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Abstract

In the current work different architectures and photoactive materials have been
investigated inorderto fabricate lowtemperaturesolutionprocessedolar cells using

dip and spin coating methods.

Inverted bulk heterojunction structure has been utilised in fabrication of polymer solar
cells using dip coating method. In this structure, all layers except electrodes were
depositedusing dip coating method, which demonstrated excellentpotential to
produce largescale area PV devices. Formulation of solutions (using different solvents)
of hole transport layeractive layer and electrontransport layemplay a key rolein
produang uniform thin filmsas well accompatiblity with dip coating method. e best

PV device achieved ~ 3.4% power conversion efficiency.

On the other handplanar heterojunctionstructures have beenemployedto produce
perovskie-based solar cellasingone and two step spin coatingethods(OSSCM&
TSSCM) Thorough investigationsof controlling the morphology of the perovskite
films have been carried out using leemperaturgrocessing methodst was found
that it is difficult to control the morphology via O6BI without additives or using
solvent engineering. Camtling the morphology of the perovskite films washieved
via TSM after optimizing process parameters such as the concentration of

methylammonium iodide (MAI), allowed reaction time (Adhd thermal annealing.

In this work it has been establish#tht the best morphology of the perovskite film
wasachievedwhen the 1.0 wt% MAI solution was loaded at$#on top of the pre

coated Pblfollowed by thermal annealing fdwo hours.



Furthermore, a novetoute for fabrication of solar radiation abserk has been
developedby blending a photoactive conjugated polymer with an organolead halide
perovskite to create a composite photoactive layer for solar light harvesting. The
photoactive polymer did not only contribute to generation of charges, bwrdisoced

stability of solar cells by providing a barrierpection to halide perovskites.
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Chapter 1 - Introduction

1.1 Background

The demandfor energy hasbeen significantly increasedlue to the rapid
developmentof the world population andndustrialisation The global market
energy consumption rapidly rises by 49 % from 20Q®@35 according to the
international energyoutlook 2010. Worldwide energy increased from 495

quadrillion British thermal unit Btu) in 2007 to 739 quadrillion Btu in 2035 as

shown in Fgure 1.1 [1].

800 -
mMNon-0OECD

WOECD
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Figure 1.1 World marketed energy consumption, 20072035 (quadrillion Btu) [1].

Sourcesthat meet the demand in global energy consumpéion classed as either
renewable energy and noenewable energy sourcesvhich are strongly
distinguished by their lorterm sustainabilityRenewable energy sources including
solar, geothermal and wind energy sources are defined as naprcallyced

resources that casontinuallyberenewed without depletida].



On the other hand, nemnewable energy resources are defined as being finite by
nature as they deplete loagcumulated fasl-based matgals such as oil, natural

gas anctoalas well ashatural elements which aused to generate nucleamergy.

Figure 12 shows that fossil fuel are still the greatsmircefor energy production
and are depemraht uponthe requirments othe expanding energy demand between
2007 and 2035, whiclmay lead to a depletion of these resources after a finite
period. In addition to the factor of being finite, the increase in carbon dioxide
emissions as a result of burning fossil fuels is furtlaésimg concerns orglobal

climatechangesvhich results in increasing hazard to hurbamgsworldwide.
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Figure 1.2 World marketed energy use by fuel type, 199Q035 (quadrillion Btu) [1]

When compared to traditional forms of fossil fuels, nuclewmrgy is the most
feasible alternative as very large amounts of enedybe generatedvithout
producing CQ emissions. However, the presence putential leakage among
nuclear plants and the disposal of nuclear wastwwsaysan ongoing concern to
worldwide energy producersBy contrast alternativerenewable energy sources are

nontdestructive to the environmeand wlike fossil fuel sourcesthey cannot be



depleted. These include solar, wjrahd geothermal energy sourcése use ofully
renewable sources presents an enormous opportunity to preserve the environment
and positively impacton human healthAs oneof these renewable sources, solar
energyis promisingand has attractedsagnificantof attention duringhelast decade

due to its followingfavourableadvantages:

1. Abundance, sustainability of the soyreed nondestructive impact on

the environment.

