hole mobility is

increased to 6E-2 cm?/Vs and 1E-3 cm?/Vs, respectively. As shown in fig. 19a, the
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maximum efficiency happens at active layer thickness of ~70nm rather than ~60 when the
charge carrier mobility increases, and this peak efficiency of 4.51 is higher than the
maximum efficiency of 3.97 at active layer thickness of 60nm. As the charge carrier
mobilities increase, the active layer thickness is allowed to increase for more light
absorption while maintaining the recombination unchanged. Therefore, the maximum
efficiency increases at a larger active layer thickness. Figure 13b shows the short circuit
current increases as active layer thickness increases, while the fill factor presents the
opposite trend. The maximum efficiency occurs at the best combination of short circuit
current, fill factor and open circuit voltage. The open circuit voltage does not change
except for active layer thickness of 30nm.

Second, the dependence of optimal active layer thickness on recombination rate was
also studies. In this case, the charge carrier mobilities for electrons and holes remain the
same as before, that is pn = 6E-3 cm?/Vs and pp = 1E-4 cm?/Vs. As shown in fig. 19c,
when the recombination rate decreases from 0.5 to 0.1, the peak efficiency of 4.49 is
attained at active layer thickness of ~70nm. The reduced charge carrier recombination
allows thicker active layer for more light absorption, leading to an enhanced efficiency.
Again, the parameters of short circuit current and fill factor in fig. 19c are extracted from
the simulated J-V characteristics shown in fig. 19d.

In a summary, the simulation study on active layer thickness concludes that optimal
active layer thickness is related to mobility and recombination, which is the same as
literature report!?3l, An increase of mobility and a reduction of recombination rate allow

for a thicker active layer, which enhances light absorption for higher efficiency.
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Figure 19: Dependence of optimal thickness on mobility and recombination a) PCE, Jsc,
and FF versus thickness at increased mobility of g, = 6E-2 cm?/ Vs and pp = 1E-3 cm?/ Vs
and constant recombination rate = 0.5; b) simulated J-V characteristics for parameter
extraction of part a; c) PCE, Jsc, and FF versus thickness at reduced recombination rate of
0.1 and unchanged mobility of un = 6E-3 cm?/Vs and W, = 1E-4 cm?/Vs; and d) simulated
J-V characteristics for parameter extraction of part c.
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3.5 Effect of Recombination
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Figure 20: a) Effect of langevin recombination rate on PCE, Jsc, and FF, b) simulated J-V
characteristics as langevin recombination rate varies.

Fig. 20a verifies the anticipation mentioned before that increased recombination
causes reduced fill factor thereby overall power conversion efficiency. As the Langevin
recombination rate increases from 0.1 to 0.9, the FF starts to drop from 53% at 0.1 to 47%
at 0.9. Langevin recombination doesn’t affect the short-circuit density by much and no

influence on open-circuit voltage as shown in fig. 20b.

3.6 Effect of Hole Mobility in the Electron-donating Polymer

Usually hole transport in the electron-donating polymer is slower than electrons in
electron-accepting fullerene derivative. Researchers try to improve the polymer
crystallinity to increase the hole mobility thereby balancing the electron mobility. Here
the active layer thickness is kept at the optimal value of 60nm. As shown in fig. 21a, an
increase in hole mobility results in an increase in the device’s efficiency primarily due to

the enhancement of fill factor. The PCE reaches the peak value as hole mobility
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approaches to the electron mobility (6E-3 cm?/Vs). Fig. 21b clearly shows fill factor

increases as hole mobility increases.
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Figure 21: a) effect of hole mobility on power-conversion efficiency, short-circuit current
density and fill factor, b) simulated J-V characteristic curves with different hole mobility.

3.7 Electron Transport Layer Selection

Energy (eV)
Energy (eV)

Figure 22: Energy band diagram of PCPDTBT: PCBM based organic bulk heterojunction
solar cells using a) ZnO and b) TiO:z as electron transport layer

In inverted ITO/ETL/PCPDTBT: PCBM/ PEDOT: PSS/ Au structure, both ZnO
and TiOz can be used as electron transport layer. The energy band diagrams shown in fig.

22 indicate that ZnO and TiOz share the same LUMO energy level. The placement of
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LUMO energy level ensures the smooth transport of electrons from PCPDTBT: PCBM
active layer to the ITO electron collecting electrode. On the other hand, the low HOMO
energy level of ZnO and TiO- also serves as a hole blocking layer to ensure that holes do
not travel to the ITO electrode.

