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Abstract

This thesis work describes the experiments about building the first two layers of
MethylAmmonium Lead Iodide perovskite solar cell and the conclusions made upon it.

Different methods were used to get the optimized results. Obtained films were analyzed
qualitatively by IR and Raman spectroscopy. Electrochemistry and spin coating are
introduced into the experiments and showed a good result. Repeatable and stable layers

are able to be obtained by detailed manufacture methods.

Key words: PEDOT: PSS, Perovskite, Spin Coating, Electroplating



Abbreviations

PHJ= Planar Heterojunction

PEC= Power Conversion Efficiency

HTL= Hole Transporting Layer

ETL= Electron Transporting Layer

PCBM-= [6,6]-phenyl-C61-butyric acid methyl ester
PEDOT: PSS= Poly(3,4-ethylenedioxythiophene) Polystyrene Sulfonate
MAPI= MethylAmmonium Lead Iodide

DMSO= Dimethyl sulfoxide

DMF= Dimethylformamide

GBL= Gamma-Butyrolactone

FTO= Fluorine-doped Tin Oxide

BBL= Poly(benzimidazobenzophenanthroline)
MAI= MethylAmmonium lodide (CH3NH3I)

HI= Hydrogen lodide

Zonyl= (C:H,0),(CF,),C,HsFO
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1.Introduction

1.1 Solar Cells and Perovskite-based Solar Cells

Decades ago, people started to focus on sustainable lifestyle rather than just consume
the energy source from nature. Green energy became the popular topic that many
scientists devote their efforts in. There are many kinds of green energies, for example,
wind energy, hydro power, geothermal energy, tidal energy and solar energy. Those
energy sources are more sustainable and environmental-friendly comparing to
traditional energy, like coal. Researches related are mainly focus on the conversion and
storage of green energies. Solar cell is one of the most studied. Solar cell is an invention
takes advantage of the sunlight and convert it to electricity, heat and other forms of
energies which can be used. Tradition solar cells are silicon-based products, the

structure of it is called planar heterojunction (PHJ) structure.

. . External circuit
Antireflection layer

Si0:

N-type silicon

P-type silicon

Aluminum Electron holes

Fig. 1-1 Mechanism of silicon-based solar cell.

Fig.1-1 shows the working function of a silicon-based solar cell. The cell is consisting
of different layers of materials including antireflection layer, silica layer, metal layer, p
type and n type semiconductor layer. The critical parts are n- and p-type semiconductor
layers (n- and p-type silicon in this case) which are also called impurity semiconductors.
These can be obtained by doping certain elements in the base material and thereout

manipulating the number of electrons in them. Doping atoms with more electrons



(Donor) than the base material makes the impurity semiconductor an n-type
semiconductor. While it is named as a p-type semiconductor when doping with atoms
with fewer electrons (Acceptor) than base material. Comparing to silicon, we consider
that the n-type silicon in the cell has more electrons while the p-type silicon owns more
vacant sites (holes) for the electrons to be in. The interface of two types of
semiconductors is called p-n junction and it is with can be used to make a diode and a

bipolar transistor.

According to Fig.1-1, the mechanism of silicon-based solar cell can be described as
following: Hitting by photons, electrons in n-type silicon excite from ground state and
become active. Some excited electrons give out energy, such as heat, and go back to the
ground state; others travel through the semiconductor and reach the p-n junction to unite
with the holes in p-type silicon thus to be at least energy state. Because of the
movement of electrons, the n-type silicon is slightly positive changed while p-type
silicon is a little bit negative charged. A potential difference has been generated by this
phenomenon. An external electric circuit is connected. Due to the potential difference,
electrons from n-type silicon start to flow to the p-type silicon via the circuit. The

current is collected and converted to electricity.

Traditional silicon-based solar cells have rigid manufacturing registrations and high
budget to start the business. The single silicon crystal must hold a purity of not less than
99.999% and the assembling environment must be dust free. The attempt to obtain a
better solution never stopped. Different kinds of solar cells based on various materials

and structures have been studied for decades.

Solar cells can be designed as mono-junction structure and multi-junction structurer.
Multi-junction solar cells are solar cells with more than one p-n junctions. This structure
makes the cell able to absorb different wavelength of sunlight and generate much
energy. Thus, it has the highest efficiency. However, the higher expenditure makes it
extremely untoward to start a business from. Mono-junction solar cell, on the other side,
has only one p-n junction which generate less energy than multi-junction cells. The
silicon-based cell is one of the most studied mono-junction cells. Perovskite solar cells
have a really close efficiency comparing to silicon based solar cell. Yet, lower expense
and much simpler manufacturing techniques make perovskite solar cell more appealing
than it.



Years ago, scientists noticed that perovskite have a good potential to harvest energy
from sun for its high diffusion length, broad light absorption range as well as a high
coefficient of absorption ['*], and the study of perovskite solar cell begins since. The
first attempt of building a solar cell using perovskites on TiO> was reported in 2009.
With a power conversion efficiency (PCE) of 3.8%, the group succeeded. > After years
of research, the PCE of perovskite-based cell has reached over 20% which gives the cell

a promising future.

Perovskite solar cells have two types of structures: meso-superstructured and planar
heterojunction. [*1 Although they share a common structure like a sandwich, they are
not the same as silicon-based one. Perovskite replaces p-n junction comparing to silicon
solar cell. Fig.1-2 shows the structure of meso-superstructured perovskite solar cell. For
this kind, perovskite is infiltrated into a layer of metal oxide scaffold. In order to get this

product, high temperature sintering is often required.

hole transporting material

- semiconducting metal oxide

- perovskite

- insulating metal oxide

Fig.1-2 Meso-superstructured perovskite solar cell. 11

On the other hand, planar heterojunction perovskite solar cell is more popular because it
concurs the problem with high temperature sintering by having a perovskite layer

between hole transporting layer (HTL) and electron transporting layer (ETL).

The structure of PHJ perovskite solar cell is shown below in Fig.1-3.

Al
PCEBM

Perovskite

PEDOT:PSS
ITO

Glass

Fig.1-3 Structure of planer heterojunction perovskite solar cell. [/



As mentioned, comparing to silicon-based solar cell, it has a different mechanism. In
this unit, perovskite is the part that interact with photons and generate free electrons and
simultaneously electron holes. Generated free electrons travels to n-type semiconductor
which is PEDOT: PSS in this figure and electron holes travels to p-type semiconductor
which is PCBM is this case. The metal layer, p-type semiconductor layer and perovskite
layer work together as a cathode while the rest together work as an anode. By creating
an external circuit, the potential difference shows in two “electrodes” and thus

electricity can be obtained by manipulating the current flowing though the circuit.

PEDOT:PSS (Poly(3,4-ethylenedioxythiophene) Polystyrene Sulfonate) is a kind of
polymer mixture of 2 kinds of isomers. One is negative charged sodium polystyrene
sulfonate and the other is positive charged Poly(3,4-ethylenedioxythiophene). It is a
conducting polymer with high conductivity, high light transmittance and relatively high
stability. PEDOT:PSS can be used as n-type material in perovskite solar cell. Fig 1-4
shows the structure of PEDOT:PSS."

o) O

SO,
Fig 1-4 Structure of PEDOT:PSS.
Manufacturing techniques of perovskite solar cells are rather simple comparing to those

of others. The main methods used for planar heterojunction perovskite cells are spin

coating and electroplating which will be explained in the following context.

1.2 PerovsKkites

Perovskite originally means the calcium titanium oxide mineral composed of calcium

titanate (CaTiOs). It is named after a Russian mineralogist Lev Perovski (1792—-1856).



In 1926, a Norwegian mineralogist, Victor Goldschmidt, discovered the perovskite
crystal structure in his work on tolerance factors. '?l In 1945, Helen Dick Megaw
published the crystal structure of perovskite from X-ray diffraction data on barium
titanite. 31 Nowadays, people use the term perovskite to represent material with similar

cubic Pm3m framework structure of composition ABXs.

1.2.1 Structure of Perovskite

Fig.1-5 shows the illustration of ABX3 crystal structure of perovskite. In the cubic unit,
the red spheres represent negatively charged X atoms. The black dot in the center of the
cubic stands for B atom which are normally positively-charged smaller metal cations.
Blue balls in the corner of the cubic are A atoms. A atoms are usually larger-sized metal

cations and they are often selected to neutralize the total charge.

A atom is commonly coordinated with 12 X anions atoms while B atom is coordinated
with 6 X anions atoms. Extending the cubic to multiple units, it can be seen that BXs
octahedra are corner-connected to form an octahedron. The hinged octahedra allow for
wide adjustment of the B-X-B bond angle. !4

Fig. 1-5 Structure of ABX; crystal.

