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Studies on New Charge Selective and Conductive Interfaces in
Organic-Inorganic Thin-film Photovoltaics

IL JEON
Department of Chemistry
Graduate School of Science
The University of Tokyo

ABSTRACT

Global warming and nuclear disasters in recent times have urged the society to
look towards alternative energy sources, which are pollution-free, infinite, and viable
in mass-production. As a result, there has been a remarkable upshift in development
of the solar cell research among scientists. Experts forecast that, with technology
assuring large-scale, solar cells can contribute nearly a third of -electricity

consumption worldwide between now and 2030.

Although already-industrialised silicon solar cells possess notably high power
conversion efficiencies, they have a combination of disadvantages including heavy
weight and high cost which made difficult for them to supersede the conventional
energy sources. Opportunities exist for photovoltaics that promise substantial
reduction in manufacturing costs and superior functionalities such as flexibility while
retaining descent efficiencies. There are two novel technologies that satiate tantalising
prospects on these fronts: organic solar cells and lately emerging mixed organic—

inorganic halide perovskite solar cells.

Solar cell devices are mainly composed of active layer, charge selective layer,
and charge conductive layer. The active layer absorbs light and generates excitons;
the choice of materials for this layer determines the type of solar cells. The charge
selective layers are placed above and below the active layer to filter out any unwanted
charges followed by the conductive layers, which then extract those filtered charges.

The charge selective and conductive layers are the two common essential layers in all
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types of solar cells. Focusing on these two layers and their interfaces is crucial in
solar cell technologies and gaining ground in the energy competition via scientific

breakthroughs.

In this thesis, new materials for charge selective/conductive layers in
photovoltaic devices were introduced and their interfaces were studied by various
approaches (Insetted Figure). They include numerous novel materials, modification of
already existing layers, changing fabrication methods, surface treatments and so forth.
The investigation in this dissertation starts from the charge conductive layer
(electrode) way up to the interface between the charge selective layer and the active
layer. Both organic and perovskite solar cells have been utilised here, because neither
of them drops as less promising. Since two systems have been used, it was possible to
explore common traits shared by both systems, as well as different behaviours unique

to each system.

Metal replacement by new material

Development of new fabrication method

|
o

Charge Conductive Layer

Charge Selective Layer

] (5 Organic Perovskite
e/h t Active Layer
<\\,< o4t Surface Treatments
h*/e- ‘ Charge Selective Layer . Synthesis modification

New material introduction

Charge Conductive layer

. New material introduction

Glass/Plastic Substrate for ITO replacement

Inset Figure. Illustration of focuses of the research in this thesis

Quick glances at some of the researches done in this work are the following:

. Inflexible and expensive conventional indium tin oxide electrode was replaced
by earth-abundant and mechanically resilient carbon nanotubes. Diverse
methodologies were employed to improve the properties of carbon nanotubes and led
to power conversion efficiencies of around 80% to those of the indium tin oxide

counterparts in both organic and perovskite solar cells. Moreover, their flexible
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applications were successfully demonstrated. In addition to the bottom indium tin
oxide electrode, top metal electrode was also replaced to produce window-like

transparent solar cells.

. Conductive niobium (2%)-doped titanium oxide film was found to turn its
surface layer into a semiconducting and hole-blocking layer upon UV-ozone
treatment. This means that the film can now function as both a charge conductor and a

selective layer, making the solar cell fabrication simpler and cheaper.

. Zn0O quantum dots were synthesised and stabilised by 2-aminoethanol. They
were then spin-coated and used in solar cell fabrication directly without usually
required thermal annealing. Yet, they performed as good as the conventional ZnO
film. Furthermore, sputtering ZnO technique was studied, and found that the sputtered

ZnO film gives better performance than the conventional film.

. Surface of the hole-blocking layers in inverted organic solar cells was
modified by catechol derivatives or anthracene derivatives. Charged ends of the
chemical compounds were adsorbed firmly to the surface of the charge selective
layers, inducing a thin layer of fullerenes to enhance the charge extraction. The same
effect was observed without use of the surface modifiers when a technique called
‘Waiting effect’ was applied. Literally waiting before spin-coating an active layer
solution as drop-cast on the substrate promoted a vertical separation of donor and

acceptor species in the active layer.

. MoS, nano-flakes were deposited on carbon nanotubes by chemical vapour
deposition technique. MoS, does not interact directly with P3HT, whereas carbon
nanotubes can form m—m bonds with P3HT. Therefore, MoS, stuck to carbon
nanotubes could form a bulk heterojunction for the first time and function as electron

acceptors in solar cell devices.

Different materials and interfaces in the charge selective/conductive layers
have been studied in depth. Their applications were successful in terms of
enhancement in power conversion efficiency and endowing novel functionalities.
Researches here are exceptionally useful in a way that they are applicable not only in

photovoltaics, but in other electronic devices as well.
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CHAPTER 1

INTRODUCTION TO THESIS

1.0 Background

1.0.1 Inspiration
1.0.1.1 Energy crisis

Over the past century, human population has grown exponentially and relied
on fossil fuels as the primary source of energy.””’ Such inordinate dependence on

fossil fuels has engendered constant threats and damage to the humanity that the
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energy crisis has become a problem of all concerns. For a start, they emit a large
volume of greenhouse gas into the atmosphere disturbing the ecological balance.*!
This is due to over-utilisation of fuels to meet the ever-expanding demands to drive
the industry and facilitate everyday requirements. Moreover, the gloomy fact that it is
a finite source of energy that eventually run-out in near future has come close to

toppling the economical balance as well.”*!

The solution to this problem is to use fossil fuels in conjunction with other
ecological energy sources under the term, ‘Energy mix’. Renewable energies such as
solar, tidal, geothermal, biofuels, and wind provide appealing alternatives to
conventional energy sources.” """ These are supplying approximately 14% of the total
world energy demand at this stage. This percentage is due to increase with nations
now setting in motion of energy revolution based on environmental and political
interests.'"'® Therefore, reducing the reliance on fossil fuels and replacing them with
renewable energy sources more and more are essential for reducing the damage

imposed on the environment and providing future generations a habitable planet.

Yet, none of those alternative energy sources has what it takes to be a total
solution. They have their own gritty foibles that limit their usages. To name a few,
nuclear power relies on uranium, which is finite. Also it has severe consequences
associated with it, highlighted by the disasters at Chernobyl, Three Mile Island, and
Fukushima nuclear power plant. Wind- and hydro-powers are limited to certain
locations, not to mention expensive set-up costs. In this regards, solar energy is by far
the most prominent candidate among the listed energy sources."®'! It is so abundant
that the sun provides one-year-worth of energy humanity consumes, which is 4.6x10*
J, in mere one hour.” Fossil fuels garnered in Earth amount to 3 trillion barrels,
which equal to 1.7x10? J of energy, but the Sun can supply this in just 1.5 days. By
covering 0.16% of Earth’s landmass with 10% efficient solar cells, it can offer 20 TW
of energy which is about twice the world’s current fossil fuel consumption and
nuclear fission reactors combined."® It is no surprise that nature has taken advantage

of this in the form of photosynthesis for the past three billion years.*"
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1.0.1.2 Solar cells

Inorganic solar cells including silicon solar cells, CIGS (copper indium
gallium (di)selenide), dye-sensitized solar cells initiated the photovoltaic research.
Especially, silicon solar cells are dominant in the photovoltaic industry today, because
of their high power conversion efficiency (PCE). Nevertheless, expensive material
cost of silicon is still a big hurdle in commercialisation, and on top of that, heavy
weight and inflexibility limit their wide acceptance. Their potential for alternative
applications is deemed dismal for the time being.”” In the wake of the latest
technologies such as smart phones and IoT (internet of things), versatility has become
the chief driving force that expedites the paradigm shifts from the conventional
performance-oriented technology to versatility-oriented technology. Taking flexibility
for instance, foldable and wearable concepts are replacing rigid and inflexible devices

in present-day electronic market.

Likewise, in academia, the limelight has veered its way to organic material-
based solar cells.”” What silicon solar cells lack in terms of versatility, organic solar
cells (OSCs) make up for with flexibility and low-cost that conventional solar cells
cannot parallel. OSCs utilise the conductive organic compounds as electron donors
and electron reach fullerene derivatives as electron acceptors.”**”’ Owing to their high
absorption coefficient, low-cost, and mechanical flexibility, OSCs have become the
epicentre of the solar cell research. Nevertheless, despite laudable achievements in
recent years, OSCs are still faced with certain limitations: one of the examples
includes the fixed light absorption range of organic compounds, along with restricted
hole mobility and intrinsic instability.**" Above all, the maximum PCEs of around

10% are still lagging behind the conventional solar cells with PCEs of around 20%.

Recently, perovskite solar cells (PSCs), which harness hybridisation of
organic and inorganic compounds, came into its own by complementing the
efficiency that OSCs lack while retaining their versatility. This is enabled by taking
advantage of an intrinsically long exciton dissociation length and high mobility of
inorganic molecules, at the same time exploiting solution processability and
abundance unique to OSCs. Although, there had been sceptical voices, it is an
accepted fact in the academic field of solar cells now that PSC technology has more

potential than meets the eye.
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1.0.2 Agenda and Layout of this Thesis

1.0.2.1 Agenda

The main objective of this thesis is amplifying the abovementioned key
features of OSCs and PSCs. They are efficiency, flexibility, facility, and stability
(Figure 1). PCE is an ever so important issue shared by all of the photovoltaic devices
and requires no emphasis. Flexibility, facility, and stability fall into the same category
of versatility. To elaborate one by one, the core of flexibility is in the low-temperature
process. Active materials used in OSCs and PSCs already qualify for flexibility.
Nonetheless, it is the flexible substrates that cannot withstand the high temperature
processes inflicted before the active layer deposition. Tackling this problem is one of
the goals this thesis endeavour to achieve. Facility can be referred to as easiness of
fabrication process or low-cost process. This can be accomplished by either reducing
fabrication steps or using cheaper materials. Stability is another aspect that is forced

to be reckoned with, for it is the only critical shortcoming of OSCs and PSCs.

Agenda of this Thesis

|
Versatility

| |
Efficiency | | Flexibility || Facility ||Stability

Figure 1. Agenda of this thesis in a flow chart.

Solar cells in general are composed in the same way (Figure 2). There are an
active layer, a charge selective layer, and a charge conductive layer. The active layer
absorbs light and generates excitons; the choice of active materials determines the
solar cell type. If organic compounds are used, it will be an OSC. If organic-inorganic
perovskite materials are used, it will be a PSC. The charge selective layers are placed
above and below the active layer to filter out any unwanted charges followed by the
conductive layers, which extract filtered charges. The charge selective and conductive

layers are the two common essential layers in all types of solar cells.
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Figure 2. Graphical illustrations briefly explaining how solar cell works.

So far, the majority of the solar cell researches have been mostly focused on
active layer improvements and structural alteration in microscopic and macroscopic
levels, respectively. In this thesis, however, I focus on interfaces of the charge
selective/conductive layers. This includes introduction of novel materials and
modification of conventional materials to understand and improve the interface,
which extends to overall performance of the solar cell device. Studying the charge
conductive/selective interfaces of both OSCs and PSCs allows exploration of traits

common to both systems, and exclusive to each system.

1.0.2.2 Layout

This dissertation is divided into three parts: introduction, experimental, and
results and discussion. Chapter 1 deals with a broad overview on OSC and PSC.
Chapter 2 comprises of experimental procedures used in this work. Both Chapter 1
and 2 deal with contents that are common to the projects in this thesis to minimise
redundancy. Building an efficient solar cell via interface study involves a holistic
consideration of morphology, material selections, and interface engineering. I
endeavoured to go over each and every layer from the charge conductive layers to the
active layer interface. From Chapter 3 to Chapter 13, each chapter corresponds to
each research project. A schematic illustration displaying which chapter deals with

whereabouts in solar cell device is given in Figure 3.
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’ Ch.6: Metal replacement by carbon nanotubes to produce transparent solar cells ‘

Ch.13: Waiting effect - Vertical

® separation & improved interface
Metal Ch.12: MoS, in bulk heterojunction

Charge Selective Layer Ch.10 & 11: Surface treatments by

e’/h+ ' - anthracene and catechol derivatives

Active Layer
% Ch.9: Sputtered ZnO film as hole-
- —( /|| blocking layer
h+/e- ‘ Charge Selective Layer ®

& Ch.8: 2-aminoethanol stabilised ZnO

) ITO quantum dots as hole-blocking layer
Glass/Plastic Substrate Ch.7: Single Nbyy,Tiyes0, film as

both electrode & hole-blocking layer

Ch.3 & 4: ITO replacement by Ch.5: ITO replacement by
single-walled carbon nanotubes  double-walled carbon nanotubes

Figure 3. A schematic illustration of chapters in this thesis and their research themes.

Interface research of solar cells is a convergent study of diverse fields, so the
scope is comprehensive. It extends from material chemistry (organic-inorganic
chemistry) to electrochemistry (physical chemistry). As a work of interdisciplinary,
this PhD course has been carried out under supervision of two professors: Professor
Tetsuya Hasegawa from Solid State Chemistry Laboratory and Professor Matsuo
from Photoelectric Conversion Laboratory. Professor Hasegawa possesses
accumulated knowledge and know-hows in inorganic thin films and analytical
techniques. Meanwhile, Professor Matsuo has dedicated a long time in the field of
photovoltaics. This work is a collaborative research of the two strong laboratories.
Projects were conducted in an almost simultaneous manner to meet the initially set

target of covering all the interfaces involved in a solar cell (Figure 4).

20134 i 20145 20154
T
5~8H 9~12A | 1~A 5~8A 9~128 1~4A 5~8A 9~12H8
Ch.13: Waiting effect - Vertical
separation & improved interface
Active Layer ;
Interface Ch.12: MoS, in bulk heterojunction

Ch. 11: Surface treatments
by catechol derivatives

1

]

‘: Ch.10: Surface treatments by

! anthracene derivatives
Charge Selective E Ch.9: Sputtered ZnO film as hole-blocking layer
Layer Interface

Ch.8: 2-aminoethanol stabilised ZnO i

quantum dots as hole-blocking layer |

Ch.7: Single Nb, ,,Ti, 450, film as both electrode & hole-blocking layer
Ch.6: Metal replacement by carbon

nanotubes to produce transparent solar cells

Charge
Conductive
Layer Interface

| Ch.5: ITO replacement by
| double-walled carbon nanotubes

Ch.3: ITO replacement by single- ' Ch.4: ITO replacement by single-
walled carbon nanotubes in OSCs | walled carbon nanotubes in PSCs

Figure 4. A timeline and chronological project assignments in this PhD period.

28



1.1 Organic Solar Cell

1.1.1 History and Overview

With a prototype introduced in 1986 by W. Tang, OSCs have continued its
development as new generation photovoltaic device.”” Alternating C-C and C=C
bonds of organic semiconductors give rise to either electron or hole conductive
properties through electron delocalization along the conjugated backbone.”® These
materials are different from inorganic semiconductors in a way that tightly bonded
excitons (electron—-hole pairs) are present owing to low dielectric constant, &, of
around 2 to 4.”! A large binding energy of the Frenkel exciton, which is between 0.3
and 1 eV hampers exciton dissociation by an electrical field. On the other hand, weak
intermolecular van de Waals forces enable large-area and low-cost solution

processability.

T SIMEF-1

P3HT PTB7

Figure 1. Examples of organic electron donors (left) and fullerene electron acceptors (right).

These organic photoactive materials can be bifurcated into small molecules
and polymers that are quite different in terms of their synthesis, purification, and
characteristics. Small molecule-based solar cells have recently gained momentum, but
their stability and crystallinity still remain as bottlenecks.”” Polymer solar cells are in
favour because of their higher stability and reliability, and chemical tunability over
small molecules.” So delving into polymer solar cells more, the energy difference
between the lowest unoccupied molecular orbital (LUMO) of the polymer donors and
highest occupied molecular orbital (HOMO) of the fullerene acceptors provides the

driving force for the dissociation of Frenkel excitons. The separated holes and
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electrons are then collected at the anode and cathode, respectively. C, derivatives for
example, [6,6]-phenyl-Cg,-butyric acid methyl ester (PCBM) are standard n-type
acceptors with their strong electronegativity and high electron mobility (Figure 1).""!
Their photo-induced electron transfer process of around 50-100 fs between
conjugated polymers and fullerene derivatives was demonstrated by Heeger et al. and
Yoshino et al independently in the early 1990s.”'"* This served as a solid foundation
for OSC technology with the first demonstration of planar heterojunction solar cell
reported in 1993 (Figure 2).""' The planar junction concept still had certain limitations.
Above all, its small surface area between the donor—acceptor interfaces meant the
carrier lifetime had to be long to ensure that the electrons and holes to reach their
electrodes. This problem has been addressed by development of a bulk heterojunction
system, in which donor and acceptor materials are mixed thoroughly. Hiramoto et al.
introduced this concept for the first time by co-evaporation of donor and acceptor
species under high-vacuum conditions.” In 1995, prof. Heeger and prof. Friend
realised the first efficient bulk heterojunction OSCs by using polymer-fullerene and
polymer-polymer blends, respectively.”>** Since then, the PCEs of OSCs had soared
like sky is the limit. During the progress, there was another powerful and significant
discovery, which was the morphology of the active layer. To be more precise, the
donor and acceptor phase separation governed charge transport channels for
extracting electrons and holes.”””® Appositely aggregated domains of photoactive
materials enhance the charge extraction which is patently observable from the short-
circuit current density (Jg) value or better still the external quantum efficiency (EQE).
There are two perspectives of looking at the separation: one is parochial and the other

1s vertical, both of which I will discuss in the coming section.

ch R Bulk Heterojunction %
arge Conductive Layer i z
: o=y PIE S
' Charge Selective Layer
o Aciiadaver Donor w0 r:Lr‘?cceptor
h*/e- ‘ Charge Selective Layer LUMO e T
Charge Conductive layer Voc
Glass/Plastic Substrate HOMO Tele)

Figure 2. An illustration of a bulk heterojunction OSC and inside the active layer.
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1.1.2 Photoactive Material Developments

Chemistry of materials is one of the key elements that governs the
performance of OSCs. There are several factors that have direct impact on synthesis
of photoactive materials: Tailoring the band gap to achieve high Jy. and open-circuit
voltage (V,); enhancing molecular planarity to attain higher carrier mobility,
processability, and stability; side-chain tuning to increase fill factor (FF);”**!
improving intermolecular interactions, molecular chain packing, and crystallinity all
come to play a big part in driving up the efficiency. In the next paragraph, I briefly go
over some of the exemplary photoactive materials developed from the nascence of

OSC:s chronologically.

Starting from one of the earliest polymers that was used in OSCs, poly [2-
methoxy-5- (2’-ethylhexyloxy) -p-phenylene vinylene] (MEH-PPV)" was developed
by Wudl et al. along with PC,BM"". In 1995, Yu et al. blended MEH-PPV with Cy,
to produce OSCs with a high PCE for the first time.”* Follow-up researches boosted
PCEs to more than 3%."*'**' Meanwhile, in order to confront the low hole mobility of
MEH-PPV, poly(3-hexylthiphene) (P3HT) was developed.””* P3HT possessed
wider light absorption range too. Today, the P3HT and PC¢,BM combination is
regarded to be the archetypal photoactive layer.”’” In recent years, higher
performing polymers have been developed. One of these includes poly [2,6- (4,4-bis-
(2-ethylhexyl) -4H - cyclopenta [2,1-b;3.,4b’] dithiophene) -alt-4,7- (2,1,3-benzothi-
adiazole)] (PCPDTBT), a low-band gap polymer whose absorption extends to 900 nm.
Though, OSCs made from this polymer had shown an initial PCE of around 3%, by
incorporating alkanedithiol additives, its PCE improved to around 5.5%.** Another
low band gap polymer, poly [N-9°’-hepta-decanyl- 2,7-carbazole-alt-5,5- (4°,7°-di-2-
thienyl-2°,1°,3’-benzothiadiazole)] (PCDTBT), which started with a PCE of 3.6%,"”
and later increased to 6.1% with the aid of TiO, as an optical spacer.**’ Then another
example of high performing polymer called PTB1 was discovered which was made
up of thieno[3,4-b]-thiophene (TT) and benzodithiophene (BDT) alternating
units.’”"! Further optimisations were followed and these kick-started what is now

commonly used PTB7.1*°'-¢

As the development of the photoactive donors have panned out, acceptors

have made some significant improvements too.”” To begin with, it was discovered

31



18t 7 3C R KR H H

that Jg could be increased by roughly 10% if C,, derivatives, which absorb more light,
could be used instead of Cg, derivatives. V. could also be improved when fullerene
derivatives were chemically modified to have a high lying LUMO level. Well-known
examples are SIMEF derivatives and C,, indene bisadduct. Adding electron-rich
adducts to fullerene shifted LUMO level up. Yet, the compatibility with donors and

high material cost remains a challenge even to this day.

1.1.3 Photoactive Materials and Interface

As mentioned in ‘1.1.2 Photoactive Material Developments’, morphology of

photoactive layer is imperative in OSCs. Since the discovery in 2005, thermal

[43]

annealing'”’ and solvent annealing”” have been the mandatory process for controlling

(58.59]

the morphology.” Other approaches including solvent selection and additives

addition that are readily used as well.
1.1.3.1 Vertical phase separation

Electron donor and acceptor species in a photoactive bulk heterojunction layer,
such as P3BHT:PCBM blends will favour the inverted structure due to the surface
energy difference between PCBM and P3HT (Figure 3).’°'! Researchers observed a
vertical concentration gradient and Near-edge X-ray absorption fine structure
spectroscopy studies by DeL.ongchamp have shown that the P3BHT:PCBM blends ETL
induces more P3HT on the top and more PCBM at the bottom. Therefore, the
resulting structure will benefit from better charge flow at the interfaces between ETL,
photoactive layer, and HTL.*” Researchers have so far been exploiting tendency of

P3HT to crystallize for controlling the alignment of conjugated polymer chains'®**!

[65.,66]

through myriad ways. These are namely post-annealing treatments, appropriate

(58.67] [37.68.69]

solvent choice, slow drying of spin-coated films, melting of bilayers, and
etc.””’ However, those methodologies take long time and sometimes are difficult to

perform.
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Charge Conductive layer

Glass/Plastic Substrate Charge Selective Layer

Figure 3. An illustration of vertical phase separation of active layer in OSCs.

1.1.3.2 Interface of the photoactive layer

Also there is a significant hitch in inverted type OSCs and it is called ‘light-
soaking effect’. Under general circumstances, a current-density versus voltage (J-V)
curve of solar cells should be ‘J-shaped’ and can be rationalised through the diode
equation; however, an inflection point appears causing the curve to be ‘S-shaped’. A
such characteristic is also called ‘kink’ and this results in decreasing FF and PCE."""!
This is observed only in the light curve.”” This can be overcome by exposing the cells
to a combination of illumination and temperature.” A certain period of UV
activation on ETL metal oxides restrains the ‘S-curve’ and increases PCE.">"" This is
because electrons on valence band of the metal oxide get excited to fill up any trap
sites created and increase the electron number on conduction band, which enhance the
transfer rate. However, during the process, OSCs are imposed with several problems:
a long UV exposure time can damage and reduce the performance and it limits the use
of any substrate with low UV transmission.”” The origin of the ‘S-curve’ is still not
understood clearly, but we know, it can be attributed to the limited donor—acceptor
electron transfer rate of intermolecular charge hopping which is largely caused by
electron traps at the interface and morphology of domains in the photoactive layer.”*
1 Since those traps are induced by surface-adsorbed oxygen, PCE of air-processed
inverted OSCs imperatively lags behind the anaerobically fabricated normal type
OSCs. In order to fully exploit the inverted OSCs' air processability, it is crucial that

the interfaces are free of oxygen adsorption.
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1.2 Perovskite Solar Cell

1.2.1 History and Overview

1.2.1.1 History

OSCs have unique advantages that silicon solar cells do not possess. Yet, their
PCEs have not come close to even paralleling the silicon-based devices. Thus, new
photovoltaic that has a promising PCE while retaining flexibility and low-cost merits
of OSCs was called for. Recently, there has been a boom in scientific community with
emergence of a new generation solar cells made up of organic—inorganic halide

perovskites.™!

PSCs initially bloomed from dye-sensitised solar cells. In 2006, Miyasaka and
collegues reported dye-sensitized cells using CH,;NH;PbBr; and CH,NH,Pbl; on
nano-porous TiO, for the first time to produce PCEs of 22% and 3.8%,
respectively.®™ An organic electrolyte containing lithium halide was used as a HTL.
A follow-up was done by Park and his colleagues in which they achieved a PCE of
6.5% in 2011, by utilising hemispheric perovskite nanoparticles with a diameter of 2.5
nm."* This was a momentous breakthrough in PSC history as the performance of the
perovskite nanoparticles superseded what was then the standard, N719 dye sensitiser.
To tackle the problem of the electrolyte damaging the perovskite, spiro-MeOTAD
was employed.” ™ Spiro-MeOTAD not only improved the stability, but it also
boosted a PCE to 9.7%. Almost simultaneously Snaith and his colleagues reported a
successful exploitation of spiro-MeOTAD along with other advancements including
the use of the mixed-halide CH;NH,Pbl, ,Cl,, which demonstrated better stability and
carrier mobility than its pure iodide equivalent.”” They also replaced conducting
nanoporous TiO, by a non-conducting Al,O; network, which improved the Vi,
boosting the reported PCE to 10.9%. This revealed that perovskites could function not
only as the active material, but also as the charge transporter within the cell. A great
leap to 12.0% came from the collaboration between Seok, Gratzel, and their members
by employing a perovskite capping layer overlying the scaffold and poly-triarylamine

as the HTL.”" The performance was improved further to 12.3% using CH;NH,;PbI,
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Br, in which, low Br composition (<10%) gave high initial PCEs owing to a lower
band gap, but higher Br composition (>20%) proved to offer better stability.”"’ This
was related to structural transition of perovskites from tetragonal to pseudo-cubic
arising from a higher ¢ factor due to the smaller ionic radius of Br.”” Further progress
was reported in May 2013, by Gratzel’s group with an efficiency above 15% achieved
by morphological improvement through TiO, scaffolding and two-step iodide
deposition, which improved the morphology.”” 15.4% was recorded by Snaith’s
group by thermal deposition of CH;NH,Pbl, Cl, in planar cells without
scaffolding.”**! Subsequently, an efficiency of 15.6% was reported for a structure
where graphene has been used with AlO; scaffolding.”” An improvement soon
followed with an efficiency of 15.9% by combining small TiO, nanoparticles and a
titanium diisopropoxide bis(acetylacetonate) binder.”” More recently, Im and his
colleagues developed inverted CH;NH,Pbl; planar hybrid solar cells with an
efficiency of 18.1% without significant J-V hysteresis with respect to the forward and
reverse scan directions by forming a pinhole-free dense perovskite layer via a single-
step spin-coating of a solubility controlled perovskite solution.””’ This marked PCEs
of both normal and inverted type PSCs levelling out with silicon solar cells in terms

of efficiency and they have continued to surge from this on out until this day.
1.2.1.2 Overview

Since Miyasaka reported a prototype perovskite-based dye-sensitized solar
cell, there has been a remarkable advancement and now the PCEs reach around
20% .****' ts high PCE arises from a long exciton diffusion length of around 100 nm
to 1 um, high absorption coefficient and carrier mobility, and a suitable band gap of
around 1.55 eV offer a new pathway over OSCs.***"**1°!l One negative aspect of
PSCs is that the major constituent is lead, which is renowned to be extremely toxic
and environmentally detrimental. Also, they undergo rapid degradation on exposure

to oxygen or water.

Lead halide perovskite can be written as ABO; where O is an anion, and A
and B are cations in which A is bigger than B. Their crystallographic structure and
stability can be demonstrated by a combination of a tolerance factor, t and an
octahedral factor, p."" t is the ratio of the distance A—O to the distance B—O in an

idealized solid-sphere model, t = (R, + Ry)/ {\/Z(RB + R,)}, where R,, Ry, and R, are
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the ionic radii of the corresponding ions. u is defined as the ratio Ry/R,. For halide
perovskites (O = X, F, Cl, Br, I) in general, to should be between 0.81 and 1.11 and p
should be between 0.44 and 0.90. If t is in the narrower range 0.89-1.0, the structure
will be cubic. With lower t values, they will form less symmetric tetragonal or
orthorhombic structure."”” The larger cation, A is normally methylammonium
(CH,NH™) with R;, = 0.18 nm,"” while ethylammonium (CH,CH,NH**) (R, = 0.23
nm)"'"* and formamidinium (NH,CH=NH?") (R;, is estimated to lie in the range 0.19—
0.22 nm)"'"*'* have been reported to be also compatible. The anion, X is a halogen,
generally iodine (R, = 0.220 nm), although other halogens such as Br and ClI can also
be used (R, = 0.196 nm and R, = 0.181 nm). Cation, B is immutably Pb (R, =0.119
nm) for other metals like Sn (Rg, = 0.110 nm) manifested much lower stability.""”
This is because Sn is more easily oxidised to Snl, than Pb. Summing up the above
components give us the standard methylammonium lead trihalide with a formula,
CH;NH;PbX;. One last important thing to note is that regardless of the crystalline
constraints, the perovskite transmute to a cubic phase upon application of high

temperature (Figure 4).
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Figure 4. Cubic crystal structures of perovskite, ABO; (left); and lead halide perovskite,
CH;NH;PbX; (right)

1.2.2 Photoactive Materials and Interface

Superiority of PSCs is centred around the perovskite photoactive layer
(CH;NH,Pbl;) with appropriate band gap (1.55 eV), high absorption coefficient, long
hole—electron diffusion length, and excellent carrier transport.**"?'**!%11% Byrther
chemical modifications are possible by substituting with other halides (Br or Cl) or
replacing the methylammonium organic species with various other constituents
(ethylammonium, formamidium etc.) to control band gaps, crystalline phase
transitions, and hole-electron diffusion lengths."'"'"”! Many researchers are working

on modifications of perovskite layer in order to top the current lead halide perovskite.
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1.3 Photovoltaic Parameters

The device performance of a photovoltaic cell is characterised by Jg¢, Vi, and

FF. Product of these three parameters leads to PCE (7.):

Ne = Js¢ X Voc X FF (1)

Jsc 1s short-circuit current (Iy.) divided by active area. Any improvement that
influences one of those three parameters will lead to an increase in solar cell

efficiency.

The current (/) in an equivalent circuit of a photovoltaic cell can be described

by the following equation:!"'*'"!

I = I,% [exp (e U_IRS) - 1] +

T — Ipy )

where [, is the dark current, e is the electron charge, n is the diode ideality factor, U is
the applied voltage, Ry is the series resistance, Ry, is the shunt resistance, and I, is
the photocurrent. Thus, to obtain high short-circuit current, Iy (U = 0 V), solar cell
devices must have small Rg and large Rgy,. The FF can be written as:

FF = Vmpp X Impp 3)

Voc X Isc

where MPP denotes the maximum power point. Thus, large FF needs that the
photocurrent rise sharply as U approaches V. (i.e., to acquire the maximum of Vy;p X

Iypp). This optimum condition can only be met without photocurrent loss from

recombination. Therefore, FF is limited by the carrier drift length (L,)
Lq = utE 4)

where u is the carrier mobility, 7 is the carrier recombination lifetime, and E is the
electric field. L, is pivotal in avoiding recombination."'*'"” Accordingly, high
mobility and appropriate active layer thickness is required for efficient charge

extraction.

In OSCs Jg can be improved by using narrow band gap photoactive materials
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(<1.8 eV) for a broader coverage of the solar spectrum.""*"**! Methods for achieving

[121,122]

this include designing the quinoid structure, polymer chain planarity, and tuning

the effective conjugation length which controls electron delocalization over the

[123,124]

polymer backbone OSC applications. According to molecular orbital
perturbation theory, electron delocalization leads to the hybridization of molecular
orbitals, resulting in electron redistribution among the interacting orbitals. This
provides two new hybridized orbitals, a higher HOMO level and a lower LUMO level
— resulting in a narrower band gap. Other parameters, such as carrier mobility,
intermolecular interaction and molecular chain packing can also improve Jg.."'*>'*"!
Excitons are free carriers excited from incident photons absorbed by the photoactive
materials. Amount of excitons created over absorbed photons can be measured and
this is called the external quantum efficiency (EQE). EQE is calculated using Incident
photon to current efficiency (explained in 2.2.1.2) data and UV-vis absorption

(explained in 2.2.2.1) of the photoactive layer. Improving EQE also increases Jy.