Table 4: Device parameters for both ZnO and TiO: electron transport layers

Electron Elect'r ‘.m Wor_k Voc Jsc Fill Factor | Efficiency
Transport | Mobility Function v) (mA/Em2) (%) (%)
Layer (cm?/Vs) (eV)
Zn0 30 4.1 0.8918 -14.419 35.26 4,53
Tio, 3.0E-4 4.1 0.9617 -14.5985 29.71 4.17

Although there is no difference in terms of energy level between ZnO and TiOx,
electron transport in ZnO is much better than in TiO2. Based on mobility difference,
simulation was done to study the effect of electron mobility in ETL on the performance.
As indicated in Table 4 inverted organic solar cells with ZnO as electron transport layer
have enhanced fill factor compared with those using TiO2 as ETL, which results in
improved efficiency. Therefore, it is safe to conclude that ZnO is a better choice serving
as an electron transport layer due to its much higher electron mobility than TiO2, even

though there is no difference in LUMO energy level.
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CHAPTER 4. CONTROLLABLE GROWTH OF ANNEALING-FREE
PEROVSKITE THIN FILMS VIA A SEEDED APPROACH

Organometal halide perovskites solar cells (PSCs) have recently sparked extensive
attention due to their high carrier mobility for long diffusion length, suitable optical
bandgaps for strong absorption of light®#8-5%1. One of the main challenges in fabricating
high yield PSCs is to control the morphology and crystallinity of perovskite films [56-581,
Various techniques for fabricating the perovskite thin films have been documented. One-
step spin-coating approach, directly spin-coating of premixed lead iodide (Pblz) and
methylammonium iodide (CH3NHzsl, MALI), is the most convenient to implement, but the
resulting films usually have poor surface uniformity and coverage>®%2. The two-step
deposition approach, in which perovskite thin films are formed by sequentially depositing
Pbl> and MAI, generates perovskite solar cell devices with high efficiency with good
reproducibility[®-6%1. Other methods, such as vapour-assisted depositiont>366-681 splvent
engineeringf®®72 and compositional tuningt”®7, have all been reported to improve
perovskite thin film fabrication and device efficiency.

Herein, a new seeded crystallization technique for perovskite deposition with
controlled morphology and grain size is reported. Specifically, a solution of Pbl, was
spin-coated on a substrate, and a low concentration solution of MAI was dropped onto the
Pbl> film to form perovskite seeds before the spin-coating of high concentration solution
of MAI. The seeded nucleation and growth leads to dense and uniform films exhibited

controlled crystal grains.
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The schematic illustration of seeded layer growth is shown in fig. 23 below.
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Figure 23: Schematic illustration of seeded growth of perovskite thin films and

device fabrication.

For a typical seeded deposition of perovskite, Pbl> and MAI were dissolved in

dimethylformamide (DMF) and 2-propanol (IPA), respectively. 100 uL of 1M Pbl, was

spun onto poly(3,4-ethylenedioxythiophene): poly(styrenesulphonate) (PEDOT: PSS)

covered indium tin oxide (ITO) glass, followed by dropping 200 uL of 1 mg/mL MAI on

the surface of Pbl> thin film for 1 minute. The remaining MAI solution was spun off and

followed by dropping a high concentration of MAI solution (10 mg/mL) for 1 minute

before spin-coating. The yellowish colour of Pblz did not change after the addition of low

concentration MAI solution. However, a dark brown colour appeared immediately after

the introduction of high concentration MAI solution, indicating the formation of
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perovskite crystals. Fig. 24 shows the scanning electron microscopy (SEM) images of
Pbl: thin film (fig. 24a), Pbl> thin film with perovskite seeds (fig. 24b), perovskite thin
film obtained by seeded growth (fig. 24c), and perovskite thin film made from premixed
Pbl> and MAI solution (fig. 24e). As a comparison, perovskite thin films were fabricated
by using a well-established inter-diffusion method*2l. Fig. 24a reveals a very compact,
dense and continuous Pbl: film, while the Pbl/seed film (fig. 24b) is porous due to the
reaction between Pbl, and MAI, and the subsequent formation of MAPbDI3 seeds.
Continuous and pinhole free perovskite thin film is formed after the addition of high
concentration MAI, as shown in fig. 24c and 24d. In contrast to the particle-like grains of
perovskite thin film obtained from seeded growth, the perovskite film made from
premixed Pbl> and MAI blend solutions is composed of fibre like structure, with large
amount of pin holes and poor surface coverage, as shown in fig. 24e. For the inter-
diffusion method, the as-obtained perovskite thin film is composed of perovskite
particles, as shown in fig. 24f. However, the surface of the film is less smooth and dense.
To further investigate the seeded growth of perovskite thin film, X-ray diffraction
(XRD) characterization was performed, as shown in fig. 25a. The Pbl film shows a
strong peak at 14.6°. After the addition of low concentration MAI solution, the resultant
thin film generates an XRD pattern basically the same as the pattern of pure Pblz, which
may indicate that the amount of perovskite seeds is very small and amorphous in nature.
In the XRD pattern of perovskite thin film formed by seeded growth, the peak at 14.6°
completely disappears, suggesting the fully conversation of Pbl, into perovskite. There is
also no peak shown at 12°, the characteristic peak of MAI, indicating that there is also no

residue of MAI.
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Figure 24: Fig. 1 SEM images of a) the Pbl film, b) the perovskite seed layer, c) the
perovskite film obtained by seeded growth, d) high magnification image of perovskite
film by seeded growth, e) the perovskite thin film obtained from the premixed Pbl and
MAI solution, and f) regular interdiffusion method without seeding layer

To monitor the growth of seeded growth of perovskite, UV-vis measurements were
conducted, with results shown in fig. 25b. Both Pbl> and Pbl>/seed thin films show a
strong peak at 496 nm. The difference of absorption intensity between Pbl> and Pbl,/seed
may be attributed from the thickness difference. For perovskite thin films obtained by
seeded growth, UV-Vis spectra show an absorption edge at 760 nm. Surprisingly, the

annealed perovskite thin film generates basically a same spectrum like the unannealed
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thin film. In contrast to the interdiffusion method, in which the absorption increased
during thermal annealing of perovskite thin film, our method seems to produce thin film

without the necessity of annealing.
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Figure 25: XRD patterns of Pbl,, Pbl> with perovskite seed, and the perovskite thin film
formed by seeded growth. 3b) UV/Vis spectra of Pbl,, Pbl, with seed, perovskite thin
film obtained by seeded growth with or without thermal annealing.