For solar energy harvesting, hybrid perovskite is the most popular one among its kind.
By exchanging A atoms to organic positively charged groups, hybrid perovskite can be
prepared. Methylammonium lead iodide (CH3NH3Pbl3) and its derivatives are currently

being studied and wildly used in many different research groups.



MAPDI; have a relatively small forbidden bandwidth (energy gap) around 1.5eV [1]

which makes it promising in solar cell applications. Although it is not as ideal as silicon
who has a band gap energy of 1.1eV, the simplicity of manufacture makes perovskite

more attractive,

aO 9 b°

9 & 9 i L
MAPDI, MAPDbBr;

Fig.1-6, (a) Distorted perovskite structure of MAPbI; at room temperature; (b) Cubic perovskite structure

of MaPbBrs at room temperature. [

By replacing the iodide to other halogen elements, different kinds of hybrids perovskite
can be made. Fig.1-6 shows crystal structures of perovskite with Br and I as x-site atom
respectively. With the ionic radius of B atoms in ABXj3 structure increasing, BXse
octahedrons start to distort from their regular positions. lodide have a larger ionic radius
(2.2A) with six-fold coordination than bromide (1.96A), thus the BXs octahedrons in
MAPDI; are distorted while those in MAPbBr3 are not. Relatively more stable structure
gives MAPbBr3 a higher band gap energy (2.2eV).

By adjusting the ratio of iodide to bromide in perovskite MAPb(IxBri.x)3, the efficiency
change of solar cell products can be observed. When X in MAPb(IxBri-x)3 rising from 0
to 0.2, the efficiency of corresponding solar cell increases. However, when X is larger
than 0.2, the efficiency starts to drop. Also, under unity environmental conditions, the
most stable perovskite is obtained when x equals 0.2. The change of energy band gap of
MAPb(IxBri.x); also shows a linear relationship with X!



1.2.2 Hybrid Perovskite

One of the main obstacles one may encounter when working with hybrid perovskite is
the easy-decomposing feature. It is crucial for researchers whoever working on this

material to find a way to solve the problem.

The initiations of hybrid perovskite decomposition are mainly moisture, heat and light.
Although they all contribute to the degradation of hybrid perovskite, water is the most

critical cause. The instability of hybrid perovskite is mainly because of its low crystal

formation energy and hydroscopic nature. '® 221 Under ambient conditions, the
decomposing processes is shown below [!7):

AMAPI + 8H,0 — (CH3NH3)4Pbls - 2H20 + 3Pb (OH), + 6HI 1 1)
(CH3NH3)4Pbls - 2H20 — (CH3NH3)x Pblo+x + (4-x)CH3NH2 1 + (4-x)HI + 2HO  (2)
2 (CH3NH:)x Pblysx + 2C02+0; — PbCO3 + 21 1 + 2x CH3NH; 1 2xHI 1 3)
2 (CH3NH3)x Pbl2+x + H20 + 1/2 O2 — Pb(OH)2 + I 1 + xHI 1 + xCH3NH? 1 4)
Pb(OH); — PbO + H20 )

These degeneration processes are mainly about the transformation of low-band-gap
MAPI to relatively high band gap hydrate materials. Exposing to light might accelerate
the decomposing process. Equation (1) is the hydration process of MAPI and equation
(2) is the dehydration of the product of equation (1) ['8l. Transient phase product
(Pbl2+x)* is generated because the hydrate product is only stable in highly humid
environment. That means in ambient conditions, (CH3NH3)4Pbls - 2H>O is unstable and
can easily react. Following equation (3) to equation (5), MAPI would finally degenerate
to other lead products. This degradation procedure is followed by a color change from

black to transparent owing to the formation of hydrated perovskite phases. [1*2!]

More precisely, during [** the reaction of equation (1), there is another side reaction
happening. MAPI absorbs water and forms MAPI - H>O, this process is reversible. By
drying process, MAPI - H O will lose water attached, and become pristine material
again. ?'»3] However, the reverse reaction is with a limitation of within 5-10% area of
perovskite degradation ['®!. Interestingly, sometimes water can actually enhance the

36-37

efficiency of perovskite solar cells 37 but for maintaining the efficiency of the

system, it should be prevented.



Current researches about the optimization of the stability of hybrid perovskite and the
efficiency of its solar cell products can be concluded into three different manipulations.
First, better control on the morphology of the perovskite film; second, modifications

upon the reactants of perovskite; third, carefully choose of solvent treatment.

For first method, many diverse techniques were used to control the morphology of
perovskite film. For MAPI, the size of crystals has a huge influence on the sensitivity to
moisture. Large crystal size makes perovskite more stable. It is because of the place
where water molecules get in and start decomposing the material which is the crystal
grain boundaries. Fig.1-7 illustrates how perovskite decompose from the grain
boundaries. ['®) The decomposition goes along the in-plain direction and it is initiated at
the grain boundaries. Between two crystal grains, exists an amorphous intergranular
layer with a thickness around 5nm [l and it is that layer who makes water quickly
diffused into the film of perovskite. The grain boundaries can be significantly adjusted
by many high-tech film making techniques. Thus, the efficiency of perovskite solar cell

can be improved. 3031

A4 ' iy

\&/Moisture

Perovskite

grain I

Moisture
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degradation

Substrate

Fig. 1-7 lllustration of how perovskite decompose, GB is short for grain boundaries.

Sintering for different time after the formation of perovskite films can provide various
grain sizes. During the process, many water-sensitive CH3NH," ions on surface of
crystal grains can be eliminated. Principally, larger grain size makes it more durable to

humidity.

For second approach, an example has been given in 1.2.1 Structure of Perovskite. By
adjusting the X atoms in ABX3 structure, the efficiency can be improved. It is also
reported that MAPI is more sensitive to moisture than MAPbBr3. ?*l A atoms are also

changed in different ways to test the outcomes of perovskite. By increasing the degree



of methyl-fluorination, the dipole moment of the perovskite crystal is greatly changed as
shown in fig.1-8. 2! When preparing MAPI, different ratio of MAI and Pbl, may lead

to dramatically different results. [2¢/

B NH3Ci "3

A

NH,CHF, |83

BXs - =2
L NHCH. |

Fig.1-8. Dipole moment is increasing when replacing H atom to F atom and it shows an increasing trend.

The last manipulation is based on the fact that most of the methods for perovskite films
today are solvent involved. Using a solvent which might react in the procedure of
perovskite forming would surely increase the complexity of the experiment, but also
gives more possibility to enhance the procedure of perovskite film formation by
interaction with the reactants. DMSO, DMF, and GBL are common solvent in
perovskite film formation, they are active as coordinating ligands that influence the
solution chemistry and the behaviors of films. [26-28) The character of perovskite can also
be tuned and influenced by adding chloride ions. [**) Although the mechanism is still not

fully understood, it shows a great prospect.



1.3 Spin Coating and Electrodeposition

Main manufacture methods utilized in this thesis are spin coating and electrodeposition.
They are both very simple and easy to master. Easy-producing character makes

perovskite solar cells are-very competitive nowadays.

1.3.1 Spin coating

Spin coating refers to a technique that deposit a thin layer of materials onto a flat
substrate. The main mechanism of this technique is using the centrifugal force to make
the coating material on top of the spinning substrate spread all over the surface to from

a film. The equipment for spin coating is called a spinner or a spin coater.

On the working platform of spin coater, there is a sink like structure which allows
substrate firmly attached to spin coater. Spin speed and spin time can be adjusted by

equipment. The solution for coating is put on top of the substrate by pipette.

Spin coating is a very easy and relatively not expensive technique. The quality of
products is usually very promising. The thickness can be easily controlled by

modifications of this method.

1.3.2 Electroplating

Electroplating is a process that uses electric current to direct dissolved metal cations in
solvent, so that they could form a thin coherent metal coating on an electrode. This
technique is often used to modify the surface properties of target material. In this thesis,

electroplating is used to deposit lead dioxide onto the surface of PEDOT: PSS film.

The process used in electroplating is called electrodeposition. It is analogous to

a galvanic cell acting in reverse. The part to be plated is the cathode of the circuit.

3-electrode electroplating system is a widely used electrochemical system in many
relative studies. It is composed of 3 different electrodes: working, reference and counter
electrode and electrolyte. Electrolyte usually contains the reactants that the targeted
reaction needs and has a good conductivity. The solvent itself need to be carefully

chosen so it would not influence the target reaction.