Voc 1s directly associated with the energy difference between the LUMO level
of the acceptor and the HOMO level of the donor, thereby providing the chief driving
force for charge separation. V. can be expressed by the empirical equation V.= e x
(Euono™™ 1 = | ELyno™™ — 0.3 eV), where e is the elementary charge, E is the
energy level, and 0.3 eV is an empirical value for efficient charge separation."*” In

OSCs, a donor with a lower HOMO level will give a higher V.

FF is currently the least understood photovoltaic parameter. The FF is the ratio
of the maximum power to the product of Jy. and V. It is affected by charge carrier
mobility, interface recombination, series and shunt resistances, miscibility between
the donor and acceptor and etc.!"” However, obtaining a clear understanding and the

ability to modulate the FF remains an enigma.

Knowledge of the link between these parameters has been immensely
improved over the past decade. Still, the factors that affect each parameter are not
straightforward and intertwined with each other. Consequently, in a practical
approach, all factors should be taken into consideration and no sole affirmative

explanation is possible.
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1.4 Charge Selective Layers and the Interface

Anode /{ 1.4.1.1 anode and the interface
h+t HTL 1.4.1.4 Surface treatments on
Active L ayer % hole-blocking layers
e ‘ 6| 1.4.1.3 TiO, and ZnO, electron-
ETL transporting layers
Cathode \ 1.4.1.2 Cathode and the interface
Glass/Plastic Substrate

Figure 5. A schematic diagram of an inverted OSC and their charge selective interfaces
1.4.1 Charge Selective Layers in Organic Solar Cells

Pertaining to the charge selective layers, they have multiple functions in solar
cells:**" Firstly, they reduce the energy barrier between the photoactive layer and the
electrode, thus forming an Ohmic contact for effective charge extraction. Secondly,
they can form selective contacts for a single type of carrier, allowing only desired
charges to pass through. Lastly, optical field modulation and protection are also

known to be essential functions that charge selective layers can offer.
14.1.1 Anode and the interface

ITO (Indium tin oxide), which has a high work function of around 4.8 eV is
traditionally used as the transparent and conductive substrate for OSC fabrications. A
p-type interface layer of PEDOT:PSS (work function of around 5.0 eV) is applied on
ITO to form an Ohmic contact with the photoactive layer and filling up pinholes on
the ITO surface. The acidic nature of PEDOT:PSS, however, undermines device’s
stability. As a solution to this, various transition metal oxides such as V,05, MoO;,

WO, and NiO, have been proposed to replace PEDOT:PSS.""*'*
1.4.1.2 Cathode and the interface

For the cathode on the other hand, metals with low-work-functions such as
calcium, barium, and magnesium are used to at the interface. Many researchers have

introduced inorganic compounds to replace such reactive metals. For example, Tang

39



18t 7 3C R KR H H

et al. and Brabec et al. introduced n-type interface layer, LiF and demonstrated that
LiF/Al can perform comparable to Ca/Al electrode.*” J6nsson et al. reported that Al
decomposes LiF, thus causing subsequent lithium doping of the organic material to
lower the contact’s work function."** Applying a thicker layer of LiF creates a dipole
layer that lowers the work function too."*”" Other fluorides such as CsF have
displayed analogous results."*” Yang et al. demonstrated an inverted OSC using ITO
and Al which are traditionally used in normal-type OSCs by exploiting Cs,CO; next
to ITO and V,05 next to AL"*” Thus, even device architectures are determined by the

charge selective interfacial layers.
14.1.3 TiO, and ZnO, electron-transporting layers

Solution-processed interface layers are preferred over vacuum processes such
as thermal evaporation and sputtering owing to the low-cost merit. In this regards, n-
type inorganic metal oxides such as titanium oxide (TiO,) and zinc oxide (ZnO,) have
been widely used as the ETLs.!"**"*! Low-temperature (150 °C) process of amorphous
TiO, has been effective as both a ETL and an optical spacer, which enhances
absorption by modulating the optical field. TiO, optical spacer has been shown to
enhance photocurrent and EQE by around 40% for a P3HT:PCBM system and nearly
a 100% enhancement in internal quantum efficiency for a PCDTBT:PCBM
system."* It was also reported that by incorporating Cs,CO; into nanocrystalline
TiO, the Cs-doping can lower the TiO, work function or improve device

performance."*"

1.4.14 Surface treatments on electron-transporting layers

Surface modifiers with permanent dipole moments can improve polymer-
electrode interfaces. Self-assembled monolayers with electron-withdrawing or
electron-donating groups can increased or decreased work function of a material,
respectively. Numerous researchers have demonstrated improvement in OSC
efficiencies via a surface treatment on ZnO"*’ and other n-type interface materials

such as conjugated poly-electrolyte,*'** on the TT-BDT copolymer."*"
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1.4.2 Charge Selective Layers in Perovskite Solar Cells

HTL and ETL are vital components that give rise to advanced progress in
PSCs. The standard fluorine-doped tin oxide (FTO)/TiO, layers were replaced by
ITO/ZnO-nanoparticle layer and gave a PCE of 15.7% on glass."* Use of ZnO meant
that low-temperature fabrication was possible. Inorganic HTLs such as Cul"*” also
showed descent efficiencies, as did some organics compounds, particularly, PC,BM
as an ETL and P3HT as a HTM.""*"*" As the spotlight shifted from performance of
PSCs to flexible applications, low processing temperatures of less than 150 °C drew
the attention. To avoid the typical compact TiO, which requires temperatures around
500 °C, graphene nano-flakes were mixed in the normally compact TiO, layer (0.6%
graphene/Ti0, by weight) to produce an efficiency of 15.6% for a structure that
includes all optional layers and Al,O, scaffolding."”"" A PCE of 15.9% has also been
achieved by combining small TiO, nanoparticles with a titanium diisopropoxide

bis(acetylacetonate) binder."”

1.5 Charge Conductive Layers and the Interface

Mechanical flexibility is said to be an advantage of OSCs. However, as long
as there are inflexible metal oxides and metals being used as the charge conductive
layers, they can be bendable, but never totally flexible. Among them, ITO is at the
heart of this problem. A relatively high thickness with brittle property of ITO limits
the device flexibility.""*'"* Indium’s limited availability is also a hot potato in the
industry and even in politics. As a result, the price has been increasing dramatically
since year 2000. In the field of OSCs, there has been a continuous effort to replace

this ITO.'"*'°1 Syijtable candidates are know to be silver nanowires!"”’ ')

[160-162] [163-167]

graphene , carbon nanotubes ,and etc.

1.5.1 Alternatives to Indium Tin Oxide

There have been great advancements for each component of photovoltaic
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devices to date, namely charge selective layers, active layers, metal top-electrodes.
Yet, ITO has continuously been used in spite of high cost that manufactures are keen
to avoid. The other major downside of ITO is its brittle nature that cannot withstand
flexible movement without breaking. Other number of drawbacks such as
vulnerability against high temperature and finite natural abundance of indium cannot
be underestimated either. Avoiding these limitations by employing alternative
electrode materials has therefore been the subject of intense research for many
years."””'® The difficulty has been the finding of an alternative electrode that is not
only robust and low-cost, but also combines high optical transparency with high
electrical conductivity.">*"** There has been an attempt in which silver embedded
ITO is used to render low resistivity of around 30 Q sq' on a PET substrate, but it is
still not flexible enough and costly."*” Unlike ITO, fluorine-doped tin oxide!"*"'" can
withstand a temperature above 300 °C without undermining the performance."”"
Nevertheless, its transmittance and conductivity are lower than those of ITO.
Aluminum-doped zinc oxide (AZO) is another viable option, yet ITO outperforms

AZO in terms of stability to moisture which is pivotal in devices."”"™*l

1.5.2 Single-walled Carbon Nanotubes

Carbon nanotubes (CNT) and graphene have emerged as materials for next-
generation electrodes in OSCs, offering a possible alternative to ITO."”" Among
those, single-walled CNTs (SWCNTs or SWNTs) have advantages in terms of
stretchability, ease of synthesis, and suitability for direct roll-to-roll deposition onto
substrates, which translate into lower costs.'® Thus, SWNTs as transparent
conductive films in photovoltaics have been the subject of active research. SWNTs
are structurally the simplest class of carbon nanotubes and their architecture can be
described as an entangled single-layered graphene rolled in a cylindrical shape with
typical diameters in the range of 0.4-3.0 nm (Figure 6).""" Following the independent
discoveries by Iijima in early 1990s, research of its synthesis and properties
accelerated greatly."””! Recently, the high quality, free-standing, and purely single-
walled carbon nanotubes, which are directly transferrable by aerosol chemical vapour
deposition, have been developed. This technique can produce a SWNT film with the

transparency of over 90% and the resistance of around 85 Q sq.". Its synthetic process
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is better than the other conventional methods, which suffer from resource-consuming
liquid dispersion and purification steps ending up with dense SWNT networks."7*'*!
The success of SWNT application in photovoltaics depends on two things: the
effectiveness of doping in a manner that the dopant does not undermine the device
performance and overcoming the intrinsic hydrophobicity of SWNTSs for uniform film

fabrication.'8!18%

Figure 6. A 3D image of single-walled carbon nanotube.

1.6 Purpose of each chapter

Chapter Purpose and aim

. Application of single-walled carbon nanotube as an electrode to replace ITO
. Using MoOx layer to function as both dopant and charge selective layer
. Thus, producing flexible yet high performing ITO-free organic solar cells

3

. Application of single-walled carbon nanotube as an electrode to replace ITO
. Discovering why MoOy layer does not work for perovskite solar cells
. Introducing diluted nitric acid doping and PEDOT:PSS modification methods

. Application of double-walled carbon nanotube as an electrode to replace ITO
. Compare the mechanical and electronic properties of double-walled and single-walled
nanotubes as the potential electrodes

N
N =W N =W N =

1. Application of single-walled carbon nanotube as an electrode to replace metal
6 2. Produce novel methods of doping carbon nanotubes that are laminated from top
3. Thus, producing transparent window-like and metal-free organic solar cells

1. Application of niobium-doped titanium oxide as an electrode to replace ITO
7 2. Application of ozone-treated niobium-doped titanium oxide as both electrode and
charge selective layer in inverted organic solar cells

1. Develop a new way of forming ZnO films without applying high temperature annealing

2. Introduce amino-2-ehthanol as stabilisers for the ZnO nanoparticles
9 1. Develop a way to produce sputtered ZnO films that are as efficiency as the sol-gel ZnO
10 1. Modify the surface of metal oxide charge selective layers by anthracene compounds

2. Enhance the efficiency of organic solar cells by reinforcing charge selective function
11 1. Modify the surface of metal oxide charge selective layers by catechol compounds

2. Enhance the efficiency of solar cells by drawing fullerene acceptors to the surface
12 1. Introduce MoS, as electron acceptors in organic solar cells by using carbon nanotube
13 1. Induce vertical separation and better contact in active layer via new technique.
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CHAPTER 2

EXPERIMENTAL AND ANALYSES

General information regarding experimental procedures and characterisations
are adequately explained in this chapter. Those include device fabrications of organic
and perovskite solar cells, material preparations, and their analytical methods that are
common in most of the chapters. As each chapter varies slightly, more niceties may

have been added to each chapter separately.

2.1 Device Fabrications

Lab-scale devices were prepared on two types of ITO glass substrates unless
new materials were used to replace ITO. They were either 22 x 38 mm” substrate with
a sheet resistance of 6 Q sq.” (Kuramoto Co., Ltd.) etched by Zn and 1 M HCl or 15
x 15 mm’ substrate with the same resistance. All substrates were sonicated in
cleaning surfactant (Semi Clean, M-Lo), water, acetone and 2-isopropanol for 15 min
each. They were then dried in the oven at 70 °C followed by exposure to UV/O; for

30 min in order to remove any remaining organic impurities.
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2.1.1 Organic Solar Cell Fabrications

There are two main device architectures (Figure 1). The main difference is
direction of the charge flow. In other words, whether ITO is employed as the anode
(normally referred to as the conventional architecture) or the cathode (inverted

architecture).

Cathode: Al, Au
HTL: LiF, Ca

t Anode: Al, Ag
<%| Organic Active Layer

ETL: PEDOT:PSS, MoO,
Organic Active Layer

0
+
—

e

—

h+ ‘ e
ETL: PEDOT:PSS, MoO, HTL: ZnO, TiO,
Anode: ITO Cathode: ITO
Glass/Plastic Substrate Glass/Plastic Substrate

Figure 1. Illustrations of a normal type OSC (left) and an inverted type OSC (right).
2.1.1.1 Organic solar cell normal device architecture

Normal type is most common for lab-scale solar cell evaluations for its
relatively facile and reproducible process. Here, ITO works as the anode. This is
deposited on a transparent substrates, such as glass or plastic substrates. For the
reference device, ITO substrates with size 15 x 15 mm? and an active area of 3 x 3
mm” with a sheet resistance of 6 Q sq.” (Kuramoto Co., Ltd.) were sonicated in
cleaning surfactant (Semi Clean, M-Lo), water, acetone and 2-isopropanol (IPA) for
15 minutes each. The substrates were then dried in an oven at 70 °C. ITO substrates
were exposed to UV/O; for 30 min in order to remove any remaining organic
impurities. Either, 15 nm MoO; was deposited with the average rate of 0.2 A s™' or
PEDOT:PSS dispersed in water (Clevios P VP, Heraeus Precious Metals GmbH &
Co.) was spin-coated at the speed of 4500 rpm for 45 s for EBL. For the PH3T:PCBM
photoactive layer deposition, fast-growth method was employed. The solution was
spin-coated on PEDOT:PSS (or M0Os) layer at a speed of 2000 rpm for 90 s to give
films of approximately 140 nm. Thermal annealing at 150 °C for 14 minutes was
performed on prepared sample. For the PTB7:PC7;,BM:DIO photoactive layer
deposition. The solution of PTB7:PC;;BM:DIO was spin-coated at 1500 rpm for 60 s
on PEDOT:PSS (or MoO3) layer to give approximately 100 nm. No thermal annealing
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was required. For the cathodes, LiF (0.7 nm) followed by aluminum (100 nm) was

deposited by vacuum thermal evaporation at the rate of 0.2 A s™.
2.1.1.2 Organic solar cell inverted device architecture

For inverted devices, the bottom electrode can likewise be ITO on top of a
transparent substrate, but here it functions as the cathode. ITO substrates with size
150 x 150 mm” and an active area of 22 x 38 mm” with a sheet resistance of 6 Q sq.”
(Kuramoto Co., Ltd.) were firstly etched using Zn and 1 M HCI, followed by
sonicating the substrates sequentially in cleaning surfactant (Semi Clean, M-Lo),
water, acetone and IPA for 15 min each. The substrates were then dried in an oven at
70 °C. Prior to metal oxide deposition, ITO substrates were exposed to UV/O; for 20
min. The TiO; films and ZnO sol—gel films were prepared using the method reported
by Kuwabara and Heeger, respectively.!"*>'® The metal oxides were baked at 150 °C
before depositing the photoactive layer to dry and improve conductivity. This
minimises the light-soaking time of the 0SC."*! The prepared photoactive layer
solution was then spin coated on the metal oxide layers at a speed of 850 rpm for 45 s
to give slow-growth films of approximately 300 nm. The films were then immediately
placed in a petridish for 40 min to allow slow evaporation of the solvent. A poly (3,4-
ethylenedioxythiophene) / poly (styrenesulfonate) (PEDOT:PSS) dispersion in water
(CleviosPVP, Heraeus Precious Metals GmbH & Co.) containing 0.5wt%
polyoxyethylene(6)tridecyl ether (Sigma Aldrich Chemical Co., Inc.) was spin coated
on top of the active layer to form the HTL with a 30 nm thickness. Approximately
200 nm thick Au layer was thermally evaporated at pressure of 3x10~ Pa, with the
use of a shadow mask, which defined the device active area as 1 cm”. All processes,
except for Au deposition, were performed in air and the devices were not

encapsulated. All devices were thermally annealed at 150 °C for 10 min.
2.1.1.3 P3HT:mix-PCBM solution preparation

For the PH3T:PCBM photoactive solution, P3HT (regioregular, Sigma
Aldrich Chemical Co., Inc.) and [6,6]-phenyl Ce;-butyric acid methyl ester and [6,6]-
phenyl C;;-butyric acid methyl ester in a 16:3 ratio (mix-PCBM) (Frontier Carbon
Co., Nanom spectra E124) solution with a donor:acceptor ratio of 5:3 and

concentration of 40 mg mL™" in ortho-dichlorobenzene (ODCB) (anhydrous, 99%,
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Sigma Aldrich Chemical Co., Inc.) was prepared. The solution was left stirring for 2 h

at 65 °C.

In the case of P3HT:PCsBM, everything was the same except, [6,6]-phenyl
Ce1-butyric acid methyl ester (PC;BM) (Frontier Carbon Co., Nanom spectra E123)

was used in a ratio of 5:4.
2.1.1.4 PTB7:PC7BM solution preparation

For the PTB7:PC7;BM:DIO photoactive layer deposition, PTB7 and [6,6]-
phenyl C;-butyric acid methyl ester (PC;;BM) were purchased from Luminescence
Technology Corporation and used as received without further purification. A blend
solution of PTB7 and PC;1BM was prepared in a mixed solvent of chlorobenzene
(99%, CB) and 1,8-diiodoctane (DIO) at a 97:3 ratio. PTB7 (10 mg) and PC7;BM (15
mg) were initially dissolved in CB inside a nitrogen glovebox (0.97 mL). The solution
was left stirring overnight at 60 °C. After 24 h, the corresponding amount of DIO (30
pL) was added. The new solution was stirred 1 h at 70 °C.

2.1.2 Perovskite Solar Cell Fabrications

There are also two main device architectures for PSCs. However, with PSCs
ITO is employed as the cathode is referred to as the conventional architecture and

ITO as the anode is the inverted architecture (Figure 2).

Cathode: Al Anode: Ag
€ ' HTL: PCBM e ETL: P3HT
<3| Lead Halide Perovskite Lead Halide Perovskite
h+‘ e ‘
ETL: PEDOT:PSS HTL: ZnO, mp-TiO,
Anode: ITO Cathode: ITO
Glass/Plastic Substrate Glass/Plastic Substrate

Figure 2. Illustrations of an inverted type PSC (left) and a normal type PSC (right).
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2.1.2.1 Perovskite solar cell normal device architecture

A 30 nm thick dense layer of TiO, was then coated on the ITO substrates by
spin coating of a bis (isopropoxide) bis (acetylacetonato) titanium (IV) solution (75%
in 2-propanol, Sigma-Aldrich) diluted in 2-propanol (1:9, volume ration) at 450 °C.
To deposit perovskite films, the CH;NH;Pbl; solution (25 puL) was first dropped onto
a TiO,. The substrate was then spun at 4500 rpm and after eight seconds anhydrous
chlorobenzene (10 pL) was quickly dropped onto the centre of the substrate. This
instantly changed the colour of the substrate from transparent to light brown. The
hole-transporting material was deposited by spin coating at 1500 rpm for 30 s. The
spin coating solution was prepared by dissolving 80 mg spiro-MeOTAD, 15 pL of a
stock solution of 520 mg mL™ lithium bis(trifluoromethylsulphonyl)imide in
acetonitrile and 22.5 pL 4-tert-butylpyridine in 1 mL chlorobenzene. Device
fabrication was finally completed by thermal evaporation of a 70-nm- thick film of
silver as the cathode. Devices were left in a desiccator overnight and tested next day.

Device fabrication was carried out in a N»-filled glove box.

2.1.2.2 Perovskite solar cell inverted device architecture

PEDOT:PSS was spin coated at 300 rpm for 3 s and then 4500 rpm for 60 s on
ITO. In the case of MoOs, 15nm thickness was thermally deposited under vacuum.
CH;NH;Pbl; solution (25 pL) was first dropped onto a PEDOT:PSS or MoOs. The
substrate was then spun at 4500 rpm and after eight seconds anhydrous chlorobenzene
(10 pL) was quickly dropped onto the centre of the substrate. This instantly changed
the colour of the substrate from transparent to light brown. The electron-transporting
material was deposited by spin coating at 1500 rpm for 30 s. The spin coating solution
was prepared by dissolving 20 mg of PCs;BM in 1000 pL chlorobenzene. Device
fabrication was finally completed by thermal evaporation of a 70 nm thick film of

aluminum as the cathode. Device fabrication was carried out in a N»-filled glove box.
2.1.2.3 Perovskite solution preparation

One-step solution method was used for all of my perovskite fabrications. The
synthesised CH3;NH;sI (0.172 g) was mixed with Pbl, (0.500 g) in anhydrous N,N-
dimethylformamide (1.07 mL) by stirring at 60°C overnight to produce clear
CH;NH;PbI; solution with a concentration of 45 wt%.
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2.1.3 SWNT Preparations

2.1.3.1 Aerosol SWNT

The randomly oriented SWNT networks with high purity and a long nanotube
bundle length can be synthesised by the aerosol CVD method."*'*" The floating
catalyst aerosol CVD was carried out in a scaled-up reaction tube with the diameter of
150 mm. The catalyst precursor was vaporised by passing ambient temperature CO
through a cartridge filled with ferrocene powder. To obtain stable growth of SWNTs,
a controlled amount of CO, was added together with the carbon source (CO). SWNTs
were directly collected downstream of the reactor by filtering the flow through a
nitrocellulose or silver membrane filter (Millipore Corp., USA; HAWP, 0.45 pm pore
diameter). The flow containing ferrocene vapour was then introduced into the high-
temperature zone of a ceramic tube reactor through a water-cooled probe and mixed
with additional CO. Ferrocene vapour was thermally decomposed in the gas phase in
the aerosol CVD reactor at the temperature of 880 °C. The CO gas was supplied at 4
L min" and decomposed on the iron nanoparticles, resulting in growth of SWNTs.
The as-synthesised SWNTs were collected by passing the flow through microporous
filters at the downstream of the reactor, while the transparency and sheet resistance
was controlled by varying the collection time. The collected SWNT networks were
transferred to wide variety of substrates through the dry press-transfer process. The
FC-CVD synthesised and dry deposited SWNT networks had high purity.
Furthermore, as the process requires no sonication based dispersion steps the resulting

SWNT network consisted of exceptionally long SWNTs.

2.1.3.1 SWNT electrode

For the SWNT device, bare glass substrates (Kuramoto Co., Ltd.) were
purchased and cleaned by the same method as the ITO substrates. Prior to SWNT
transfer, the substrates were exposed to UV/O, for 30 min. For the flexible device,
Toyobo Itd. polyethylene terephthalate (A4300-38 um) were used. The films were

cleaned by ethanol and clean gauze.

SWNT films were transferred onto the substrates by laminating from the top.
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A drop of ethanol was used to ensure firm adhesion of SWNT. Then the substrates

were transferred to a N, filled glove box for further fabrication.

2.2 Characterisations

Characterisations are pivotal this thesis. Here, the different methods that have

been used are listed:

2.2.1 Device Characterisations

2.2.1.1 Current-voltage characterisation

Current—voltage (J-V) characteristics were measured using a software-
controlled source meter (Keithley 2400) under dark conditions and 1 sun AM 1.5 G
simulated sunlight irradiation (100 mW cm™) using a solar simulator (EMS-35AAA,
Ushio Spax Inc.), which was calibrated using a silicon diode (BS-520BK,
Bunkokeiki).

2.2.1.2 Incident photon to current efficiency (IPCE)

A homebuilt system was used to record the IPCE consisting of a 150 W Oriel
xenon lamp, connected to a Spectral Products Cm110 monochromator to scan the Uv-
vis spectrum. A Keithley 2400 digital source meter was used to record the current at
each specific wavelength, and a Gentec Solo2 power monitor probed the power of the

incident light.
2.2.1.3 Space-charge limited current (SCLC)

The structure of the electron-only device was Al/target layer/ETL/Al. The

mobility was determined by fitting the dark current to a model of a single-carrier
2
SCLC, which is described by the equation: ] = Zeoeru ‘2—3, where J is the current

density, x4 is the mobility, ey is the permittivity of free space, e; is the relative
permittivity of the material, L is the thickness of the active layer, and V is the
effective voltage. The experimental dark current density J of both P3HT:PCBM and
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P3HT:mix-PCBM was measured under an applied voltage swept from 0 to —5
v [188.189]

2.2.1.4 Impedance measurement

Solartron SI1287 Electrochemical Interface and Solartron 1255B Frequency

Reponse Analyser were used for the Impedance measurement.

2.2.2 Material Characterisations

2.2.2.1 UV-vis absorption

UV-vis measurements were carried out on a Shimadzu UV-1700PC
spectrophotometer equipped with a photomultiplier detector, double beam optics, and
D, and W light source. In the case of UV-Vis-NIR measurements, they were carried
out on a Lamba 1050 PerkinElmer spectrophotometer equipped with a PMT, InGaAs
and PbS detectors system, double beam optics, double monochromator and D, and W

light sources.
2.2.2.2 Photoluminescence

Films and solutions were probed using an Aminco-Bowman Series 2
Luminescence spectrofluorimeter equipped with a high voltage PMT detector and

continuum Xe light source.
2.2.2.3 Atomic force microscopy (AFM)

The surface composition and topography can be studied by AFM, where phase
and height images can be recorded. The phase image can display differences in the
surface composition whereas the height image provides information about the
topography. In addition, the surface roughness can be measured. An oscillating
cantilever is used to image the sample and depending on the interaction between the
tip of the cantilever and the different regions of the sample, the strength of oscillations
varies. The resolution limit depends on the size of the cantilever tip, which normally

has a diameter of several tenths of nanometres.
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AFM topography images were recorded using a Bruker Multi- mode atomic
force microscope operating in tapping mode. Silicon AFM probes were used that had

a nominal frequency of 70 kHz.

Surface roughness was measured either by root mean squared (r.m.s.)
roughness: r.m.s. roughness is the root mean square average of the profile height

deviations from the mean line, recorded within the evaluation length.

L 1/2
r.m.s.= l(%)fo Z(x)zdxl rom.s.=[(Z2 + Z% + -+ Z2)/N]V/?

or average roughness (Ra): Ra is the arithmetic average of the absolute values of the
profile height deviations from the mean line, recorded within the evaluation length.
Simply put, Ra is the average of a set of individual measurements of a surfaces peaks

and valleys.
1 L
Ra= (1) fy1200ldx Ra = (1Zy| + |Z,| + -+ 1Zy)/N

Ra and r.m.s. are both representations of surface roughness. Each value uses
the same individual height measurements of the surfaces peaks and valleys, but uses
the measurements in a different formula. The formulas are shown below. One can
infer from examination of the formulas, that a single large peak or flaw within the

microscopic surface texture will effect the r.m.s. value more than the Ra value."”"!

2.2.2.4 Scanning electron microscopy (SEM)

In SEM, an electron beam is used to image the sample, which makes it
possible to achieve a higher resolution compared to an optical microscope. The
electrons are scattered by the surface of the sample and subsequently collected with
different types of detectors, providing different information about the surface. A SEM
micrograph can be recorded by either using backscattered or secondary electrons. To
be able to analyse the sample without additional preparation the analysed sample has
to be either conducting or semi-conducting, since charges induced by the electron
beam have to be transported away from the area that is analysed. Non-conductive
samples can be covered by a thin metal layer, allowing imaging of those samples.

SEM measurement was carried out on S-4800 (Hitachi)
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2.2.2.5 Transmission electron microscopy (TEM)

TEM image the sample with transmitted electrons, which implies that the
sample has to be very thin. The incident electrons will be scattered when passing
through a sample: To what extent the electrons will be scattered depends on the
density of the different materials. This gives rise to darker and brighter domains in the
image. In addition, electron diffraction patterns can be recorded when analysing a
sample with TEM. TEM observation used a focused ion beam (FIB)-SEM-Ar triple
beam system. The sample was observed using a Cs-corrected transmission electron

microscope (Titan Cubed G2 60-300, FEl COMPANY) operated at 300 kV.
2.2.2.6 X-ray photoelectron spectroscopy (XPS)

XPS measurements were carried out on two different equipment: either JEOL
XPS (JPS-9010 MC) using a Mg-Ka X-ray source or PerkinElmer XPS (5400MC)
using monochromatic Al Ka radiation. Their energy offset were both calibrated using
the C 1s peak of graphite (284.8 eV) as a reference. The XPS resolution was

estimated to be ~1 eV
2.2.2.7 X-ray powder diffraction (XRD)

Out-of-plane X-ray diffraction was carried out on a Rigaku Smartlab
diffractometer using Cu-Ko radiation operating with a power of 9 kW (45 kV, 200
mA). The diffraction pattern of each sample was recorded between an angular 20 of 2

and 14° at 0.5° increments, the durations of which were 3 sec.
2.2.2.8 Photoelectron yield spectroscopy (PYS) and Kevin probe

Valence band information and Fermi levels were measured by Riken Keiki
PYS-A AC-2 and kelvin probe S spectroscopy in air (ESA), respectively. They were

calibrated by Au before the measurement.
2.2.2.9 Raman spectroscopy

Raman microscope with a x50 lens and 5 x 10°% of 200 mW power

(Renishaw InVia with 532 nm excitation).
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Figure 3. Illustration of Raman spectrometer.

2.2.2.10 Auger electron microscope (AES)

Elemental analysis was done by AES JEOL JAMP-9500F.

2.2.2.11 Water contact angle test

Contact angle measurements were collected on a FAMAS (Kyowa Products)
where 3 pL droplets were applied to the surface and left equilibrating for 5 s before

measuring the contact angle. A minimum of 10 droplets was measured for each

samples.

2.2.2.12 Profilometer

Thickness of a film was measured with a Dektak 6M stylus profilometer.

2.2.2.13 Four-probe measurement

Four-probe SR4-S with SH-100 was used.
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CHAPTER 3

SINGLE-WALLED CARBON NANOTUBES AS
THE CONDUCTIVE LAYER IN FLEXIBLE
ORGANIC SOLAR CELLS

3.1 Summary

OSCs have been regarded as a promising electrical energy source. Transparent
and conductive carbon nanotube film offers an alternative to commonly used ITO in
photovoltaics with superior flexibility. This chapter reports carbon nanotube-based
indium-free OSCs and their flexible application. Direct- and dry-deposited CNT film
doped with MoO, functioned as an electron-blocking transparent electrode, and its
performance was enhanced further by overcoating with PEDOT:PSS. The SWCNT
OSC in this work showed a PCE of 6.04%. This value is 83% of the leading ITO-
based device performance (7.48%). Flexible application showed 3.91% efficiency and

was capable of withstanding a severe cyclic flex test.
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3.2 Introduction

The objective of this chapter is to develop the best methodology for ITO-free
SWCNT-utilised efficient OSC fabrication. First, a CNT electrode was prepared by
direct and dry deposition of SWCNTSs grown by the floating catalyst i.e., aerosol
chemical vapour deposition technique."®” Compared with other solution-based

processes,!'7*!%!

my process used no surfactant and induced less defects. Moreover,
electrical performance of the films produced by this method was higher than that of
other CNT films including flexible ITO. Second, MoO, doping, which was originally

1',[191]

proposed by Bao et a was employed and optimised for other reported dopants

that are unstable in air, chemicals, thermal stress, and humidity."”” Third, for the

[193]

photoactive layer, the low band gap polymer, PTB7 was used for its high
performance among organic photoactive materials. In addition, PTB7 does not require
thermal annealing. This enabled us to use flexible substrates."*” The present SWCNT
OSCs showed a PCE of 6.04% with the PTB7:PC,;BM photoactive layer. In addition,
flexible OSCs on polyimide (PI) and polyethylene terephthalate (PET) films gave
PCEs of 3.43% and 3.91%, respectively. I anticipate that the methodology presented

here will help pave the way toward carbon-based flexible solar cells.

3.3 Experimental Procedures

3.3.1 Device Fabrications

Please refer to ‘2.1.1.1 Organic solar cell normal device architecture’, 2.1.1.3
P3HT:mix-PCBM solution preparation’, 2.1.1.4 PTB7:PC,;,BM solution preparation’,
and ‘2.1.3 SWNT Preparations’.