To optimize the thin film fabrication, extensive study was carried out using SEM and
XRD measurements. To begin with, investigation of the influence of first step MAI by
varying its concentration from 0.5 mg/mL, 1 mg/mL, 1.5 mg/mL, to 2 mg/mL while

keeping the concentration of the second step MAI constant was conducted, with results

shown in fig. 26.
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Figure 26: SEM images for first MAI layer optimization. For the second step of
MAI, concentration was constant at 10 mg/mL. For the first step MAI, concentration was
varied from 0.5 mg/mL (a & d), 1 mg/mL (b & e), 1.5 mg/mL (c), and 2 mg/mL (f),
respectively.

Results show the concentration of first step MAI is an important factor to achieve
uniform and dense perovskite thin films. When the concentration of first step MALI is 0.5
mg/mL, besides the formation of a dense and pinhole free thin, it also generates many
small particles. When the concentration of first step MAI is 1.5 mg/mL, it generates some
large clusters. When the concentration increases further to 2 mg/ml, the concentration is
high enough to trigger the formation of perovskite particles, instead of dense thin film
with seeds. The best concentration of first step MAI is 1 mg/mL, which gives the

perovskite thin with the most uniform morphology.
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Figure 27: a) XRD patterns of perovskite thin film with different incubation time of
Pbl2 and first step MAI solution. b) grain size analysis by using Scherrer equation. The full
width at half maximum at 33.6° was employed for the calculations

30 mg/mL (SEM results shown in fig. 28). It was found that perovskite thin films with
best morphology were fabricated at concentration of 10 mg/mL, while high concentration
of MAI will generate large number of big perovskite particles. Through this optimization,

it was determined that 1 mg/mL of first step MAI and 10 mg/mL of second step MAI




would produce uniform, dense, and pinhole free perovskite thin films without unwanted

particles or clusters on the surface.

Figure 28: SEM images for the second MAI layer optimization First step of MAI,
concentration was constant at 1 mg/mL Second step MAI, concentration varied from 10
mg/mL (a & d), 20 mg/mL (b & €), 30 mg/mL (c & f)

Furthermore, it was observed that the grain size of perovskite thin film can be well
controlled by adjusting the sitting time of first MAI solution on the top of Pbl; thin film,
while keeping the deposit parameters for the second step MAI constant. As shown in fig.
27a, XRD patterns indicate that the conversion of Pbl> and MAI into perovskite could be
affected by the incubation time of first step MAI solution and Pbl films. When the
incubation time is not more than 1 minute, pure perovskite without both Pbl, and MAI
residues could be obtained. However, when the incubation time is too long, the Pbl. could
not fully convert into perovskite, evidenced by the remaining peak at 2 theta 14.6°. To
probe the possible reason, a series of XRD measurements were carried out on the

interaction of Pbl and first step MAI, with results shown in fig. 29.
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Figure 29: XRD patterns of Pbl> with seeding layers as a function of first step MAI
solution sitting time. Without 2nd MAI)

For incubation time, no more than 1 minute, the XRD patterns of Pbl2/MAI shows no
difference from the XRD pattern of pure Pbl>. However, for longer time of incubation
Pbl, with MAI (90 s and 120 s), the peak at 2 theta 39.5° becomes increasingly stronger,
suggesting some degree of change of Pbl> crystal structure. The exact reason and
mechanism is still elusive and subject to ongoing investigation. At this stage, it was
assumed that the long interaction between first step MAI and Pbl, might produce large
amount of amorphous perovskite seeds or cause the rearrange of Pbl, crystal structure,
which hinders the diffusion of second layer MAI into Pbl. and causes the incompletion of
Pbl> conversion. Based on XRD patterns of pure perovskite in fig. 25a, the crystal size
was analysed by using Scherrer equation. The crystal size of perovskite thin film
increases from 11.7 nm, 15.6 nm, 16.9 nm, 17.5 nm, to 20.9 nm when the incubation
changes from 10s, 20s, 30s, 40s, and 60s, respectively. Further regression analysis shows
that the crystal size is linear to the sitting time of MAI solution on the surface of Pbl> thin

film, as shown in fig. 27b. This is an encouraging finding, as it gives a clue to fine tune
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the crystal size of perovskite thin film by controlling the incubation time of Pbl> and first
step MAL.