2. It hasthe lowest demand of maintenance and guarantees adong

performance of up to 285 yeardor Si-based solar cells.

3. The potential to install solar cells at remote locations, rendering it

unnecessary to be connected to the national grid.

4. Significant costreduction seemisolar panels, from $76/Waitt 1977 to

only 0.35 entWattin 2015 as shown in Figure 1.3

$76.00

h Price history of silicon PV cells
in US$ per watt

$0.30

|h|II"|IIIIIIII||||||||um....-
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Source: Bloomberg New Energy Finance & pv.energytrend.com

Figure 1.3 Price history of silicon PV cells in US$ per watf2]



1.2 The solar radiation and air mass

The sun, being our closest star, is a spherical body emitting large amounts of solar
radiaton onto the earth surface via the void ehpty spaceThe approximate
distance between the sun and the earth4s10"' Km. It has been calculated that

the sun suppdis energy to the earth at 1.a8%" W [3,4], whilst the yearly global
energy consumption is calculated at approximatelp<10** W [5] . Based on these
calculations only a very small mpportion of the energy emitted by the sun is

UHTXLUHG WR PHHW D \HDUfVY JOREDO HQHUJ\ GHPDQ

The solar spectral distributiols definedas the feasible relationship between the
intensity of solar radiation and the wavelend@). Moreover, the solar spectral
distributionis alteredwhenthe radiation penetrates the earth's atmosphere through

scattering and absorpti¢@].

+RZHYHU EHIRUH WKH VXQYVY UDGLDWLRQ UHDFKHYV
begins with the fusionb K\GURJHQ DQG KHOLXP DW WKH VXQTV
temperature of approximdye1.5 x10 K. Furthermore, as this process moves
WKURXJK WKH OD\HUV RI WKH VWDU WKH VRODU UDG
and close to that emitted outo space haa temperature of around 6000[K. The

spectrum of electromagnetic solar radiation includesays, Xrays, ultraviolet

radiation, visible light, infraed radiation, radio waves and radar waj&js From

these emissions, two main propertiestitd sun may directly impaan the solar

cells units; irradiancevhich is the proportion of falleradiationon the surface per

unit area; and the chauteristic spectra of thediation[9]. Furthermore, it should

also be mentioned WKDW WKH VXQfV SRVLWLRQ dagQWLQX

VXEVHTXHQWO\ FKDQJLQJ WKH GLVW Ll EthamRdlthed/ KH V X«



HDUWKTV VXUIDFH %HFDXVH RI WKLV IOXFWXDWLR

drastically. This factor is determined by the air mass

Air mass (AM) couldbe definedas he required distance for solar radiation to travel
to the earth's atmosphere, whitnpacts on dth the irradiance and solar spectral

distribution[10] as shown in Figre 14.

$0 UHIHUV WR WKH VRODU UDGL D Wmhdgerérieihing UXP R

thatthe path length within the atmosphere is 4édj.

AM1 refers to the distance of the solar radiation spectrum required to reach the

HDUWKTV VXUIDFH ZKHQ WKH VXQ LUé&atsd totheFedt®.\ DW D
$0 RFFXUV ZKHQ WKH VRODU UDGLDWLRQ KDV D VR
RYHUKHDG SRVLWLRQ ORUHRYHU W&#HefioeRaaDhd =HQLY

angle between the sun and the vertjtal.

Atmosphere

Figure 1.4 The path length, in units of Air Mass (AM) measured at a condition AMO,
AM1 and AM 1.5




1.3 Motivation for research

The first andsecondgeneration of solar cells based on the morntal silicon and
thin film silicon respectively haveeery high efficiencymakingthem commercially
viable for a long time. However, their high fabrication cast well as technology
complexity lead tonumerousinvestigations orlower cost solar celltechnologies
that couldprovideinexpensiveand efficientalternative PV deviced 2]. Recently, a
new generation of solutieprocessable photovoltaic devices (SPPDs) lexsme
prominentwhich mainly includes dyesensitized solar cal[13], quanturadot solar
cells [14], polymer solar cedl (PSC)[15], and very recently perovskite solar cells
[16]. They have the required features of eead fabrication, cost effectiveness,
possibility of usinglexible substrates, and large area deyimeessingisingroll to
roll (R2R) technologyor other simple solution manufacturingethodg17 £0]. The
simplicity of the fabrication processing technologies of SPPDs potenteslyltsin

a sharp reduction in th@st oflarge scalephotovoltaic devices.