MoO;, functioning as both an HTL and dopant, was deposited under vacuum
via a thermal evaporator. 15 nm MoO, was deposited with the average rate of 0.2 A s
'. It was annealed at 300 °C for 3 h in N,. PEDOT:PSS dispersed in water (Clevios P
VP, Heraeus Precious Metals GmbH & Co.) was spin-coated on top of the MoQO, to
assist the electron-blocking ability by and filling up the pin holes formed from high

temperature annealing.
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For the cathodes, LiF (0.7 nm) followed by aluminum (100 nm) was deposited
by vacuum thermal evaporation. Other metals (100 nm) were also deposited in this

way at the rate of 0.2 A 5™

For the flexible devices, Low Colour Polyimide film — 25 um thickness from
Industrial Summit Technology (IST) Itd. and Toyobo Itd. polyethylene terephthalate

(A4300-38 um) were used. The films were cleaned by ethanol and clean gauze.

3.3.2 Characterisations

Please refer to ‘2.2.1.1 Current-voltage characterisation’, ‘2.2.2.1 UV-vis
absorption’, ‘2.2.2.3 Atomic force microscopy (AFM)’, ‘2.2.2.4 Scanning electron
microscopy (SEM)’, 2.2.2.8 Photoelectron yield spectroscopy (PYS) and Kevin
probe’, ‘2.2.2.8 Photoelectron yield spectroscopy (PYS) and Kevin probe’, 2.2.2.9

Raman spectroscopy’, and ‘2.2.2.13 Four-probe measurement’.

For the bending test of flexible devices, J—V measurements were recorded

after 10 compressive flexing cycles (radius of curvature: 5 mm).

3.4 Results and Discussion

I first investigated thickness dependence of the SWCNT films on photovoltaic
property of SWCNT-OSCs by varying the deposition time of the SWCNT production.
I obtained three thicknesses that gave 65%, 80%, and 90% transparency at 550 nm.""*”’
AFM images showed that all the SWCNT films have similar root-mean-square

roughness of 8 to 10 nm (Figure 1).

100 nm

a) rm.s. =86 b) r.m.s.=10.0

»

2.0pm 2.0pm

0nm

Figure 1. AFM images and r.m.s. roughness values of SWCNTs with different thicknesses a)
90% transparent SWCNT, b) 80% transparent SWCNT, ¢) 65% transparent SWCNT
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For the device fabrication, I used P3HT as a donor because it is a benchmark
material in the field of OSCs, and most CNT OSCs reported to date have also used
this material."®” Therefore, valid comparisons could be made. Using this material,
OSCs were fabricated on SWCNT films with different thicknesses (transparency).
Fast growth method!"*” was adopted for high performance without solvent annealing.
MoO; was used here as an HTL, and it was not subjected to thermal annealing. Three
devices with various thicknesses of SWCNT films showed similar PCEs of under 1%
(Table 1). The similarity of the PCEs is due to the trade-off between Jy. and FF,
which are closely related to the transparency and the conductivity, respectively. The

overall performances were poor and doping was called for.

MoO; was subjected to thermal annealing on SWCNT for the doping. In
previous work, bottom MoO; under spray-coated CNTs was thermally annealed at
450-500 °C for more than 3 h in Ar."”" However, in this work, I annealed MoO, on
top of the aerosol SWCNT films at 300 °C for 3 h in N,, considering the use of
flexible PI substrates, which have a glass transition temperature (T,) of 320 °C.
Utilising this thermally driven hole doping from MoO; to SWCNT, the device gave a
PCE of 1.91%, which is nearly twice the improvement from the non-annealed device

(Figure 2a; Table 2: devices A and B).

S S
a) b) . |y /S /n
A Al \_§ OR
' Ca e ' LiF RO o R = 2-ethylhexyl
€ PTB7:PC,,BM:DIO PTB7
[X P3HT:mix-PCBM X - 7

h*‘
.
hf MoO, doped SWCNT Network Moo, d°',’,:1Dsov¥2:;p'::;w°rk and

f)‘\—flj /f</ Iz & fj\\/\'&,{(\ 7|/<

| Glass Substrate A?B
| GIass/FIeX|bIe Substrate

Aerosol
SWCNT

LiF

C) 2.6eV
P3HT
35eV  PTB7 23ev
4.2 eV
48eV 43eV
— Ag
ITo 526V 526V 52ev PCBM
>5.4¢eV 53eV
| Au
CNT PEDOT
6.0 eV ‘PSS 6.1 eV

MoOx
Figure 2. SWCNT OSC configurations of (a) P3HT-based cells (glass/ SWCNT /MoO,/
P3HT:mix-PCBM/LiF/Al) and (b) the most optimised device that gave high efficiency (glass
or flexible substrate/ MoO,/SWCNT/MoO,/PEDOT:PSS/PTB7:PC,;,BM/LiF/Al). (c) Energy
band alignment diagram of SWCNT OSCs.
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Corresponding J—V curves are shown in Figure 3. Both increase in Jg. and
decrease in Ry were observed, and these are indications of improved transmittance and
conductivity of SWCNTs. High Ry, even after the thermal annealing indicates that
thermally annealed MoO; can still function as an HTL.

Table 1. Aerosol SWCNTs with different transparencies with non-annealed MoO; have been

fabricated in a P3BHT:PCBM system to compare its influence on the overall efficiency as OSC
electrodes without doping effect.

Anode ‘(’3)0 (m o ) FF (n':;z) (ni?:'ﬁ PCE, ., (%)
ITO/Mo0O, 060 942 050 235 156x10° 283
90%-SWNT/MoO, 059 474 033 1480 223x10°  0.92
80%-SWNT/MoO, 054 454 039 201  7.66x10° 0.95
65%-SWNTMoO, 052 330 054 198  242x10° 093

Table 2. Photovoltaic performance parameter table for the structural optimisation of P3HT
system OSCs with various layers.

Device Anode Voo Jee FF s Flon P

(V) (mAcm? (Qcm?  (Qcmd) (%)
A 90%-SWCNT/MoO, 059 474 033 1480 2.23x10° | 002
B *90%-SWCNT/*MoO, 060 747 043 239  205x10° | 1.91
C *M00,/*90%-SWCNT/MoO, 045 036 038 310  7.82x10° | 0.06
D *90%-SWCNT/*M00,/MoO, 055 310 042 301 1.46x10* | 0.72
E *MoO,/*90%-SWCNT/PEDOT:PSS 058 844 048 163  3.43x10° | 235
F *90%-SWCNT/*MoO,/PEDOT:PSS 059 899 044 128  1.70x10° | 234
G *M0O,/*90%-SWCNT/*MoO,/PEDOT:PSS | 0.59 884 046 116  7.05x10° | 2.43

#MoO3; and MoO, represent as-deposited MoO3 and thermal annealed one for doping, respectively.
90%-, 80%-, and 65%-SWCNT denotes 90%, 80%, and 65% transparent SWCNT films.

I further investigated the doping effect. Doping was visually confirmed by
colour change of MoO; from transparent green to deep blue (Figure 4). It is caused by
oxygen deficiency, which induces electron traps that increase absorbance in the deep-
blue wavelengths region."””’ MoO, was changed to MoO,, where x is less than 3.
UV-vis spectra show MoO; thermally doped SWCNT films having higher
transmittance compared with the pristine SWCNT films (Figure 5a and 5b).
Furthermore, thin 90%- and 80%-SWCNT films displayed an absorption curve with
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higher transparency at 400—500 nm but less transparency at long-wavelength region
due to the absorption by MoO, (Figures 4 and 5b). Thus, I hypothesise that P3HT,
which absorbs shorter wavelengths of light, is compatible with the 90% transparent
SWCNT electrode, while PTB7, which absorbs longer wavelengths of light, is more
compatible with the 65% transparent SWCNT electrode.

5

Current Density (mA cm®)

/— 90% SWCNT Non-annealed Light

——90% SWCNT MoOx Annealed Light
-10 T T

0.5 0 0.5 1
Applied Bias Voltage (V)

Figure 3. J-V curves of the non-annealed device A (dashed green line) and the MoO,
annealed device B (solid red line) under 1 sun AM1.5G.
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Figure 4. UV-Vis spectrum of an annealed MoO, film on glass. Substrate spectrum has been
subtracted from the MoO,/glass substrate spectrum.
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Figure 5. Optical property of SWCNT films with different thicknesses. (a) UV-vis
transmittance for pristine SWCNTs films. (b) UV—vis transmittance for SWCNT films after
depositing MoO; and thermally annealing at 300 °C for 2 h in N, with indications of the
highest absorption wavelength of P3HT and PTB7. (c) Absorbance in infrared region for
SWCNT film pristine (red), with MoO; on top (green), and after annealing for 2 h (blue).

Doping effect was further confirmed by absorption spectra of SWCNT films
on quartz substrates (Figure 5c). Clear peaks for transitions of E,,, E,,, and M,, in
SWCNT indicate the high quality of aerosol CVD synthesis. Those peaks were
slightly suppressed when MoO; was deposited on SWCNT, and almost completely
suppressed when it is followed by 2 h of thermal annealing as an indication of
successful doping. In addition, decrease in resistivity of the SWCNT films after

thermal doping provided further evidence of doping (Table 3).
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Table 3. Four-probe measurement sheet resistance (Rgp..) of the SWCNTSs with different
transparencies on MoO; before and after the thermal doping. MoO; was measured as a control.

MoO; Rspeet Of 65%- Rsheet Of 80%- Rspheet Of 90%-
only SWNT on MoO; SWNT on MoO, SWNT on MoO,

Pristine ~1 MQ/sq. 83.89 O/sq. 205.08 Q/sq. 326.05 Q/sq.

After thermal
~1 MQ/sq. 28.49 Q/sq. 73.97 Q/sq. 101.55 Q/sq.
annealing

Work functions were measured by photoelectron yield spectroscopy. I found
that the thermal doping narrowed the gap between the Fermi levels of SWCNT and
MoO;. Pristine SWCNT films on glass exhibited a work function of 4.86 eV. After
thermal annealing with MoQO;, its work function increased to 5.4 eV (Figure 2c). The
work function of MoO; is reported to The PCE of doped SWCNT-based device was
still lower than the ITO-based device. Thus, I analysed the morphology of MoO, on
SWCNT. The SEM images indicated that there are pinholes created on MoO, film
after the annealing (Figure 6d and 6e); the AFM r.m.s. roughness value of 9.7
increased to 23.1 (Figure 6a and 6b). To find a solution to this, I tested various
configurations involving additional MoO; and PEDOT:PSS. Use of extra MoO; on
MoO, decreased Ji (Table 2: devices C and D), which is attributable to a mismatch
in energy levels, whereas when PEDOT:PSS was overcoated on MoO,, both V. and
Jsc were enhanced (Table 2: device E, Figure 7). I ascribe this to the hydrophilic
nature of hydroxyl groups on MoO, and the solution coating method, which allows
PEDOT:PSS to fill up the pinholes more effectively. Besides, the acidic PEDOT:PSS
can also function as a weak additional dopant (Figure 6¢ and 6f)."” With the
optimised configuration, a PCE of 2.34% was achieved (Table 2: device G, Figure 2b).
Moreover, applying sandwich doping of MoO, above and below SWCNT film
enhanced the performance even further, giving a PCE of 2.43% (Table 4). This value
is 86% of the corresponding ITO-based OSC efficiency (2.83%; Table 4; Figure 8a).
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Figure 6. AFM images with r.m.s. roughness values and SEM images of SWCNTs with a)
and d) MoO; on SWCNT, b) and e) thermally annealed MoO, on SWCNT, c¢) and f)
PEDOT:PSS soaked thermally annealed MoO, on SWCNT.
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Figure 7. J-V curves of the ITO reference device (black lines) and the device J (blue lines)
and device K (red lines) under 1 sun AM1.5G (circle) and dark (diamond) each.
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Table 4. Photovoltaic performance for the optimised SWCNT-MoO, OSCs.*

2 Rs (Qcm®) Ry PCEpcst

Substrate Anode Donor Voc (V) Jsc (MAcm™) FF Aboqsnv Abos._mv (%)

Glass ITO/MoO, 0.60 9.42 0.50 23.5 1.56 x 10° 2.83
P3HT

Glass Mo0O,/90%-SWCNT/MoO,/PEDOT:PSS 0.59 8.84 0.46 116 7.05x 10° 2.43

Glass ITO/MoO;, 0.74 15.5 0.64 31.1 1.18x 10’ 7.31

Glass MoO,/65%-SWCNT/MoO,/PEDOT:PSS 0.72 13.7 0.61 51.6 1.22x10° 6.04
PTB7

PI MoO,/65%-SWCNT/MoO,/PEDOT:PSS 0.69 11.3 0.44 454 1.15x10° 3.43

PI After 10-time cyclic flex test 0.70 11.1 0.27 588 3.85x 10" 2.10

Glass 65%-SWCNT/MoO,/PEDOT:PSS 0.70 12.7 0.58 94.5 4.00x 10° 5.27

PET 65%-SWCNT/MoO,/PEDOT:PSS PTB7 0.69 12.6 0.45 160 2.06 x 10° 3.91

PET After 10-time cyclic flex test 0.69 12.3 0.45 222 2.83x 10° 3.82

¢ MoO; and MoO, represent as-deposited MoO; and thermal annealed, respectively. 90%-, 80%-, and 65%-

SWCNT denotes 90%, 80%, and 65% transparent SWCNT films
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Figure 8. J-V curves of the two optimised SWCNT OSCs (red lines) in comparison with
reference ITO-based OSCs under light and dark conditions. (a) P3HT:mix-PBM-based
devices; (b) PTB7:PC,;,BM- based devices.

Another unique phenomenon of SWCNT-based OSCs is that it was not
compatible with Ca/Al cathode unlike its ITO counterpart (Table 5)."*' This is
because Ca causes non-spontaneous electron extraction as Eo et al. have
demonstrated.”™ Although LiF possesses the work function of 2.6 eV, which seems
not compatible with the energy levels of Al and PCBM, it is extremely thin (0.7 nm).

Thus, it can act as a protective layer without interfering energetically.

Table 5. Table where various cathodes are applied in a structure SWCNT/MoO,
annealed/P3HT:PCBM/cathode *"!

Cathode Work function (-eV) V¢ (V) Jsc (MA/cm®) FF PCE (%)
Ca/Al 2.9 0.61 7.28 0.33 1.47
Al 4.2 0.35 4.55 0.41 0.65
Ag 4.3 0.50 3.97 0.37 0.74
Au 5.3 0.46 1.52 0.49 0.35
LiF/Al 2.6 0.60 7.47 0.43 1.91

Next, I tested the low band gap polymer PTB7 for the first time in CNT OSCs.
The OSC device with the 65% transparent SWCNT film gave a PCE of 6.04%, which
is a record-high result (Figures 2b and 3b; Table 4; see also Figures 9 and 10). This is
83% of the ITO-based device efficiency (7.48%; Table 4). This result reveals that the
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low band gap polymer system is also compatible with existing SWCNT-based

electrodes.

7 1 1 1 1 1 1 1 1 1
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Figure 9. Reported PCEs of CNT OSCs on glass (closed symbols) and on flexible substrate
(open symbols).
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Figure 10. IPCE of an ITO-based OSC and a SWCNT-based OSC using PTB7 system.

Finally, flexible application was accomplished using both PI and PET as
substrates. PI’s high T, enabled thermal annealing of MoOs;, but PET with T, of 80 °C
could not be annealed. Initially, the flexible OSCs gave PCEs of 3.78% (PI) and
3.91% (PET) (Table 4). I ascribe the low performance in both the flexible devices to
the damage on MoO; during fabrication by looking at the decrease in Rgy. Additionally,

the PI device’s low Ji. was limited by the intrinsically low transparency of the film
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(Figure 11). The PET-based device to which thermal annealing was not applied gave
a higher PCE than that of the PI-based device. After subjecting the devices to 10
flexing cycles (radius of curvature: 5 mm), the PET-based flexible OSC retained its
performance, while the Pl-based flexible OSC significantly decreased the
performance (Figure 12; Table 4). This points toward the fact that PI-based device is
strongly affected by the high temperature annealing.

100

— .
pl

80 - -

60+ H

40 L

Transmittance (%)

20

——PI film prinstine
——PI film 2hr annealed
— — PET film pristine

—e—Glass
0 T T T T
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Wavelength (nm)

Figure 11. Transmittance data of PI, thermally annealed PI, PET, and bare glass.
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Figure 12 a). J-V curves of flexible OSC on PI before and after the cyclic flex test (left) and
on PET before and after the cyclic flex test (right).
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Figure 12 b). J-V curve comparisons of the flexible OSCs on both PI and PET.

3.5 Conclusion

In conclusion, this work showed a way for efficient and flexible CNT-based
OSCs with application of direct and dry deposited SWCNT film in OSCs and
demonstrated the dual functionality of thermally annealed MoO, on SWCNTs as both
transparent electrode and HTL. Thus, the MoO,/SWCNT worked as an electron-
blocking transparent electrode. The PTB7 system was applied in CNT OSCs and
produced a high PCE as well as successfully exhibiting flexible application. Taken
together, this findings demonstrate that ITO-free flexible SWCNT OSCs can be
fabricated with high efficiency through a remarkably facile and stable process. I
anticipate that these results will be useful in the further development of flexible

carbon-based solar cells as well as other related organic electronics.
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CHAPTER 4

SINGLE-WALLED CARBON NANOTUBES AS
THE CONDUCTIVE LAYER IN FLEXIBLE
PLANAR HETEROJUNCTION PEROVSKITE
SOLAR CELLS

4.1 Summary

In this chapter, I fabricated indium-free PSCs using direct- and dry-transferred
aerosol SWNTs. I investigated diverse methodologies to solve SWNTs’
hydrophobicity anddoping issues in PSC devices. These include changing wettability
of PEDOT:PSS, MoO; thermal doping, and HNO,(aq) doping with various dilutions
from 15 to 70 v/v% to minimise its instability and toxic nature. I discovered that IPA
modified PEDOT:PSS works better than surfactant modified PEDOT:PSS as an HTL
on SWNTs in PSCs due to superior wettability, whereas MoO,; was not compatible
owing to energy level mismatching. Diluted HNO; (35 v/v%)-doped SWNT-based
device produced the highest PCE of 6.32% amongst SWNT-based PSCs, which is
70% of an ITO-based device (9.05%). Its flexible application showed a PCE of 5.38%

on PET substrate.
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4.2 Introduction

So far, SWNT electrode for organic SCs have been reported in a great
amount!'**"?>2>212 and the PCE has been reported to reach as high as 83% to that of
ITO counterpart."® Yet, analogue applications in PSCs have not been reported to
date. SWNT electrode application was limited only to a metal electrode
replacement.”"” Besides, other flexible PSCs reported utilise flexible ITO, which
suffers from many shortcomings such as low conductivity and crack-damage when

bent too much.'>!

Here, I report SWNT-based indium-free PSCs and flexible application along
with investigations of different charge selective layers and doping methods that
overcome the issues of doping and hydrophobicity of SWNTs. A planar
heterojunction structure was used in this study, and it is comprised of PEDOT:PSS as
an EBL, followed by a lead perovskite layer (CH;NH,Pbl,), [6,6]- phenyl C61-butyric
acid methyl ester (PC,,BM), and an aluminum metal electrode. This was coined by
Snaith as “inverted cell architecture”."*' Although mesoporous (mp) TiO,-based
PSCs exhibit a higher PCE, the formation of mp-TiO, layer requires a thermal process
over 450 °C. Because flexible substrates are vulnerable to high temperature, the
inverted planar heterojunction PSC, which requires annealing temperatures of lower

than 100 °C, was regarded more promising for this flexible applications.”'*>'%

217 and

Furthermore, this structure demonstrates better stability under ultraviolet ligh
almost no hysteresis with sweep directions in measurement because of the exclusion
of mp-Ti0,.”"**"”! One-step method, which is widely established, was employed in
this work as I focused on achieving reliable investigation prior to a record-breaking

PCE ™"

4.3 Experimental Procedures

4.3.1 Device Fabrications

Please refer to ‘2.1.2 Perovskite solar cell fabrications’ and ‘2.1.3 SWNT

Preparations’
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For MoO, thermal doping, please refer to ‘3.3.1 Device Fabrications’. For
HNO, doping, HNO;(aq) solution was dropped on a SWNT film followed by drying
at 80 °C for 10 min.

Surfactant-PEDOT:PSS  was produced by adding 05 wt% of
polyoxyethylene(6) tridecyl ether (Sigma Aldrich Chemical Co., Inc.) in PEDOT:PSS
dispersion in water. IPA-PEDOT:PSS was produced by diluting PEDOT:PSS in IPA
at 3:1(v/v) ratio. Modified PEDOT:PSS was spin-coated at the same condition as the
normal PEDOT:PSS.

4.3.2 Characterisations

Please refer to ‘2.2.1.1 Current-voltage characterisation’, ‘2.2.1.4 Impedance
measurement’, ‘2.2.2.1 UV-vis absorption’, ‘2.2.2.3 Atomic force microscopy
(AFM)’, “2.2.2.4 Scanning electron microscopy (SEM)’, ‘2.2.2.8 Photoelectron yield
spectroscopy (PYS) and Kevin probe’, ‘2.2.2.9 Raman spectroscopy’ and ‘2.2.2.13

Four-probe measurement’. For the flex cyclic test, please refer to Chapter 3.

4.4 Results and Discussion

One of the challenges for SWNT electrode-based solar cells has been doping
the carbon nanotubes while having a desirable EBL function. PEDOT:PSS with acidic
nature functions as both the EBL and dopant."” However, hydrophilic PEDOT:PSS
cannot be applied directly onto hydrophobic SWNTs. As a solution to this problem, I
selected two approaches: diluting PEDOT:PSS in IPA solvent by 1:3 (v/v) ratio'* or
adding a small amount (0.5 wt %) of surfactant, polyoxyethylene(6) tridecyl ether to
the PEDOT:PSS solution.””"! These two are already well-established methods in the
application of graphene and inverted organic SCs, respectively. These modifications
change PEDOT:PSS property from hydrophilic to hydrophobic. In the case of planar
graphene sheet, modified PEDOT:PSS cannot form a complete coverage, and
deposition of additional MoQ, is mandatory.”**' But, in the case of carbon nanotube,
both IPA-modified PEDOT:PSS (IPA-PEDOT:PSS) and surfactant-modified
PEDOT:PSS (surfactant-PEDOT:PSS) thoroughly overcoated the individual tubes as
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evidenced by SEM images (Figure 1b and c). Knowing that the SWNT films do not
have shunt pathways, planar heterojunction PSCs were fabricated without an
additional MoO; layer. During the fabrication, specifically when spin-coating the
perovskite layer, it was interesting to observe formation of discontinuous large
crystals in the perovskite layer on the surfactant-PEDOT:PSS-coated SWNTs (Figure
2). The cross-sectional SEM revealed a bad uniformity of the perovskite layer. Those
unwanted crystals could be avoided by shortening the CB rinsing time from the usual
10 to 6 s. From AFM images and their Ra values, it is visible that the surfactant-
PEDOT:PSS-coated SWNTs had rougher morphology than the IPA-PEDOT:PSS-
coated SWNTs (Figure 1f and g). The perovskite layers formed on top of those films
showed even bigger difference (Figure 1j and k). Both AFM images of the modified-
PEDOT:PSS-based perovskite showed bigger crystal size and rougher surface than

the reference perovskite layer (Figure 1j, k, and 1).

400nm

Figure 1. SEM images of (a) SWNTs, (b) IPA-PEDOT:PSS on SWNTs, (c) surfactant-
PEDOT:PSS on SWNTs, (d) PEDOT:PSS on HNO;-doped SWNTs; AFM images and r.m.s.
roughness values of (e) SWNTs, (f) IPA-PEDOT:PSS on SWNTs, (g) surfactant-
PEDOT:PSS on SWNTs, (h) PEDOT:PSS on HNO;-doped SWNTs, (i) perovskite layer on
PEDOT:PSS on ITO, (j) perovskite layer on IPA-PEDOT:PSS on SWNTs, (k) perovskite
layer on Surfactant—-PEDOT:PSS on SWNTs, and (I) perovskite layer on PEDOT:PSS on
HNOj;-doped SWNTs.
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Figure 2. Top view and cross-sectional view of the Perovskite film on top of the surfactant-
PEDOT:PSS-coated SWNTs without shortening the CB rinsing time. The top view SEM
images show magnification identifying the large aggregated crystals forming while the cross-
sectional SEM shows a dissection of the aggregated perovskite layer.

Table 1. Photovoltaic performance table for SWNT-based PSCs using modified PEDOT:PSS

and a range of SWNTSs with different HNO; concentrations”

PCE
No Voc Jsc R Rgy PCE v
electrode EBL V)  (mA cm?) FF ) Q) (%) (R%C)
1 ITO PEDOT:PSS 0.83 163 064 258 52x10° 8712039 905
2 SWNT IPA-PEDOT:PSS 0.77 1.1 050 537 27x10°  401x0.14 427
3 SWNT surfactant-PEDOT:PSS ~ 0.61 118 038 409 12x10°  1.85:059 271
4 HN7 8 VQV?NT 077 144 055 792  57x10° 596:034  6.09
-
5 Hl\?(g ‘_’éVV?NT 0.76 145 052 860 25x10° 5824046 584
3 53 L PEDOT:PSS
6 | 1NO VstoNT 0.79 149 054 941 48x10° 5704060 632
-
7 HNIS VéVV?NT 0.77 13.6 039 122 1.8x10°  3.80+048  3.88
-

“Corresponding J—V curves are shown in Figure 3. Average PCEs (PCE,yy) with error ranges
and record PCEs (PCEggc) are included when all the devices were fabricated in the same

condition for valid comparisons.
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Figure 3a. J-V curves of the ITO-based PSC, the modified PEDOT:PSS-based PSCs, and the
nitric acid-treated SWNT-based PSC in light (left) and dark (right).
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Figure 3b. J-V curves of the PSCs using nitric acid-treated SWNTs with different
concentrations in light (left) and dark (right).

According to Table 1, the IPA-PEDOT:PSS-applied SWNT- based PSC
performed better than the surfactant-PEDOT:PSS-applied SWNT-based PSC. (Device
2 and Device 3, respectively.) The Jg. values were similar, but the V. and the FF in
the IPA-PEDOT:PSS-based device were higher than the surfactant-PEDOT:PSS-
based device. Similar Jy. meant that their exciton dissociation and extraction were
fine. But lower V. and Ry, indicated that the PEDOT:PSS coverage was the problem.
Figure 4 shows observation of the IPA- PEDOT:PSS and the surfactant-PEDOT:PSS
as cast, and water contact angle test results. The IPA-PEDOT:PSS on SWNTs showed
a complete coverage on the substrate (Figure 4a), yet the surfactant—PEDOT:PSS
barely soaked SWNTs and could not expand to the glass part (Figure 4b). Compared
to the IPA-PEDOT:PSS solution, the surfactant-PEDOT:PSS solution was less
hydrophilic.
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Figure 4. As cast wettability images (above) and water contact angle test on a) IPA-
PEDOT:PSS on SWNT film on glass, b) surfactant-PEDOT:PSS on SWNT film on glass, and
¢) PEDOT:PSS on nitric acid 70 v/v%-treated SWNT film on glass.

As it has been proposed that the lower performance of PSCs arises from
pinhole formation and incomplete coverage of the perovskite layer,*>?!
inconsistently dewetted PEDOT:PSS surface will aggravate perovskite crystals
because of perovskite layer’s thermodynamic instability as predicted from the
energetic standpoint.”**" CB reduces the solubility of CH,NH,Pbl, by removing the
first solvent, thereby promoting fast nucleation and growth of the crystals. Therefore,
the CB rinsing time had to be shortened for the surfactant-PEDOT:PSS applied
SWNTs to avoid the crystal aggregations. Nevertheless, shortening the rinsing time
induced premature crystallisation, which undercut the device performance. This
explains why the surfactant-PEDOT:PSS-applied SWNT-based device performed
badly, whereas the surfactant-PEDOT:PSS-applied on ITO, which has flatter

morphology than SWNTs, gave a higher PCE (Table 2).

Table 2. Photovoltaic table of a nitric acid-doped thicker SWNT-based PSC.

Voc Jsc (mA PCE
Electrode EBL FF Rs(2) Ry ()
V) cm?) (%)
70 v/v% HNO;-SWNT Surfactant- 0.56 115 0.37 100 29x10° 237
ITO PEDOT:PSS 0.89 14.9 0.61 98 6.5x10° 803
Thicker SWNT doped by
PEDOT:PSS 0.87 10.5 0.61 95 7.13x10° 5.62
70 v/v% HNO,
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Using a four-point probe measurement, resistivity of various SWNTs was
measured (Table 3). The IPA-PEDOT:PSS on SWNTs displayed higher R,
surfactant-PEDOT:PSS on SWNTs. This is due to a relatively large amount of IPA-

than the

PEDOT:PSS dilution, which is 1:3 in volume to volume ratio. Its influence is
reflected from the higher Rg value of Device 2 (Table 1). This denotes that possible
remnants of the surfactant in surfactant-PEDOT:PSS do not hinder the mobility of
SWNTs greatly if they ever do. Nevertheless, overall, the IPA-PEDOT:PSS on
SWNT films is more compatible in PSCs than the surfactant-PEDOT:PSS on SWNT

films because of its favoured wettability.

Table 3. Conductivity of  ITO/PEDOT:PSS, SWNT/modified-PEDOT:PSS,
SWNT/surfactant-PEDOT:PSS, and SWNTs doped with different HNO; concentrations
measured by four-point probe measurement.

Electrode EBL Rypeer (2 5.7
ITO PEDOT:PSS 9.8
SWNT IPA-PEDOT:PSS 208.2
SWNT surfactant-PEDOT:PSS 109.6
70 v/v% HNO5;-SWNT 23.7
50 v/v% HNO;-SWNT 28.3
PEDOT:PSS
35 v/v% HNO;-SWNT 25.6
15 v/v% HNO;-SWNT 38.6

The compatibility of SWNTs with PEDOT:PSS can be improved by doping
SWNTs with HNO,, which changes SWNTs’ property from hydrophobic to
hydrophilic. This also entails strong doping effect due to the strongly acidic nature of
HNO,. Nitric acid doping serves as the most effective dopant to date. However, it is
toxic and highly reactive.””” Therefore, HNO, was diluted to the extent that its lethal
effect was minimised, whereas its doping effective was still retained. It was reported
that the greater the acid concentration, the greater the doping effect, but too highly
concentrated acid can damage SWNTs.*****! Accordingly, I investigated the

relationship between the acid concentrations and the device performance.

HNO,; doping on SWNT films was achieved by applying one drop of
HNO,(aq) and drying at 80 °C for 10 min. HNO,; doping made SWNTs hydrophilic
enough to allow formation of a fine layer of unmodified PEDOT:PSS on top (Figure
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1d). The AFM images and Ra roughness values reveals uniform PEDOT:PSS-soaked
SWNTs compared to the modified PEDOT:PSS-soaked SWNTs (Figure 1f, g, and h).
Indeed, high V. and Ry, values of Device 4 (Table 1) tell us that there is no shunt
pathway created between the perovskite layer and the SWNT electrode. These values
are higher than those of the devices fabricated using the modified PEDOT:PSS-
soaked SWNT electrodes.****” The perovskite films also showed nice morphology as
good as the reference (Figure 1i and 1). I attribute this to the uniformity of the

electrode as well as the use of unmodified PEDOT:PSS.

Device performances of the HNO;-doped SWNT-based PSCs with different
HNO,; concentrations were compared (Table 1, Devices 4—7). I could observe that all
of the HNO,;-doped SWNT-based PSCs showed much higher PCEs than those of the
modified PEDOT:PSS-based SWNTs. The high performance can be attributed to the
improved Jg., which is due to enhanced transmittance of SWNT films by the acid
doping. It must be mentioned that strong 70 v/v% HNO, did not destroy nor
undermine the device performance (Device 4). In addition, there was no stark
difference among average PCEs between acid concentrations, except for 15 v/v% in

which the PCE dropped to 3.88% (Device 7).