10



Fig.1-9 shows the sketch of electroplating system. Each electrode has its own
purpose.*®) Working electrode is the electrode where the interested reaction occurs.
Thus, materials with high conductivity and high stabilities are usually utilized as
working electrode. Both organic and inorganic samples can be analyzed by chemically

modified electrodes.

Potential controlled .
Current flows Working electrode

Reference electrode

Counter electrode

Electrolyte

Fig. 1-9 Sketch of 3-electrode electroplating system.

Reference electrode provides a stable potential during the working process of the
system. The potential of working and counter electrodes may change during the reaction
that happens in the system. In order to detect the precise potential of working and
counter electrodes, reference electrode is needed. If the potential of counter electrode
stays the same or have a rather slight change during the procedure, the reference

electrode can be absent from the system.

Counter electrode is used in the system to form an electron loop with working electrode.
This structure makes sure that the wanted reaction can happen at the working electrode
while the mechanism of the reaction can also be studied. The material used for counter
electrode should have small resistance and the size used is normally 5 times larger than

the size of working electrode.

11



There are two electrical circuits in the 3-electrode system. Working and reference
electrode form one circuit to make sure the reaction happens in suitable or proper
condition. Working and counter electrode form another in order to construct a circuit to

transport electrons.

The way a three electrode potentiostat works is to read the potential difference between
the reference electrode and the working electrode using a very small DC current. By
comparing the potential measured to the desired voltage level as input using function
generator, one can adjust the voltage of the counter electrode until the difference

between the desired voltage and the measured voltage is zero.

The main advantage of a three-electrode experiment over a two-electrode experiment is
that the results are more stable. For two electrode system, the counter electrode is
theoretically used as reference electrode. The potential of the counter electrode in a cell
going through electrochemical reaction is changing all the time. The obtained results, as

a consequence, are not stable.

12



2. Experimental

This thesis is aiming at producing the n-type and perovskite layer of organic-inorganic
hybrid perovskite solar cell while understanding the characteristics. Each layer of the
cell was studied to reach the optimize condition. The main procedures can be roughly
divided into several steps in terms of the layers. Brief introductions about the progress
will be given in this chapter and detailed information will be given in the next chapter.

Fig.2-1 illustrates the target device of this thesis.

Perovskite

PEDOT:

FTO
PSS /
g

Glass

Fig. 2-1 Target device of this work.

As one can see from figure 2-1, FTO coated glass was used as substrate. It is a
transparent material that light can easily go through. The first layer coated on top of the
substrate is PEDOT: PSS layer, which is a conduction polymer that can also be used as
a n-type semiconductor. Perovskite is built upon the PEDOT: PSS layer working as the
core layer of the solar cell. Different methods were tried out during the exploring
process and finally detailed producing methods which lead to stable production

performance are reviewed.

2.1 Equipment and Chemicals

Raman spectroscopy is a technique often used to observe and determine vibrational
modes of molecules. The technique is used to detect the inelastic scattering of photon
known as Raman scattering.IR (infrared) spectroscopy is a technique used to detect the

absorption of certain wavelengths of infrared light. Certain molecular can only absorb

13



certain wavelength of infrared light. The above-mentioned techniques are used in this

work to measure the product qualitatively.

Main equipment:

Ossila

Autolab/PGSTAT101
Renishaw

Bruker/VERTEX70

VWR/USC-THD

Harrick Plasma

Main chemicals:

VWR chemicals/ Technical

Denaturoitu etanoli/ ETAX A7

Alfa Aesar / 57% w/w aq. soln.,
stab with 1.5% hypophosphorous
acid

Aldrich/ 1.3% dispersion in water
FF-Chemicals Ab

Merck

Merck

Merck

Sigma-Aldrich/ 65%

Merck

Merck

Sigma-Aldrich

Merck

4



2.2 Procedures

2.2.1 PEDOT: PSS Layer

The target surface needs to be cleaned in advance to get rid of contaminations which
might sabotage the performance of the whole device. FTO coated glass used is with 2

sizes (2.5cm*2.5cm and 1.0cm*1.0cm) and it is directly purchased from a factory.

First of all, FTO side of the glass needs to be detected by multimeter in order to
eliminate the contact contamination as much as possible. Once the FTO side is known,
carefully place the substrates on the sample holder for cleaning while remembering the

facing. Fig. 2-2 shows the sketch of sample holder.

Fig. 2-2 Sketch of sample holder (top view and front view).

Three different cleaning methods for substrate were utilized to determine which one
gives the best result. The comparison of the results was tested simply by using spin
coater to form PEDOT: PSS thin films with same experimental conditions except for the

substrate obtained by different cleaning methods.
Detailed information of 3 different cleaning methods are described below.

(1) Plasma cleaning. Use the ultrasonic cleaning device to clean the FTO glass which
submerged in acetone for 10 min, and do the same procedure with ethanol and
deionized water respectively. After that, air flow is used the dry the substrates. Finally,
use plasma cleaning device to clean the wafers under 1400mTorr O, atmosphere for 4

min.

(2) H20: cleaning. Use the ultrasonic cleaning device to clean the FTO glass which
submerged in acetone for 10 min, and do the same procedure with ethanol and

deionized water respectively. Prepare a solution of deionized water: NH3:H>O». Heat

15



the solution up to 80°C, ultrasonic clean the wafers in it for 10min. At last, dry the

wafers with air flow.

(3) Hellmanex Cleaning. (Hellmanex is a kind of surfactant widely used for the
cleaning of substrates). At first, make a deionized water solution with 5%(V/V) of
Hellmanex. Put wafers in the solution and use ultrasonic to clean the wafers in 50°C
for Smin. Then, use boiled deionized water to remove the Hellmanex. After that, put
the wafers into new deionized water. (To make sure Hellmanex was washed away as
much as possible). Then put the substrates in to IPA, ultrasonic bath in around 100°C
for 5 min. Dip the cleaned substrates into freshly boiled deionized water for 2 times.

Final step is to dry the wafers with air flow.

Different parameters of spin coating were tested to get a most efficient and budget-
saving combination for PEDOT: PSS film forming upon the substrate. The parameters
that influence the outcome of the film are as following: temperature of PEDOT: PSS
solution, volume of solution used, dropping methods, spin speed, spin time, sintering

time, sintering temperature.

Dropping methods for spin coating contains two ways of placing liquid on top of the
target substrate, name as Dynamic method and Static method respectively. Dynamic
method means placing solution on top of substrate while the substrate is spinning. On
the other hand, Static method means putting solution on top of the substrate before the

spin coater starts to work.

2.2.2 Perovskite Layer

Perovskite film is obtained by a combination of electroplating and chemical conversion
in this thesis. The main idea is to build a perovskite layer by forming a lead dioxide
layer on top of PEDOT: PSS and then chemically convert the PbO2 layer into lead
iodide and finally lead iodide can be manipulated to react with MAI, perovskite film on
top of PEDOT: PSS can be made.

In order to electroplate lead dioxide film onto PEDOT: PSS film, a potentiostat is used.

A new electrochemical cell was built to accomplish this task. Fig.2-3 shows details of

the system.

16



Screw A

Reference / Counter

Electrode Electrode

Screw B

-

I

IR

i PEDOT:PSS film
Working

Electrode

Fig.2-3 sketch of the cell used in electrodeposition of PbO..
The cell is sealed as the reaction is highly sensitive to air, especially oxygen. It mainly
consists of 3 electrodes: reference electrode (Ag/AgCl), counter electrode (Pt) and

working electrode.

Ag/AgCl is stable in high temperature and not as poisonous as an also commonly used
reference electrode-calomel electrode. In water, AgCl has a low resolvability as 107
(25°C), while in saturated KCIl water solution, it has a resolvability of 10 g/L. Light
would accumulate the decomposition of AgCl, it is recommended to keep the electrode

away from direct light.

Working electrode is PEDOT: PSS deposited FTO glass, the FTO side facing counter
electrode for better quality of lead dioxide film. Every few times of deposition, the
counter electrode must be cleaned by burning. To make lead dioxide film good quality,
counter electrode needs to have a large surface area. Screw A enable easy contact with
the potentiostat, while screw B can be adjusted to fix the working electrode. The holder
for the working electrode is made of metal. During the experiment, electrolyte must not
contact the metal holder, otherwise it would give unstable currents and poor film

quality.