The increase of grain size with the elongation of incubation time is in accordance with
SEM observations. As can be seen from the SEM images in fig. 30, the size of perovskite
particles which make up the thin film increases. Randomly, 100 particles in the SEM
images were selected to analyse the size and size distribution. The particle size is 261 +
62 nm, 311 = 58 nm, 349 £ 63 nm, and 835 + 260 nm, corresponding to sitting time of
10s, 30s, 40s, and 60s, respectively, as shown in fig. 27c. The trend of particle size is in

line with the trend of that obtained from XRD analysis.
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Figure 30: Incubation time optimization for perovskite thin films Incubation time
(low concentration MAI solution on top of Pbl2 before spin-coating) dependent formation
of perovskite thin film. a) 10s, b) 30s, c) 40s, d) 60s, and e) histogram of particle size of
perovskite thin film determined from SEM images.
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It should be noted that the seeded method presented here is different from the
interdiffusion method reported by Huang et al™*?. In the interdiffusion method, perovskite
thin film is formed by the solid-state reaction of MAI thin film and the underneath Pbl, at
a temperature of 100 °C for certain a period. To obtain pure perovskite thin film, a
thickness ratio of 1.4: 1 for the MAI: Pbl> layer is needed to form a stoichiometry iodine
perovskite. For our method, the addition of MAI was divided into two steps. In the first
step, the low concentration MAI solution reacts with Pbl, to form a seeded layer of
MAPDI3, which grows into perovskite thin film upon the addition of high concentration
MAI solution. Without the first step MAI, however, the high concentration MAI reacts
too fast with Pbl> such that a dense perovskite thin film will be formed immediately upon
the addition of MAI which hinders the diffusion of MAI and causes the incompletion of
Pbl> conversion, as demonstrated by Huang et al. With the help of low concentration of
MAI solution, the compact Pbl> thin film rearranges and becomes more porous, which
allows the easy diffusion of liquid MAI solution into Pbl, network, and the liquid-solid
reaction in this case can be greatly enhanced (in just 1 minute) and complete without
resorting to thermal annealing.

The performance of the PSCs was evaluated by means of current density versus
voltage (J-V) measurements under simulated air mass (AM) 1.5 G (100 mW cm2)
irradiation in ambient air. The device based on the seeded perovskite film had an open-
circuit voltage (Voc) of 0.9 V, a short-circuit current density (Jsc) of 23.12 mA cm, a fill
factor (FF) of 69%, and an overall power conversion efficiency of 12.87% in the forward

sweep direction

47



T T g
T T T 2

N
(3]
I

e
0 '
— @
S 4
o5 PCE = 12.87 % s
< FF = 63.94% s
= Voc=0.89 V g ]
~.10- Jsc = 22.61 mA/ cm? by
> 3
= °
-
[}
k]
J
0

Current Den
N
o
1

N
o

04 -02 00 02 04 06 08 1.0
Voltage (Volts)

Figure 31: Performance of the perovskite device.

In conclusion, a new seeded-crystallization technique for deposition of perovskite films
was demonstrated. The seeded layer of perovskite induced dense and uniform perovskite films
with controlled grain size and morphology, and this technique can be used to reproducibly
generate high-quality perovskite films. PSCs fabricated with seeded-perovskite films showed a
high power conversion efficiency of 12.87%. From the perspective of global photovoltaic
commercialization, this seeded-crystallization approach to the deposition of perovskite film can

facilitate the fabrication of efficient and low-cost photovoltaics.

4.1 Experiments
Materials:

Pbl> (beeds, 99.9999%) was purchased from Sigma Aldrich. Methylammonium
iodide (MAI) was purchase from Dyesol. 2-propanol alcohol (IPA) and
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Dimethylformamide (DMF) were purchased from VWR. PEDOT: PSS and PCBM were
purchased from Alfa Aesar. All the chemicals were used as-received without any further
purification.
Precursor solution preparing and Pbl, and MAI layer deposition:

Pbl> was dissolved in DMF at the concentration of 1 mol/L. MAI was dissolved in
IPA with different concentrations 0.5 mg/mL to 30 mg/mL. Both solutions were heated at
70 °C overnight to make sure both MAI and Pbl2 can be fully dissolved. The Pbl;
solution was spun on PEDOT: PSS substrate at 70 °C at 4,000 round per second (rpm) for
30 s. The low concentration MAI solution was dropped onto the surface of Pbl, for 1
minute and remaining solution was spun off. The high concentration MAI solution was
subsequently dropped onto the Pblz/seed film for 1 minute and remaining solution was
spun off. The resultant perovskite thin films were dried at 100 °C for 5 to 10 min.
Film characterization:

XRD measurements were performed with a Bruker D8 X-ray diffractometer with a
conventional cobalt target X-ray tube set to 40 KV and 30 mA. The single path absorption
was measured using a Beckman D 800 UV-Visible spectrometer. SEM images were taken

by using a Joel 7000 Scanning Electron Microscope.
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CHAPTER 5. POLYMER ADDITIVE ASSISTED FABRICATION OF
ULTRA-SMOOTH AND STABLE PEROVSKITE THIN FILMS