UV-vis spectroscopy and Raman spectroscopy were carried out to confirm
and compare the transparency and the doping effect. Figure 5a shows spectra of
HNO;-doped SWNTs having subdued Van Hove peaks (M,,, E,,, E,,), which is an
indication of successful doping. The transmittance spectrum of the SWNTs doped by
HNO, (15 v/v%) was lower than the spectra of the other samples doped by HNO,
with higher concentrations. This shows that the 15 v/v% HNO; possesses weaker
doping effect than the rest. Raman spectra (Figure 5b) followed the same trend: all of
the HNO,-doped SWNTs, except 15 v/v%-concentrated sample exhibited the G-band
shifts. Yet, the HNO; (15 v/v%)-doped SWNT film’s doping effect was stronger than
that of the SWNT film treated by IPA-PEDOT:PSS which showed a slightly higher
transmittance than the untreated SWNT film in the UV-vis spectra while showing no
shift in Raman spectra. Conductivity measurement also revealed higher resistivity of
HNO,; (15 v/v%)-doped SWNT film (Table 3). It can be concluded that HNO, (35
v/v%) is the optimum concentration for the doping application in SWNT-based PSCs.
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Another fascinating point about HNO;-doped SWNTs in PSCs is that Rq

values were rather high considering their low R, in Device 4 to 7 (Table 1). This

sheet
phenomenon was not observed in OSCs."”? Therefore, I employed a thicker SWNT
film (65% transmittance at 550 nm wavelength) and fabricated a device expecting
lower Rg, because thicker SWNT films possess lower resistance intrinsically.
However, the HNO;-doped thicker SWNT-based PSC did not improve Rg (Table 2).
To find out the reason behind this, impedance measurement was carried out. Spectra
at 0 mV in dark condition are shown in Figure 5c. The data reveal that HNO,-doped
SWNT-based PSCs possesses much higher electrical boundaries than the IPA-
PEDOT:PSS-treated SWNTs, despite low R, in both thinner and thicker SWNT
films. The Fermi levels of SWNTs measured by Kelvin probe force microscopy
indicated that HNO,-doped SWNT films’ Fermi levels were around 5.4 eV or higher
for all of the HNO; concentrations, whereas pure SWNT films’ Fermi levels sat
around at 5.0 eV.”?" It can be concluded that the HNO,-doped SWNT films provide
relatively less driving force for the hole injection from the perovskite layer and this
causes higher R. Indeed, if I compare the energy band diagrams of SWNT-based
PSCs and OSCs, I can understand that the OSCs are energetically more favoured

(Figure 6).

MoO; as an EBL has been commonly used in place of PEDOT:PSS in OSCs.
In fact, MoO, is preferred over acidic PEDOT:PSS.” However, the same usage has
not been witnessed in the field of PSCs. It can be presumed that this is due to its
incompatibility in PSCs, but no clear account has been given so far. Because it was
reported that thermally annealing MoO, could dope SWNTs in a safe and effective

manner, I was compelled to study its compatibility in SWNT-based PSCs.""""!

Table 4 shows diverse configurations of PSCs using MoO,. It reveals that
MoO;-applied PSCs performed poorly on both ITO (Table 1: Device A) and SWNT
film (Table 1: Device B). When PEDOT:PSS and MoO; combinations were used in
the hope of improving the interface morphology, the photovoltaic parameters did not
improve (Table 4). Moreover, I thermally annealed MoO; above or below SWNTs in
order to dope SWNTs. This process reduced oxygen stoichiometry of MoO, to MoO,
where x is a number between 2 and 3. The PCEs improved only little (Table 4: Device

O).
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Figure 5. Transmittance, (a) and Raman shift values, (b) of HNO;-doped SWNT films with
different acid concentrations, an IPA-PEDOT:PSS-soaked SWNT film and an untreated
SWNT film using UV-vis spectroscopy and Raman spectroscopy, respectively. Both spectra
share the same legend. (c) Nyquist plot of PSCs with IPA-PEDOT:PSS-applied SWNT film,
HNOj;-doped (treated) SWNT film, and HNOs-doped (treated) thicker SWNT film measured
at 0 mV applied bias under dark condition; the equivalent circuit and the band diagram are
shown in the inset.
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Figure 6. The energy band diagrams of a) OSCs, b) inverted type PSCs, and normal type

PSCs.
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Table 4. Photovoltaic performance table for inverted planar heterojunction SWNT-based
PSCs and normal planar heterojunction ITO-based PSCs using MoO; and MoO, layers in
various structural configurations®

PCE
Device Electrode material Voc (V) Jsc (mA em?) FF (%)
(4
Anode
ITO 0.79 5.17 0.53 2.19
A ITO/MoO; 0.46 0.64 042 0.12
B SWNT/MoO; 0.37 0.51 0.28 0.05
C SWNT/MoO,/PEDOT:PSS 0.58 13.0 042 2.09
SWNT/MoO,/PEDOT:PSS 0.06 1.79 0.25 0.03
SWNT/IPA-PEDOT:PSS/MoO; 0.07 0.77 0.25 0.02
MoO,/SWNT/PEDOT:PSS 0.35 10.5 0.36 1.30
Cathode
D spiro-MeOTAD/Ag 0.96 21.0 0.68 13.7
E spiro-MeOTAD/MoO;/Ag 0.56 11.5 0.37 222
F MoOs/Ag 048 201 0.32 0.30
“Corresponding J-V curves are shown in Figure 7.
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Figure 7. J-V curves of the PSCs with various configurations involving MoO; (above). J-V
curves of the normal type PSCs with and without MoOj; (below).
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Figure 8. (a) Photoluminescence spectra of a perovskite layer only, a perovskite film on a
MoO:; film on an ITO glass, a perovskite film on an ITO glass, and a perovskite film on a
PEDOT:PSS film on an ITO glass. (b) Nyquist plot of PSCs with a PEDOT:PSS film on an
ITO glass and a MoO; film on an ITO glass measured at 0 mV applied bias under dark
condition; the band diagram is shown in the inset.

As the quality of the perovskite layers were visually fine during the fabrication,
energy mismatching was suspected to be the root of this incompatibility.
Photoluminescence spectroscopy and impedance measurement were carried out to
investigate this. Photoluminescence quenching is a well-established method
demonstrating a charge extraction ability of EBL in contact with perovskite."*"!
Figure 8a shows that photoluminescence of halide methylammonium lead perovskite
was reduced strongly when it was next to PEDOT:PSS, but not when it was next to
neither ITO nor MoO,.”™ According to Figure 8b, the electronic boundary between
perovskite and MoO; was too big that it made a complete vertical line. The Fermi
level of MoO, was measured using photoelectron yield spectroscopy. It indicated that
MoO; had the Fermi level of around 5.7 eV. Thermal annealing dropped this value to
7.0 eV. As the valence band of perovskite is around 5.3 eV, there was energy level
mismatch with MoO;. On the contrary, PEDOT:PSS had the Fermi level at around 5.1
eV. Therefore, the hole transfer was not hindered between perovskite and
PEDOT:PSS. In the case of organic acceptors like PC¢,BM, its HOMO (6.01 eV) lies
much lower than the valence band of the perovskite. Although PC¢,BM is an electron
conductor not a hole conductor, I suspect its HOMO is key in understanding energetic

[233,234]

compatibility of MoOj; in OSC system.

In spite of this incompatibility of MoOj; in inverted-type PSCs, there are some

reports on MoO, being utilised as an EBL in normal-type PSCs.*>** In order to
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verify this, I fabricated normal-type planar heterojunction PSCs using MoO;. Device
D in Table 3 (glass/ITO/TiO,/perovskite/spiro-MeTAD/Ag) showed a typical
performance of a normal-type PSC using spiro-MeOTAD. When MoO; was inserted
next to spiro-MeOTAD, it decreased PCE greatly. When only MoO; was used as an
EBL, its performance was even worse. These results support my assertion that the

MoO; is not compatible in either architecture.

The best performing configuration from this study was chosen and PSCs were
fabricated on flexible polyethylene terephthalate (PET) substrate with HNO; (35
v/v%)-doped SWNTs as an electrode. A cyclic flex test with a curvature of 10 mm
was imposed to check the resilience (Table 4). A PCE of 5.38% with V. of 0.81 V,
Jsc of 11.8 mA cm™, and FF of 0.56 under AM1.5 100 mW cm™ illumination was
achieved. After the severe flex cyclic test, the performance dropped a little (4.60%),
but it retained its diode character well enough. Pictures and a cross-sectional SEM

image are shown Figure 10.

Table 4. Photovoltaic performance of a flexible SWNT-based PSC and after 10 mm curvature
cyclic flex was applied. Corresponding J-V curves are shown in Figure 9.

Voc Jsc (mA PCE
Type 2 FF  Rs(2) Ry (Q)
(V) cm™) (%)
Flexible 0.81 11.8 0.56 105 605x 10° 538
After cyclic flex test 0.79 11.5 0.50 135 422x10°  4.60
20 !

| |
——ITO based perovskite SC Light
15 |—e—Flexible application Light
—&— After cyclic flex test Light
10— ITO based perovskite SC Dark
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Figure 9. J-V curves of the ITO-based PSC and a HNO; (35 v/v%)-doped SWNT-based
flexible PSC, before and after the cyclic flex test.
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Figure 10a. Pictures of a HNOj; (35 v/v%)-doped SWNT-based flexible PSCs.

35 V/v% HNO,-doped SWNT
(soaked by PEDOT:PSS)

Ay, i 74

L. e, KT
Figure 10b. A cross-sectional SEM image of a HNO; (35 v/v%)-doped SWNT-based flexible
PSC.
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Figure 11. A statistical analysis graph illustrating reproducibility of the PSCs in this work.
Crosses represent each device performance and bars represent averages.
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4.5 Conclusion

In conclusion, the three mainstream approaches to SWNT application in PSCs
had been viewed. Their compatibility, effectiveness, and mechanism had been studied
to understand the uniqueness of PSCs. Modified PEDOT:PSS worked fairly well, but
the PCEs were limited. Application of MoO, on the other hand was not compatible in
PSCs, much to my surprise. HNO;-doped SWNTs were the best performing even in
its diluted form, up to 35 v/v %, yet its mobility was marginally hindered by the
energy level difference between highly lying perovskite valence band and strongly p-
doped SWNT electrode’s Fermi level. Using this approach, I achieved a flexible ITO-
free planar heterojunction PSC device with a PCE of 5.38%, which is 60% of ITO
reference device (9.05%). As non-ITO and SWNT-based PSCs, I anticipate this work
can initiate and contribute to the development of ITO-free PSC research. I believe
these findings will provide better understanding of CNT applications as transparent

conductive electrodes in ITO-free PSCs.
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CHAPTER 5

DOUBLE-WALLED CARBON NANOTUBES AS
THE CONDUCTIVE LAYER IN FLEXIBLE
ORGANIC SOLAR CELLS

5.1 Summary

In this chapter, we introduce solution-processed DWNT-based OSCs. DWNT
films possess similar electric properties to SWNT films, but stronger chemical
resistance against acids. Thus, HNO; doping can be applied without damaging inner
tubes which leads to higher electric properties than SWNT films after acid doping.
Ultimately solution-processed DWNT-based OSCs perform as good as SWNT-based
OSCs when HNO, doping was applied, with advantages of being solution-processed.
A PCE of 2.68% was achieved from HNO;-doped DWNT-based OSCs when ITO-
based reference devices show a PCE of 2.95%. As all the other carbon-based
electrodes including SWNT and graphene utilise CVD transfer methodology, which
are costly and difficult to cover a large area, our solution-deposited DWNT film can

bring a breakthrough in the research field of indium-free flexible photovoltaics.
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5.2 Introduction

Until now, carbon-based electrodes in solar cells have been reported in great
numbers. Presently, SWNTs and graphene are the primarily used
electrodes !'0+!82183:192202213.237241 Byt hoth of the electrodes are CVD-processed. One
of the major drawback with the CVD technique is that high defects are unavoidable
due to the lack of sufficient thermal energy for annealing carbon-based electrodes
arising from relatively low growth temperature.”*' This and high-vacuum process

combined limit large-surface deposition and raise the cost of process.

CNTs can be classified chiefly into three: SWNTs, double-walled carbon
nanotubes (DWNTs), and multi-walled carbon nanotubes (MWNTs). They differ in
the arrangement of their graphene cylinders. MWNTs are multiple SWNTSs of varying
diameters arranged concentrically within one another with the distance of layers in
graphite. DWNTs are just MWNTs with two layers. Despite MWNTSs being much
more stable than SWNTs in terms of lifetime and resistance to oxidation,****** the
reason that DWNTSs have been rarely used for the electrode applications can be

ascribed to more difficult CVD process and slightly lagging optoelectrical

properties.”* ! More specifically, for a variety of CVD processes of DWNTSs such

[256] [252,257-260]

and zeolite-

as arc-discharge,” ™ C,

,-peapods, catalytic pyrolysis,
supported CVD "% higher temperatures than SWNT syntheses are required. Also,
as the syntheses of thick outer tubes having diameters larger than 2.0 nm are
necessary, electrical conductivity and transparency are not as good as those of

SWNTs.>*

In this work, we synthesized solution-processed DWNT films with inner and outer
diameters of 0.9 nm and 1.7 nm, respectively, and demonstrated their superior
advantages over SWNTs in OSC applications. This solution-processed DWNT films
could yield large area coverage with exceedingly low-cost. Moreover, DWNT films
showed better physical and chemical properties than SWNT films as reported.****%>2%]
Particularly, acid doping on the surface of DWNT films yielded a change in chemical
property while maintaining the inner tube intact. DWNT electrode-utilised and SWNT

electrode-utilised OSCs were fabricated each with different doping methods, more

specifically MoO,-thermal doping!"®"! and nitric acid doping. Whilst the SWNT-based
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devices performed better than those of DWNT when MoO,-thermal doping was used,
the DWNT-based devices performed similar to those of SWNT when nitric acid-
doping was applied. This is due to the fact that nitric acid doping modified only the
outer wall of DWNTs and inner walls are kept defect-free. In addition, DWNT films
produced by our method showed smoother surface which was reflected by high V.
photovoltaic parameter and low roughness from AFM. This means that application of
DWNT films in PSCs may result in higher performance that SWNT-based PSCs as
the perovskite layer in PSCs is sensitive to the morphology of the substrates being

coated onto.

5.3 Experimental Procedures

5.3.1 Device Fabrications

Please refer to 2.1.1.1 Organic solar cell normal device architecture ‘2.1.1.3

P3HT:mix-PCBM solution preparation’ and ‘2.1.3 SWNT Preparations’

The fabrication method of solution-processed DWNT cannot be disclosed at

this stage due to confidentiality.

For MoO, thermal doping, please refer to ‘3.3.1 Device Fabrications’. For
HNO, doping, HNO;(aq) solution was dropped on a SWNT film followed by drying
at 80 °C for 10 min.

5.3.2 Characterisations

Please refer to ‘2.2.1.1 Current-voltage characterisation’, ‘2.2.2.1 UV-vis
absorption’, ‘2.2.2.3 Atomic force microscopy (AFM)’, ‘2.2.2.4 Scanning electron
microscopy (SEM)’, 2.2.2.8 Photoelectron yield spectroscopy (PYS) and Kevin

probe’, ‘2.2.2.9 Raman spectroscopy’ and ‘2.2.2.13 Four-probe measurement’.
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5.4 Results and Discussion

Both conductivity and transmittance of the CNT films significantly affects the
device performance. Therefore, to make a valid comparison, it is imperative that I
used CNT films with similar transmittance. UV-vis spectra of DWNT and SWNT
films, which are approximately 80% transparent at 550 nm, are shown in Figure 1.
Despite DWNT film having low transparency in the near-UV region, both DWNT and
SWNT films show the same transparency in the visible wavelengths, validating the

comparison.
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--80%-SWNTs
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Figure 1. UV-vis spectra of 80%-transparent DWNT and SWNT films

Table 2. Photovoltaic parameters of ITO-, SWNT-, and DWNT-based OSCs under 1 sun
(AM1.5G illumination, 100 mW cm™).

Device Voo (V) | Jsc (mAcm?) | FF | Rs(Q) | Rsn(Q) | PCE (%)
ITo/ PECDED“;}EIS:%T?’HT: 0.60 8.44 058 | 20 | 32x10° | 295
F,SSYé/NPgSé“TA?P%gP“AE/'EgEI 0.59 7.56 054 | 120 | 36x10° | 2.38
é’svéfpgs,ﬁ“ﬂ%%gﬁfﬁ;{' 0.61 7.51 049 | 200 | 1.3x10" | 2.26
f&'fggﬂ%%g@fgxl 0.59 7.65 058 | 20 | 9.4x10° | 2.66
F?s\,g\lpgsﬂl:\lp%’éﬁag;«:| 0.60 7.76 057 | 10 | 45x10° | 2.68
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Figure 2. J-V curves of SWNT- and DWNT-based MoO, thermally doped OSCs (left) and
SWNT- and DWNT-based HNO;-doped OSCs (right) under 1 sun and in dark.

P3HT:PCBM-based OSCs using DWNT and SWNT films were fabricated
using MoO, thermal doping and HNO; acid doping. Table 1 shows the photovoltaic
parameters of those devices. It is interesting that the SWNT-based OSCs showed
higher performance than the MWNT-based OSCs when MoO,-thermal doping was
applied, whereas, the MWNT-based OSCs performed similar to the SWNT-based
OSCs when HNO, doping was applied. According to photovoltaic table 1 and J-V
curves in Figure 2, the main driving factor for such result were improvements in FF
and Ry values. The Rg of the DWNT-based devices with MoO, doping was higher
than that of the SWNT counterparts, which led to low FF. But with HNO, doping, the
DWNT-based devices showed lower Ry and a FF value similar to that of the SWNT-
based devices. In addition, V. of the DWNT-based devices was higher than that of
the SWNT-based devices in all cases.

To investigate the electric property of the CNTs under doping, four-probe
measurement was carried out (Table 2). While non-doped and MoO, thermally doped
DWNT films displayed higher R, than SWNT films, HNO;-doped DWNT films
showed lower Ry, than SWNT films. This explains why DWNT-based OSCs
performed as good as SWNT-based OSCs under HNO; doping. This phenomenon is
related to unique electric and chemical properties of DWNT films.”*” Non-doped
DWNT films have higher resistance than SWNT films, because with the same
transparency, DWNT flms are speculated to have a fewer number of nanotubes than

SWNT films. But when HNO; is applied, unlike ITO, CNT films can stay robust
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changing their electronic properties only.”” More precisely, covalent

functionalisation of HNO; breaks C=C double bonds on CNTs creating more holes,
thus improving their hole conductivity.”””’ One of the fortes of DWNT films is
functionalising the outer walls while retaining the mechanical and -electronic
properties of the inner nanotubes.”* This means DWNT films can stay intact when
SWNT films suffer from defect sites hindering charge transfer. This is not seen in
MoO, doping, because MoO, doping does not involving chemical functionalisation

but redox reaction.

Table 2. Four-probe measurements of DWNT and SWNT films with non-doped, MoO,
thermally doped, and HNO;-doped.

Rsheet () | Rsheet after MoOy | Rsheet after HNO;
Sample doping (Q) doping (Q)
80%-transparent DWNT film 189 113 72
80%-transparent SWNT film 154 107 82

To further examine chemical propriety of the CNTs, their Fermi levels were
checked using PYS. Before doping SWNT films had a slightly higher Fermi level, but
after HNO, doping, the Fermi levels of SWNT and DWNT films were the same .
This demonstrates that in terms of chemical property, DWNT films show the same
property as SWNT films after HNO, doping. This corroborates the fact that outer

nanotubes of DWNTs were modified the same way SWNTs were modified.

Table 3. PYS measurements of DWNT and SWNT films with non-doped and HNO;-doped.

. Fermi level after HNO;
Sample Fermi level (-eV) doping (-eV)
80%-transparent DWNT film 5.10 5.40
80%-transparent SWNT film 5.00 5.40

AFM was used to examine the morphology. According to the AFM images
and r.m.s. roughness values in Figure 3, the DWNT films showed much lower
roughness with a r.m.s. roughness value of 6 while the SWNT films showed a r.m.s.
roughness value of 10. This can be attributed to solution deposition of DWNTs which
overcoats the substrate’s rough surface and the gravity pulling the solution flat, as

opposed to aerosol CVD deposition of SWNTs which grows the film in the absence
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of gravity influence. I conjecture that such favourable morphology of DWNT films is
the reason for the enhanced V.. Since substrate morphology is critical in PSC
fabrications, we can expect a better outcome from the DWNT film application in

PSCs. This will be conducted in due course.

DWNT SWNT
Figure 3. AFM images of DWNT and SWNT films with r.m.s. roughness values.

Advantages of DWNTs are not limited to their chemical stability. For example,
with narrower inner tube diameters, DWNTs may offer intriguing quantum effects
which can be exploited in nano-electronics.”*® In addition, DWNTs have shown to
facilitate hole-transporting effect in PBHT-DWNT composite films. **~' High built-
in voltage arising from the interaction between P3HT and DWNTSs can be explored
more. [ plan to delve into these aspects as well as the flexible application in near

future .*’®

5.5 Conclusion

We have introduced solution-processed DWNT film and demonstrated its
application in OSCs by making a comparison with SWNT-based OSCs. DWNT-based
OSCs performed slightly worse than SWNT counterparts with MoO, doping, whereas
they performed on par with the SWNT-based OSCs when HNO, doping was applied.
This was ascribed to increase in FF arising from defect-free nature of DWNTSs against
strong acids. While outer tubes of DWNTSs undergo chemical change, inner tubes
stayed intact without defects, maintaining its mobility. DWNT films also showed
better morphology than SWNT films as well, exhibiting its potential as an electrode in
PSCs. Their other advantages such as quantum effects and interaction with P3HT will

be researched in depth as a follow-up work in due time.
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CHAPTER 6 -

SINGLE-WALLED CARBON NANOTUBES AS
THE CONDUCTIVE LAYER AND NOVEL
TRASFER METHODOLOGIES THEREIN IN
TRANSPARENT ORGANIC SOLAR CELLS

6.1 Summary

Here expensive top metal electrode was replaced by highly performing and
easy-to-transfer aerosol-synthesised carbon nanotubes to produce transparent OSCs
for window applications. Moreover, the carbon nanotubes were doped by two new
methodologies presented in this work: HNO; doping ‘Sandwich transfer’ and MoO,
thermal doping ‘Bridge transfer’. While both doping methods enhanced the
performance of the carbon nanotubes, thus photovoltaic performance in device, HNO,
doping Sandwich method with 4.1% power conversion efficiency was marginally
more effective than the Bridge transfer with a power conversion efficiency of 3.4%.
Applying much thinner carbon nanotube with 90% transparency decreased the
efficiency little, yet still retained to 3.7%. Compared with the efficiency of the non-
transparent metal-based solar cells (7.8%), it showed more than 50% efficiency while
being fully transparent. This research will open the door to top electrode application
of carbon-based electrodes and we can anticipate its adaptation in both academia and

industry.
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6.2 Introduction

In addition to the pursuit of high efficiency, OSCs have also been intensively
studied for their potential in making advances for broader applications.””*?*! On the
same note, future OSCs are regarded to be greener technology that serves various
functions such as wearable, surface conforming, window application and etc.
Prerequisites to these include use of metal-free, mechanically resilient, and
translucence materials, while retaining a high PCE. The first step towards this
achievement is replacing metal electrode, which is expensive and blindingly glare
(Figure 1). Previously, many attempts have been made in demonstrating transparent
and flexible solar cells such as building-integrated photovoltaics and solar chargers
for portable electronics using metallic grids, nanowire networks, metal oxides, or
conducting polymers.” ! Yet, transparent conductors often result in low visible
light transparency, low PCEs, or low flexibility, because no suitable transparent and

conductive material was adopted in device design and fabrication.

Figure 1. A real window application of transparent OSCs (right) and the highlighted problem
of sunlight glare from use of reflective (left) Ag even when thin metal electrodes were used.

SWNT films as an electrode replacing ITO in photovoltaics has been reported
in great numbers.””’**" However, a SWNT film working as a top-electrode has been
rarely reported because of the challenging nature of SWNT lamination from
above.”" There was one recent success in the work presented by Li et al.*"! Their

SWNT films were used as the top-electrode in PSCs. However, their SWNT films
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could not be doped, because doping laminated SWNT electrode is extremely difficult

without damaging the device.

Here I report SWNT-based metal-free and window-like transparent OSCs
where SWNT films have been doped by two mainstream dopants, HNO, and MoO,
which I named ‘Sandwich transfer’ and ‘Bridge transfer’, respectively. The HNO;-
doped, and MoO;-doped 60% transparent SWNT-laminated OSCs showed PCEs of
4.1% and 3.4%, respectively. Applying 90% transparent SWNT films, which rendered
tinted-window visual, resulted in PCEs of 3.7% and 3.1% for HNO;-doped and
MoO,-doped, respectively, while the reference ITO-based OSC showed a PCE of
7.8%. Hence, I introduce window-applicable transparent OSCs by means of safely
doping direct- and dry-lamination of SWNT films for the top electrode, bypassing the
expensive and energy-consuming metal deposition process. The double-sided light
response feature of these transparent yet highly efficient solar cells offers advantages
in many applications. I expect the methodologies presented here will open the way to

the future of multifunctional OSCs.

6.3 Experimental Procedures

6.3.1 Device Fabrications

Please refer to ‘2.1.1.2 Organic solar cell inverted device architecture’,
2.1.1.4 PTB7:PC,;BM solution preparation’, and ‘2.1.3.1 Aerosol SWNT’. For the
SWNT-based devices, only up to MoO, deposition was carried out. To improve the
contact between the solar simulator and SWNT, Ag (100 nm) pattern was deposited

only at the contact where wires of the solar simulator will be clipped.
6.3.1.1 Transfer of non-doped SWNT

SWNT films were transferred onto MoO, by laminating from the top. A drop
of poly(3.4-ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS) was

applied and spin-coating at 4500 rpm for 60 s to assist lamination.

6.3.1.2 HNO; doping Sandwich-transfer method
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SWNT films were transferred on bare glass substrates. HNO; (70% in water)
was applied drop-wise and dried at 80°C to dope the SWNT films. The HNO,-doped
SWNT substrates were transferred onto MoO,; and Ag patterned device
(MoO4/PTB7:PC,,BM:DIO/ZnO/ITO) like a sandwich and UV-resin was applied at

the edges only in order to hold the two substrates and encapsulate.
6.3.1.3 MoO, doping Bridge-transfer method

A special holder for SWNT films was prepared and SWNT films were
transferred onto the holder so that the films hang like a bridge. 15 nm MoO; was
thermally deposited on the bridged SWNT films followed by thermal annealing at
300 °C for 3 h anaerobically to induce MoO, doping. The bridged SWNT films were
transferred carefully on to the Ag patterned photoactive layer. A drop of PEDOT:PSS
was applied and spin-coating at 4500 rpm for 60 s to assist lamination. Since MoO,
can function as the HTL, MoO; step was omitted for this method only. In other words,
SWNT/MoO, was laminated on PTB7:PC,,BM:DIO/ZnO/ITO rather than
MoO,/PTB7:PC,BM:DIO/ZnO/ITO.

6.3.2 Characterisations

Please refer to ‘2.2.1.1 Current-voltage characterisation’, ‘2.2.1.4 Impedance
measurement’, ‘2.2.1.2 Incident photon to current efficiency (IPCE)’ ‘2.2.2.1 UV-vis
absorption’, ‘2.2.2.2 Photoluminescence’, ‘2.2.2.3 Atomic force microscopy (AFM)’,
‘2.2.2.4 Scanning electron microscopy (SEM)’.

6.4 Results and Discussion

The randomly oriented SWNT networks with high purity and long nanotube
bundle length were synthesised by the aerosol CVD method."*'"® The floating
catalyst aerosol CVD was carried out in a scaled-up reaction tube with the diameter of
150 mm. The dry deposited SWNT networks had high purity as evidenced by clear
Van Hove peaks in UV-vis spectroscopy and relatively low defect derived D band
intensity in Raman spectroscopy.”® Furthermore, as the process required no

sonication-based dispersion step, the resulting SWNT network consisted of
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exceptionally long SWNTs. Facile transferability is another advantage of the Aerosol
SWNT films. Once deposited from the aerosol, the CNTs showed strong tube-to-tube
interaction and assembled into a freestanding thin film. The SWNT films were easily
peeled off from a nitrocellulose film by a pair of tweezers and transferred onto other

substrates for device fabrication.

| Glass Substrate ¢

HNO,-SWNT
\ SWNT & UV resin (edges only) [ MoO,-SWNT
Ag ‘ MOOX
MoO, \ MoO, \ MoOs,

PTB7:PC.,BM PTB7:PC.,BM PTB7:PC.,BM PTB7:PC.,BM

Zn0O Zn0O ZnO ZnO

ITO ITO ITO ITO
| Glass Substrate | Glass Substrate | Glass Substrate | Glass Substrate

(@) (b) () (d)

Figure 2. Illustrations of architecture of (a) a conventional inverted OSC, (b) a
SWNT-based transparent OSC, (c) a HNO;-doped SWNT-based transparent OSC, and (d) a
MoO,-doped SWNT-based transparent OSC.

The structures of SWNT-based transparent OSCs are shown in Figure 2.
Figure 2a shows the conventional inverted OSC structure where Ag was used as an
anode. This entails expensive metal deposition cost and leads to a non-transparent
device. Figure 2b represents the same structure, except that Ag has been replaced by
low-cost and highly transparent aerosol SWNT. Here, light can be shone either from
ITO or SWNT sides, or both sides to generate photo-induced power. Thus, it can be
called window-like transparent OSCs. The conductivity and the transparency of
SWNT must be enhanced by doping in order to produce efficiency solar cells. Figure
2c and 2d demonstrate HNO;-doped, and MoO,-doped SWNT-applied window-like
transparent OSCs, respectively. Due to the difficult nature of doping, two very
different methodologies were employed and resulted in different architectures as
illustrated. This will be discussed in detail later in this work. It is worth noting that a
mixture of the low band gap polymer, PTB7 and the acceptor, PC; BM with an
additive, DIO has been used as the photoactive layer for all the devices on account of

their high efficiency.

Photoluminescence quenching can demonstrate the charge extraction

ability '*! A PTB7-based organic photoactive layer was deposited on a glass substrate
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and a SWNT film was laminated from top. As shown in Figure 3, the spectrum of the

organic photoactive layer was suppressed significantly when the SWNT film sat on

top of it. This indicates effective charge extraction and successful lamination.

Figure 3. Photoluminescence spectrum of PTB7:PC,BM active layer
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Table 1. Photovoltaic Performance for the SWNT-based transparent inverted OSCs under 1

sun, AM1.5G illumination (100 mW cm™)

Vi Jsc (MA R. R, PCE
Device | Light direction Anode Dopant o¢ S¢ (_2 FF s o St 2 est

V) cm™) (Qcm”) (Qcm") (%)

A from ITO Ag 0.73 16.0 0.65 16 6.4x 10" 7.8

B from SWNT 0.58 4.8 0.32 470 4.6x10° 0.9
SWNT None .

C from ITO 0.66 6.5 0.40 320 8.9x10 1.8
T=90% .

D with reflector 0.66 8.6 0.39 280 5.8x10 2.2

E SWNT HNO; 0.69 9.5 0.56 70 1.5x10* 3.7

F T=90% MoO, 0.62 8.8 0.56 100 1.8x10° 3.1
from ITO .

G SWNT HNO; 0.70 9.0 0.65 53 1.6x10 4.1

H T=60% MoO, 0.68 8.2 0.60 61 8.4x10° 3.4

Footnote: T = transmittance

First, OSCs using 90% transparent SWNT films were fabricated. Then, PCEs
were measured with light shining from the SWNT side, the ITO side, and the ITO

side with a mirror reflecting from behind. According to Table 1, different PCEs were
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obtained depending on which direction light was coming from (Table 1: Devices B
and C). When light was shone from the ITO side, a PCE of 2% was obtained which
was approximately twice higher than the PCE when light was shone from the SWNT
side (0.9%). These values are substantially low in comparison with the non-
transparent conventional reference, Device A (7.8%). This is because the SWNT
films were not doped. The UV-vis spectra (Figure 4a) revealed that ITO possessed
higher transparency than 90% transparent SWNT. The difference got bigger when I
included the whole device: the photoactive layer, ZnO, and MoO;. As well as the
intrinsic transmittance of the layers, the internal surface reflection between layers
might also have augmented this difference. In other words, light shining on the ITO
side is optically more favoured for the solar cell performance. This results in a higher
PCE for Device B than that of Device C, for a larger number of photon is converted
into higher Ji. for Device B. IPCE was measured to confirm this. As expected, when

light was shone from the ITO side, more charges were extracted (Figure 4b).

a) 100 - - b) 100 1 :
—ITO side
g 80 - - 80 —SWNT side -
3 —_
S 601 - & e0f 1
= w
£ 5
2 40 - = 40 1
o
= ITO only —e—
20 90%-transparent SWNT only —=— [ 20 b
ITO/ZnO/PTB7:PC,,BM/M0O, —e—
. SWNT/MoO,/PTB7:PC,,BM/ZN0O —a— o . . . .
300 400 500 600 700 800 900 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 4. a) UV-vis transmittance measurement spectra of glass/ITO, glass/90%-SWNT,
glass/ITO/ZnO/PTB7:PC; BM/Mo0O;, and glass/90%-SWNT/MoO,/PTB7:PC, BM/ZnO. b)
IPCE measurement spectra of transparent OSCs when light is shone from ITO side and when
light is shone from SWNT side.