After the lead dioxide film was successfully put onto the PEDOT:PSS film, the film
coated FTO glass into HI solution to convert lead dioxide to lead iodide, and then put
lead iodide to MALI solution to convert it to MAPbI3. These two procedures are both

chemical conversions.
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3. Results and Discussion

Before any experiment is carried, performance of the film needs to be defined. When
the formed film is fully covered and no apparent defect can be seen virtually, the result
is considered as a good one. To simplify the descriptions of experimental conditions,

short forms will be applied in the text below. For instance:

Plasma clean, D(S), 1000rpm, 60s, PEDOT: PSS 45uL (50°C), 110°C in oven for 15
min (110°C on hot plate 15 min)

represents that the substrate is cleaned using plasma cleaning method, it is Dynamic
spin coated (Static spin coated) with a spin speed of 1000rpm for 60s. 45uL of 50°C
PEDOT: PSS solution was used. After the coating, the substrate was put into an oven of
110°C and sintered for 15min (After the coating, the substrate was put onto a hot plate
of 110°C and sintered for 15 min).

All the experiments carried in this thesis follow the rule of single variable. The

conclusions mentioned in the following text are out of comparison.

In order to make the surface of substrate more hydrophilic and easier for PEDOT: PSS
to be coated on, substrate cleaning methods and modifications of PEDOT: PSS were

combined to find a best combo of parameters that will prohibit most ideal result.

There are some modifications can be done with the PEDOT: PSS solution. Increasing
the hydrophilicity of solution itself by adding some surfactant is what this experiment
used. Different volume of DMSO and Zonyl were added into the PEDOT: PSS solution

as surfactants. Four kinds of various assemblies were measured.

(1)Only PEDOT: PSS.

(2)5%(V/V) of DMSO + PEDOT: PSS.

(3)10%(V/V) of DMSO + PEDOT: PSS.

(4)5%(V/V) of [5%(W/W) Zonyl + DMSO] + PEDOT: PSS.

In total, 3 kinds of mainstream substrate cleaning methods (as mentioned in chapter
two) and 4 kinds of modifications of PEDOT: PSS solution were combined and tested

in the same parameters of spin coating:
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D, 1000rpm, 60s, PEDOT: PSS 45uL (50°C), 110°C in oven for 15 min

Under the same conditions of spin coating, Plasma cleaned substrate coated with

PEDOT: PSS solution without any surfactant, surprisingly, give out the best result.

3.1 Spin Coating of PEDOT: PSS Film

It is unknown whether the size and shape influences the result or not. FTO glass with
different standards were tested. FTO glass with the size of 1.5cm*1.5cm and

2.5cm*2.5cm were spin coated using same parameters as following:

Plasma clean, D, 1000rpm, 60s, 10%(V/V) DMSO + PRDOT: PSS, 45uL(50°C), 110°C

in oven for 15min.

Four samples were made. Sample 1,2 are smaller ones and sample 3 and 4 are
2.5cm*2.5cm in size. The surface of small substrates is fully covered, while that of the
large substrates are not. In the corner of the small plates, a condensation of solution can

be seen.

Fig.3-1 shows the UV-vis spectra of samples. One can tell from the spectrum that all
samples have quite similar absorbance although they are with different sizes. The
absorbance is different even for 2 samples with same size, although the difference is

small.

It is speculated that the size of wafers does not influence the results, in another word, a
certain amount of area of wafer can only be coated with a certain amount of solution,
and the amount of solution must be within a range with a small difference between
maximum and minimum. Substrates with size of 2.5cm * 2.5cm were chosen. The

following experiments are based on 2.5cm * 2.5cm FTO glass.
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Fig.3-1 UV-vis spectra of samples with different sizes.

It is speculated that the size of wafers does not influence the results, in another word, a
certain amount of area of wafer can only be coated with a certain amount of solution,
and the amount of solution must be within a range with a small difference between
maximum and minimum. Substrates with size of 2.5cm * 2.5cm were chosen. The

following experiments are based on 2.5cm * 2.5cm FTO glass.

Different solution, volume of solution, spin methods and speed of spin were combined

to find a best combination of experimental conditions.
The experimental set is named as Group A. It was tested out under these conditions:

Plasma clean, 110°C in oven for 15min

Table. 3-1 Different experiment conditions for Group A.

5%DMSO+
300 S 30 2000

PEDOT: PSS
PEDOT: PSS 350 S 30 2000
PEDOT: PSS 350 D 30 2000
PEDOT: PSS 350 D 30 1500
PEDOT: PSS 100 D 30 1500
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Sample 1 was not recorded. Only sample number 4 and sample number 5 was fully

covered. The UV-vis spectra of samples are showed below in Fig.3-2.
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Fig.3-2 UV-vis spectrum of samples in Group C.

For FTO glass substrate, 350uL volume of PEDOT: PSS is more than surfactant for the
coverage, much solution was spread out the surface when spin coating. Another

experiment group is added to find the minimum volume for PEDOT: PSS that can cove

the whole area of substrate.
Experiment group as Group B is carried out under conditions below:

Plasma clean, D, 1500rpm, 30s, D, 5%(V/V) of [5%(W/W) Zonyl + DMSO] + PEDOT:
PSS, 110°C in oven for 15min

Table. 3-2 Different experiment conditions for Group B.




Sample 5 and 6 are made to test the repeatability. Only sample 1 and 2 are fully
covered, however, for the repeat sample 5 and 6, the results are poor. This is because
during the spin coating process, the solution is slowly cooled down with time. It is clear
that the temperature of solution has an influence on the performance of coated films.
Also, one can deduct that when decrease the volume of solution, the thickness of coated

film is decreased.

When using dynamic spin coating, how to operate the pipette may also have some

influences on the final results. Thus, experiment set Group E is arranged.

Plasma clean, D, 1500rpm, 30s, 5%(V/V) of [5%(W/W) Zonyl + DMSO] + PEDOT:
PSS, 110°C in oven for 15min

Table. 3-3 Different experiment conditions for Group E.

| Sampleoumber [ Volumel) || Maxgalaion |
_ 100 Squeeze fast
_ 100 Not fast, but continuously
_ 100 Drop by drop
_ 45 Not fast, but continuously
_ 45 Drop by drop
_ 45 Repeat sample 4
_ 100 Repeat sample 2

The results are not good enough, partially because of the uncontrolled temperature of
solution, partially because of the ways to operate dynamic spin coating. Also, from UV-
vis spectra, one can realize that the thickness of the central part of sample is different

from it of the edge part. Central part is thicker than edge part.
From results mentioned, 3 different cleaning methods and 4 kinds of different solutions
give similar results. Therefore, plasma clean and pure PEDOT: PSS were chosen to be

efficiency.

Experiment Group C is organized to study how temperature of solution influences the

outcomes. The samples were spin coated under the conditions of:
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Plasma clean, D, 1000rpm, 30s, PEDOT: PSS, 80uL(solution kept in oven of different

temperatures for Smin), 110°C in oven for 15min

Table. 3-4 Different experiment conditions for Group C.

Sample 8 is aiming to test the repeatability. None of the sample is not fully covered.

The UV-vis spectra center area of Group E is showed below in Fig.3-3.

The temperature does not seem to influence the results much in this case. However, the
temperature in the earlier experiments might be even lower than the lowest temperature
in this experiment. The only conclusion can be obtained is that the solution with a
temperature not lower than 35°C have little influence on the results. In all the following

experiments, the solution was kept warm during the coating process.
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—— sample 1
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sample 3

——sample 4
sample §

—— sample 6

005k ———sample 7

N ——sample &

Absorbance(%:)

w0 w0 @0 70 80 %0 100
‘Wavelengthinm)
Fig.3-3 UV-vis spectrum of experiment Set E.
From this part, all the following experiments use hot plate for sintering. Two samples of

PEDOT: PSS layer were made on FTO glass using same experimental conditions except
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for PEDOT: PSS volume. Sample A used 200uL of PEDOT: PSS solution while sample
B used 120uL of PEDOT: PSS solution. Fig.3-4 shows the microscope images of

sample A and sample B.
A b AX B
: v e | )
Y 4 % S
s' ; .
8 2
. >
i P

Fig.3-4 Microscope images (x50) of PEDOT: PSS layer on top of FTO. A) 200uL; B) 120 uL.

Samples produced using PEDOT: PSS solution with 2 kinds of volume do not show
huge differences in appearance. Dark spots and background in sample A as well as dark
spots and background in sample B were tested using Raman microscopy. They all
shown peaks of PEDOT: PSS around 1440cm™ 33! as shown in fig.3-5.
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Fig.3-5 Raman spectroscopy of different morphologies in Fig.3-6.

It can be deducted that the surface can only hold certain amount of PEDOT: PSS no

matter how much material used for the spin coating.

4 samples of 120uL. PEDOT: PSS coated on top of FTO glass were put on top of 110°C

hot plate for sintering. The duration of the process of each sample is unequal. The
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effects upon the quality of samples are analyzed below. Fig.3-6 shows microscope

images of 4 samples with different sintering time.

sintering; C) 10min sintering; D) 15 min sintering.