Amongst these solaell technologiesPSG appear to be one of the most promising
candidatesn the competition to achieve leaost photovoltaic devices due tiweir
advantage of being lightweighgbility of deposition on flexible substrates and
simplicity of fabrication process. Howeven, spite of these promising advantages,
the performance dPSG does not exceed I% for the single bulk heterojunction
[21]. Furthermore, hybrid organometal halide perovskites recently received
substantial consideration as an inexpeagiotoactive alternative material to the
conventional Sbased solar cells. Amongst the superior properties of this material
are its direct band gap, high absorption coefficientland electrorhole diffusion
length with the highest efficienayf more han22% [22]. In spite of the excellent
performance of perovskite solar cells, further investigatiaresstill required to
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solve the major issues of stability of the perovskite materialshrentbxicity of lead

(Pb).

1.4 Aims and objectives

The primary aim of this research ito develop low cost, highlgtable and highly
efficient solutionprocessed photovoltaic devices ushwh dip and spin coating
methods.The current researctbjectivesare focussed on fabricatinigree different
structures of solar cells based on photoactive polymer, organometal halide
perovskite and hybrid photoactive polymeperovskite compositeusing solution
processed techniques \edherdip- or spin coating metbds. Dip-coatingtechnique

has been usetb fabricate high performangehotoactivepolymer solar cells. The
solutions for each layer in the polymer solar c&lisre modifiedin order tobe

compatible with the diqzoatingmethodfor producingPV devices.

On the other handwo step spin coating method (TSSCM) has bespbyed to
producehigh-efficiency perovskite solar cells usiii§,6]-pheny C61 butyric acid
methyl este(PCBM)-based planar heterojunction structurgreover, hree step
spin coatingmethod (THSSCM) has been used to fabricate a novel photoactive
composite structure based omerovskitePTB7 materials to achievehigh
performance withenhancedstability compared to solar cells fabricated from the
pristine perovskiteSeveral techniqudsave beerutilisedin this research in ordeo

analyse theroducedhin films and devices; these include:

f UV-vis spectroscopy and-Ky diffraction patternsireused to examine

the optical and structural properties of the thin films respegt



f Atomic force microscopy (AFM) and scanning electron microscope
(SEM) areused to investigate the surface morphologies optbduced

thin films.

f FTIR and photoluminescence Pdre utilised to examine the internal

structure of the composite perovskisndoptical properties respectly.

f Current densityvoltage (V) characterisation and external quantum
efficiency (EQE)measurements are carrigal identify the performance

of producedsolar cells.

1.5 Outline of the thesis

This thesids organiseds follows:

™ |n Chapter 2,a literature reviews carried out to better understand current
technologies, manufactuing and developing of solar cells Basic
architecturs of solar cells andfabrication methods are reviewed
Furthermore, present issues with solar ¢etthnologes and methodsto

combat these issuase alsgresented

™ Chapter3 introducs the selection and preparation of materiededin this
thesis (.e. photoactive materials, electron transport materials, hole transport
materials and electrods), and study otheir features antheir
characteristicsThis chapter also introduséhe principles of/arious

characterisation techniquased in thisvork.