Regarding the photovoltaic parameters in Table 1, Device B showed not only
high Jsc but also higher Voc and higher FF than those of Device C. This is a typical
characteristic of solar cells that can be described by the Shockley equation. In
principle, it is related to logarithmic scaling of Voc with the light intensity.!*””!
Therefore, Device C with higher Jsc will exhibit higher Voc. Concerning FF, equation

(1) shows that FF is affected by Voc t00.”** This is especially so with real solar cell
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devices which show a non-ideal diode behaviour. Thus, low Jsc can induce low Voc

and FF.

__Voc—In (Vpc+0.72)
Voc+1

FF

(1)

The value of shunt resistance (Rsy) is especially important in transparent
OSCs because there is not enough light intensity. With low light intensity, both the
bias point and the current of the solar cell devices will decrease. This causes the

2971 If the equivalent

equivalent resistance of the solar cell devices to approach Rsp.
and shunt resistances are similar, the fraction of the total current flowing through the
Rsy will increase and this may lead to recombination of charges. So it is crucial that
we have a device system with a high enough Rsy value to avoid recombination can
happen which will undercut device performance. From the J-V curves shown in
Figure 5a and 5b, We can see that 90% transparent SWNT applied OSCs possess
sufficiently high Rgy regardless of the light direction. Therefore, it confirms that no

recombination is taking place.

In the conventional OSCs’ case, metal electrodes can act as a rear reflector to
direct unabsorbed light back to the photoactive layer. This provides a higher
photocurrent especially in the wavelength region shorter than 700 nm. However, for
the transparent OSCs, because the no light can be reflected back and the active
material is not thick enough to absorb all of the sunlight, much light going through
unabsorbed. When a silver reflector (mirror) was introduced at the opposite side of the
light source, the Jsc increased from 6.5 mA cm™ to 8.6 mA cm™ (Table 1: Device D;
Figure 5d). However, despite the enhanced light intensity, Voc and FF did not
improve any further. This reveals that the maximum Voc obtained from use of pristine
90% transparent SWNT is limited to around 0.66. I suspect this could be due to

298,291 1 general, Voc is

imperfect interface contact between SWNT and MoOs.!
controlled by difference between HOMO of a donor and LUMO of an acceptor; what
is more, the HOMO and LUMO are affected by the interfacial layers’ Fermi levels
and electrodes’ work functions.”*”! Therefore, in my belief, poor contact between
SWNT and MoO; was the limiting factor for the Voc. The overall PCE improvement

was only 0.4%. This concludes that the double-sided light response feature of the
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transparent OSCs leads to sufficient photon excitations that the application

reflector at the cost of losing window-like transparency is not necessary.
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Figure 5. J-V curves under 1 sun (red dotted) and in dark (blue plane) of (a) a
SWNT-based transparent OSC with light from the SWNT side, (b) a SWNT-based
transparent OSC with light from the ITO side, (c) a SWNT-based transparent OSC with light
from the ITO side and a reflector, and (d) a conventional inverted OSC.
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Though transparent OSCs have been demonstrated, SWNT should be doped to
improve its conductivity and transmittance to boost the PCE. So far, doping SWNT,
which is being laminated from top, has not been reported yet. This is owing to
mechanical difficulty of the doping: unlike SWNT on a glass substrate, doping the
top-laminated SWNT will damage the device underneath. Hence, in this work, I

devised two methodologies of safely doping SWNT by HNO, and MoOj each.

Application of HNO,(aq) acid has been reported to be one of the most
effective doping methods.”” Nevertheless, its strong acidic nature makes it
impossible to apply directly: When a drop of HNO,; was applied on a SWNT
laminated device, it percolated through the film and utterly destroyed the organic
materials underneath (Figure 6). Therefore, doping had to be performed on SWNT
only first. Figure 7a illustrates how the HNO,-doped Sandwich-transfer can be
proceeded. One droplet of HNO, was applied to a SWNT film on a glass substrate
followed by heating at 80 °C for 5 min to dry up. The SWNT film turned slightly
reddish as the acid dried up and this signified successful doping. The HNO;-SWNT
was then transferred onto a quasi-fabricated OSC interfacing a MoO; film like a
sandwich. UV resin was applied at the edges only to reinforce the adhesion. A PCE of
3.7% was achieved with the light source positioned at the ITO side (Table 1: Device
E). Enhancement in Jg. and reduction in Ry confirmed improvement of the
transparency and the conductivity of HNO;-doped SWNT. Increase in V. meant that
the interfacial contact improved. This I surmise is owing to pressure applied on

HNO;-SWNT during the Sandwich-transfer.

Figure 6. Application of HNOs(aq) directly onto a SWNT-based transparent OSC (left) will
lead to a holistic destruction of the device system (right) within 5 h.
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Figure 7. Graphical illustrations of (a) HNO; doping Sandwich-transfer process (above) and
(b) MoO, thermal doping Bridge-transfer process (below).

Thermal MoO, doping of SWNT is known to be more stable doping than
HNO, in spite of its marginally lower effectiveness."”" Its successful application in
OSCs has been reported."*”! However, again this is not applicable to the SWNT films
laminated from top, because it undergoes high temperature annealing process of
above 300 °C. Thus, I propose bridge-transfer methodology (Figure 7b). SWNT was
transferred onto a metal holder where a SWNT film hung like a bridge (Figure 8).
Then a shadow mask was placed below the SWNT film to mask the electrode contact
area. MoO; was deposited from below through vacuum thermal evaporation. MoO,-
SWNT was then annealed at 400 °C together with the holder to boost the doping
effect: MoO,-SWNT was reduced to MoO,-SWNT where x is between 2 and 3.""
MoO,-SWNT was gently laminated using the holder onto a quasi-fabricated device
where the MoO; film was not deposited because the MoO, on the SWNT can function
as both a dopant and ETL. A PCE of 3.1% was recorded for this device (Table 1:
Device F). Lower Jg. and higher Ry than those of Device E were observed because
MoO, thermal doping is known to be less effective than HNO, doping. An important
point to note in this methodology is that because the SWNT hung precariously on the
metal holder, extra caution was necessary during the handling. Any small external

impact or draught strong enough to crumple the SWNT created micro-wrinkles on
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SWNT films, which were invisible to naked eye but only by atomic force microscopy
(Figure 9). Lower V in this device possibly came from two reasons: The first reason
is the remnants of mirco-wrinkles undermining the interface. Second reason is that
pressure was not applied during the lamination of SWNT unlike the Sandwich-
transfer method. Compared to the HNO,-SWNT Sandwich-transfer, this method

manifested lower reproducibility due to sensitive process.

Figure 8. A picture of a SWNT film bridged on a holder

Figure 9. AFM 2D image (left) and 3D image (right) of micro wrinkles formed on bridge-
transferred SWNT.

Despite high PCEs, both doping methodologies suffered from instability with
J-V sweeps (Figure 3e and 3f). I ascribe this to the mechanical instability of the
fabrication i.e., possible excess pressure applied on SWNT during the HNO,-SWNT
Sandwich-transfer, and delicate nature of the MoO,-SWNT Bridge-transfer. However,

if mechanical optimisations are followed, high efficient and stability will be obtained.

Thicker SWNT films possess higher conductivity, but their transmittance is
lower. By incorporating the thicker SWNT films (60% transparency at 550 nm
wavelength), higher PCEs were obtained (Figure 10 and 11). HNO;-doped device
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produced 4.1% (Table 1: Device G) and MoO,-doped device produced 3.4% (Table 1:
Device H). Arising from the higher conductivity of the 60%-SWNT films, FF was
higher than that of the 90%-SWNT-based devices by around 0.1. Interestingly, V. of
Device H was higher than expected. I attribute this to thicker SWNT films being less
vulnerable to the micro wrinkle formation during the Bridge-transfer. Despite lower
transmittance of the films, both Device G and H displayed rather high J., because the
main source of photon comes from the ITO side not the SWNT side. While it may
appear obvious to employ thicker SWNT to gain higher PCEs, using them will
substantially undermine the window-like visual of transparent OSCs (Figure 12). The

improvement of PCE only came in the expense of window-like transparency.

Figure 10. Cross-sectional SEM images of transparent OSC devices with a) a 90%-SWNT
film and b) a 60%-SWNT film.
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Figure 11. J-V curves of 60% transparent SWNT-based transparent OSCs when the HNO;

Sandwich transfer method is applied (red) and the MoOx Bridge transfer method is applied.
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Figure 12a. Pictures of 90% transparent SWINT-based transparent OSC when focused on the
device (left) and on a behind object, the University of Tokyo logo (right).

Figure 12b. Pictures of 60% transparent SWNT-based transparent OSC when focused on the
device (left) and on a behind object, the SWNT plastic model (right).

6.5 Conclusion

In conclusion, non-doped SWNT (90% transmittance)-based
MoO,/PTB7:PC,,BM:DIO/ZnO/ITO window-like transparent OSCs showed a PCE of
1.8%. Aerosol synthesised SWNT electrode, which was laminated from above as a

top-electrode showed facile processability, chemical stability, electrical compatibility,

105



1 5 3 IR H H

and mechanical resilience. By applying p-doping on SWNT through HNO, Sandwich-
transfer and MoO, Bridge-transfer methods, both of which are unprecedented, PCEs
of the transparent OSCs further improved to 3.7% and 3.1%, respectively. Obtaining
an even higher PCE of 4.1% was possible at the cost of transparency by incorporating
thicker SWNT films. By replacing metal electrodes, these OSCs showed
advantageous properties of low-cost, window-like transparency, and glare-free
visuals. This research successfully demonstrated a promising potential in window

solar cell applications and flexible tandem OSCs.
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CHAPTER 7

(OZONE-TREATED NIOBIUM-DOPED
TITANIUM OXIDE AS BOTH THE CONDUCTIVE
LAYER AND CHARGE SELECTIVE LAYER IN
INVERTED ORGANIC SOLAR CELLS

7.1 Summary

This chapter reports an inverted solar cell, where simple UV-ozone treatment
changed non-indium electrode into integrated film of semiconductor and conductor.
Niobium doped titania (Nb,,,Ti,00,), which was subjected to O, treatment for 90
minutes, exhibited a dual-functionality of electron-transporter at the surface and
electrode in the bulk. Therefore, an additional deposition process of ETL such as ZnO
was not necessary for the application in inverted solar cells. The longer the O,
treatment was applied on the film, the better the solar cell performed. While indium
tin oxide-based reference device (ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Au) showed
an average power conversion efficiency of 2.91%, the novel device
(TNO/P3HT:PCBM/PEDOT:PSS/Au) showed an average of 2.75% with higher
reproducibility. This finding will render a simpler and lower-cost fabrication of

indium-free inverted OSCs.
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7.2 Introduction

Recently, anatase niobium doped titanium oxide (TNO), Ti;.xNbsO, has been
developed.”’!"! As a transparent conductive oxide, TNO meets the requirement of 80%
above transparency and possesses the resistivity of minimum 2 x 10” Qcm in
epitaxial thin film form. Also TNO has a higher dielectric constant which leads to

20223%1 In addition, TNO can tolerate a

larger effective mass in the infrared region.!
temperature above 300 °C, which, in fact, enhances its hall mobility.BOS] Despite such
advantages, the TNO application was focused mainly on dye-sensitised solar cells,

and only few OSCs are reported.!'>>>72%]

In this work, TNO electrode films were prepared in a manner that both the
transmittance and sheet resistance are optimal for OSC applications. For this purpose,
niobium dopant stoichiometry in TNO was reduced to 2at%.””! Additionally, TNO
was annealed at temperature over 600 °C under H; to optimise oxygen stoichiometry
for the optimal conductivity. Moreover, UV-ozone (O;) treatment was applied on
TNO films for a certain period of time to induce surface oxidation. Intrusion of
oxygen species caused Nb[IV] and Ti[IlI] at the TNO surface to oxidise to Nb[V] and
Ti[IV], losing free electron carriers as evidenced by analyses in this work. Thus,
oxidised surface (Nbg,Ti99302+5) manifested semiconducting behaviour, which
functioned as an ETL. Air-processed inverted type OSCs fabricated using Os-treated
TNO without an ETL deposition process produced an average PCE of 2.75% with
higher reproducibility, while ITO-based OSCs, where ZnO had to be deposited as the
ETL, produced 2.91%. Finding of such phenomenon offered eradication of the ETL
deposition process in the inverted OSC fabrication. I anticipate cost reduction,
reproducibility enhancement, and a breakthrough in fabrication of the solar cell

research field.

7.3 Experimental Procedures

7.3.1 Device Fabrications

Please refer to ‘2.1.1.2 Organic solar cell inverted device architecture’, and
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‘2.1.1.3 P3BHT:mix-PCBM solution preparation’.

7.3.2 TNO Film Fabrication

The TNO films used in this study were fabricated via crystallisation of
amorphous precursor films. The as-deposited precursor TNO films were grown on
unheated alkaline-free glass substrates (Corning, Eagle XG) by radio frequency (RF)
magnetron sputtering. A commercially available ceramic disc of Tij,eNby 1,0, s
(Toshima MFG) was used as a sputtering target. RF power applied to the target was
100 W. Sputter deposition was conducted in an Ar and O, gas mixture. The total gas
flow rate and working pressure were 5 standard cubic cm per minute and 1 Pa,
respectively. The oxygen partial pressure during deposition was 6 x 10* Pa. The base
pressure in the sputtering chamber was 5 x 107 Pa. The amorphous precursor films
were isothermally crystalise into polycrystalline anatase phase, and were then
annealed in reducing ambient (5% H, + 95% Ar) at 600 °C in order to improve

electrical and optical properties.
7.3.3 Characterisations

Please refer to ‘2.2.1.1 Current-voltage characterisation’, ‘2.2.1.4 Impedance
measurement’, ‘2.2.2.1 UV-vis absorption’, 2.2.2.3 Atomic force microscopy (AFM)’,
2224 Scanning electron microscopy (SEM)’, ‘2.2.2.5 Transmission electron
microscopy (TEM)’, ‘2.2.2.6 X-ray photoelectron spectroscopy (XPS)’, 2.2.2.7 X-ray
powder diffraction (XRD)’, ‘2.2.2.8 Photoelectron yield spectroscopy (PYS) and

Kevin probe’, and ‘2.2.2.13 Four-probe measurement’.

7.4 Results and Discussion

First of all, OSCs were fabricated using TNO films with different thicknesses
from 200 nm to 800 nm without O, treatment. A ZnO layer was deposited on TNO as
the ETL (Figure 1b). Table 1 and Figure 2 show the photovoltaic performances of the
devices and corresponding J-V curves, respectively. The device with 300-nm-thick
TNO produced the highest PCE of 2.31%, which is decent considering ITO-free

device. It was expected that if the films get thicker, the sheet resistance would
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decrease, while the transmittance would decrease. Accordingly, both the Ry and J

decreased with an increase in thickness. This trend is also observed in the UV-vis

transmittance data (Figure 3a). However, there was a reverse trend in Jy. between 200

nm and 300 nm. The UV-vis spectra (Figure 3b) show that 200-nm-thick TNO film

possesses similar transmittance to that of the 300-nm-thick TNO film. Therefore, 300

nm was deemed to be the optimum thickness for TNO in OSCs.
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Figure 1. Graphical structure illustrations of (a) a conventional inverted OSC, (b) a TNO-

based OSC with ZnO as the ETL, and (c) an Os-treated TNO-based OSC without ZnO.

Table 1. Photovoltaic performance (average and standard deviation error range) of OSCs
using TNO with different thicknesses, and ITO as a reference device.

Electrode
[thickness] ETL Voc (V) Jsc (mA em?) FF Rs()  Ren () PCE,;crage (%)
TNO [800 nm] ZnO 0.60+0 5.36+0.06 0.56+0.01 23.1 1.2x10° 1.81+0.01
TNO [600 nm] ZnO 0.61+0 6.77+0.23 0.53+0.00 247 54x10° 2.15+0.07
TNO [400 nm] ZnO 0.60+0 7.45+0.19 0.51+0.05 25.7 43x10° 2.29+0.28
TNO [300 nm] ZnO 0.62+0 8.51+0.14 0.49+0.03 27.6 1.9x 10* 2.31+0.02
TNO [200 nm] ZnO 0.62+0 7.69+0.38 0.29+0.03 779 49x 10* 1.41+0.24
ITO ZnO 0.61+0 9.72+0.20 0.49+0.03 55 22x 10 2.91+0.22
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Figure 2. J-V curves of OSCs where TNO films with different thicknesses have been used.
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Figure 3. UV-vis transmittance spectra of TNO films with different thicknesses. (a)
Thicknesses from 800 nm to 300 nm. (b) Thicknesses of 300 nm and 200 nm.

This time, O, treatment was imposed on 300-nm-thick TNO films from 0 to 90
minutes followed by OSC device fabrications in air without deposition of the ETL
(Figure 1c, Table 2). The 90 minutes O;-treated TNO-based device produced an
average PCE of 2.75% without a deposition of ZnO. The result was as good as the
ITO-based device where a ZnO layer had to be used (2.91%; Figure 1a). In addition,
since the ETL deposition step was not necessary, the reproducibility was much better

for the TNO-based devices (£0.02) than the ITO-based control device (+0.22).
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Table 2. Photovoltaic performance (average and standard deviation error range) of OSCs
using TNO with different O3 treatment timespans without the ETL, and ITO-based reference
device with and without the ETL.

O; treatment 2 2 2 PCE,yerage
Cathode (min) Voc (V) Jsc (mA cm™) FF Ry (Q2cm?®) Ry (2cm”) (%)
TNO 0 0.24+0.14 6.26+0.88 0.28+0.03 233 720 0.45+0.35
TNO 15 0.55+0.03 6.11+0.45 0.51+0.04 144 1.1x10° 1.69+0.09
TNO 30 0.57+0.01 6.98+0.60 0.54+0.03 152 7.7 x 10° 2.13+£0.10
TNO 60 0.59+0.01 7.59+0.17 0.56x0.02 135 3.7 x 10* 2.49+0.09
TNO 90 0.60+0.02 8.29+0.67 0.55+0.06 184 12x10° 2.75+£0.02
ITO/ZnO 0 0.61+0.01 9.72+0.20 0.49+0.03 55 2.2 x 10* 2.91+0.22
ITO 60 0.07 5.02 0.25 10.2 12 0.09
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Figure 4. The J-V curves of the Os-treated TNO-based OSCs and an ITO-based control
device under (a) 1 sun, and (b) dark. (c) 4-Probe measurement data of TNO films with
different thickensses. Averages (blob) and ranges (line) represented according to the Os-
treatment time. (d) A double Y graph representing relationship between PCE, Ryyeer, and O;
treatment time.
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According to Table 1, the ITO-based control device without the ETL gave a
poor PCE (0.09 %) regardless of the O, treatment time. Therefore, the ETL deposition
step was mandatory for the conventional OSCs. Whereas, for the TNO-based devices,
they showed an average PCE of 0.45% even without the ETL and its performance
increased with the O, treatment time. The photovoltaic data and corresponding J-V
curves (Figure 4a and b) indicate that Jy. and Ry, improved dramatically with the O,
treatment time. Since the increase in those two parameters represent an enhanced
ability of charge-extraction without surface recombination,”?””*® TNO functioned as
the ETL and its effect got stronger with the O, treatment time. Incidentally, the V.
showed the same behaviour. As it is known that V. values can serve as an indicator
of an incomplete coverage of the ETL, it was clear that a long O, treatment ensured

no shunt pathway between the photoactive layer and the TNO electrode.?””'”' R, of

sheet

TNO films measured by four-probe measurement showed a significant increase after
O, treatment followed by saturation with longer O, timespan (Figure 4c). The
oxidation and reduction kinetics of niobium-based materials are known to be slow and
the surface oxide diffusion is limiting.”'"! Hence, we can expect a slow oxidation in

TNO surface reaching a certain limit with O, treatment as displayed by the R, and

sheet

PCE data (Figure 4d). Thus, a valid conjecture that O;-treament is creating ETL at the
surface of TNO could be made.

——Air-thermally annealed (insulated)
—2h O3 treatment

——60 min O3 treatment
——30 min O3 treatment

—No O3 treatment

Transmittance (arb. unit)

3

o

0 350 400 450 500
Wavelength (nm)

Figure 5. The UV-vis transmittance data of TNO films with no O; treatment, different O;
treatment timespans, and air-thermal insulation.
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UV-vis transmittance of TNO films before and after O, treatment with
different timespans, and air-thermal annealing (600 °C) was measured (Figure 5). The
data shows that O, treatment increased the refractive indices (RIs) of the TNO films
slightly and bigger increase was observed for the air-thermal insulated TNO films. It
is reported that RI is inversely proportional to the band gap of materials.”'*>""
Therefore, it can be said that the conductive TNO film, which is a degenerate
semiconductor, decreased its band gap by losing Burstein-Moss shift upon oxidisation
(Figure 6a). Unfortunately, difference among TNOs with different O; treatment
timespans could not be distinguished. I speculate that this is owing to markedly thin
layer of TNOs’ oxidised surfaces. Figure 6b illustrates how RIs were derived from the
spectra. When conductive TNO surface was oxidised by either O; or air-thermal
annealing, fringe interference of the spectrum changed towards more maxima and
minima in the pattern. The interference arises from difference in RIs between the air

and a TNO film. This causes retardation of the travelling light by the film’s effective

RI (or thickness). Depending on wavelength of the light, constructive or destructive

superposition is formed creating maxima and minima, respectively.[315 ]
a) : _Fre_e c::rri_ers_ " EC b) A ~—
____________ Er 7N N > Light
hY
< / S
\\/ AN /
E, AE = E  + Eg,

TNO Bulk — degenerate semiconductor

(i.e. conductor) AN
EC /N SN > Li
/ \ SN ght

AE=E Low n, layer surface created
Ey g by O, treatment (yellow)
0O, treated TNO Surface — semiconductor increases effective R.I.

Figure 6. Graphical illustrations of (a) Burstein-Moss shift in conductive bulk TNO (above)
and semiconducting surface of Os-treated TNO (below), and (b) the light superposition in
pristine TNO (above) and Os-treated TNO (below).

114



PhD Thesis The University of Tokyo IL JEON

The difference in O, treatment time effect on TNO was observed by XPS
measurement (Figure 7). A strong Ti*" peak at around 458.4 eV, which corresponds to
Ti 2p,, core, appeared as shown in Figure 4b. The individual spectrum was magnified
to observe relatively weak Ti’* peaks, which indicate that a small portion of Ti atoms
exist as free carrier Ti[3+] with a nominal d' configuration (Figure 7c¢—f).”'*’ With an
increase in the O, treatment time, the Ti’* peak decreased and when it was air-
thermally insulated, the peak was not observable in shoulder. Figure 7a show Nb 3d
core XPS spectra. The two peaks indicate a mixture of typical NbO, and Nb,O;.”"”
Nb stoichiometry being too low (2%), characteristic difference between Nb** peak of
conductive NbO, and Nb** peak of semiconducting Nb,Os, were not observable.*'®*'*!

The valence bands and Fermi levels of TNO were measured by PYS and
Kelvin probe force microscopy. I found that the conductive TNO film before the O,
treatment had a work function of 5.0 eV. After the O, treatment, it possessed the
Fermi level at around 5.1 eV and a valence band at 6.4 eV. The values did not change
with the O, treatment timespan. A commonly used ETL, TiO, prepared by a chemical
bath deposition was also measured for comparison."® It possessed the Fermi level of
5.3 eV and the valence band at 6.1 eV. My measurement as well as other reports
indicate lower lying valence band of TNO than TiO,.”*”*"! This explains why TNO-
based OSCs showed exceptionally higher Ry, thus being better ETL.

The TNO surface was smoother than ZnO surface according to AFM (Figure
8). The roughness increased with an increase in film thickness, which is a typical
behaviour of a sputtered film. Furthermore, there was no difference observed in AFM
before and after O, treatment. Cross-sectional high resolution TEM was used on the
O;-treated TNO, but it did not show significant difference (Figure 9). X-ray
diffraction data revealed that anatase phase of TNO was retained even after the O,

treatment (Figure 10).
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Figure 7. (a) Nb 3d core X-ray photoemission spectra and (b) Ti 2ps;, core X-ray
photoemission spectra of a conductive TNO, 15 minutes Os-treated TNO, 60 minutes Os;-
treated TNO, and air-thermally insulated TNO. Legends are placed in order of the spectra
position. Magnified Ti 2p;, core X-ray photoemission spectrum of (c) conductive TNO, (d)
15 minutes Os-treated TNO, (e) 60 minutes Os-treated TNO, and (f) air-thermally insulated
TNO.
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300 nm-thick-TNO 600 nm-thick-TNO 800 nm-thick TNO Sol-gel ZnO

Figure 8. AFM images of TNO surface and roughness average values according to their
thickness with ZnO surface as a comparison.

e |

Figure 9a. HR-TEM cross-sectional images of TNO from top (left) and from side (right).
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Figure 9b. HR-TEM cross-sectional images of pristine TNO (above) and Os-treated TNO
(below).
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Figure 10. An XRD spectrum of TNO film after Os-treatment denoting retained anatase
phase as a stadard version (left) and as a magnified version (right).
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7.5 Conclusion

In conclusion, this chapter has presented the application of TNO electrode in
OSCs and a simple methodology of creating semiconducting ETL surface on a
conductive TNO by Os treatment. Utilising this, I demonstrated indium-free air-
processed inverted OSCs which does not require the ETL deposition, yet achieving
PCE as high as that of the conventional ITO-based devices. I am continuing this
research by broadening its investigations such as adopting low-band gap polymers
and PSC applications. I anticipate this finding will contribute to the development of
ITO-free OSCs by pioneering a facile, low-cost, and highly reproducible new

structure.
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CHAPTER 8

LIGAND-FREE ZnO NANOPATICLES AS THE
CHARGE SELETIVE LAYER THAT REQUIRES
NO THERMAL ANNEALING IN INVERTED
ORGANIC SOLAR CELLS

8.1 Summary

Highly stable ZnO nanoparticles (NPs) for use in OSCs have been synthesised
in 2-aminoethanol, which acts as both a stabilising ligand and a solvent. The ZnO NP
films do not require thermal annealing and applying them in inverted P3HT:mix-
PCBM OSCs fabricated almost entirely under ambient conditions show efficiencies
>3%. I find that thermally annealing the ZnO NP films does not give rise to any
significant differences in device performance up to 150 °C. Annealing the films at
higher temperatures leads to reduced short-circuit current densities and fill factors due
to the removal of 2-aminoethanol from the NP surface, as evidenced by XPS.
Furthermore, to confirm that the post-annealing of P3HT:PCBM devices at 150 °C
does not affect the results, I fabricated inverted small molecule OSCs using a 2 4-
bis[4-(N,N- diisobutylamino)-2,6-dihydroxyphenyl] squaraine (SQ) donor and
PC,,BM acceptor that only requires a low-temperature thermal annealing step (70 °C).
No substantial differences between annealed and non-annealed devices were observed,

which demonstrates the applicability of these new ZnO NPs in flexible OSCs.
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8.2 Introduction

In a normal architecture OSC, the device relies on the use of a low work
function top electrode that is highly susceptible to degradation from oxygen and water,
as are many of the organic materials that make up the active and interfacial layers.
The final steps of device fabrication must therefore be carried out under dry anaerobic
conditions and, prior to exposing the device to ambient conditions, a potentially costly
encapsulation layer must be incorporated. Inverting the architecture, however, allows
the use of high work function electrodes such as silver and gold, as well as air-stable
metal oxide transport layers, which provide added protection to the active layer."®
MoO; is typically employed as the HTL for reducing ohmic losses between the
donor's HOMO and the Au or Ag anode."***** PEDOT:PSS can also be utilised as the
HTL, having the advantage of being easily deposited via spin-coating on top of the
active layer."”) The most common electron-transport materials are ZnO and TiO,,
which offer high electron transport between the fullerene and the ITO interface.!"****
3211 However, one common downside does exist with these materials, which is that a
high temperature step is required. For most deposition methods of ZnO and TiO,
films annealing temperatures in excess of 150 °C are generally required, which is well
above the glass transition temperature of common polymeric substrates used in
flexible organic electronic devices. During the preparation of this manuscript, Lu and
Tao et al. reported a method for depositing ZnO films that does not require thermal
annealing, using an air-sensitive ZnO NP solution.”” Here, I demonstrate a new and
facile synthesis route for obtaining highly stable ZnO NP solutions for fabricating
low-temperature ZnO films that can be applied as ETLs in OSCs. The NPs are
synthesised in 2-aminoethanol and do not require any additional stabilisers or ligands,
aside from the solvent molecules themselves. Furthermore, the ZnO films can be
readily processed in air. Inverted OSCs were fabricated with the ZnO NP films
subjected to various annealing temperatures, where the active layer was P3HT:mix-
PCBM. Mix-PCBM corresponds to a mixture of PC,,BM (85 wt%) and PC, BM (15
wt%) that is more economical and has been shown to offer higher stability and
slightly higher performance than pure PCq,;BM."*! XPS and AFM are employed to
study the surface chemistry and topography, respectively. Inverted small molecular

OSCs (SMOSCs) using the ZnO NP films are also investigated, based on a SQ donor
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and a PC;,BM acceptor, to demonstrate the potential of this approach for fabricating

low-temperature OSCs compatible with flexible substrates.

8.3 Experimental Procedures

8.4.1 ZnO NPs Synthesis

For the chemical synthesis of ZnO NPs in 2-aminoethanol the following
commercially available chemicals were used without further purification: zinc(II)
acetate, Zn(CH,COO), (Wako, 99%) and 2-aminoethanol, C,H,(OH)(NH,) (Wako,
99%). The ZnO NPs were synthesised in a similar manner to the methodology
reported by Lin et al. but using a lower b.p. solvent, 2-aminoethanol (b.p. 170 °C).”*"!
Firstly, 180 mg (0.981 mol) of zinc(Il) acetate Zn(CH,COO), was added to 2-
aminoethanol (100 mL) and heated up to 160 °C in an oil bath and the solution was
stirred and refluxed for 1 hour under isothermal treatment. The purpose of reflux was
to remove any by-products such as water or acetic acid produced during the reaction.
After 1 hour, the resulting solution was cooled to room temperature. The solution was
then centrifuged for 30 minutes to remove precipitates. The supernatant contained
well-dispersed ZnO nanoparticles with an average size of 2.5 nm, as observed from
TEM. This supernatant was collected as the product and was stable for at least 6

months.

8.4.2 Device Fabrications

For the OSC fabrications, refer to 2.1.1.2 Organic solar cell inverted device

architecture and 2.1.1.3 P3HT:mix-PCBM solution preparation

SQ:PC,,BM devices were fabricated on both ZnO NP and sol-gel films from a
20 mg mL"' CHCI, solution, where the SQ:PC, BM weight ratio was 1 : 5. The
solution was spin-coated at 3000 rpm for 60 s inside a N,-filled glovebox and the
films were then annealed at 70 °C for 10 min. Following annealing, the films were
transferred, without exposure to air, to a vacuum chamber, where MoO; (8 nm) and
Au (100 nm) were deposited by thermal evaporation. Devices were encapsulated

before measuring their J-V curves. SQ was purchased from Sigma Aldrich and
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recrystallised by the slow diffusion of MeOH in a saturated solution of SQ in
chloroform, following a previously reported method.”"' PC; BM was bought from

Solenne and was used as received.

8.4.3 Characterisations

Please refer to 2.2.1.1 Current-voltage characterisation, 2.2.2.1 UV-vis
absorption, 2.2.2.3 Atomic force microscopy (AFM), and 2.2.2.6 X-ray photoelectron
spectroscopy (XPS).