Methylammonium lead trihalide perovskite has been emerging as a promising
material in photovoltaics because of their high absorption coefficient, long carrier life
time, and micrometer diffusion lengtht”>""1, There are mainly two kinds of well
documented device architectures: mesoporous and planar heterojunctions?5%6366l |n the
mesoporous architecture, high temperature annealing is usually necessary to produce a
TiO2 layer with good crystallinity, whereas planar heterojunction-based devices can be
fabricated at low temperature. Unlike devices with mesoporous structure, in which the
perovskite material can readily infiltrate into the porous matrix, planar perovskite solar
cell devices usually suffer from pinhole and non-uniform coverage of perovskite thin
films on the top of hole-transport layers. The pinhole and non-uniformity are the major
issues that are responsible for the poor device performancel”!. Controlling the nucleation
and formation of perovskite thin film in planar architecture is thus a main challenge for
developing high-performance devices!’® 831,

Considerable efforts have been dedicated to control the morphology and crystallinity
of perovskite thin films®®71 The choice of solvent!”®"1 annealing temperaturel®-°°
moisturel*®91231 and compositiont’%-61 have been proven as effective measures to tune
the nucleation and growth of perovskite thin film. Recently, incorporation of additives in
the pre-mixed perovskite solution process has been demonstrated as a facile way to improve

the thin film coverage and crystallinity!?429:32-34.93.97-101] ' geveral additives, including
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NH4CI®?, 1-chloronaphthalenel®® hydroiodic acid (H)®, hydrochloric acidl*%?,
and alkali metal halides!?®! have been implemented to fabricate smooth, continuous, and
uniform perovskite thin films, which showed significantly enhanced device performance.

Here, the effects of Polyamidoamine (PAMAM) dendrimers as a kind of powerful
additive on the regulation of perovskite thin film nucleation and growth were
investigated. PAMAM was incorporated into the blend solution of Pbl2 and MAI to tune
the morphology and crystallinity of the perovskite films. The amine rich PAMAM
additive chelates strongly with Pb2* ions during film formation. The nucleation and
growth of perovskite thin film thus can be well mediated and regulated by the amount of
PAMAM additive. This polymer additive assisted one-step method represents a facile
route for the controllable fabrication of perovskite thin films for planar PSCs with high
performance and stability.

Based on the XRD patterns of perovskite thin films with different ratio of
PAMAM shown in fig. 32, it was found that the presence of PAMAM regulates the
nucleation and growth of perovskite thin films. As the amount of PAMAM increases from
1% to 6%, the ratio of peak intensity at 16.5° and 32.8° decreases, suggesting the
inhibition of nucleation and growth of perovskite along the (110) direction. The effect of
annealing time on the nucleation of perovskite thin film with PAMAM polymers was also

investigated.
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Figure 32: XRD patterns of perovskite thin films with different ratio of PAMAM
(after annealing)

The precursor solution contains equal moles of Pbl> and MAI, thus ideally there
would be no peaks from both MAI and Pbl: if all the precursor converts into perovskite
MAPDI3. However, MAI peaks (degree 11) were seen at short period time of thermal
annealing (10 min and 20 min), indicating a strong interaction between Pbl and
PAMAM, which competes with MAI for reacting with Pb?*. After 30 minutes of thermal

annealing, all the MAI peaks disappear and generate pure thin films of perovskite.
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Figure 33: XRD patterns of PAMAM-perovskite thin films at different annealing
time. The concentration of PAMAM was 4%.

Furthermore, different solvents have been used to wash the perovskite film while
being spin coated to improve the surface morphology and remove the residues of un
reacted MAI and Pbl.. From fig. 34, the magnification SEM images show the films

flushed with toluene yielded bigger crystals while maintaining the uniformity of the film.
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Figure 34: SEM images of Perovskite-PAMAM thin films with different solvent
wash: al) a2) chlorobenzene, b1) b2) dichlorobenzene c1) c2) diethyl ether, d1) d2) toluene

XRD was carried out to investigate the crystallinity of the films washed with CB,
DCB, diethyl ether and toluene solvents. It was found out that all the films showed

identical perovskite peaks.
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Figure 35: XRD patterns of perovskite thin films with different solvent used for
perovskite film washing.

Based on the XRD patterns of perovskite thin films with 1%wt of PAMAM annealed
at different conditions, it was found that the lamp annealing notably promotes the
nucleation and growth of perovskite thin films. For perovskite thin film with PAMAM
annealed with hot plate, long period of time is needed to fully convert the Pbl> and MAI
into perovskite. Previously, it was found that on annealing perovskite thin film on hot
plate for 30 minutes, characteristic MAI peak at 12° was observed. Only with 60 minutes
or longer time of annealing, pure perovskite thin films free of both Pbl> and MAI residues
were obtained. Surprisingly, the growth of pure perovskite was achieved by 250 W lamp
annealing for as short as 30 seconds when using wood as the sample holder. For glass and
metal sample holders, full conversion at 1 minute and 3 minutes of lamp annealing was

achieved, respectively.
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As mentioned earlier, the addition of polymer additive is believed to increase the
device stability and slow down the degradation of films. From fig. 36 degradation of
different concentrations of PAMAM over a period of time was observed.

0.5% 0.75% 0.1% 1.5%

10 days

20 days

30 days

40 days

Figure 36: Optical images of the film degradation with different concentration of
PAMAM.