The spots in the blue squares are gathering of PEDOT: PSS. It is easy to obtain from the
pictures that with increasing sintering time, the surface becomes more uniform. The

morphology does not have an apparent change after 10 min sintering.

Fig.3-7 shows the microscope images of films coated with different PEDOT: PSS
solution temperature. Samples have similar surface images. Within 10°C, the
temperature does not give apparent influences on morphology of PEDOT: PSS layer.
This result means that the temperature needs not to be accurately controlled in the

process of spin coating.
Overall, the spin coating process has no influence on the lead dioxide or lead iodide

film. As long as one can get a high-quality film of PEDOT: PSS, the operating process

will not influence the final results.
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Fig.3-7 Microscope images (x50) of PEDOT: PSS layer electrodeposited on top of FTO(120ulL). From A
to E, the temperature of PEDOT: PSS for spin coating drops from 50°C to 40°C. Samples are made by an

approximate time gap of 2min.

All the different areas in the microscope images above, shows similar signals in Raman
spectroscope. This indicates that all those samples are PEDOT: PSS film.

From the experiments above, one can obtain some conclusions. Plasma cleaning gives
best performance of all 3 kinds of surface clean methods. Dynamic and Static coating
methods does not influence much on the result. However, under same other conditions,

static dropping methods requires more solution.

The performance of different solutions has a small difference from each other, in order
to save time and budget, PEDOT: PSS solution without anything is used in the later
experiments. Spin speed and volume used have huge influence on the performance of

films, but they depend on the combination of all the experimental parameters.
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Till this step, an optimized combination of parameters for PEDOT: PSS spin coat is
obtained: Plasma clean, Dynamic, 1500rpm, 30s, PEDOT: PSS, 120uL (50°C), 110°C

on hot plate for 10 min.

Fig. 3-8 shows the SEM image of the FTO glass in different magnifications.

Mag= 100KX EWT= 2708V  Aperure Size = 10.00 pan Date -7 Sap 2018 ﬁq BOOKX  EWT= 2704V !ul‘ MSUI
WO Emm Sgnal A= inLens Image Pixel Sze = 1172 nm LED 9630 WO Emm Signul AminLens Image Pixel Soe = 234 ren

Mage WOOOKX EMT= 2TOMY  Aperfe Size = 10.00 pm A
LED 1530 WO Emm Signal A= inLens Image Pixel Size = 117 ren SAN

Fig. 3-8 SEM images of FTO glass. (4) 1.0 K X magnification; (B) 5.0 K X magnification; (C) 10.0 K X

Date -7 Sep 2018

magnification.

From the pictures of Fig. 3-10, it is obvious that FTO layer is very smooth and uniform.

In the highest magnification, small uniformed crystal grains can be observed.

The SEM images of PEDOT: PSS film obtained by the optimized combo of parameters
are shown in Fig. 3-9. It shows the PEDOT: PSS SEM images in different
magnifications. Comparing to FTO glass, the images of PEDOT: PSS does not show
much difference. It indicates that the coated PEDOT: PSS film is too thin to be well-
observed in SEM. By Raman spectroscopy, the sample show strong signals of PEDOT:
PSS.
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Fig. 3-9 SEM images of PEDOT: PSS film on FTO glass. (4) 1.0 K X magnification; (B) 5.0 K X
magnification, (C) 10.0 K X magnification.
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3.2 Electroplating of Lead Dioxide

In the process of electroplating, the counter electrode is made of Pt wire and Pt mesh.

Fig. 3-10 shows the look of counter electrode.

Fig.3-10 Counter Electrode made by Pt wire and mesh.

On left side of Fig.3—12 is a counter electrode consist of platinum mesh and platinum
wire. On right side, is a hollow cylinder made of platinum mesh and supported by a

thick platinum wire.

Theoretically, it would be good for counter electrodes to have high surface area. The
platinum cylinder is more ideal than the counter electrode made of Pt mesh and wire.
Both electrodes were both used in this experiment. By comparing results of two
electroplated films with other conditions all same, Pt cylinder gives better performance

(coverage and thickness) than the other one.

Every result in this thesis is concluded by Pt cylinder as a counter electrode.

3.2.1 Preparation

With the help of potentiostat, Ag/AgCl reference electrode can be made.

The electrolyte is saturated KCI solution. Polish Ag wire to remove the oxide on the
surface, then use it as a working electrode. Pt wire is the reference and counter electrode

in this experiment.

Choose chronovoltammetric mode in the potentiostat. Set the current to 0.1mA, then
operate it for at least 7200s. Longer time gives more stable and durable reference
electrode. The voltage- time curve of this experiment should be a line around 0.9V and

1.0V, however, some gas bubble may gather around the working electrode which would
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make the curve not an even line. During the process, pay attention to the surrounding of

working electrode and remove bubbles once found.

When the AgCl deposition is finished, flush the electrode with deionized water. Be
aware not to touch the AgCl part whenever using the reference electrode. One reference
electrode is obtained. The fresh reference electrode needs to be calibrated before put

into usage. A cell needed to be built up for this procedure.

Electrolyte for calibration is consisted of the following compounds: KCI 0.373g(=
0.1M); K3[Fe(CN)6] 0.0825¢g (= 5SmM).

Dissolve chemicals mentioned with deionized water to form 50mL solution. After the
procedure, set the cell with FTO glass as working electrode, Ag/AgCl as reference

electrode and Pt as counter electrode. Cyclic voltammetry potentiostatic mode in

potentiostat is used in this calibration.

Detailed parameters used are shown below.

Table. 3-5 Parameters used to calibrate the reference electrode.

CV staircase

Start potential ov

Upper vertex potential | 0.4V

Lower vertex potential | -0.4V

Stop potential ov

Number of crossing 6

Highest current range | 1mA

Lowest current range | 100pA

The vertex potential range and current potential range were studied to get the best

results. Before the measurement, background of the electrolyte needs to be tested to
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make sure no peak of solvent shows in the vertex range used. For the electrolyte,
deionized water is background. Fig.3—11 Scan of deionized water in the potential range

of'-0.4V to 0.4V shows that there is no peak for water in the range used.

Poleral sppie (v

Fig.3-11 Scan of deionized water in the range of -0.4V to 0.4V.

Therefore, the electrolyte can be used for calibration now. After addition of
K3[Fe(CN)s] to the electrolyte solution, the CV shows in Fig. 3-14.

Fig.3-12 Calibration of Ag/Agcl electrode.

From Fig.3-12, one can obtain the peak positions, furthermore, the potential of the
reference can be calculated. Peak position 1: 0.0366V; peak position 2: 0.2124V.

Eo 0.2124;0.0366 V — 0.0879V

Thus, the reference electrode made has a potential of 0.0879V.
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Theoretically, the reference electrode needed to be calibrated before and after every
electroplating procedure. It is a tedious work and time-consuming procedure. In the
experiments of this report, it has been tested over 100 times that the reference electrode
is stable. The potential of the reference electrode remains around 0.09V before and after
each experiment. Some value shifts can be seen when testing the reference value at
different measurements. That is due to the electrode position change in different
measures. The potential value difference is less than 0.1V which is a small value
comparing to the voltage used (around 1.3V). In order to save time, calibrate once and

the electrode can be used to deposit 5 times.

In the following data, calibration value for each five times will not be mentioned again

due to the results are similar (around 0.09V). The reference is stable.

3.2.2 Lead Dioxide Deposition

To manipulate the parameters and make better films, one need to know the starting
point of PbO> electrodeposition. First of all, electrolyte for deposition need to be made
by dissolve 3.7935g of Pb(CH3COO),, 1.6998g of NaNO; and 0.694mL of HNOs in

deionized water to make a 100ml solution.

Potentiostat Mode: cyclic voltammetry potentiostatic mode.

Current range: 10mA-1mA.
The reaction scheme is shown below.
Pb%*(1)+20H(1)=PbOx(s)+2H2(g)

Fig.3-13 shows the starting point of the PbO; deposition.

Fig.3-13 The starting point of PbO; deposition.
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From the figure above, it is clear that PbO; started to deposit on the FTO surface when
voltage reaches around 1.3V. Therefore, films can only be made by voltage larger than
1.3V.

Lead dioxide was deposited onto FTO/PEDOT: PSS film using different voltages and

time duration. One of the attempts are shown in the Table 3-6 below.

Table. 3-6 Approaches used to produce ideal lead dioxide films.