8.4 Results and Discussion

The synthesis of the ZnO NPs is similar to the method used by Lin et al.,”*
where I replaced diethylene glycol with a shorter alkyl chained amino alcohol, 2-
aminoethanol. The use of 2-aminoethanol allowed a more concentrated solution to be
obtained compared with the previous method. The synthesis and isolation of the ZnO
NPs is shown in Scheme 1, which consisted of heating zinc acetate (ZnOAc), in 2-
aminoethanol to 160 °C and refluxing for an hour. Once the solution was cooled
down, it was centrifuged, which led to a precipitate that contained ZnO NPs with
diameters in excess of 100 nm and a pale yellow supernatant that provided well
dispersed ZnO NPs with a mean diameter of 2.5 nm as determined by transmission

electron microscopy (Figure 1).

The concentration of the solution obtained was 0.24 mg mL" and stable for at
least for 6 months, which, considering that no additional stabilising ligands were
required in addition to the 2-aminoethanol solvent molecules, is an interesting and

important finding.

The as-obtained supernatant solution was then used in fabricating OSCs by
spin-coating it on ITO patterned glass substrates. Following spin-coating, the films
were then subjected to thermal annealing at temperatures ranging from room
temperature (i.e. no annealing) to 210 °C. The annealing time was fixed at 1 h in each
case. The transmittance of the ZnO thin films on glass/ITO substrates are shown in

Figure 2 and shows a decrease in transmittance with annealing temperature. Non-
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annealed ZnO NP films show the highest transmittance, with a maximum

transmittance of 85.2% at 520 nm.

ZnO NPs in
2-aminoethanol

Mean size = 2.5 nm
Conc. = 0.24 mg/mL

Scheme 1. Synthesis and separation of ZnO nanoparticles.
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Figure 1. TEM image of ZnO NPs recorded using a JEOL, JEM-3200 electron microscope
operated at 300 kV and corresponding size distribution histogram.
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Figure 2. Transmittance spectra of ZnO NP films on glass/ITO substrates (above) on fused
silica substrates (below) annealed at different temperatures.

P3HT:mix-PCBM active layers were then deposited, followed by a
PEDOT:PSS HTL and Au electrode. Note that all layers, except for gold, were
deposited in air. Furthermore, devices were also annealed and measured in air,
without the addition of an encapsulation layer, demonstrating the good stability of
these inverted devices. The J-V curves of the OSCs are shown in Figure. 3 and Table

1 summarises the key figures of merit.
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Figure 3. J-V curves for inverted P3HT:mix-PCBM devices where the ZnO NP film was
subject to various annealing temperatures measured under (a) 1 sun illumination (AM 1.5 G,
100 mW c¢m™) and (b) dark conditions. Non-annealed (black), 120 °C (blue), 150 °C (purple),
180 °C (red) and 210 °C (green).

Table 1. J-V characteristics of P3HT:mix-PCBM devices recorded under 1 sun illumination
(100 mW cm?, AM 1.5 G) and resistance values obtained from dark J-V curves

Annealing
Voc (V)  JscmAcem?  FF  5(%) Rs(Qem?) Ry (Qem?)
Temperature

NA 0.61 9.08 0.56 3.1 8.29 1660
120 °C 0.62 9.13 0.53 3.0 8.42 1540
150 °C 0.62 8.65 0.53 29 8.35 1270
180 °C 0.61 7.98 0.45 2.2 9.77 1220
210 °C 0.59 691 0.34 14 20.11 1120
200 °C* 0.60 942 0.56 32 5.71 2230

“Sol-gel reference devices.

Remarkably, devices processed without subjecting the ZnO layer to any
thermal annealing have the highest PCE, 77 of 3.1% due to the higher FF compared
with the annealed devices. Although, the difference between the devices with non-
annealed ZnO films and the devices annealed up to 120 °C do not in fact differ
considerably. There is, however, a significant difference in h when the annealing
temperature exceeds 120 °C, where the FF decreases with increasing temperature as
does the Jg, with a significant drop observed when annealing exceeds 150 °C. This
decrease in FF arises from an increase in Ry as well as the shunt resistance Ry, with
values decreasing with annealing temperature (see Table 1). S-shaped curves are

observed for devices employing ZnO films annealed at 210 °C, which further
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decreases the FF. The origin of the S-shaped kink in the J-V curve is not entirely clear
but probably arises from ZnO inducing a barrier to charge injection or extraction.”**
4 Considering that 2-aminoethanol should have been removed from the ZnO NP
surface due to the high annealing temperature (at least for the NPs on the ZnO
surface), I would expect the NPs to have a high concentration of trap states that may
reduce the conductivity of the ZnO film as well as act as trap-sites for free charge
carriers generated in the active layer. All devices displayed a short UV-activation time,
i.e. light soaking, but there was no noticeable trend between the activation time and
the annealing conditions. Reference P3HT:mix-PCBM inverted devices were also
fabricated for comparison using a standard sol-gel method to deposit the ZnO film
(thermally annealed at 200 °C),"®' which shows slightly higher but not significantly
different performance (7 = 3.2%), demonstrating the high applicability of my ZnO NP
approach in OSCs. I have fabricated devices using ZnO NPs synthesised in ethylene
glycol and found that they do not perform as well as ZnO NPs in 2-aminoethanol
(Table 2, Figure 4). I attribute this to the larger diameter of the ZnO NPs (4.09 nm on
average) that also display a larger size deviation than the ZnO NPs in 2-aminoethanol

(Figure 5).

Table 2. Device performance of ZnO NPs in ethylene glycol

Annealing
Voc (V) Jsc mA cm?  FF 7 (%) Rg(Qem®) Ry (Qem?)
Temperature
NA 048 9.04 043 1.9 8.07 4260
150 °C 048 9.63 0.40 1.9 28.7 2790
210 °C 0.46 8.99 043 1.8 179 832

Investigating the effect of thermal annealing on the thin film properties of
Zn0, I found that the topography, as measured by AFM on ITO/Glass substrates, did
not change significantly with r.m.s. roughness values between 5 and 6 nm (Figure 6).
Non-annealed films had the roughest topography and it can be seen that upon
annealing at 120 °C, the roughness decreases and then increases with temperature.
The changes are subtle, however, and are probably not significant enough to explain

the large changes in the J—V characteristics.
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Figure 4. J-V curve of ZnO NPs in ethylene glycol-based OSCs
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Figure 5. TEM image of ZnO NPs in ethylene glycol recorded using a JEOL, JEM-3200
electron microscope operated at 300 kV and corresponding size distribution histogram.
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Onm

Figure 6. Atomic force microscopy topography images of ZnO NP thin films corresponding
to the following annealing conditions: (a) non-annealed, (b) 120 °C, (¢) 150 °C, (d) 180 °C
and (e) 210 °C. The area scanned for each image was 5 x 5 mm and (f) the Z-scale for each
image is also identical.

The surface chemistry of the ZnO films was then probed using XPS. Figure 7
shows the peaks of ZnO films corresponding to (a) Zn 2p;,and (b) N 1s core levels
(refer to Figure 8 for the wide-scan images of each film). A positive shift in the
binding energy (BE) of ~1 eV is observed for both Zn 2p,, and N 1s peaks when the
films are annealed at 150 °C and above. This increase in BE for both Zn and N
indicates that 2-aminoethanol is cleaved from the surface of the ZnO NPs.
Furthermore, the intensity of the 2-aminoethanol peaks is seen to decrease with
annealing temperature, even for the films annealed at 120 °C, which is much lower
than the boiling point of 2-aminoethanol (170 °C). The ~1 eV increase in BE for both
Zn and N does not exactly reflect the trend observed in the J-V curves above, as the
device employing a ZnO film annealed at 150 °C still has relatively high efficiency
even though 2-aminoethanol has been cleaved from the ZnO surface. However, when
the films are annealed at temperatures above the boiling point of 2-aminoethanol we
do see a significant decrease in the performance. These results suggest that the
presence of 2-aminoethanol is important. Indeed, a recent study on a polar solvent
treatment of rippled-ZnO films by Song and co-workers has shown that treating the

metal oxide film with a solution of 2-methoxyethanol and just 1% 2-aminoethanol
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enhances the electrical contact between the ZnO and the LUMO of PCBM.12 The
spectra for the O 1s core level are shown in Figure 10, which correspond to the O in
Zn0O. We can observe an asymmetric peak for each sample that was deconvoluted
using curve fitting methods into two peaks centred at 529.7 + 0.5 eV (O1) and 531.1 =
0.5 eV (02) that correspond to O* ions of the Zn-O bond for the ZnO wurtzite
structure and oxygen deficient component of ZnO where O* ions correspond to the
hydroxyl groups, respectively.”” The ratio of Ol : O2 is seen to change with
annealing temperature. O1 is slightly more dominant in the non-annealed ZnO film
(O1 : O2 = 55 : 45). Upon annealing at 120 °C in air, O2 is the slightly more
dominant species (48 : 52). However, the percentage of O2 recorded for films heated
at higher temperatures proceeds to decrease with temperature. For films annealed at
210 °C the O1 : O2 ratio is 60 : 40. It is difficult to correlate these data with the
experimental J—V curves, as one would expect a decrease of hydroxyl groups to
correlate with a decrease in the number of trap states and thus better performance,
particularly concerning the FF. The opposite trend until 120 °C is observed, however,
due to the removal of 2-aminoethanol. It could be possible that the OH group of 2-

aminoethanol is also partially responsible for the peaks centred at 531 eV.
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Figure 8. XPS spectra of ZnO films corresponding to (a) N 1s and (b) Zn 2p,, under the
following annealing conditions: non-annealed (black), 120 °C (blue), 150 °C (purple), 180 °C
(red) and 210 °C (green).
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Figure 9. XPS spectra recorded between binding energies of 0 and 1100 eV.
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Figure 10. XPS spectra of the O 1s peaks of the ZnO films under the following annealing
conditions: (a) non-annealed, (b) 120 °C, (c) 150 °C, (d) 180 °C and (e) 210 °C. The orange
and blue fits correspond to the deconvoluted O* species, the former being an oxygen deficient
species and the latter peak consistent with that of O in a perfect wurtzite crystal. The raw
data are represented by red circles along with best fits shown as a black line.

While a clear trend in device performance with ZnO annealing temperature is
observed, it must be remembered that the device undergoes a post-annealing process
at 150 °C to improve the active layer morphology, which may anneal ZnO in the
process and affect the surface chemistry of the ZnO NPs. Therefore, to minimise the

influence of the device annealing temperature, I fabricated inverted SMOSCs that
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only require the active layer to be annealed at 70 °C based on a SQ donor, SQ*' and
a PC; BM acceptor.”™ Active layers were prepared by spin-coating a 20 mg mL"
solution of SQ:PC;,BM in chloroform; the donor : acceptor ratio was 1 : 5 (see the 8.3
Experimental Procedure for a detailed description of device fabrication). Figure 11
shows the J-V curves recorded under standard 1 sun illumination conditions for
devices using non-annealed ZnO NP films as well as films annealed at 120 °C and
150 °C. We can observed very little difference between the device characteristics,
with PCEs of approximately 3% (see Table 3). While the FF for each device is low, it
does not differ significantly to what is reported for normal-architecture SQ:PC,,BM
devices, which generally have FFs between 40 and 45%."""' I expect that through
optimising device fabrication, higher PCE can be achieved. However, the main focus
here is simply to demonstrate that the ZnO NP films do not require high temperature
thermal annealing for efficient OSCs, which is clearly evident in the J-V curves in

Figure 12.
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Figure 11. J-V curves under 1 sun illumination (AM 1.5 G, 100 mW cm™) for inverted
SQ:PC,;BM devices where the ZnO NP film was annealed at 120 °C (blue, triangles) and

150 °C (black, circles) as well as non-annealed (pink, squares).
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Table 3. J-V characteristics of SQ:PC;,BM devices recorded under 1 sun illumination (100
mW cm?, AM 1.5 G)

Annealing "
Voc (V) Jsc (mA em™) FF n (%)
Temperature
NA 0.84 9.74 0.36 30
150 °C 0.82 1041 0.36 30
210 °C 0.82 9.96 0.38 3.1
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8.5 Conclusion

I have demonstrated a new route for the synthesis of highly stable and high
performance ZnO films for inverted OSCs that require no thermal annealing.
Applying thermal annealing post-deposition was found to severely affect device
performance for temperatures above 150 °C, due to the desorption of 2-aminoethanol
from the ZnO NP surface, as evidenced by XPS. Inverted P3HT:mix-PCBM devices
employing the ZnO NP films showed respectable efficiencies of ~3%, which is on par
with devices utilising a conventional ZnO sol-gel derived ETL. As the P3HT:mix-
PCBM devices underwent a post-deposition thermal annealing step at 150 °C, I
investigated whether this affected the ZnO NP film by fabricating low-temperature
SQ:PC;,BM devices that only required thermal annealing of 70 °C. For these small
molecule OSC devices, no significant differences were observed for devices
employing non-annealed ZnO films to those using ZnO films annealed at
temperatures up to 150 °C. The long shelf life of the ZnO NP solution coupled with
the ability to form high performance ZnO films is an important finding and I hope that
this approach will find applications in not only OSCs but also in other organic and

organic—inorganic electronic devices.
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CHAPTER 9

SPUTTERED ZnO FILM AS THE CHARGE

SELECTIVE LAYER IN INVERTED ORGANIC
SOLAR CELLS

9.1 Summary

ZnO films were fabricated by sputtering under higher working pressure than
usual to produce high-quality defect-free ZnO with high polycrystallinity. These films
were then employed in P3HT:PCBM-based inverted OSCs to demonstrate higher
performance than those of sol-gel ZnO and conventionally sputtered ZnO. OSCs with
ZnO sputtered under new method produced a PCE of 3.42% (Vo =0.62, J3 = 9.8, FF
= 0.56), whilst sol-gel ZnO-based and conventionally sputtered ZnO-based OSCs
produced a PCE of 3.07 % (Vo =0.61, Jc = 8.9, FF =0.56) and 1.49 % (V. = 0.50,
Jsc =7.4,FF =0.40), respectively. Extremely low Ry and high FF of OSCs of the new
method based-ZnO served to prove higher mobility arising from higher crystallinity
along with XRD data. Although, there are still more to be done to accomplish this
research project, there is no doubt that my discovery leads to high performing ZnO

that has potential in flexible applications.
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9.2 Introduction

ZnO forms an ohmic contact with ITO and active materials in inverted OSCs.
Since the conduction-band edge of ZnO (—4.4 eV) is located between the conduction-
band edge of ITO (—4.7 eV) and the LUMO energy level of acceptor molecules, such
as PC,BM (-3.8 eV), ZnO can facilitate efficient electron transfer.******! In the
field of inverted OSCs, ZnO is currently the best-performing ETL over other metal
oxides such as TiO_,"*! Cs,CO;, or ALO,""". This is due mainly to its high mobility
and the fact that it does not induce light-soaking effect unlike TiO,. Many fabrication
techniques have been used to grow ZnO as cathode interfacial layer. But, the most
espoused methods are wet processes by means of either sol-gel or colloidal
nanoparticles.”*>*! However, these methods require high thermal annealing at
temperatures above 250 °C to produce stable and high-quality homogenous films with
reproducible properties.”**** This makes inverted OSCs involving ZnO ETL
incompatible with flexible applications. There are several other techniques that
undergoes a low temperature process to produce ZnO film, namely, plasma-enhanced
chemical vapour deposition (PEC-VD),”*”! microwaves plasma chemical vapour
deposition (MPCVD),** atomic layer deposition (ALD),"*! and sputtering which
caught more attention lately.”™ Sputtering not only operates at low temperature, but
is also able to deposit dense, homogeneous, and reproducible ZnO films with well-
defined c-axis orientation even when deposited on amorphous rigid substrates.”"!
Sputtering is also compatible with roll-to-roll processing by using high deposition

rates .[352,353]

Despite numerous merits sputtering possesses, sputtered ZnO reported so far
produced low PCEs when used in OSCs.””'*>***1 To boost their performance, high
temperature annealing on ZnO has been required which defies whole point of using
sputter technique. There is a two-step method reported that avoids high temperature
annealing, but this technique still lacks in producing high quality film as observed by

low V.7

In this chapter, I demonstrate the discovery of a high performing one-step
sputtering methodology at low temperature by utilizing high working pressure (HWP)

and low-oxygen ambient condition. HWP was used to facilitate high pressure which
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reduces the energy of high-energy particles such as recoiled Ar and negatively
charged oxygen. Moreover, low oxygen composition was used to enhance the
conductivity of ZnO film. ZnO films produced by this method demonstrated much
higher performance than conventional sol-gel ZnO and conventional sputtered ZnO,
when used as ETLs in inverted OSCs. OSCs fabricated using HWP sputtered ZnO
gave a PCE of 342% while those of sol-gel ZnO gave 3.07%. Such immense
improvement came from high FF and increased Jg.. From the analyses conducted,
enhancement in crystallinity in ZnO gave rise to higher mobility. There are more to be
studied in respect to application of low-band gap polymer, SCLC mobility test, XPS
compositional study, TEM cross-sectional investigation, and so on. Here in this
chapter, I have discussed future aspects regarding diverse applications of the HWP
sputtering technique also. Up to now, research has been mainly focused on efficiency,
while flexible application of inverted OSCs using ZnO has hardly been
discussed.”*** Flexibility is something far more important pertained to progress in
OSCs using semiconducting metal oxides as interfacial layers.”' Thus, it is
imperative that I focus on diverse applications and maximise the benefit of the

sputtering technique through in-depth discussion.

9.3 Experimental Procedures

9.3.1 ZnO Sputtering

ZnO thin films were deposited on ITO substrates by RF magnetron sputtering
without any thermal process. An oxygen-deficient two-inch ZnO,, ceramic disk
(Toshima MFG Co., Ltd.) was used as a target. The RF power applied to the target
was 100 W. The thickness of ZnO layer was approximately 20 nm. The base pressure
of the sputtering chamber was less than 1 x 10° Pa. The sputter deposition was
conducted in Ar and O, gas mixture under a pressure of 2.6 Pa. The O, partial

pressure was in the range of 4-6.6 x 10~ Pa.

For the conventionally sputtered ZnO, ZnO thin films were deposited on ITO
substrates by RF magnetron sputtering without intentional substrate heating. ZnOy

target (Kojundo Chemical Laboratory Co., Ltd.) was used as a target. The RF power
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applied to the target was 100 W. The thickness of ZnO layer was approximately 20
nm. The base pressure of the sputtering chamber was around 1 x 10™* Pa. The sputter
deposition was conducted in Ar and O, gas mixture under a pressure of 4.3 Pa. The

O, partial pressure was in around 4.2 - 10” Pa.
9.3.2 Device Fabrications

For the OSC fabrications, refer to 2.1.1.2 Organic solar cell inverted device

architecture and 2.1.1.3 P3HT:mix-PCBM solution preparation

9.3.3 Characterisations

Please refer to 2.2.1.1 Current-voltage characterisation, 2.2.2.1 UV-vis
absorption, 2.2.2.3 Atomic force microscopy (AFM), and 2.2.2.7 X-ray powder
diffraction (XRD)

9.4 Results and Discussion

UV-vis spectroscopy was used to investigate sol-gel ZnO and HWP sputtered
ZnO (Figure 1). While both of the samples seem to possess similar overall
transmittance, we can see that HWP sputtered ZnO shows a slight shift to the right,
There are two interpretations that we can derive: First is that HWP sputtered ZnO
showed reduction in the light scattering. This is associated with the decrease in the
grain boundary which can occur when the crystallinity of ZnO film is high."’® This
can be corroborated by measuring reflectance of the sputtered film, in which lower
reflection confirms the lower light scattering. This will be indicative of less grain
boundaries. Second interpretation is enhancement in the optical band gap in the low-
vacuum sputtered ZnO films. The fact that the whole spectrum including the onset
shifted to the right denotes that the band gap decreased. This is related to the change
of carrier concentration in ZnO film lead by the film structure and film density
change.”®" This implies an enhancement of n-doping, thus higher mobility.****** This
will be further examined by finding out the Fermi level, conduction and valence

bands using XPS, PYS, and Kelvin probe in near future.
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Figure 1. UV-vis spectra of sol-gel ZnO (dotted line) and low-vacuum sputtered ZnO (solid
line) films on glass substrates.

XRD has been used to investigate the crystallinity of the ZnO films (Figure 2).
HWP-sputtered ZnO showed a well defined (002) peak at 34.26° indicating a
preferred orientation of the ZnO crystallites with the c-axis perpendicular to the glass
substrate, while sol-gel ZnO showed absolutely no peaks at all. This reveals that sol-

gel ZnO has amorphous layer with small crystallites size.”*

I have not yet measured XRD of the conventionally sputtered ZnO.
Nevertheless, given the information from the literature, I am positive that
conventionally sputtered ZnO will also show (002) peak, yet a calculated (002) grain
size of the ZnO films will probably be bigger for the HWP-sputtered ZnO. This
increase in grain size can be directly linked to the enhancement in mobility of
Zn0.P%7%! Such favourable effect can be attributed to better control of the sputtered
particles in HWP atmosphere. In general, working pressure is optimised to produce
dense film with high crystallinity, which belong to zone T structure in the Thornton
model.”*”! Because the formation of zone T structure is assisted by the bombardment
of high energy (100~1000 eV) particles such as recoiled Ar and negatively charged
oxygen ions, produced films inevitably contain defects which can act as
recombination centres. But, if the deposition is done under high working pressure,
defects can be reduced via low energy particles arising from scattering of process gas
(thermalisation). Indeed, better photocatalytic effect was observed under higher
working pressure in TiO, also.”® Thus, we can expect that the possible existence of

recombination centres deteriorating the performance in conventionally sputtered ZnO
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films, and higher quality from HWP-sputtered ZnO which will improve hole-blocking
ability, mobility of electrons, and electron collection efficiency at the interface

between ZnO buffer and active layers.”®’

From the XRD spectra, we can see that there is not only the (002) peak but
also a strong (103) peak at 63.81°. This reveals that the grown ZnO films were not
only wurtzite structures (JCPDS card No 36-1451), but also metallic zinc (JCPDS
card No 40831) structures were simultaneously present.””” In general, a higher degree
of polycrystallinity was observed for samples grown at the atmosphere with low
oxygen composition (around 15%). Since my ZnO was fabricated at oxygen deficient
condition (99% Argon and 0.01% oxygen) to enhance conductivity, we can expect
strong polycrystallinity of ZnO. Moreover, from the XRD data on the right hand side
of Figure 2, ZnO films grown on ITO shows one extra peak corresponding to (101)
orientation, which are not observed for sol-gel ZnO on ITO. This confirms my
assertion that low-vacuum sputtered ZnO possesses strong polycrystallinity. It is
fascinating that we can see this only when ZnO is deposited on ITO, insinuating that
its performance could have been enhanced, because it was grown on another metal

oxide.
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Figure 2. XRD data of sputtered ZnO film on quartz (left), and sputtered ZnO (black) and
sol-gel ZnO (red) each on ITO substrates (right).

ZnO film morphology was checked using AFM (Figure 3). Since the
morphology influences device performance, it can serve as an important data. From
the images only, they all looked similar owing to the thin nature of ZnO layer which

overcoats much rougher ITO surface. Nonetheless, there was an interesting difference
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between sol-gel ZnO and sputtered ZnO. While Ra of sol-gel ZnO was lower than that
of ITO, Ra of low-vacuum sputtered ZnO was similar. The reason behind this is
explained in the illustration in Figure 3 below. Solution-based sol-gel ZnO welled up
at the bottom of the rough surface of ITO. On the other side of the coin, ZnO
sputtering grew ZnO film randomly on the ITO surface, maintaining the roughness. It
has been reported that a certain degree of roughness of ETL is necessary for effective

charge extraction.””'"’? Thus, it is better to have a bit of roughness.

Bare ITO Sputtered ZnO Sol-gel ZnO
(5um x 5um)

R e

ITO ITO

Figure 3. Above are the AFM images of a) bare ITO, b) low-vacuum sputtered ZnO and c)
sol-gel ZnO both on ITO substrates. Below are the illustrations of sputtered ZnO and sol-gel
ZnO samples.

According to the photovoltaic performance of solar cell devices in Table 1 and
Figure 4, we can see that there is an increase of 0.45% in PCE from the sol-gel ZnO-
based devices to the HWP sputtered ZnO-based devices. The escalation came from
the improvement in FF which was due to high crystallinity as proven from the XRD
data. What was interesting is that the HWP sputtered ZnO film-based devices showed
extremely low Rg. Such low R corroborates high crystallinity of ZnO. This is because
having high mobility enhances the movement of charge carriers in the direction of
energetic bias, but since flow in the opposite direction is governed by energy gap
rather than mobility, crystallinity affects Ry only. Compared with the conventionally
sputtered ZnO-based devices, virtually every parameter was improved telling us that

sputtering at HWP is detrimental to the quality of ZnO film in every aspect.”*”!
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Table 1. Photovoltaic data of solar cell devices with sol-gel ZnO as the reference,
conventional sputtered ZnO, and low-vacuum sputtered ZnO under 1 sun (AM1.5G
illumination, 100 mW cm™).

ETL Voc (V) | Jsc (MA cm?) FF Rs (Q) Rsu (Q) PCE (%)
Sol-gel ZnO 0.61 8.9 0.56 17 1.1x10* 3.07
Conventional 3
sputtered ZnO 0.50 7.4 0.40 20 2.0x10 1.49
HWP-sputtered ZnO 0.62 9.8 0.56 2 2.9x10° 3.42
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Figure 4. J-V curves solar cell devices with sol-gel ZnO as the reference, conventional
sputtered ZnO, and low-vacuum sputtered ZnO under 1 sun and in dark.

Having demonstrated the feasibility of HWP-sputtered ZnO, I discuss their
potential applications in this paragraph (Figure 5). Recently, different electrode
materials are being introduced to OSCs as a means to broaden their application.
Compatibility of these nearly introduced materials hinges on numerous factors,
wettability being one of them. Hydrophobic or too hydrophilic electrodes are
incompatible with any kind of spin-coating-based ETL fabrications. Therefore, by
adopting my methodology, OSCs application of electrodes with unfavourable surface
energy can be achieved. For instance, flat ITO is known to produce marginally low
Ryt YEt solution cannot be spin-coated due to its extremely low surface energy. With
HWP sputtering technique, I can accomplish this. What is more, while there have
been many reports on flexible OSCs, they are mostly limited to normal architectures.
Fabrication of inverted type OSCs involves an ETL deposition process which

demands high temperature annealing. Therefore, plastic flexible substrates with low
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T, cannot be utilised. However, with my HWP ZnO sputtering, flexible electrodes

such as CNT can be employed without any thermal damage to the substrate.
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Figure 5. Examples of successful applications of sputtered ZnO sputter (above) and unviable
applications of sol-gel ZnO (below).

9.5 Conclusion

I have successfully demonstrated a new sputtering methodology for the
fabrication of high-performing ZnO films for inverted OSCs that require no thermal
process. My method exploits HWP to reinforce high-energy ZnO sputtered particles
to stabilise which improves crystallinity of ZnO as evidenced by XRD. Also it utilises
low oxygen atmosphere to enhance conductivity and polycrystallinity again
corroborated by XRD and the literature. Solar cell devices fabricated using HWP-
sputtered ZnO shows higher FF due to higher mobility, which is reflected by the
increase in PCE. Compared to both conventional sputtered ZnO and sol-gel ZnO films,
they performed much better without any thermal process which means now the
application can be extended to flexible and on any type of electrode. The research is
still in progress and the completion will accompany a further optimised PCE with
high-performing low-band gap polymers followed by demonstrations in diverse

applications including those aforementioned.
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CHAPTER 10

SURFACE MODIFICATION OF THE CHARGE
CONDUCTIVE AND SELECTIVE LAYERS USING
ANTHRACENE DERIVATIVES IN INVERTED
ORGANIC SOLAR CELLS

10.1 Summary

In this work, by casting a water soluble anthracene-based V-shaped polyaromatic
amphiphiles on metal oxides in OSCs, the interface between transparent metal oxide
(ITO and ZnO), and photoactive organic layer has been improved. The anthracene-
based organic surface modifiers re-engineered electron extraction layer by covering
up the defect sites of the metal oxides with their positively charged ends to improve
charge transport. Also its apposite energy level values increased the work function of
ITO while acting as a hole-blocker, which allowed the thin layer of the modifier to
replace ZnO. Moreover, their bent polyaromatic ends could act as fullerene catchers,
forming an aligned layer of fullerene electron acceptors. They formed ohmic contact
with the fullerene derivatives for photogenerated charge-carrier collection and
allowed optimum photon harvest in the device. These anthracene-treated ZnO-based
solar cells showed an average PCE of 3.08% while non-treated devices gave an
average of 2.91%. Even for solar cells without ZnO layer, in which the anthracene
derivatives were applied on ITO, they produced 2.58% efficiency. I am positive that
these findings will open new avenues in understanding and tailoring the interfaces
between organic semiconductors and transparent oxides for the advancement of

surface modifiers and solar cell researches.
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10.2 Introduction

Extensive efforts have been put into developing OSCs for their low-cost, light-
weight, and potential flexibility.””**™ Effort to avoid the low-work-function metals
have created inverted architecture of the device where oxide ETL such as ZnO"*!
have been used on ITO electrode to invert the polarity of the bulk heterojunction
devices.”**7" This design not only yield high efficiencies but also prolongs the
lifetime by avoiding reactive layers, thereby mitigating the encapsulation
requirement."*>'"** 771 Among  different types of ZnO, sol-gel-prepared colloidal
nanoparticles, discovered by A. Heegar and his colleagues, have most widely been
used for their high electron mobility and optical transparency as well as ease of
synthesis.”* However, the major challenges in using the ZnO nanoparticle films are

the inevitable near-surface defects,**7®"

and poor spatial distribution of the
nanoparticles over a large area.”®”*’! These are originated from oxygen vacancies
(V(O)s) and zinc interstitials (Zn(i)) which change the degree of doping and in turn
result in a change of the Fermi level position.”*>*! Furthermore these affect carrier
density, chemical potential and the chemistry with the adjacent organic layers.”™™"
Hence, to realize highly efficient inverted OSCs, it is imperative that I develop low-
defect and uniform ZnO films, because a significant hurdle is the extraction of charge
carriers at the contact.”® So far, there have been numerous reports on improving the
contact by means of surface treatment: Water-soluble polyfluorenes with
alkylphosphonates and alkylamine salts on the side chains were found to be very
effective for the elevation of V,.."*** Application of carboxylic acids as a self-
assembled monolayer on top of ZnO to modify the interfacial property is another
example.!"*"! Not only the interface of ZnO but also the interface of organic side could
be improved using self-assembled cross-linked fullerene™***'~***! To date, poly [(9.9-
bis(3-(N,N-dimethylamino)propyl)-2,7- fluorene)-alt-2,7-(9,9—dioctylfluorene)],
which was originally used for light-emitting devices to enhance electron injection has

demonstrated the best performance as the ETL itself replacing ZnQ.!'#+3%]

Here I present the anthracene-based amphiphile as a surface modifier that has
positively charged trimethylammonium group (-N*(CH;);) on one end and two bent
polyaromatic groups on the other end.”””” When they overcoated ZnO, the charged

ends reacted with the defect sites to alleviate the poor contact between ZnO and the
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active layer interface as proven by recovery of V. loss. As organic compounds, they
possessed HOMO and LUMO levels that corresponded to ETL; When they were
deposited on ITO, they offered ohmic contact for collection and allowed optimum
photogenerated charge-carrier harvest replacing ZnO. One distinguishing quality
these anthracene derivatives possessed was that they had polyaromatic surfaces of the
V-shaped amphiphiles which could effectively catch fullenrenes through multiple
aromatic-aromatic interactions. This induced a thin PCBM layer as a barrier for hole

carrier injection as substantiated by elevations of Jy. and FF.

10.3 Experimental Procedures

10.3.1 Device Fabrications

For the synthesis of the anthracene-based surface modifier, the methodology

in Angew. Chem. Int. Ed. 2013, 52, 2308 was used.

For the OSC fabrications, refer to 2.1.1.2 Organic solar cell inverted device

architecture and 2.1.1.3 P3HT:mix-PCBM solution preparation

For the reference device, ITO substrates with size 15 x 15 mm? and an active
area of 3 x 3 mm? with a sheet resistance of 6 Q sq." (Kuramoto Co., Ltd.) were
sonicated in cleaning surfactant (Semi Clean, M-Lo), water, acetone and 2-
isopropanol for 15 min each. The substrates were then dried with N, gun. ITO
substrates were exposed to UV/O; for 30 min in order to remove any remaining
organic impurities. Water solutions with anthracene concentration ranging from 2.5
mg mL" to 9 mg mL" were applied on the active surface at 25 °C for 20 min. The
water solution was covering only active area without interfering with the contacts.
After 20 minutes residual solution was blown with N, and (in the case of ZnO
treatment) rinsed with water, and then dried with N, gun. In the case of ITO

experiment was done without rinsing.