It can be inferred the concentration of PAMAM can control degradation and improve
the stability of perovskite thin film at ambient conditions without any encapsulation and
protection. This enhanced stability can be attributed from the following two aspects of
PAMAM as a powerful additive. One is that the amine functional group of branched
PAMAM interacts with perovskite thin film (possible interactions) and promotes the

formation of a highly-crosslinked structure, thus prevents the separation of Pbl, and MAI
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when moisture is presented. The other one is that the long polymer chain can also wrap

the grains of perovskite, thus increase the stability.

5.1 Rapid IR lamp annealing of perovskite thin films

In addition to deposition, annealing step also plays a critical role to ensure optimal
film crystallization thereby attaining high quality perovskite films. Typically, a hot plate
is used for thermal annealing of perovskite films at 100°C for 1 hour. Such long annealing
time makes the fabrication of perovskite solar cells less efficient.

Herein, a new method of annealing using incandescent infrared (IR) heat lamp is
introduced and developed. The electromagnetic radiation from IR heat lamp is mainly in
longer infrared wavelengths with some visible light spectra. Infrared energy is well-
known for heating. Once IR light is absorbed by perovskite thin film, it stimulates
vibrational modes within the molecules and heat up the material. IR annealing possesses
many advantages over hot plate heating, including rapid heating and uniform temperature
distribution. Results show that through IR heating, the perovskite solar cells could reach
required annealing temperatures of 100 °C in less than 3 minutes, much faster than hot
plate annealing for 1 hour. The perovskite solar cells from 250 W infrared lamp annealing
for 30 seconds on wood holder show efficiency of 10.3% as compared with PCE around
9% from hot plate annealing for 60 minutes. Therefore, the facile IR lamp annealing
paves the way for speedy manufacturing of perovskite solar cells thereby reducing the
fabrication cost while maintaining the device performance.

ITO glass substrates were first cleaned using detergent, followed by acetone and

isopropanol (IPA) sonication for 40 minutes, respectively. Substrates were then oxygen
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plasma treated for 30 minutes to increase surface energy for better wetting of PEDOT on
ITO surface. After drying on a hot plate at 80 °C for 5 minutes, the PEDOT: PSS was
spin coated at 5000 rpm (revolutions per minute) for 45 seconds and annealed at 140 °C
for 15 minutes.

To prepare perovskite precursor solution, 1M (precisely 461 mg/mL) PBl;and 1M
(159 mg/mL) MAI were dissolved in anhydrous dimethylformamide (DMF) solvent, and
1 wt% PAMAM dendrimer was added to this precursor solution. The resulting blend
solution was then spin coated on the top of PEDOT: PSS layer at 2000 rpm for 10 sec and
4000 rpm for 45 sec to attain perovskite film thickness around 350nm, which is optimal
thickness to balance light absorption and charge transport*®®l. During the spin coating of
the precursor solution, about 0.5 mL of toluene solvent was dropped on the substrate to
wash the perovskite active layer. The underlying principle is that toluene solvent has
lower boiling point (110.6 °C) than DMF (153 °C), toluene washing will drive the DMF
out of the perovskite film through evaporation, resulting in smooth and shiny thin films.

Thermal annealing is a critical step for formation of quality perovskite films with
high crystallinity and desired morphology. Usually hot plate annealing at 100 °C for 60
minutes is used in the lab. Another method for quick thermal annealing was developed,
that is, infrared lamp annealing. With lamp annealing approach, an incandescent 250W IR
heat lamp was used as a heating source. After spin-coating of perovskite layer, substrates
were placed on a holding plate, which is either wood or glass supporting plate. Samples
on the wooden base were annealed under the lamp for 30 seconds and 1 minute,
respectively, and sample substrate on the glass base were annealed for 3 minutes. The

choice of annealing time is based on study of sample temperature versus heating time on
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different holding plates, which will be detailed in results and discussion section. During
lamp annealing, the distance between the top of the supporting plate and the bottom of the
lamp was maintained about 3 inches and undisturbed throughout the annealing process.
After thermal annealing, a 20mg/mL PCBM in IPA solvent was spin coated at 2000 rpm
for 30 s and annealed at 100 °C for 30 minutes. Finally, the perovskite solar cells were
completed by thermal evaporation of 100 nm Al at 2A°/second evaporation rate.
Annealing of perovskite films using an incandescent IR lamp holds some major
advantages over typical hot plate heating. First of all, the lamp annealing is more uniform
because the radiation created by the lamp has a considerably even distribution of
intensity, while the substrate temperature on the hot plate depends on the location, where
central area typically has higher temperature than surrounding outside regions. Since the
morphologies of perovskite films are sensitive to the annealing temperature, a slight
temperature variation from hot plate annealing could cause wide distribution in device
performance. Second, unlike hot plate annealing where heating is through thermal
conduction, the radiation emitted by the lamp directly raise film temperature. Upon
absorption, the infrared part of radiation excites vibrational modes in the molecules, while
the photons in UV and visible light spectrum will boost certain electrons to higher energy
levels. Due to no extraction of charge carriers, the electrons will decay to lower energy
levels and dissipate their energy as phonons, which is also thermal energy. By increasing
the lamp power, huge number of photons can bring the thin films to the intended
temperature in a much short annealing time. Finally, with the incandescent IR lamp as the
heat source, the holder on which the ITO substrate resides on, can be used to manipulate