30s [50s|70s|90s|100s|110s|120s |150s

1.3V

1.5V

1.7V

1.9V

2.0V

2.1V

2.3V

Colored area in the table is the combination of voltage and deposition time which has
been tried in this experiment. Light blue represents parameter combinations lead to a
fully covered surface made of reactant. Dark blue represents parameter combinations
lead to not fully covered ones (Some part peels off). Yellow represent the combination

shows the best product quality.

For both horizontal and vertical directions, trials stopped because the film already
started to peel off from the FTO glass. Uniformed and thick films are wanted in this
experiment. No hole formation is the baseline of the production procedure. Yellow

squire in Table.3-8 is the best result yet.
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Fix the time as 30s, the thickness increases with voltage. When reaching 2.1V, some
part of lead dioxide started to peel off from the substrate. It is owing to the formation of

gas bubbles around the working electrode.

Fix the voltage at 2.0V, increasing the time makes the film thicker. However, the
quality is not stable. Most of the time, the film is homogeneous, but there are occasions
when some holes showed on the film. The same outcome happens when using 1.5V,
1.7V, 1.9V.

Fix the voltage at 1.3V, film thickness increases with time. Lower voltage and longer
time allow the film to be deposited evenly. The best result so far is made from 1.3V,
90s. There are some procedures which gives same or better results. They are, however,

not used because of poor stability and repeatability.

The solution for deposition needs to be paid attention to. It must be kept away from air,
otherwise some contamination might be found in samples. Theoretically, the solution
can be used for many times because the concentration of Pb*" is much more than
needed. However, the working electrode used is 2.5cm*2.5cm FTO glass, which have a
rather large area. In this case, solution needs to be replaced after few depositions. It is
hard to calculate or monitor the concentration. Over 50 samples prove that the quality of
lead dioxide film will not change in a large range if electrolyte is renewed every 8§ times

of deposition.

For the information about sintering time of PEDOT: PSS film and lead dioxide

morphology on top of them, the following experiment was carried out.

The most important things considering electroplating are voltage and time. They are
similar to the relationship of spin speed and volume in spin coating technique. Since the
best result can be obtained by 1.3V and 90s as in Table. 3-8, detained relationships

between different parameters were studied.

Under the voltage of 1.3V, lead dioxide was depositing on top of PEDOT: PSS layer for
30s. Those PEDOT: PSS layers of samples were sintered on hot plate for 2 min, Smin

and 10 mins respectively.

The following figure shows microscope images of lead dioxide samples.
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Fig.3-14 Microscope images (x50) of PbO; layer electrodeposited on top of PEDOT: PSS (1.3V; 90s). A)

2min sintering; B) Smin sintering; C) 10min sintering.

Fig.3-14 shows images of 3 different lead dioxide layers on FTO/PEDOT: PSS wafers
for which different sintering time has been used. From the images, one can easily tell
that no apparent differences upon morphology can be seen from them. It can be
concluded that sintering time does not influence on the deposition of the PbO> layer on
PEDOT: PSS. All the different morphologies in the sample were tested with Raman

spectroscopy and showed same signals as lead dioxide.

Together with Fig.3-8, it is logical to deduct that sintering time can make influence on
the PEDOT: PSS layer. However, it cannot influence the formation of lead dioxide
layer, which means the quality of lead dioxide layer has nothing to do with sintering

time of PEDOT: PSS.

The performance of samples with different electroplating time was studied as

experiments below.

Sample A is deposited with 2.0V, sample B has been deposited under 1.3V.
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Fig.3-15 Microscope images (x50) of PbO: layer on top of PEDOT: PSS and sample(A and B) pictures.
A) 2.0V, 30s; B) 1.3V, 30s; a) picture of sample A; b) picture of sample B.

As shown in Fig. 3-15, for sample A, obvious brown color can be seen from surface.
The microscope image is similar to what have been observed with samples made with
same condition. On the other hand, sample B does not show any direct information from
the microscope image, the color of sample from picture is very dilute and faint. This
comparison is just for the integrity of the whole experiment. Since the voltage is been
decided to be 1.3V through the results of massive experiments, no other voltages shall

be mentioned.

The connection between electroplating time and the performance of samples are

discussed below.

As shown in Fig.3-16, samples A-G are deposited with different time under 1.3V.
Barely something can be seen on the image of sample A. Very low amount of material
was deposited on the surface. When using the same potential, 1.3V and prolong the time

for deposition, a more condense film can be obtained.

Furthermore, samples with deposition time in the range of 90s-110s show the best

results. Deposition time above 110s lead to small holes formed on the surface. 150s
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deposition also gives a condense layer, but there are many holes formed, even the lead

dioxide layer started to peel off.

Fig.3-16 Microscope images (x50) of PbO; layer on top of PEDOT: PSS (120uL) of samples with
different reaction time. A) 30s; B) 90s; C) 100s,; D) 110s; E) 120s; F) 150s; G) 180s.
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After repeatability test, lead dioxide films made through electroplating 90s under 1.3V
are best in quality and repeatability among others. SEM images of lead dioxide made by

electroplating 90s under 1.3V are shown below in Fig.3-17.
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Fig.3-17 SEM images of lead dioxide film on PEDOT: PSS. (4) 5.0 K X magnification; (B) 10.0 K X
magnification, (C) 25.0 K X magnification.

From the SEM, lead dioxide crystals can be clearly observed. That indicates the layer of
PEDOT: PSS is covered by the crystals. White dots in pictures are less stereo than other
parts, they might be some less conducting dirt particles.

In the experiments, it was also been found that the lead dioxide film is highly sensitive.
Even a slight contact may leave a severe scratch. After deposition, the working
electrode needs to be flushed with deionized water for cleaning. Before the conversion
into Pbl,, the samples need to be carefully stored. Three different methods of storage
were utilized in this part: put samples in open environment; stored in Ethanol; stored in
deionized water. Ethanol and deionized water were chosen because none of them can

dissolve lead dioxide.
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Samples put in open surrounding shows the worst appearance. Many lines and scratches
can be found. Samples stored in Ethanol and deionized water shows similar results,
barely any damage can be found. Ethanol was finally determined to be the storage
solution at last. It is highly volatile, so it can save much time when dry lead dioxide

samples are needed.

3.3 Lead Iodide Conversion

Many approaches can be used to convert lead dioxide to lead iodide. Basically, every
approach follows the fundamental chemical reaction between lead dioxide and
hydrogen iodide (HI). HI was dissolved in Ethanol (0.0125M) if nothing particular was

mentioned about in the following text. The reaction can be deducted as:

PbO: (S) +4HI(L)—Pbl2(S)+2H>O(L)+12(S)

Dipping method is the easiest operating among all methods used. The overall idea is to
submerge the samples into HI solution. The experiment cannot be easily controlled
because the high acidity of HI.

Too concentrated solution can convert the film in a very short time and cannot be
precisely controlled. On the other hand, if the concentration is much too low, the
conversion can be a long progress. At one point, the film would be partly peeled off

from the substrate while other parts remaining unconverted.

The crucial part of this method is adjusting the concentration and time of conversion.
Only if one appropriate combination was found can the film be made even and
homogeneous. With many trials, the results were still not good enough. Thus, other
parameters ware introduced to the system to manipulate the film quality--temperature

and solvent.
Table 3-9 shows all the combinations of time and concentration tried to manipulate the

results, the temperature of the sample and HI solution is room temperature, the solvent

used is Ethanol. The yellow square in Table. 3-9 indicates the best approach so far.
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Light blue represents parameter combinations lead to a fully covered surface made of
reactant. Dark blue represents parameter combinations lead to not fully covered ones

(some part peels off). Yellow represent the combination shows the best product quality.

For the direction of time increase, trials stopped when samples began to be incomplete.
As for the concentration, too dilute solution would take too much time and did not give

any better results. So, it stopped when the concentration reached 1/15.

Under the best combination for concentration and time, the lead iodide film made is still
not good enough. Besides, the repeatability is not stable. Thus, the temperature of
template and solution was manipulated. The solvent for HI is also adjusted to make a

better-quality film.

Table. 3-7 Different attempts to produce ideal lead iodide film.

111/2)1/3|1/4]1/5]1/10 | 1/15

3min

Smin

10 min

15min

20min

30min

1 represent the concentration of 0.125M.
Fig. 3-18 shows the comparison of two samples after further reaction with HI. Sample

A was treated with a deposition time of 90s and for sample B, 110s was used

respectively.
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Fig. 3-18 Microscope images (x50) of Pbl, layer on top of PEDOT: PSS and Raman spectra. A)
Microscope image sample A; B) Microscope image of sample B; C1) and C2) Raman spectra for two
different ranges (0-500cm™ and 1400-1500cm™).