Zn0O sol-gel films were prepared using the method reported by Heeger et

al.""* The metal oxides were baked at 200 °C before depositing the photoactive layer.
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10.3.2 Characterisations

Please refer to 2.2.1.1 Current-voltage characterisation, 2.2.1.3 Space-charge
limited current (SCLC), 2.2.2.1 UV-vis absorption, 2.2.2.3 Atomic force microscopy
(AFM), 2.2.2.6 X-ray photoelectron spectroscopy (XPS), 2.2.2.7 X-ray powder
diffraction (XRD), and 2.2.2.8 Photoelectron yield spectroscopy (PYS).

For the crystallography, crystals were grown slowly by evaporating a water
solution at room temperature for 3 days. Further details can be found in the supporting

information of the previous work (CCDC 889326).%7

10.4 Results and Discussion

Water is a prime solvent of nature's choice, capable of dissolving
biomolecules with no harm to the environment. Whereas, the majority of electron
device fabrications including solar cells rely on expensive and often harmful various
organic and inorganic solvents. The anthracene derivatives (ANTHSs) introduced in
this work possessed high polarity and can form micelle spherical structures with core
diameters of ~1 nm in water.”**** Therefore, my approach qualified for an aqueous
solution-process that was easy and fully amenable to roll-to-roll fabrication. For the
surface treatment, anthracene derivative compounds were dissolved in water with
different concentrations ranging from 2.5 to 9 mg mL". Then the solution was
dropped slowly on either ITO or ZnO. After 20 minutes waiting time, the film was
blown with a nitrogen gun to remove the solution. For some samples, I applied water
rinsing which eliminated any unreacted anthracene derivatives to induce a monolayer
of ANTHs (Figure 1a). For those water rinsing was not applied, I expected thicker
layers of ANTHs (Figure 1b).
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Figure 1. Illustrations of ANTH surface treatments a) with rinsing and b) without rinsing.

Inverted OSCs were fabricated using different concentrations of ANTHs on
either ITO or ZnO. A mixture of P3HT and PC,,BM photoactive materials was used
owing to their established reliability and reproducibility. PCEs of the devices are
shown in Figure 2. According to the data, ANTHs applied on ZnO with rinsing
performed the best regardless of the concentration. ANTHs applied on ZnO without
rinse performed worse and especially with increase in their concentrations. We can
conjecture that the monolayer of ANTH on ZnO induces the best performance, but
when ANTHSs gets thicker, they undermine the device performance. On the other
hand, for ANTHs on ITO, non-rinsed ANTHs applied OSCs performed better than the
rinsed ITO-based OSCs. This is because ANTHs performed as an ETL replacing
ZnO. Therefore, a thicker layer was required to avoid shunt pathways between ITO
and P3HT:PC,,BM. Yet, the concentrations from 4 to 6 mg mL" showed the optimal
results. In other words, an interlayer that is too thick leads to a high Ry, while a too-
thin layer cannot provide an ohmic contact for electron extraction. Overall, rinsed
ANTH-based devices showed independence of concentration, while non-rinsed

ANTH-based devices showed dependence of concentration.
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Figure 2. PCE plots of ITO/ZnO/rinsed ANTH-based device (red open squares), ITO/non-
rinsed ANTH-based device (red closed squares), ITO/ZnO/non-rinsed ANTH-based device
(blue closed circles), and ITO/rinsed ANTH-based device (blue open circles), according to
ANTH concentrations.

Highly performed devices from each of the four conditions were selected.
Corresponding photovoltaic tables are shown in Table 1 along with a reference
device. The ITO/ZnO/rinsed ANTH-based devices showed an average PCE of 3.08%
which is higher than that of the reference (2.91%). Higher FF was the reason for such
high performance of the ANTH-applied devices, but the Ji. value was a little lower
than that of the reference devices. Increase in both FF and Rg; meant that ANTHs
enhanced hole-blocking effect of ZnO.*! Also, the fullerene catching effect of
ANTHSs could have induced vertical separation which entailed increase in FF.“""! The
concave polyaromatic ends of the ANTHs can effectively catch fullerenes with
different sizes by multiple aromatic-aromatic interactions (Figure 3). Then those
fullerenes can form an electron transfer barrier at the interface enhancing the hole-
blocking ability of ANTHs even more. Nevertheless, decrease in Jg is still difficult to
understand. Since ANTH treatment does not decrease transmittance as evidenced by
UV-vis spectroscopy in Figure 4, we can rule out the possibility of decrease in the
light intensity. This leaves us with energetic hindrance in charge extraction.'®?72!
For the ITO/ZnO/non-rinsed ANTH-based devices, the lowest concentrations, 2.5 mg
mL"' gave the highest performance, indicating that when an ETL ie., ZnO was

involved, thinner ANTH layer was preferred. The thicker it got, the more pronounced
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the decrease in FF and Jy. were. Decrease in FF was understandable for the ANTHs
are organic compounds, and organic compounds have lower carrier mobility than
metal oxides;***** SCLC measurement was conducted to clarify this and a marginal
decrease was observed from non-rinsed ANTH-treated ZnO compared to ZnO by
calculating mobilities of eletron-only devices (Figure 5). Decrease in Jg. was
somewhat subtle, but again energetic perspective could be the reason for the
phenomenon. The ITO/rinsed ANTH-based devices showed appalling performances
in every parameter. Probably, after ITO has been rinsed away, there were simply not
enough ANTHs to cover ITO surface fully to induce the Ohmic contact. The
ITO/non-rinsed ANTH-based devices performed rather well (an average PCE of
2.58%) even in the absence of ZnO. High V. of 0.59 proved that ANTHs themselves
could function as ETLs. Such behaviour is due to the increased built-in potential
originating from the establishment of interfacial dipole of the ANTH layer.***4
Compared to the reference device, FF was the same. This, I think, is on account of the
combination of aforementioned intrinsic low mobility of ANTHs and more
importantly disturbance in the vertical separation effect. If the ANTHs do not form a
monolayer, it would form multiples layers of ANTHs. While some layers will face the
photoactive layer with the polyaromatic ends to interact with the fullerene acceptors,
some will face P3BHT:PC,,BM with the trimethylammonium ends which may even
interact with lone pairs on S of P3HT. Consequently, we cannot expect complete
vertical phase separation effect from non-rinsed ANTHs in theory. Low Jg. was again
witnessed which was the sole reason why the ITO/non-rinsed ANTH-devices showed

lower PCE than that of the reference.

Table 1. Photovoltaic parameters of ANTHs-applied devices and a reference device under 1

Device Voc (V) e FF Rs (Q) Rsu(Q) PCE (%)
(mA cm?)
ITO/ZnO/rinsed ANTH 0.60+0.00 | 8.89+0.27 | 0.58+0.03 3.5 4.8x10" | 3.080.12
ITO/ZnO/non-rinsed ANTH (2.5 mg mL'1) 0.60 8.05 0.52 5.1 3.3 x10° 2.54
ITO/rinsed ANTH 0.32+0.05 | 7.90+0.14 | 0.39+0.01 8.7 3.8x10° | 0.9520.16
ITO/non-rinsed ANTH 0.59+0.01 8.23+0.18 0.53+0.16 8.3 41 x10° | 2.58+0.02
Ref. ITO/ZnO 0.60+0.01 9.20+0.20 | 0.52+0.03 5.2 2.8x10° | 2.9120.21
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Figure 3. A graphical illustration of the ANTHs interacting with a metal oxide, ZnO and
fullerene derivatives, PC,,BM.
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Figure 4. UV-vis spectra of a ZnO film and an ANTHs-treated ZnO film on glass.

To investigate the energetics of the ANTHs, I have run the Gaussian
calculation to find out their energy level information. It is important to know that
efficient electron injection and hole-blocking effect can be obtained by decreasing the
work function of ITO effectively and having a deep HOMO level, respectively."”* By
looking at HOMO-LUMO values in Figure 6, we can see that the ANTHSs possess
deep-lying HOMO value which induces a good hole-blocking quality. Whereas, the
LUMO level of 2.25 eV seems rather low. It is certainly low enough to decrease the
ITO work function, but this alludes an energy mismatching with the LUMO level of
PC¢,BM photoactive layer, which is 3.8 eV.
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Figure 6. A chemical structure of the anthracene surface modifier with a measured band gap
(left), and Gaussian calculations of LUMO (middle) and HOMO (right) with energy levels as
absolute values.

Energy levels of ITO and ZnO were measured before and after the ANTHs
treatment by Kelvin probe and PYS. Using PYS, I could find out about the work
function of ITO and valence band (or HOMO) of semi-conductive ZnO and ANTHs.
From Figure 7a, we can see that ITO possessed the work function of around 4.7 eV,
but after the ANTHs were applied, the energy level value increased to around 5.7 eV
(Figure 7b). This value did not change after water rinsing, indicating that chemical
adsorption had occurred between the ANTHs and the ITO surface (Figure 7c). This
5.7 eV value was similar to the valence level observed from ZnO (5.5 eV) in Figure

7d. This denotes that the ANTHs have a good hole-blocking property. Application of
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the ANTHs on ZnO did not change the HOMO level. This confirms the deeply lying
HOMO level of the ANTHs matching the valence level of ZnO.
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Figure 7. PYS data of a) ITO, b) water-rinsed and c) non-rinsed anthracene ANTH-applied
ITO; d) ZnO, e) water-rinsed and c) non-rinsed ANTH-applied ZnO.
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Figure 8. XPS spectra of a) ITO/non-rinsed ANTH and b) ITO/ZnO/rinsed ANTH.
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Figure 9. XPS spectra of solid ANTHs for a) CI 2p core and b) N 1s core; and both of rinsed
ANTHs on ZnO and non-rinsed ANTHs on ITO c) Cl 2p core, and d) N 1s core.

The interaction between ANTHs and metal oxides was studied by XPS. The
whole range spectra are shown in Figure 8. Chlorine 2p peaks was present in all
spectra (Figure 9a and 9c). This means that CI stays even after the surface treatment
and water rinsing. But there were interesting differences in nitrogen N 1s peaks. Solid
ANTH powder possessed two peaks: one on the left corresponding to nitrogen in
trimethylammonium group and one on the right corresponding to the same nitrogen
affected by the organic matrix surrounding it (Figure 9b). The left peak decreased a
little and a new peak appeared further to the left, corresponding to more negative
nitrogen i.e. nitrate (Figure 9d). This peak became even stronger after water rinsing,
meanwhile the trimethylammonium peak decreased to reveal that any non-interacting
ANTHs. I believe this is an indication of ANTHSs interaction with metal oxide.
Although the microscopic origin of the mechanism is uncertain at this point, it is plain
that the orientation of the molecules with a permanent dipole is the major reason for
the energy level alignment.””**! The positively charged trimethylammonium side of
the molecules is speculated to have reacted with the defect sites in oxygen making the

polyaromatic groups facing way from the metal oxides.
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Figure 10. Crystallography of ANTHs where trimethylammonium ends are to the left and
bent polyaromatic groups are facing to the right. The crystal was grown slowly by
evaporating a water solution at room temperature for 3 days. Further details can be found in
the supporting information of our previous work (CCDC 889326).°"!
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Figure 11. AFM images and r.m.s. roughness values of a) glass/ITO, b) glass/ITO/non-rinsed
ANTH, c) glass/ITO/Zn0O, d) glass/ITO/ZnO/rinsed ANTH, e) glass/ITO/P3HT:PCBM, f)
glass/ITO/non-rinsed ANTH/P3HT:PCBM, ¢g) glass/ITO/ZnO/P3HT:PCBM, and h)
glass/ITO/ZnO/rinsed ANTH/P3HT:PCBM.
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Figure 12. Pictures after OT treatment for a) glass/ITO/ZnO/P3HT:PCBM and b)
glass/ITO/ZnO/rinsed ANTH/P3HT:PCBM. AFM images and r.m.s. roughness values after
OT treatment for «c¢) glass/ITO/ZnO/P3HT:PCBM and d) glass/ITO/ZnO/rinsed
ANTH/P3HT:PCBM.

The formation of an interfacial dipole layer and orientation of multiple layers

can be checked by crystallography and small-angle X-ray diffraction (XRD). As for
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the XRD, it is currently under measurement and will be added in due course.
According to the crystallography in Figure 10, multilayers of ANTHs were stacked in
a way that their orientation alternates. This meant that when ANTHs were not rinsed,
there was half a chance that the polyaromatic ends might face upwards. This explains
why increase in FF was not observed in non-rinsed ANTH-treated devices as opposed
to rinsed ANTH-treated devices, because they could not induce vertical separation as

much.

AFM was used to delve into the ANTH’s interaction with the metal oxide and
its fullerene catching ability. For both ITO and ZnO, r.m.s. roughness values
decreased slightly after the ANTH treatment (Figure 11 a — d). This denoted that
ANTH surface treatment had an effect of improving morphology by filling up
pinholes in metal oxide surfaces. To my surprise, the same thing happened on
P3HT:PCBM active layers. The ANTH treatment seems to have an effect on
morphology of the active layers too (Figure 11 e — h). But overall the decrease in
roughness were not too big to signify deterioration of the interface.”*** 18-
octanedithiol (OT) is known to selectively dissolve PCBM and be used in detecting
vertical phase separation.****® Therefore, I applied OT on the active layers to see if
there are any interesting changes. When OT was applied to glass/ITO/ZnO/rinsed
ANTH, it peeled off the film (Figure 12a and b). This was because OT dissolved a
fullerene layer at the bottom of the active layer proving the ability of ANTHs catching
fullerene derivatives in a photoactive layer. This also happened with glass/ITO/non-
rinsed ANTH telling us that even non-rinsed ANTH manifests some degree of
fullerene-catching ability. According to Figure 12¢ and d, OT treatment resulted in
slightly different morphologies to ANTH-treated and non-treated P3HT:PCBM layers.
However, the change was not clear as to what is expected from vertical phase
separation.”””! Thus, the vertical phase separation effect either does not exist or is too

weak to detect.
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10.5 Conclusion

In conclusion, I have successfully demonstrated the V-shaped amphiphile
organic compound as a water-soluble surfactant in inverted OSCs. The surface
modifier called ANTH in this manuscript can improve the metal oxides either ITO or
Zn0 by reacting on the defect sites and filling up the pin-holes. ANTH possesses deep
lying HOMO level as evidenced by our PYS and the Gaussian calculations, which can
function as ETL replacing ZnO when treated on ITO. ANTH also has a special
fullerene catching ability as seen by AFM. It induces an interlayer of charge
transporting fullerene derivatives from the photoactive layer, which leads to
enhancement in FF. The performance devices with varied PFN thickness and rinsing
conditions. The most optimized ANTH-treated OSCs without ZnO gave an average
PCE of 2.58% while the surface treatment on ZnO gave 3.08%. I am confident that
this finding will open new avenues to tailoring and understanding interfaces between

organic semiconductors and transparent oxides.
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CHAPTER 11

SURFACE MODIFICATION OF THE CHARGE
SELECTIVE LAYER USING CATECHOL
DERIVATIVES IN INVERTED ORGANIC SOLAR
CELLS

11.1 Summary

[60]Fullerene catechol self-assembled monolayers were prepared and applied
to inverted OSCs by an immersion method and their energy conversion properties
were measured. Due to the introduction of fullerene groups, hole-blocking ability of
the electron-transporting metal oxide improved as shown by fill factor enhancement.
Fullerene catechol-treated TiO,-used device gave PCE of 2.81% with fill factor of
0.56 while non-treated device gave 2.46% PCE with fill factor of 0.49. The overall

improvement in solar cell efficiency was 13% compared to the reference device.
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11.2 Introduction

The physical and chemical phenomena at the interface between metal oxide
surface and organic semiconductor is of fundamental relevance for organic electronic
applications. A new generation of thin-film OSCs relies on a rationally designed
electrode/organic active layer interfacial electronic structure in facilitating efficient
charge extraction. In this regards, inverted OSCs can take advantage of the vertical
phase separation and concentration gradient in the active layer.”*'*® Fullerene
acceptors being near the ETL has been known to strengthen the charge-carrier
transport in the inverted architecture. Thus, technology that can bring fullerenes on
the metal oxide can establish the first principles of precise control over the vertical

separation.

Self-assembled monolayers (SAMs) with fullerene attached are good motifs
for such prospect.*”’ The coating of inorganic substrates such as metal oxides or
metals with SAMs can alter the work function and the surface energy of the
electrodes.*”® There has been a variety of SAMs with fullerene reported to date.*”*"!
Among those SAMs, catechol-terminated SAMs have attracted the limelight for their
weak diprotic acid nature which can form bidentate bonding with metal oxide while
minimising the damage unlike carboxylic acid- or phosphonic acid-terminated
modifiers.*'**'® Recently, Jen et al. have published a number of catechol-terminated
SAMs where fulleropyrrolidine has been as a linker.?**"*! Although they have

demonstrated improvements in OSC performance, fulleropyrrolidine containing

nitrogen atom is not regarded to be fully inert.

Here I have utilised a simpler SAM that is composed of a catechol end and a
fullerene end, which are linked by the simplest methylene linker functioning as
effective charge-carrier harvesters. Catechol being a weak acid, it can bind to TiO,
strongly.*'7#***** Fullerene has high electron mobility and low hole mobility.
Therefore, a monolayer of fullerene can function as an additional hole-blocker. With
their tendency to attract other fullerene molecules by 7t-7 interactions, they may even
induce the vertical separation effect as evidenced by enhancement in fill factor (FF) in
my study.*"' I fabricated an inverted OSC using a mixture of P3HT and PC,,BM in a

structural configuration of glass/ITO/TiO,-catechol
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Cq/P3HT:PC,,BM/PEDOT:PSS/Au. The SAM-treated device gave 2.81% while non-
treated device sample gave 2.46% where enhancement of FF was the main reason for

the improvement.

11.3 Experimental Procedures

Catechol Cg,, compound 2, was synthesised (Scheme 1) through addition of
ortho-xylylene to Cy, according to previously reported synthetic method.**' Cg, (387
mg, 0.537 mmol), 1,2- bis(bromomethyl)-4,5-dimethoxybezene (174 mg, 0.537
mmol), and [18]crown-6 (1.14 g, 4.29 mmol) with KI (200 mg, 0.6 mmol) in 1,2-
dichlorobenzene (120 mL) were refluxed at 130 °C for 22 h. The reaction mixture
was cooled and collected after evaporation of the solvent. After hexane was added to
the concentrated solution, brown precipitate was collected by filtration. The crude was
purified by silica gel chromatography with CS,/toluene as eluent. Monoadduct 1 (291
mg, 0.329 mmol, 61%) and diadduct (25 mg, 0.024 mmol) were attained.

Compound 1 (571 mg, 0.645 mmol), 40 mL of BBr; solution (1.0 M in
CH,Cl,) and toluene (250 mL) were placed in a flask. The solution was heated up
from 0 °C to 25 °C gradually. The reaction was quenched by water after stirring for
18 h. The crude was extracted using ethyl acetate, and purified by silica gel
chromatography with toluene as eluent. A brown solid 2 (519 mg, 0.604 mmol, 94%)

was obtained.

5 0. Ki, [18lcrown-6 (X BBr,
CGO + r > >
Br o~ ODCB toluene
130 °C, 22 h 25°C,18 h
61% 94%

Scheme 1. Synthesis of Catechol Cg,

Cs-SAMs with the catechol termination could be absorbed onto the surface of
TiO, by a simple immersion process. On UV-O, treated ITO/glass substrates, TiO,

films were fabricated using the chemical bath method."® Then TiO, on ITO substrate
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was immersed in the solution of catechol Cg,, 2 with a concentration of 2 mg mL" in
ODCB for 2 h, where electrode contact areas were masked by tapes. After the
immersion, the surface-treated TiO, films were washed with ODCB to remove any
unabsorbed SAM and dried under N, flow. A faint yellow tint on the film and
increased surface tension signified successful surface treatment (Figure 1).
P3HT:PC(,BM solution in ODCB with a donor to acceptor ratio of 5:4 and a
concentration of 2 mg mL™" was spin-coated at an rpm of 750 for 45 s. Then it was
kept in a Petridish for slow evaporation. A PEDOT:PSS dispersion in water
(CleviosPVP, Heraeus Precious Metals GmbH & Co.) containing 0.5wt%
polyoxyethylene(6)tridecyl ether (Sigma Aldrich Chemical Co., Inc.) was spin coated
on top of the active layer to form the HTL with a 30 nm thickness. Approximately
200 nm thick Au layer was thermally evaporated at pressure of 3x10~ Pa, with the use
of a shadow mask, which defined the device active area as 1 cm?. All processes,
except for Au deposition, were performed in air and the devices were not

encapsulated. All devices were thermally annealed at 150 °C for 10 min.

11.4 Results and Discussion

Figure 1. Water contact angle test on TiO, before and after the catechol Cg, treatment.

Table 1. Photovoltaic table of catechol Cgy-applied and reference devices under 1 sun
(AM1.5G illumination, 100 mW cm™).

. Voc JSC PCE
Device FF Rs (Q Rsy (Q
vi V) | (mAcm?) s (@) sw@ | (o)
TiO, 0.60 8.32 0.49 11 27 x10° 2.46
TiO-catechol Cgo | 0.60 8.40 0.56 6 1.6 x 10° 2.81
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Figure 2. J-V curves of the TiO, film-catechol Cg,-based and TiO,-based devices under 1 sun
(left) and in dark (right)
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Figure 3. UV-vis absorption spectra (left) of a TiO, film-catechol Cg, and a TiO, film both on
glass; and J-V curves (right) of the electron-only devices for SCLC measurement and electron
mobilities (u) given in the inset with the unit (cm* V' S™).

J-V characteristics of the fabricated OSCs were measured using a software-
controlled source meter (Keithley 2400) under dark conditions and 1 Sun AM 1.5 G
simulated sunlight irradiation (100 mW cm™) using a solar simulator (EMS-35AAA,
Ushio Spax Inc.), which was calibrated using a silicon diode (BS-520BK,
Bunkokeiki). According to the photovoltaic parameters in Table 1, catechol Cg,
treatment greatly improved FF thereby increasing the PCE by 13% to 2.81%. Sharp
increase in Ry, indicates that hole-blocking function of ETL was improved by
fullerenes attached to the SAMs. This can be more clearly seen from the J-V curves in
Figure 2. By looking at the J-V curves under 1 sun, that the catechol C-treated

device shows more rectangular shape, indicative of higher FF. Also form the dark
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curves, it is clear that the catechol Cg-treated device shows higher R, while the Rq

being the same as the reference device.

UV-vis absorption spectroscopy was measured on TiO, and TiO,-catechol C,
both on glass (Figure 3 left). TiO,-catechol C¢, showed an earlier onset at around 650
nm, revealing that catechol Cg, treatment decreased the band gap of the TiO,. This is
an indication of either interfacial dipole or enhancement of n-doping.”**~*** One way

or another, benefiting the OSC performance.

I measured electron mobility (w) across the films by applying single-carrier
space charge limited current (SCLC) on the electron-only devices: ITO/TiO,/Al and
ITO/TiO,-catechol C/Al. The results are shown in Figure 3. Catechol C,, treatment
showed a marginally higher electron mobility. Although the difference was too small,

we can at least conclude the surface treatment did not hinder the electron transfer.

11.5 Conclusion

In conclusion, surface modifier, catechol C, was synthesized and applied to
improve the efficiency of inverted solar cells. The fullerene-terminated surface
modifier, 2 could attach to the TiO, surface by a simple immersion process. The effect
was immediate as demonstrated by the improvements in FF and PCE by 13%
compared to the reference device. The methodology and analyses presented in this

work are useful in designing of efficient metal oxide-based photovoltaic devices.

163



1 5 3 IR H H

Ay
. 'P3HT
<n
/TO %0/ g
O e/ M052
Glass SWCNT

CHAPTER 12

CHEMICAL VAPOUR DEPOSITED MoS, ON
CARBON NANOTUBE FLAKES AS THE CHARGE
SELECTIVE LAYER AND THAT ENABLES
INTERCALATION WITH P3HT IN BULK
HETEROJUNCTION ORGANIC SOLAR CELLS

12.1 Summary

This chapter demonstrates the deposition of multilayered MoS, on a low-cost
metallic-semiconducting carbon nanotube via chemical vapour deposition, and the use
of this material as electron acceptor species forming a bulk heterojunction with P3HT
in inverted-type organic photovoltaics. This is an uplifting discovery, in which MoS,
has been used as an electron acceptor in spite of its innate immiscibility with organic
compounds. This is possible because I utilised carbon nanotube’s nature to intercalate
with P3HT through s—m interaction. The successful binding of MoS, onto carbon
nanotube bundles and its optoelectronic effect as a photovoltaic device is lucidly
analysed through various techniques in this chapter. The effect was ultimately
evidenced by a power conversion efficiency of 0.46%, which proved MoS, with many

advantages could also be used as a photoactive layer.
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12.2 Introduction

Research in organic—inorganic hybrid solar cells continues to rise in recent
years.** It is well known that organic acceptors have drawbacks in low stability and
mobility, whereas inorganic materials have advantages in both stability and charge
carrier mobility. Furthermore, by controlling its size, a wide range of band gap
configuration can be achieved. Among the inorganic materials, layered n-type
semiconductors have widely been studied for photovoltaic applications.*””*'" Such
crystalline semiconductors have wave functions as loosely bound valence electrons
overlapping each other to form a global conduction band. Carriers can freely travel
through the extended states.*” However, in organic materials, the charge carriers
tend to be localised in potential wells consisting of single molecules or conjugated
molecular segments. Carriers hop between these energy states through vibrations of
host and adjacent molecules. These hoppings are less efficient than propagating
through an extended conduction band, which causes organic materials to have a lower
carrier mobility.****" As a layered n-type semiconductor, transition metal
dichalcogenides have recently been drawing attention. With a formula MX,, where M
is a transition metal element from group VI (Mo and W), strong in-plane bonding and
weak out-of-plane interactions allow us to control its two-dimensional layer
thickness."*" Amid a variety of constituent elements, I grew MoS, multilayered
nanoflakes for its apt workfunction value of 4.8 eV which is very close to the Fermi
level of CNTs and we know that since their Fermi levels are similar, there is no
doping effect'*>**" MoS, with its quality of being easily grafted onto CNTs using
CVD makes it an outstanding candidate for this enables intercalation with other
organic materials like P3HT."*7*" Moreover MoS, has no charge traps due to the
absence of dangling bonds on its surface, and has easily tunable optical band gap by
controlling the layer number. Also, MoS, multilayer has a higher mobility of 50-200
cm’ V' s than its monolayer counterpart with a mobility of 1-8 cm® V™' g [*#0
Despite such advantages, multilayered MoS, has not been reported as photoactive
materials in BHJ systems. There are mainly two reasons: one is that in the case of
MoS,, there is no interaction between MoS, and P3HT. With such immiscibility, BHJ
is not possible. In a BHJ, electron donor and acceptor should be thoroughly mixed for

efficient exciton separations to occur. The device performance is heavily dependent
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on the degree of dispersion and the interfacial area. Second reason is that the
multilayered MoS, is more difficult to produce than the single-layered compound due
to difficulties in thickness control.”’**! Therefore, I showed in this chapter, a novel
methodology of introducing MoS, multilayer into an OSC BHJ system through an
atmospheric CVD using MoO; and S as sources, and unsorted SWCNTSs on a metal

chip as a substrate.***!

The unpurified semiconducting-and-metallic mixed
SWCNTs are inexpensive materials that can assist the intercalation of MoS, with
P3HT. P3HT can provide isolation between the CNTs, thus minimising the direct
electronic coupling between the optically active semiconducting nanotubes and the
metallic nanotubes present in the mixture (at approximately 30 wt%) that may quench
the photo-generated excitons.*”" Using the MoS,CNT, I fabricated an inverted type
OSC rather than a normal structure for its high stability, air-processability, and its
facile process."™ 1 obtained a PCE of 0.46%, while a costly and highly pure
semiconducting SWCNT and P3HT based OSC has given PCE of 0.72%.*"" This is

an encouraging result for I have achieved a PCE as good as the expensive

semiconducting SWCNT based device using the unpurified SWCNTs.

12.3 Experimental Procedures

12.3.1 Deposition of Multilayered MoS, Nanoflakes on CNT Bundle

Multilayered MoS, nanoflakes were deposited on CNT (Hipco) bundles by a
CVD (Figure 1). S powder (99.5%, Kanto Chemical) was placed in a quartz tube,
MoO; powder (99.5%, Kanto Chemicals) was placed on an alumina boat in Zone 1
and Zone 2. One spatula spoonful of CNTs (0.3 mg) on a SiO,/Si substrate (SiO,: 1 x
1 cm?, 285 nm thick) was placed on a boat in Zone 3. The vapours of S and MoO;
were introduced through N, flows (99.99%) labeled as Flow 1 and Flow 2. Firstly,
Flow 1 was intro- duced at the rate of 850 sccm and the temperature of Zone 2 and
Zone 3 were increased to 650 °C (r.t. to 450 °C in 3 h and 30 min, and then 450 °C to
650 °C in 30 min) and 850 °C (r.t. to 700 °C in 3 h and 30 min, and then 700 °C to
850 °C in 30 min) each. Then, 3 h 20 min after the Flow 1 was introduced, the
temperature of Zone 1 was increased to 250 °C in 10 min. After the temperatures of

Zone 2 and Zone 3 reached 650 °C and 850 °C, N, Flow 2 was introduced at the rate

166



PhD Thesis The University of Tokyo IL JEON

of 360 sccm. 4 h later, Flow 2 was immediately turned off and the temperature of all
zone were cooled to r.t. with Flow 1 maintained at the rate of 50 sccm. Product
formed on a Si0, substrate was put into a vial containing ethanol, which separated my

product from the substrate. The substrate and ethanol were later removed.

S
Flow 2 Cy—rm
360 sccm S CNTs on SiO_/Si
MoO 2
Flow 1 3
Zone 1 Zone 2 Zone 3
250°C 650°C 850°C

Figure 1. [llustration of the CVD for the multilayered MoS, nanoflakes.

12.3.2 P3HT and MoS,CNT Active Layer Preparation

P3HT:MoS,CNT devices were fabricated in the following manner. P3HT
20mg mL"' in ODCB, and MoS,CNTs flakes dissolved in ODCB in concentration of 5
mg mL"' were prepared. In case aggregation of CNT was visible, I sonicated
MoS,CNT for less than 10 min before mixing P3HT. The composition of the active
layer was produced by mixing together the two solutions in different proportion under
stirring to achieve a solution of P3HT/MoS,CNT with MoS,CNT having a con-
centration of 3 wt%. The resulting solution, containing P3HT/MoS,CNT
nanofilaments, showed aggregation after 1 h. Therefore, I advise using the solution

directly in fabrication.

12.3.3 Device Fabrications

For device fabrications, please refer to ‘2.1.1.2 Organic solar cell inverted

device architecture’, and ‘2.1.1.3 P3BHT:mix-PCBM solution preparation’.

12.3.4 Characterisations

For characterisations, please refer to ‘2.2.1.1 Current-voltage characterisation’,
‘2.2.2.1 UV-vis absorption’, ‘2.2.2.2 Photoluminescence’, ‘2.2.2.5 Transmission
electron microscopy (TEM)’, ‘2.2.2.9 Raman spectroscopy’, and ‘2.2.2.10 Auger

electron microscope (AES)’.
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12.4 Results and Discussion

Firstly, for the multilayer generation and the control of layer number, I used
two separate furnaces which introduce S and MoO; at different rates and temperatures
(Figure 1).*744049] Barring having a higher mobility, multi-layered MoS, is known
to have an indirect band gap of 1.2 eV, which I think is more favourable than its
monolayer counterpart in terms of its energy band alignment.*”” With decrease in
crystal thickness, the band gap widens and reaches 1.8 eV for the monolayer which
has a direct energy gap.*”” Through this method, I have deposited multi-layered MoS,
on the bundles of CNT. Successful deposition is shown by TEM (Figure 2). For CNT,
the difference is clear and we can observe MoS, flakes from the after-deposition

image (Figure 2a and 2b).

.

Before After
Figure 2. Deposition of MoS, on CNT before (a) and after (b).
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Figure 3. AES of a MoS, flake on a CNT bundle.
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In order to identify the deposition of MoS, on CNT, the surface of MoS,
flakes on CNT bundles was analysed by AES (Figure 3). Element compositions from

the AES spectrum confirm the existence of MoS,.