the substrate temperature.
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IR lamp annealing using 125 W incandescent infrared light bulb was first tried.
Sample substrates with perovskite layer on the top were placed on a supporting plate,
which can be metal, wood, or glass. Fig. 37 shows the sample temperature versus
annealing (radiation) time. When sample substrates were placed on the wood holding
plate, it takes 5 minutes (300 seconds) for samples to reach 100 °C, which is required
annealing temperature for perovskite thin films*%4. However, when sample substrates
were placed on either metal or glass holding plate, in 5 minutes their temperature can only
reach about 43 °C and 60 °C, respectively, far away from required 100 °C annealing

temperature.
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Figure 37: Sample temperature versus lamp annealing time under 125 W lamp
when placed on wood, metal and glass sample supporting plate.

Then the 125 W lamp was replaced by a 250 W light bulb for doubled output

power. The sample temperatures at different annealing times under radiation of 250 W
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lamp are shown in fig. 38. Sample temperature increases quickly when these samples are
placed on wood holding plate and it only takes 30 seconds for samples to reach aimed
annealing temperature of 100 °C. As annealing time increases, the temperature for
samples placed on either metal or glass supporting plate increases a little bit slower. It
takes 1 minute and 3 minutes for samples on metal and glass holding plate to reach 100

°C, respectively.
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Figure 38: Sample temperature versus lamp annealing time under 250 W lamp
when placed on wood, metal and glass sample supporting plate.

As shown in fig. 37 and 38, the material of the holder does matter for the heating
results in lamp annealing. In this study, iron, glass and wood plates with thermal
conductivity of ~ 80, 1 and 0.1 W/(mK), respectively, are used for comparison of heating
temperature. The wooden plate gives much faster and higher annealing temperatures than

iron and transparent glass holders. This can be attributed to that wood has a much lower

61



thermal conductivity than that of the iron and glass, plus it is opaque and does not allow
radiation to pass through. The sample temperature increase on iron and glass plates shares
the similar trend and is close to each other. It is hard for the produced thermal energy to
be accumulated on iron plate because of its high thermal conduction for heat dissipation.
On the other hand, although glass has much lower thermal conductivity, its transparency
spares part of the incoming radiation energy, resulting in less generation of heat and slow

temperature increase.

5.2 Morphology and crystallization of perovskite thin films, and resulting
performance of perovskite solar cells
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Figure 39: (Left) SEM images show morphologies of perovskite thin films with IR
lamp annealing. (a) 30 seconds for samples on wood plate, (b) 60 seconds also on wood
plate, (c) 3 minutes on glass sample holder. (Right) Corresponding XRD spectra.

The SEM images on left of fig. 39 reveal that all the perovskite films present good
morphology after lamp annealing, and no morphology differences are observed among
samples placed on different supporting plates. Note that all films were washed by toluene

during spin coating process. Based on the XRD spectra shown in fig. 39b, only perovskite
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characteristic peaks (2 theta = ~15.5°, 33.5°, 37°) are observed, no peaks from Pbl, (26 =
~14.6°) and MAI (26 = ~12.0°) precursors appear, indicating complete conversion of

precursors into perovskite in rapid lamp annealing1%,
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Figure 40: Comparison of 1-V characteristics between fast lamp annealing in less
than 3 minutes

The performance of the PSCs by means of current density versus voltage (J-V)
measurements under simulated air mass (AM) 1.5 G (100 mWcm™2) irradiation in ambient
air was evaluated. Fig. 40 shows the J-V characteristics of perovskite solar cells with
lamp annealing in less than 3 minutes and hot plate annealing for 1 hour. No significant
differences in device performance were observed. It is noticed that perovskite solar cells
with lamp annealing of 30 seconds on wood plate show slightly better performance with
PCE of 10.3% than hot plate annealing for 1 hour with PCE of 9.0%. That is, rapid lamp

annealing could somewhat improve efficiency while significantly reducing the annealing
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time. Table 5 lists device parameters extracted from J-V characteristics, including power-

conversion efficiency.

Table 5: Extracted device parameters from J-V characteristics in fig. 40

PCE (%) FF Voc (V)  Jsc(mA/cm?)
Hot-plate.annealmg 90 70.49 0.84 15.13
(60 minutes)
IR lamp annealing
0.3 68.439 0.88 17.14

(wood, 30 seconds) !

IR lamp annealing 8.6 64.45 0.9 14.88

(wood, 1 minute)

IR lamp anpeallng 9.1 65.91 0.97 14.17

(glass, 3 minutes)

In conclusion, a new approach was demonstrated for deposition of perovskite films
by introducing (PAMAM dendrimers as an additive to control the growth and nucleation
of the film. A novel approach to anneal perovskite film using an infrared lamp has been
developed, which can rapidly heat sample substrates with great uniformity as compared
with the traditional hot plate annealing method. The perovskite solar cells from 250 W
infrared lamp annealing in less than 3 minutes show similar or slightly better device
performance than reference samples from hot plate annealing for 60 minutes (optimal
condition). Particularly, perovskite solar cells with rapid lamp annealing for 30 seconds
on wood holder show efficiency of 10.3% as compared with PCE around 9.0% from hot
plate annealing for 60 minutes. These results prove the effectiveness of infrared lamp
annealing over hot plate heating. The facile polymer additive approach for the deposition

of perovskite thin films can improve the device stability without any encapsulation.