Sample A and sample B indicates similar results. There are 2 kinds of morphologies in
the microscope images as showed by rectangular frames, the dark spots and the light
spots. Thus, the Raman images shows two curves for each sample. Raman peak for
PEDOT: PSS is around 1440 cm !, and that for lead iodide is round 100 cm™'. From the
images we can see that sample A and B both have strong peaks for PEDOT: PSS as well
as Pbl,. However, further experiments were carried and samplers with 90s performed a

better stability than 110s and 100s. Therefore, 90s is the best option so far.
Different from PEDOT: PSS layer, the quality of lead dioxide film can be told directly
from the appearance of it. Therefore, the influence of electroplating upon the

performance of lead dioxide is actually controlled by the quality of film formed.

Sample A and B are converted in the same concentration (0.0125M) of HI for different

duration, A was submerged for 10 min, B was submerged for 15min.
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Fig. 3-19 Microscope images (x50) of Pbl, layer on top of PEDOT: PSS and and Raman spectroscopy
image. A) Microscope image sample A; B) Microscope image of sample B; C1) and C2) Raman images

in different ranges.

Fig. 3-19 shows the images and Raman curves of those samples. 3 kinds of areas
showed for sample A, 2 kinds areas showed for sample B as showed in the images. The
light area in sample B is shows no signal while yellow area shows strong Raman signal
of PbL. It can be ducted that: for sample B, light area is bare FTO glass while yellow
area is Pblb. Longer time performance a better surface which is more homogeneous. The
signal of Pbl, will decrease compare to shorter time conversion. During the conversion,
some material have already dissolved in the solution. Ethanol was used as solvent and

the temperature of solution/ substrate was controlled.

Put the substrate on 60°C hot plate for 3min, then put the warmed substrate into room
temperature solution (HI 0.0125M) for 7min. High quality lead iodide film was
successfully made. Lead dioxide was converted completely even when looking at the
plate from the backside and no hole or peeled off area was found. Warm HI solution on
60°C hot plate for 3min, then put substrate into warmed solution for 4min. High quality
film was made. Visually looks better than last one. 60°C was chosen because the boiling
point of ethanol is around 70°C. In 60°C, the reaction of conversion happens faster. The

quality of film also increased.
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Signals of Pbl, can be seen using Raman spectroscopy. In Raman spectroscopy, the
signals from lead iodide can be seen in the range less than 100cm™!, which is beyond the
range of the Raman system owned by the research lab. Hence, IR spectroscopy could be

an effective tool to prove the existence of lead iodide.
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Fig. 3-20 IR curve of PbO; with different angles and backgrounds (PEDOT: PSS and FTO glass).

Fig. 3-20 shows IR curve of PbO2/PEDOT: PSS and PbO,/ FTO glass with different
angles. The first spectrum uses PEDOT: PSS as background while the second uses FTO

glasses. For the IR spectroscopy test, amount of scan is 64 and the resolution is 4cm’'.

It can be seen from the curves that spectra gathered at 70° shows the highest absorbance
of all spectra gathered. As for the background, PEDOT: PSS shows more clear results
than FTO glass. Thus, 70° and PEDOT: PSS background is most ideal for the IR

experiments of PbOx.

The amount of scan is 62 and the resolution is 4cm™. The IR peak of PEDOT: PSS is
around 1094 cm™'. The signal is not strong enough to be sure that around 500 cm™ exists

signals for lead dioxide.

When changing the solvent into water, “golden rain” phenomena happens as show in

Fig.3-21. Lead iodide prepared from cold solutions of Pb2+and I salts usually consists of
many small hexagonal platelets, giving the yellow precipitate a silky appearance. Larger
crystals can be obtained by exploiting the fact that solubility of lead iodide in water
increases dramatically with temperature. The compound is colorless when dissolved in

hot water, but crystallizes on cooling as thin but visibly larger bright yellow flakes, that
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— . . . [34]
settle slowly through the liquid -- a visual effect often described as "golden rain".
Larger crystals can be obtained by autoclaving the Pbl, with water under pressure at

35
200 °C. .

Fig. 3-21 Large crystal pieces of lead iodide owing to recrystalization, which also describes as “Golden

Rain”.

No matter the HI solution is heated or not, still large crystals may form in a rapid speed.
Everything peels off from FTO surface within 10s. As mention in introduction, golden

rain phenomena happen during recrystallization. However, no reasonable explanation
can explain why this happens.
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Fig.3-22 SEM images of lead iodide film on PEDOT: PSS. (A) 1.0 K X magnification; (B) 10.0 KX
magnification; (C) 25.0 K X magnification.
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Fig.3-22 shows the SEM images of lead iodide film on top of PEDOT: PSS. Large

crystals of lead iodide can be seen in the pictures.

3.4 Perovskite Conversion

Perovskite is made by lead iodide and MALI in this thesis. The substrate covered by lead
iodide in submerged in a solution of MAI isopropanol. The concentration of the solution
is 10mg/mL. Converting the lead iodide for 2 hours and a good film of black perovskite

is gained.

Fig.3-23 and Fig.3-24 shows SEM images of perovskite.Fig.3-25 shows the large

crystal flake of perovskite. Fig.3-26 shows the small particle areas of perovskite.

Mag= H0OOKX EMT= 20KV 1000pm  Dak ¥ Xi\ Hoin Mags MODKX EMT= 270MV 1000pm  Dak
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Fig.3-23 SEM images of crystal flakes of perovskite. (A) 1.0 K X magnification, (B) 10.0 KX
magnification; (C) 25.0 K X magnification.
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Fig.3-24 SEM images of perovskite. (4) 1.0 K X magnification; (B) 10.0 K X magnification, (C) 25.0 K X

magnification.

In both flake and small crystal areas, small cubic structure of perovskite can be
observed, the micro morphology in each area is similar to each other. However, when
comparing to the SEM pictures of lead dioxide, apparently the crystal flakes shrink into
much small sizes. This is owing to the high surface energy of lead dioxide crystal flakes
and over-saturation of chemicals. When reaction happens, perovskite crystals forms

with a high nucleation rate leading a small crystal size.

The degeneration phenomenon of MAPI mentioned in introduction 1.2.2 can only be
observed when it is exposed long enough to moisture. Divertingly, the degradation is
not exactly the same when exposing the crystal to a relatively high humidity
environment or to water directly. The black color of MAPI would turn to light yellow,
which is the color of lead iodide, almost immediately when contacting water. In this
process, MAPI is degraded to Pbl, and methylammonium iodide (MAI) whom are the
pristine reactants of preparing MAPI.
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It is mentioned that the quality of PEDOT: PSS film does not influence the quality of
lead dioxide film on it. We can explain this phenomenon from the prospective of

nucleation.

Classic nucleation theory (CNT) is a theoretic model to understand nucleation from a
prospective of thermodynamics. This model presents the condensation of supersaturated
vapors to the liquid phase and can also be applied to crystallization from solutions and
melts. It can be used only under the assumption that: the reaction is in equilibrium; the
nuclei is sphere; the cluster grows by one particle at one time; cluster and bulk material
shares the same prosperities and interfacial energy is independent of size. The change in
Gibbs free energy of the system (AG) during nucleation is the sum of decrease in
volume energy (AGv) and the increase in the interfacial energy (AGs). AGv is generated
from chemical potential change while AGs is generated from the formation of surfaces.
Nucleation depends on the Gibbs free energy change in system. AG of nucleation of

nucleus with a radius of rcan be present as:

AG = 4nr3A + 4mr?
= T3y U+4nrs-o

Au is the chemical potential difference between solid and liquid, ois the interfacial
energy between the liquid and solid per unit area, and v; is the molecular volume of the
liquid. By deformation of the equation, one can get the relationship between size and
AG is shown in Fig 3-25.
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Fig 3-25 Relationship between radius and AG according to CNT.
AG is the critical Gibbs free energy change and r* is the critical size. When the size of

cluster is smaller than r*, the cluster will dissolve and vice versa the cluster will

spontaneously grow larger when size is larger than r*.
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For electrodeposition system, an electric field is applied across the working electrode in
such a way as to give electrons to the ions in solution so that they form uncharged
elements or compounds which prefer to adhere to the surface of the working electrode
rather than remain dissolved in solution.*”) For lead dioxide deposition, electrons
generated will react with electrolyte and produce lead dioxide particles. This particles
adhere to the PEDOT:PSS surface and forms lead dioxide layer. The adherence process
can be seen as the heterogeneous nucleation of lead dioxide. For stable system, the
interfacial free energy does not change. The quality does not have an influence on the

crystallization thus does not influence the quality of lead dioxide film.