To consolidate the formation of multilayer, Raman spectroscopy was carried
out to analyse the thickness. Figure 4 shows raman peaks of MoS, on CNT between
100 cm™ and 600 cm™ of raman shift. CNT’s radial breathing mode (RBM) appeared
at around 190 cm™ indicating the CNT bundles. The MoS, sheet deposited exhibits
two Raman characteristic bands at 385.8 cm™ and 403.8 cm™ with the full-width-half-
maximum values of 7.787 cm™ and 8.370 cm™, corresponding to the out-of-plane A,,
and in-plain El2g modes each. Note that the peak A,, and El2g frequency difference
between A,, and E'), modes (D) can be used to identify the layer number of MoS,.
The value of D, 0.583 cm™ reveals that the multilayer of MoS, has been successfully

deposited.*>

CNT MoS,
= RBM
g At
£
g 3]
2
7}
c
]
E
1 1 T T | 1
100 200 300 400 500 600

Raman Shift (cm™")
Figure 4. Raman spectrum of multilayered MoS, on CNT bundles.

Next, I fabricated an OSC device using MoS, on CNT as electron acceptor and
charge transporting material, respectively. 3 wt% of MoS,CNT flakes in ODCB is
thoroughly mixed in a P3HT solution before spin coating it on a ZnO film at 850 rpm
for 45 s. Interaction between P3HT and MoS,CNT has been evidenced by the UV-vis
spectroscopy (Figure 5). Figure 5a shows a typical P3HT spectrum. Figure 5b shows a
spectrum where enhancements in shoulders at 450 nm™, 580 nm™, and 650 nm'
confirm the existence of MoS,.**” In addition, the strong absorption peak at 610 nm
and broadening of the spectrum indicates a high degree of structural order in the

active layer in support of 7— interactions between CNT and P3HT™* (Figure 6).
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Nonetheless, I am still not sure of the reason why we cannot observe SWCNT peaks
around 1000 nm™. I suspect two reasons here: one is that the intensity of SWCNT
peaks is intrinsically much weaker than MoS, absorption and the amount of SWCNT
I used in here is too little for the detection. Second reason is that the SWCNT
purchased from Hipco typically does not show absorption peaks around 1000 nm,
which could be due to the broad range of SWCNT diameters and impure nature of the

product [457.458]

(a) (b)

Intensity (arb. unit)
Intensity (arb. unit)

300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Figure 5. UV-Vis spectra of (a) P3HT film and (b) P3HT mixed with MoS,CNT (3 wt%).
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Figure 6. (a) Energy band alignment of an P3HT:MoS,CNT solar cell where CNT is
semiconducting-and-metallic mixed (Metallic CNT exhibits workfunction of 4.5-5.0 eV). (b)
graphical illustration of P3BHT:MoS,CNT photoactive layer.

To assess the impact of the MoS, as an electron acceptor, I performed
photoluminescence measurement on both MoS,CNT/ P3HT solution and film. The

excitation wavelength is 400 nm as derived from the UV-vis spectrum. For the
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solution samples, we cannot observe anything. It could be the ODCB solvent used
hindering the measurement and inter- action between the two species or the
concentration of the solution was not adequate. However, for the film samples where
MoS,CNT and P3HT have been mixed in different ratios show photoluminescence
quenching specifically, from the sample, where 2.8 wt% of MoS,CNT to P3HT, has
been used. The quenching is further enhanced with the increase in MoS,-CNT
composition to 3 wt%. Using higher concentration of MoS,CNT does not quench the
PL spectrum completely but rather reverts back to non-quenched spectrum. This
suggests that the presence of MoS,CNT induces the dissociation of excitons generated

in the polymer and 3 wt% is the most optimised concentration (Figure 7).

Finally, I show the device performance. The PCE, 4 of MoS,CNT and P3HT
mixture device is measured to be 0.46%, while both the reference samples of pristine
SWCNT without MoS, deposition and P3HT alone devices give y = 0% and u = 0%
each (Figure 8, Table 1). Significant increase in V., Jyc, and Ry, shows that
MoS,CNT functions as an electron acceptor. However, rise in Ry and limited FF
suggest that many undermining factors like a random orientation of MoS,CNT, small
coverage of MoS, nanoflakes on CNT, purity of the SWCNT, and thickness of the
SWCNT may have hampered the device potential. I also attribute to MoS,CNT

coverage and CNT’s surface to volume ratio for the limited performance.

—P3HT only
——P3HT and MoS2CNT 2.0 wt%

—=—P3HT Light
——P3HT and MoS2CNT 4.0 wt% 4 — P3HT Dark

—=—P3HT MoS2(¢NT Light
—— P3HT MoS2¢NT Dark

Current Density (mA cm?)
o

Intensity (arb. unit)

—————

500 550 600 650 700 750 800
Wavelength (nm)

—_—

04  -02 0 0.2 0.4 0.6 0.8
Applied Bias Voltage (V)

Figure 7. Photoluminescence data of the active Figure 8. J-V curves of the P3HT only solar
layer with increase in MoS,CNT concentration. cell and P3BHT:MoS,CNT solar cell.
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Table 1. Photovoltaic parameters of P3HT device, P3HT:CNT device, and P3HT:MoS,CNT
device.

Active layer Voc (V)  JscmAcem?)  FF 7 (%) Rg(Qem?)  Rgy (Qem?)

P3HT (ref.) 0.19 0.09 0.29 0.01 155 153

P3HT/CNT 0.12 0.04 0.25 0.00 187 1540
P3HT/MoS,CNT 0.40 342 0.33 046 43.6 3770

12.5 Conclusion

I have demonstrated an OSC where MoS, forms a BHJ and function as
electron acceptor species by depositing multilayer on unpurified SWCNT bundles.
Despite many advantages of multi-layered MoS,, application in OSC had been limited
due to its immiscibility with P3HT. My inverted OSC employing the
MoS,CNT:P3HT leads to the efficiency of 0.46%, which is respectable considering
the fact that the expensive purely semiconducting SWCNT:P3HT inverted OSC has
given 0.72%. I hope this finding can provide guidance to other researchers working

on the next-generation MoS,-based photovoltaic device.
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CHAPTER 13

VERTICAL PHASE SEPARATION AND
INTERFACE CONTROL USING PHOTOACTIVE
LAYER SPINCOATING INITIATION TIME IN
ORGANIC SOLAR CELLS

13.1 Summary

Here in this work, I report a new methodology of controlling spin coating
initiation time that improves the contact at the interfaces of ETL by removing oxygen
and impurities, and inducing a more favourable vertical phase separation of the
photoactive layer, at the same time. In effect, this facile method reduces light-soaking
time, and increases Jq-and FF. Accordingly, a PCE of 3.54%, which is 12% higher
than the reference with 3.15%, is achieved and this result is comparable to that of
anaerobically fabricated normal type OSCs. Reduced UV activation time of 3 min is
achieved, which is 17 min shorter than 20 min from the reference. The mechanism
behind these improvements has been studied through diverse analytical techniques
and discussed in this work. This phenomenon is displayed in other ETL, ZnO, and
other organic material, methano indene fullerene (MIF) as long as low volatile

solvents such as ODCB are used.
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13.2 Introduction

Inverted type OSCs have been regarded more promising over normal type,
owing to a favourable vertical phase separation and air-processability. Many
techniques, such as thermal or solvent annealing, slow growth method, melting bi-
layers etc. have been employed to improve the morphology of photoactive layer,
which is one of the advantages of inverted type OSCs. As a result, the device
performance is greatly enhanced which is also reflected in the J-V curve. However,
some of the methods presented above are difficult and costly to perform. In addition,
inverted OSCs still employ certain metal oxide ETL, which impose UV activation
time due to light-soaking effect. Here I show a facile method that can control the
vertical phase separation as well as minimise the light-soaking effect. By leaving the
photoactive solution with a low volatile solvent in air before spin coating, conductive
polymers (donor) and fullerene derivatives (acceptor) were separated vertically in a
way that their charge extraction is enhanced. Besides, oxygen and impurities at the
contact on ETL were removed by leaving the solution for a certain period.
Mechanisms of these improvements were evidenced by various analytical techniques
and empirical tests using different materials in different environments. I anticipate
this finding can expedite the OSC research and its usage in all air-processed inverted

OSCs.

13.3 Experimental Procedures

13.3.1 Device Fabrications

For device fabrications, please refer to ‘2.1.1.2 Organic solar cell inverted
device architecture’, and ‘2.1.1.3 P3HT:mix-PCBM solution preparation’. The metal
oxides were baked at 150 °C before depositing the photoactive layer to dry and

improve conductivity. This minimised the light-soaking time of the OSC."”

For P3HT:MIF photoactive layer deposition, P3HT (regioregular, Sigma
Aldrich Chemical Co., Inc.) and MIF (Synthesised) solution with a donor:acceptor

ratio of 1:1 and concentration of 50 mg mL" in ODCB (anhydrous, 99%, Sigma
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Aldrich Chemical Co., Inc.) was prepared.” The solution was left stirring for 2 h at

65 °C.
13.3.2 Characterisations

For characterisations, please refer to ‘2.2.1.1 Current-voltage characterisation’,
‘2.2.1.2 Incident photon to current efficiency (IPCE)’, ‘2.2.2.1 UV-vis absorption’,
2.2.2.3 Atomic force microscopy (AFM)’, ‘2.2.2.6 X-ray photoelectron spectroscopy
(XPS)’, ‘2.2.2.11 Water contact angle test’, and ‘2.2.2.12 Profilometer’.

13.4 Results and Discussion

I fabricated inverted OSCs using the P3BHT:PCBM with different waiting
times before spin coating. Reference device with immediate spin coating, 5 min
waiting time, 10 min waiting time, and 20 min waiting time were employed. Table 1
shows photovoltaic performance of the devices. PCE is the highest when 10 min
waiting time is applied due to the enhancement of Jy. and FF — it should be noted that
the most optimal waiting time varied in every experiment but the best time was
between 5 min and 10 min in all experiments. While J. increases continuously with
the waiting time, FF increases and decreases back after 5 min waiting time. Increase
in Jgc means that the longer I leave the solution, the better the dissociation of excitons.
Improved vertical phase separation is surmised to be the reason. Notwithstanding high
Jsc, series resistance (Rg) increases after 10 min of the waiting time to decrease FF,
which undercuts the PCE. The solution left in air for a long time being oxidised is

suspected to be the reason.

Table 1 also shows that the light-soaking time reduces as the waiting time
increases. Ultimately, it decreases down to less than 1 min when the waiting time is
20 min. The corresponding J-V curves under 1 sun during the light-soaking time
show the S-curves appearing in the beginning and disappearing gradually (Figure la—
e). The dynamic inflection phenomenon can be explained by distribution of oxygen
within the device. The initial oxygen concentration is determined by the oxygen

solubility of each layer.'””’ Waited solution leads to less defect states at the interface of
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the ETL and changes the electric field distribution of the device. As it is reported that
electron trap sites caused by oxygen at the interface of the ETL are the major
contribution to the S-curve, shorter light-soaking time indicates that during the
waiting time the electrons are desorbed from the ETL interface.“® Other possibility is
the decomposition of organic impurities on ETL by waited solution improving the
morphology of the P3HT:PCBM heterojunction.*®'“** Proposed mechanisms are

illustrated in Figure 2.

Table 1. Air-processed inverted OSC device performance of a selected data set, their light-
soaking time with different pre-spin coating initiation waiting times and related statistical

Pre-spin Jsc R Ry, Light-soaking
Type e . Voc (V) 2 FF 2 2 n (%) .
waiting time (mA cm™) (Qcm?) (Qcm?) time (s)
0.61 9.19 0.57 3.15
Inverted 0 min (ref.) 10.8 1.88E+4 1250
0.60+£0.01 9.13x016  0.52+0.04 2.87+0.24
0.62 9.15 0.57 323
Inverted 2 min 10.7 2.98E+5 650
0.61£0.01 9.17£0.16  0.56+0.04 3.09+0.09
0.62 9.46 0.61 3.54
Inverted 5 min 6.3 1.28E+5 475
0.62+0 9.26+£042  0.59+0.02 3.38+0.22
0.61 9.09 0.59 3.33
Inverted 10 min 12.3 3.79E+5 175
0.62+0.01 9.78+0.24  0.59+0.02 3.22+0.19
0.61 9.86 0.46 2.78
Inverted 20 min 17.6 2.36E+4 50
0.61£0.01 9.34+045 0.50+0.04 2.86+0.16
0.64 0.64 0.64 3.59
Normal 0 min (ref.) - - 30
0.63+0.01 0.63x0.01  0.62+0.03 3.14+0.21

analysis of five data sets under AM1.5G illumination (100 mW cm™).

The optical property of devices fabricated using different waiting times was
studied. In Figure 3, the picture above shows that there are apparent colour
differences according to the waiting time. The colour deepened as the waiting time
increases. I suspected thickness difference caused by leaving solution in air which
might evaporate solvent, increasing concentration of the solutions. However, my
measurements using a profilometer showed that the thicknesses of the photoactive
layers of all devices were around 350 nm and no particular trend was observed. Next,
I measured their optical spectra using a UV—vis absorption spectrometer. Figure 3
shows that there is neither significant difference nor a trend in the absorption. It is still

not fully understood why they happen to exhibit such different colours.
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Figure 1. J-V curves of devices with different waiting times upon light activation with
AM1.5G illumination (100 mW cm™) demonstrating the light-soaking time difference. The
time delay between curves is approximately 30 s (a) reference device, (b) waiting time 2 min,
(c) waiting time 5 min, (d) waiting time 10 min, (e) waiting time 20 min, and (f) overall
devices.

The vertical phase separation in the polymer blend is related to difference in
surface energy. Since P3HT has a lower surface energy than PCBM, it tends to
accumulate at the surface in order to reduce the overall energy.**’ A water contact
angle test was conducted on photoactive layers with different waiting times to verify
the vertical phase separation.**” Figure 4 shows the contact angle of water drops on
ITO/TiO,/P3HT:PCBM samples after thermal annealing. The measured contact
angles can be used to estimate the surface energy using the extended Girifalco-Good—
Fowkes—Young (GGFY) equation.*”*® However, it is unnecessary to derive the

exact surface energy values, rather a simple comparison of the contact angles suffices

my analysis. Figure 4 shows that the contact angle increases with the waiting time.
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The reference device shows an average of 98.3°. It is slightly lower than the
commonly reported values.**" With 5 min waiting time, the contact angle increases
by around 3° and with 10 min waiting time, it increases by 7° to 105.3°. There is no
significant difference between 10min waiting time and 20min waiting time. This
indicates that either the vertical phase separation has been saturated at some point
after 10 min waiting time or the organic molecules have been oxidised. This trend
indicates that there are more P3HT with lower surface energy on the surface of the
active layer as the waiting time increases.”” Consequently, the amount of non-
continuous pathways of P3HT is reduced which decreases the carrier accumulation

and the carrier recombination in the photoactive layer.!*"%*!

& =PCBM 8= P3HT

1\0*." 3 4 55 5\}\1 ’.,. /150 °C
o ‘”.f 2 o G ’ “ N;ﬁ
a-’a o 96"94'6 -2 5% £%.4 a:a'fr:’.o o2 P l 355 99§ $884%s 3% ‘.‘:é?
Glass Substrate | Glass Substrate \ Glass Substrate
* As cast on a substrate - Surface energy difference induces ~ * After spin coating, thermal annealing
vertical separation in solution induces crystallization
+ Pre-spin coating waiting time * The aggregation domain size
expedites the separation depends on the pre-spin coating time
o
Active Layer o Active Layer + During the waiting, dissolved

© oxygen particles decrease at
Waiting the interface

o
b o ° o ©
O * Removing oxygen in the device
= Oxygen Particl

network reduces light soaking
. [\ o

effect

LUMO LUMO
o2 (Ads) o2 (Ads) 02 (Ads)
HOMO HOMO

Adsorbed oxygen creates trap-sites = Excitons get trapped and causes S-curve UV excites electrons of TiO,, filling up traps

Figure 2. Graphical illustration of the two effects taking place in an inverted OSC during the
waiting time. (a) vertical phase separation, (b) oxygen distribution within the photoactive
layer and ELT interface, and (c) more detailed illustration of an interaction between TiO,
surface and adsorbed oxygen that leads to the light-soaking effect.
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Figure 3. A picture showing the colour differences in photoactive layers of the devices with
different waiting times (above) and UV-vis absorption spectra of thermally annealed
ITO/TiO,/P3HT:PCBM where the ITO/TiO, absorption has been subtracted (below).

98.8°+1.8 101.2°+1.3 105.8°+0.8 104.9%+1.1

Figure 4. Water contact angle tests on ITO/TiO,/P3HT:PCBM samples with (a) no waiting
time, (b) 5 min waiting time, (c¢) 10 min waiting time, and (d) 20 min waiting time.

XPS has been used to study the composition of the photoactive layer surface.
The weight or molar ratio of the components can be calculated directly from the peak
intensities of individual elements in XPS."***®#™ Using C/S atomic ratios obtained
from the XPS spectra, I tried to obtain information on the surfaces of P3HT: PCBM

films with different waiting times.
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The peaks around 164 eV binding energy are assigned to the thiophene S
atoms in P3HT and the peaks around 285 eV binding energy are assigned to the alkyl
C atoms in PCBM. According to my data in Figure 5, with increase in the waiting
time, both components decrease in intensity. If we look at the C/S atomic ratio, it does
not change significantly. Therefore, the evidence is not strong enough to deduce any
conclusion from this. With the short mean free path of photoelectrons, the probing
depth is only 6-8 nm. Especially in this case, with 30° take-off angle, the probing
depth was around 2 nm. The inaccuracy of the XPS measurement might have
occurred from such shallow depth analysis, as the size of one PCBM is greater than 1
nm. In addition, the difference in vertical phase separation produced by my method
may not be as great as the difference observed in the slow-and-fast growth study

reported before.!*

a b

1 1 1 1 1 1 1 1 1
——Reference

—— 10 minutes waiting
20 minutes waiting

— Reference
—— 10 minutes waiting
— 20 minutes waiting

Intensity (a.u.)
Intensity (a.u.)

162 163 164 165 166 167 282 283 284 285 286 287 288
Binding Energy (eV) Binding Energy (eV)

Figure 5. (a) The XPS peaks assigned to the thiophene S atoms in P3HT and (b) the XPS
peaks assigned to the alkyl C atoms in PCBM both according to the waiting time.

AFM was employed to observe any morphological change owing to the
vertical phase separation. When the P3BHT:PCBM blends on TiO, films are observed,
it is difficult to distinguish clearly from the images and the r.m.s. roughness values
(Figure 6a—c). However, after selectively dissolving away the fullerene phase by OT,
the difference between the samples with different waiting times are clearer (Figure

6d—f). The r.m.s. roughness increases from 2.9 of reference to 3.1 for 10 min waiting
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time and to 3.7 for 20 min waiting time. The difference is even more clearly
demonstrated in 3D images where a large proportion of PCBM is rinsed away in the

reference sample unlike the rest. (Figure 6g—1).

Figure 6. AFM images of P3HT:PCBM on ITO/TiO, substrates with (a) no waiting time, (b)
10 min waiting time, and (c) 20 min waiting time. Also AFM 2D and 3D images after PCBM
of the photoactive layers have been washed with OT for (d) and (g) for no waiting time, (e)
and (h) for 10 min waiting time, and (f) and (i) for 20 min waiting time.

The maximum exciton generation rate and the exciton dissociation probability
in the P3BHT:PCBM absorption layers of the samples with different waiting times
were estimated from the J—V characteristics. Figure 7 shows the external photocurrent
density (J,,) as a function of the effective applied voltage (V. =V, - V) where Jph is
difference of the current density under illumination and dark conditions, and V/, is the
voltage at which Jph = 0 mA cm®. The external photocurrent density could be

expressed as below: 471472

Jw =9G,, PL

max
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is the maximum exciton generation rate, P is the

max

where q is the electronic charge, G
exciton dissociation probability, and L is the thickness of the absorption layer. When
the effective applied voltage is larger than 3 V (V,; > 3 V), the full saturation
photocurrent density (/) was obtained. It indicates that all excitons are dissociated in
the absorption layer. This indicates that the exciton dissociation probability is near to
1 and the Eq. (1) can be rewritten as J,,, = qG,,,,L. The estimated G,

sat max

leads us to the values of P to be 93.7%, 92.9%, 94.1%, and 96.6% for the reference, 2

of the samples

min waiting time, 10 min waiting time, and 20 min waiting time, respectively, at a
short-circuit condition. The increase in P of the samples is attributed to the extra
PCBM and the non-continuous P3HT at the interface of the ETL, which improves the

charge transfer rate and reduces carrier recombination in the absorption layer.

Figure 8 shows the incident photon to current efficiency (IPCE) as a function
of the wavelength, which further evidences my findings. As shown in Figure 4, the
IPCEs of the waited samples are larger than the reference. This means that there are
more exciton generations followed by better charge collections. Moreover, the 20 min
sample shows relatively higher increase in the 500 nm region which is responsible for
the P3HT charge extraction. This, I suspect, is due to the fact that the non-continuous

P3HT pathway has been reduced.

1x10" - .?
)

4 ¢ on

4 ¢ on

1x10° 4 g

ph

J_ (mA/cm?)

Reference

2 minutes waiting
10 minutes waiting
20 minutes waiting

1x10"

O 4 4 ¢ m o

102 10" 10°

Veff V)

Figure 7. The external photocurrent density as a function of the effective applied voltage for
the reference sample, 2 min waiting time, 10 min waiting time, and 20 min waiting time.
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Figure 8. IPCE as a function of wavelength for the reference and the samples with different
waiting times.

To ascertain the contribution of charge recombination in the loss mechanism

for the photocurrent, the light intensity dependence of the normalised Ji. under

illumination is plotted in Figure 9a. The experimental data are fitted with a formula:
Jsc =k x LI*

Jsc vs. function of light intensity tells us about the space-charge build up. It
has been predicted that & = 1 when the photocurrent is determined by the generation
rate of electron—hole pairs upon photon absorption, while it can be below 1, when a
low mobility donor is used, active layer has a poor morphology, or the photo- current
is limited by the formation of space-charge regions due to unbalanced charge
transport for electrons and holes as it prevents the efficient extraction of one
carrier.”””" a should be 1 in general bilayer device and bulk heterojunction. In this
experiment, o = 1.05 for the reference device, the 2 min waiting sample, and the 5
min waiting sample; and a = 1.04 for both the 10 min and the 20 min waiting samples.
This suggests that there is no space-charge limitation effect and the initial geminate
pair separation is very efficient in all conditions. Thus none of the sample’s insulating
oxides is acting as a barrier for charge transport nor the photoactive layer possesses

low mobility.
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The ideal factor, 17, = 1, can be expressed as the following formula:
1.a = /KT x dV/dIn(LI)

The ideality factor increases from 1, as more trap states are present. An ideality factor
of 2 is indicative of Shockley—Read—Hall recombination (trap assisted recombination).
This offers information on the recombination rate within the photoactive layer. Figure
9b shows that the increase in V. is large for the 20 min waiting sample, which can be
attributed to a low recombination rate of the photo-generated charges in these
structures, thus slow depletion excitons. This again supports my hypothesis that the
phase separation improves for better charge extraction as I leave the cast solution
longer. Yet, the decrease in FF is ascribed to the increased Rg, which probably

originates from oxidation of the photoactive layer in air.

a b
10 1 1 1 1 . 0.65 1
——Ref. Jsc
——2 min Jsc
——5 min Jsc
8 1 —— 10 min Jsc I 0.6 -
——20 min Jsc
6 L 0.55 -
o 3}
(=]
3 >
4 = 0.5
y = 0.073271 * x(1.0549) R= 0.99961
y = 0.074917 * x(1.0478) R= 0.99953 ——Ref. Voc
2 —_- . A - o 0.45 { ——2min Voc L
y =0.074442 (1.0543) R=0.99963 5 min VOC
———y =0.074872 * x\(1.0394) R=0.99964 —<—10 min Voc
0 . —— = 0082635 * x\(1.043) R=0.99965 04 20 min Voc .
0 20 40 60 80 100 120 1 10 100
Light Intensity (% of 1 Sun) Light Intensity (% of 1 Sun)

Figure 9. (a) Jsc and (b) V¢ as a function of light intensity for the reference and the samples
with different waiting times.

Devices were fabricated in different conditions using different samples. Firstly,
the waiting effect in nitrogen condition was checked by fabricating P3HT:PCBM
based OSCs inside a glove box. I expected no light-soaking improvement but the
vertical phase separation to still take place. According to Table 2, neither the PCE
improvement nor the light-soaking time trends are clear. There- fore no light-soaking
improvement has taken place. Yet, also no clear difference in PCE means that the

vertical phase separation might have been too subtle to manifest observable difference.

Second, the same devices but using ZnO instead of TiO, were fabricated in air.
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Some claim that the light-soaking mechanism and origin of ZnO is different from
those of TiO,, not to mention inherently shorter light-soaking time for ZnO. The
Table 3 shows that the PCE improvement is not as dramatic as TiO, based devices
and the light-soaking improvement is unclear which is probably due to intrinsically
short light-soaking time. However, the trends in each photovoltaic parameter follow

my hypothesis.

Lastly, I used a different acceptor material to check versatility of the waiting
effect. MIF which is 56-r bis-functionalised fullerene where one adduct is an indene
group and the other is methanediyl group was used in place of PCBM and inverted
OSCs were fabricated in air with different waiting times.*”’ The Table 4 shows that
MIF based devices behave the same way as the PCBM based devices. Therefore, it is
proven that the waiting effect does not only work for PCBM but also for another

fullerene derivative too.

Table 2. Nitrogen-processed inverted OSC device performance and their light-soaking time with
different pre-spin coating initiation waiting times under AM1.5G illumination (100 mW c¢m?).

Pre-spin waiting time V. (V)  Jgc (mA ecm?) FF 1 (%) Light-soaking time (s)

0 min 0.62 9.71 0.56 333 480
5 min 0.61 991 0.57 341 840
10 min 0.60 9.55 0.56 3.25 660
20 min 0.60 9.51 0.57 333 175

Table 3. Air-processed inverted OSC device performance using ZnO and their light-soaking time with
different pre-spin coating initiation waiting times under AM1.5G illumination (100 mW c¢m?).

Pre-spin waiting time V. (V) Jgc (mA ecm?) FF 1 (%) Light-soaking time (s)

0 min 0.61 8.62 0.56 333 280
2 min 0.61 8.89 0.58 3.16 170
5 min 0.62 8.86 0.58 322 200
10 min 0.63 8.93 0.60 334 60
20 min 0.62 9.08 0.49 2.76 60

Table 4. Air-processed inverted OSC device performance using MIF and their light-soaking time with
different pre-spin coating initiation waiting times under AM1.5G illumination (100 mW c¢m?).

Pre-spin waiting time Voc (V) Jsc (mA cm?) FF 17 (%)
0 min 0.77 642 0.44 2.18
5 min 0.79 6.04 0.55 2.61
10 min 0.77 6.72 0.58 3.00
20 min 0.77 5.57 0.53 227
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13.5 Conclusion

In conclusion, I discovered that the pre-spin coating initiation of photoactive
solution waiting time induces two favourable effects for air-processed inverted OSCs.
One of the effects is the control of the vertical phase separation and another is
desorption of oxygen at the interface of the ETL. Principles of these effects were
evidenced by the analytical techniques. The optimised waiting time was found to be
around 5-10 min and a PCE of an air-processed inverted OSC reached as high as a
normal type OSC which was fabricated inside a glove box. I believe this study can
play an important role in understanding the OSC devices and anticipate this facile

method being utilised in scale-up of air-processed solar technologies.
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CHAPTER 14

CONCLUSION AND OUTLOOK

The mainspring of the thesis was to understand the mechanisms behind
interfaces of charge conductive and selective layers which lead to improvement of the
four key criteria (efficiency, flexibility, facility, and stability) of the next-generation
solar cells (Inset). From Chapter 3 to 6, carbon nanotube films were used as
electrodes and their interfaces were studied. A variety of doping and interface
modification methods were harnessed to achieve high efficiency and flexibility. In
Chapter 7, I introduced a new metal oxide electrode, which can function as both
charge conductive and selective by interface change to achieve facility of the solar
cell fabrication. In Chapter 8 and 9, the conventional change selective layer, ZnO was
deposited in a novel fashion to enhance all of the four fronts. Surface modification
using surfactants were discussed in Chapter 10 and 11. Interface investigation was
extended even to the active layers in Chapter 12 and 13. Since this thesis is a
collection of related individual researches rather than a single project which begets a
single conclusion, I have provided a table below which summarises conclusions of

individual chapters.

Chapter Conclusion

Single-walled carbon nanotube successfully replaced ITO and thermally annealed MoOy

3 layer functioned as both dopant and charge selective layer. Flexible and high performing

ITO-free organic solar cells were demonstrated.

Single-walled carbon nanotube successfully replaced ITO in perovskite solar cells. I
discovered MoOy layer is incompatible with perovskite solar cells due to energy level

4 mismatch and introduced two novel ways of doping via diluted nitric acid and

solar cells were demonstrated, carbon nanotube showed a slight energy level mismatch.

PEDOT:PSS modification. Although flexible and high performing ITO-free perovskite

Application of solution-processed double-walled carbon nanotube as an electrode to
replace ITO in organic solar cells was successfully demonstrated. I compared the

5 mechanical and electronic properties of double-walled and single-walled nanotubes and

defect sites under nitric acid doping as evidenced by higher solar cell efficiency.

6 window-like and metal-free organic solar cells were produced. In order to enhance the

top were introduced for the first time.

7 ozone-treated niobium-doped titanium oxide was used as both an electrode and a charge

the surface of niobium-doped titanium oxide film, turning it into semi-conductor.

discovered that inner-nanotube of the double-walled carbon nanotube does not produce
Single-walled carbon nanotube replaced metal in organic solar cells and transparent
overall performance, novel methods of doping carbon nanotubes that are laminated from
Niobium-doped titanium oxide was used as an electrode to replace ITO, and moreover

selective layer in inverted organic solar cells. It was found that ozone treatment oxidised

8 I develop a new way of forming ZnO nano particles by using amino-2-ethanol as
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stabilisers which could form a film by a simple spin coating without applying thermal
annealing in inverted organic solar cells.

9 High pressure-sputtered ZnO films showed higher efficiency than the sol-gel ZnO films.

I successfully modified the surface of metal oxide by anthracene compounds which
10 enhanced the efficiency of solar cells by filling up the reactive sites of the oxide film.

I successfully modified the surface of metal oxide layers by catechol compounds which
11 attracted fullerene acceptors to the surface to enhance organic solar cell efficiency.

) I Introduce MoS, as electron acceptors in organic solar cells by using carbon nanotube.

1 MoS, functioned as electron acceptor in a bulk heterojunction for the first time.

A vertical separation in a bulk heterojunction in inverted organic solar cells was
13 successfully induced and better contact in active layer was achieved as proven by reduced

light-soaking effect.

In summary, different materials and interfaces in the charge selective and

conductive layers have been studied in depth and their applications successfully

demonstrated advancements in terms of power conversion efficiency and versatility.

This work is especially significant for the charge conductive and selective layers are

applicable not only in photovoltaics, but in other electronic devices too. I look

forward to science and technology discussed in dissertation contributing greatly to the

academic community.

‘ Ch.6: Metal replacement by carbon nanotubes to produce transparent solar cells ‘ > Efficiency and Facility

Ch.13: Waiting effect - Vertical S Efficiency and Stability

® separation & improved interface
Metal Ch.12: MoS, in bulk heterojunction - New concept
Charge Selective Layer Ch.10 & 11: Surface treatments by AR
J anthracene and catechol derivatives > FaC|I|ty

Active Layer

Ch.9: Sputtered ZnO film as hole- > Efficiency and Stability

- — blocking layer
Charge Selective Layer ®
& Ch.8: 2-aminoethanol stabilised ZnO T -
] ITO quantum dots as hole-blocking layer - Flexibility and Facility
Glass/Plastic Substrate Ch.7: Single Nboo;Tines0; fim as| s & it
both electrode & hole-blocking layer acllity

Ch.3 & 4: ITO replacement by Ch.5: ITO replacement by
single-walled carbon nanotubes  double-walled carbon nanotubes

-> Efficiency and Flexibility

Inset. An illustration of how each project this thesis contributed to completing the initial

objectives.
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