64



CHAPTER 6. CONCLUSION AND FUTURE WORK

6.1 Conclusions

Organo-lead halide perovskites have been emerging as a promising material in
photovoltaics because of their high absorption coefficient, high free charge mobility and
long carrier life time thereby long diffusion length. Solar cells based on organic—inorganic
hybrid perovskite (PSCs) have attracted extensive attention due to easy fabrication and
low-cost solution processes. One of the keys to the fabrication of high-performance PSCs
is the control of crystallinity and morphology of the perovskite film. In this dissertation
study, a controllable fabrication of annealing-free perovskite films with tunable crystal
grain size and morphology via a seeded approach has been developed. Specifically, a
solution of Pbl> was spin-coated on a substrate, and a low concentration solution of MAI
was dropped onto the Pbl, film to form perovskite seed before introducing high
concentration solution of MAI. The fast, annealing-free seeded nucleation and growth
leads to dense and uniform perovskite thin films exhibited controllable crystal grains.
This seeded crystallization technique offers a way to better control the device fabrication
without the necessity of thermal annealing, which will boost the low-cost manufacture of
efficient and reproducible PSCs.

In another project, a polymer additive assisted approach to facilitate the growth of
uniform, dense, and ultra-smooth perovskite thin films has also been demonstrated. In

specific, a polymer, PAMAM dendrimers, was incorporated into the blend solution of Pbl>
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and MAI to regulate the nucleation and growth thereby tuning the morphology and
crystallinity of the perovskite thin films. The PAMAM addition not only realized compact
perovskite thin films without pinholes in it, but also increased the stability. This polymer
additive assisted one-step method represents a facile route for the controllable fabrication
of perovskite thin films and large-scale production of efficient and stable perovskite solar
cells.

In the simulation study, both the organic bulk heterojunction solar cells and
pervoskite solar cells have been systematically investigated to help understanding device
operation and guide the experiment. For perovskite solar cells, the effects of hole
transport layer mobility and ITO anode work function on device performance have been
investigated. As the hole mobility increases, the recombination is reduced there by
increasing the efficiency. Increase of ITO anode work function facilitates hole injection,
leading to enhancement of performance. The simulation study of organic polymer solar
cells includes optimization of active layer thickness and its dependence on charge carrier
mobility and recombination rate, and influence of hole mobility in electron-donating

polymer and different electron transport materials on power-conversion efficiency.

6.2 Future Work

Although much of the focus have been on improving the efficiency of the organic-
halide perovskite solar cells, degradation of these cells has been much of a concern. As
demonstrated in Chapter 5, incorporation of PAMAM impressively inhibited the color
change, leading to significant enhancement of film stability. The more the PAMAM are

loaded, less color change was observed, indicating more stable perovskite films. PAMAM
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dendrimers have been characterized into various generations depending on the molecular
weight, chain length and the side groups. For each increasing generation, molecular
weight is almost doubled and produces larger molecular diameters. It is anticipated that
with increase of PAMAM size, i.e., from low generation G1 to high generation G5, the
increased density of nucleation seeds could result in dense film but small crystal sizes.
Condensed film with PAMAM wrapped perovskite crystals could prevent the penetration
of moisture or oxygen and protect the defect-rich crystal surface. In the further study, the
correlation between PAMAM size and device performance including both efficiency and
stability can be systematically investigated.

To study and compare the films morphology, crystallinity, stability and device
performance with addition of different generation of PAMAM dendrimers, AFM can be
used to analyze the surface roughness of the films, and SEM can be performed to study
the surface morphology and cross-sectional SEM for layer by layer details of the
fabricated device. Through cross-sectional SEM, the interfacial boundaries and the
thickness of the individual layers can be determined. In addition, XRD and UV visible
analysis can be carried out for in-depth study of the crystallinity and light absorption,
respectively.

Large scale manufacturing of perovskite solar cells using low-cost high-speed printing
techniques would be a huge leap toward practical applications. Among scalable roll-to-
roll (R2R) printing technologies, slot-die coating has been demonstrated to be most
successful in organic photovoltaics and various printed electronics.[*%1101 As an
outstanding candidate, slot-die coating provides many advantages, including excellent

film uniformity, precise thickness control in tens of nanometers, capable of processing a
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wide range of fluids with high and low viscosity, reliable and robust process for high-
yield mass production. Particularly, as one of great features different from other R2R
coating techniques, slot-die coating deposits almost all the fluid onto the substrate (~95%
material utilization), no recycling and purification of ink material are required. In
addition, since slot-die coating is in a closed system, no fluid contamination to the
environment is presented, which is important to prevent pollution of lead from perovskite
materials.

As another future project, the developed and demonstrated new techniques, such as
incorporation of PAMAM dendrimers to improve the crystallinity and control the stability
of the perovskite film, can be integrated into roll-to-roll slot die coating on flexible
substrates, achieving manufacturing of highly stable flexible perovskite solar cells for

large scale production.
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