For the conversion of lead iodide and perovskite, both of the experiments are chemical
conversions. From the SEM photos and reaction equations, one can deduct that the
conversion is actually exchange of ions. The morphology of former reactant layer,
concentration of solution, surface energy of crystals and other influences can all

contribute to the final morphology of the crystal layer.

From the experiments above, stable results can be obtained. In order to increase the
property of the perovskite film, some enhancements may be taken into consideration.
The concentration of MAI solution could be decreased to compensate the fast

nucleation of perovskite crystal, thus to produce larger crystals.
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4. Conclusion

Repeatable high-quality perovskite film can be made by the optimized combination of
parameters: plasma clean the substrate, then use Dynamic dipping method coating 50°C
120pL of PEDOT: PSS by a spin coater at 1500rpm for 30s, finally, put the coated
substrates on a hot plate of 110°C for 10 min. Repeatable high-quality lead dioxide film
can be made by electroplating in 1.3V for 90s. Repeatable high-quality lead iodide film
can be made by dipping into 60°C 0.0125M HI ethanol solution for 4min. Repeatable
perovskite film can be made using chemical conversion by dipping the lead iodide
coated substrates into MAI isopropanol solution for 2min. With the process so far,
PEDOT: PSS layer/ lead dioxide and PEDOT: PSS/ lead iodide is strongly combined
together.
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Support information

Electroplating lead dioxide onto Microporous Glass

Due to the high price of FTO glass and the economic-friendly principle of this
experiment, normal microporous glass (2.5cm*2.5cm) were introduced to mimic the
FTO glass. It is much cheaper to use microporous glass exploring a technique as spin
coating who has many aspects involved that may influence the result. By finding a good
combination of parameters of spin coating on microporous glass, the similar results are

expected to coincide with FTO glass.

For the study of how different spin methods (Dynamic and Static) influence the
outcome of coating, microporous glass was cleaned by Plasma cleaning method and

coated under the following conditions:
D(S), 1000rpm, 1000rpm, 60s, PEDOT: PSS, 45uL (50°C), 110°C in oven for 15min

Two samples were made using Dynamic coating method and Static coating method

respectively. Fig. S1 is the UV-vis spectrum of those samples.

One can get a conclusion easily from Fig. S1, that there is not much differences between
the UV-vis spectrum of 2 methods. Conclusion can be made that the ways of how to

drop the solution does not influence the results for normal microporous glass.
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Fig.S1 UV-vis spectrum of samples using different spin coating methods.
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Centrifugal force is the main mechanism of spin coating technique. Thus, it is obvious
to relate the speed of rotation and the volume used to the final performance of product.
With fixed conditions, relationship among products quality, speed of spin and volume

used were discussed.

One Experiment group (Group A) of samples were made under the conditions:

Plasma clean, D, PEDOT: PSS, 110°C in oven for 20 min

Table. S1 Different experimental conditions for Group A.

Al Bl
Al B2
Al B3
A2 Bl
A2 B2
A2 B3
A3 Bl
A3 B2
A3 B3

* A1: 1000rpm; A2: 1500rpm; A3: 2000rpm
*B1: 35uL; B2: 45ul; B3: 55uL
Table. S1 describes the difference in parameters among samples. Visually, all samples
are well-covered with a nice film of PEDOT: PSS. The UV-vis of each sample is shown

below.
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Fig. S2 UV-vis spectrum of samples in Set A with different experimental conditions. Lest side is in range
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of 325nm-1100nm, right side illustrates the spectrum in range of 800nm-1000nm.

From Fig. S2 above, one can tell that the differences are quite small. It is considered
that higher signals of absorption indicate thicker PEDOT: PSS formed, which is defined
to be a more successful result. Hence, the best one among group A is 1000rpm, 35uL of
PEDOT: PSS solution.

In order to study the influence of time in oven, time for spin coating, volume and
whether dynamic method and static method influences the performance of sample when
other parameters changes, the following experiments, named as Group B, was

organized.

Theoretically, there are many conditions cannot be controlled in dynamic spin coating,
like the drop speed, the distance from the surface to the tip of pipette and the position of
deposition on the surface. Static showed similar results from dynamic, on the other
hand, it is easier to control the conditions of static spin coating. Thus, static method is

chosen as the basic one. Samples are coated under the following conditions.
Plasma clean, 1000rpm, PEDOT: PSS, oven 110°C

Visually, all samples are all fully covered by PEDOT: PSS. AFM, UV-vis spectrums of

each sample and comparison of them were obtained.

In Group B, the time in oven does not influence the outcome at range of 15min and 20
min. Overall, the longer time for spinning, the thinner film will be got. Dynamic and
static does not influence the outcomes much. Higher volume gives stronger signal of

absorption.

Table. S2 Different experiment conditions for Group B.

- Oven 20min
55 S 60 Oven 10min
110 D 30 Oven 15min
110 S 30 Oven 15min
55 S 30 Oven 15min
— 55 S 30 Oven 15min
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When applying the optimized parameters for microporous glass on FTO glass, the result
is nowhere near good. The substrate of FTO surface is not even fully covered. Some
small adjustments were made, but still no good results can be obtained. Thus, it can be
concluded that the spin coating parameters for microporous glass is totally different
with FTO glass.

Using Vapor Method to Convert Lead Iodide

Besides electroplating, vapor conversion and chemical conversion were also tested.
Chemical conversion is a method to put the substrate into a container of HI with a
certain concentration and temperature. On the other hand, vapor conversion means

using HI vapor to contact the lead dioxide layer, and then convert it to lead iodide.
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Fig. S3 Sketch of vapor deposition equipment.

Fig. S3 gives the sketch of the vapor conversion equipment. This equipment is
consisting of one substrate holder and one double layer container. The holder is made of
plastic which will not react with HI. Samples with lead dioxide facing down can be put
on the slot, so that the vapor of HI solution would contact the lead dioxide film to

trigger the conversion reaction.
The double layer container is a glass container with inner and outer vessels. The outer

vessel can be filled with liquid from the pipes connected to it. One can use the lower

pipe to fill water in and higher one to transport water out of the outer container. In this
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experiment, this equipment is connected with a thermostatic water bath tank. Water
with a certain temperature goes through the outer container and back to the tank in order
to make the environment of the inner container possess a fixed temperature. By doing

that, solution in inner container can evaporate with a steady speed.

Different temperature, concentration of HI and other parameters which may influence

the outcome of the lead iodide film were studied in this thesis.

When fixing the volume of HI solution, and with the increasing of concentration, lead
dioxide film would dissolve quicker. The speed of deposition cannot be correlated to HI
concentration as a linear function because it is difficult to measure the deposition speed.

Thus, other parameters should be considered to improve the quality of film.

Fig. S4 shows the illustration of substrate holder in Fig. S3 and all the trials used.
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Fig. S4 Different trials used to explore Vapour deposition.

All the trials shown above showed non-uniform Pbl> layers and poor conversion of the

reactant.

Increasing the volume of solution, the total amount of HI increases. Also, the distance
between substrate and solution phase would decrease. In this situation, the solution is
less likely to evaporate as quickly as it does when have a smaller amount of HI solution.
This decreases the speed of conversion. On the other hand, water vapor gathers around
the surface of substrate. Small droplets formed and gradually become large ones. This
would block the lead dioxide film from HI vapor which means no reaction could

happen. The phenomena can also be seen when using water as solvent for HI.
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Spin coating method is also tested to produce high quality lead iodide film. Different
concentration of HI, speed of spin, volume of solution, mode of spin coating (dynamic

or static) were studied.

A template with lead dioxide was put together with iodine in a sealed system at room
temperature. lodine can easily sublimate, and that makes the conversion of lead dioxide

possible.

Manufacture conclusions

1. Plasma clean has to be as least 3 mins otherwise the surface obtained is not
hydrophilic enough.

2. Plasma cleaned FTO glass is highly active, thus it needs to be used as soon as
possible.

3. PEDOT: PSS solution need to be warm up before filter. The time for solution to
reach 50°C is different if with different containers. In this thesis, it is found that it
takes bottles (10 ml volume) 30 mins to reach 50°C in oven.

4. PEDOT: PSS should not be in the oven more than 120min, otherwise it will
decompose and form other chemicals.

5. Thickness of PEDOT: PSS dose not influence the outcome of following lead dioxide,
lead iodide and perovskite.

6. Using the same concentration mentioned in the thesis, solution for reference
electrode calibration need to be changed every two days. Electrolyte for deposition
need to be changed every 8 samples.

7. Keep lead dioxide coated samples in ethanol to protect the surface.

8. The chemical conversion of perovskite needs to be down in an environment with as

less light as possible.
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