™ In chapter4, the fabrication of polymer solar cells using dip coating method
is discussedAFM is used to investigate the morphology of the photoactive

layer, hole transport layer and electron transport layer fabricatedeitieg



dip or spin coating methqdseparatelyUV-Vis absorption spectroscopy and
X-ray diffractionmeasurementarealso be usetb examine the optical and

structural properties of the photoactive layer

™ Chapters explainsthe use of the onstep spin deposition method (OSSDM)
to fabricate perovskitenaterials The top surface morphology, the optical
and crystal structure propertiesthe perovskite film fabricated via OSSI
will be studied. The two-step static deposition method (TSSDMused to
fabricatethe perovskite thin films Extensive investigationare cariied out
to examinethe perovskite filmsnorphologes and crystallisation behaviour
by altering different parameters. Moreover, the prepared perovskite films
will be characterisé using U\-Vis absorption and Xay diffraction tests to
understand tir optical and structal properties. The impact of thermal
annealing treatment on the perovskite films will be examined using the

optimized parameters.

™ Building on the ideal parameters identified in the previGhaptey Chapter
6 investigats the fabrication ofhighly efficient reproducible perovskite
solar cells with varying concentrations of Methylammonium iodqMal)
solution using TSE€M. The optical and structural properties of the
perovskite films will be examinedhendifferent concentations of the MAI
are usedMoreover, the cross section and the top surface morphologies of
the perovskite films under these concentratiohthe MAI solutionwill be

assessed.

™ In Chapter7, a novephotoactive materidbasedon conjugateghhotoactive

polymerandananocomposit@alide perovskités developedThis new light



harvesting layeremploysto fabricate higly efficient hybrid solar cells.
Blending theconjugated photoactive polymerth the perovskite extersdts

light absorption and significantly enhasc&/ KH V R Odiability HoOQ® V
940 hours inside the glovebogompared to the pristine perovskitased
solar cells Their optical and structural propertie@xamineusing U\-Vis
absorptionand photoluminescen@s well asX-ray diffraction. Thesurface
and cross sectiomorphologes of the novel photoactive absorbstudies
using AFM and SEM. Additionallystability of solar cells fabricated from
the pristineperovskiteandthe novel composite materiaivestigatesunder

the condition of storing ia gloveboxfor a time period.

™ | astly, Chapter8 preserg conclusios derived fromthis work and the

implications for future research will also be addressed
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Chapter 2 - Literature Review

2.1Introduction to solar cells

Photovoltaic (PV) technologies may trace back to more thamandred years ago.
In 1839French scientist Edmond Becque@] first noticedthe photovoltaic effect
after two metal electrodegvere placed in an electrolytdn 1873 and 1876
respectively, Smith and Adams discovered the phothectivity of a solid material
known as seleniurf24]. Although theseleniumdid not workas a PV materiathere
was an important benefitlerived from this experimenwhich showedthat solid
materials might convert light into electricity without heating. More than seven
decades later, the first photovoltaic cell basedilicon p-n junction was revealed in

1954in the Bell labs in the United Statg25].

Chapin, Fuller, and Pearson observed the sensitivity of silicon dopedawith
impurity to light [26,27]which has resulted ipower conversion efficiencyPCE of

~6%. Since then, scientists have endeavoured to implement a series of developments
for manufacturing igh-efficiency Stbased solar cells with a high degree of
stability. As a result, the highest efficiency of solar cells reachedattheyhave

sincedominatedhe marke{28].

However,the production ohigh-purity Si requires higltemperaturea very clean
environment, and hlgcost equipmentAs a result, there was an urgent necessity to
find alternative materials which can be manufactured at low cost wigmoplioying
complicated fabrication processes. Although amorphous silicon, cadtdiunide,
copper indium galliundiselenide (CIGSjhin films-based solar cell&bricatedby

vacuum deposition methods were discovered with lower fabrication cost than Si
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based solar cellsThe PCEs of solar cellproducedfrom these materials are still
smaller than that of bulk $iased solar cells. Their highest reported efficiencies

were ~10.1%, ~16.7%, and ~19.4%, respecti{28y.

Compaed to the vacuurbased methodssolutionprocessed solar cells have
significantly reduced costsing R2Rmethodand showd potentialto revolutionise
thin film-based solar cells. Polymdrased organometalhalide perovskitdased,
and kesteritenanoparticledbased (e.g. GAnSn(S,Se) solar cells are able to be
fabricated by thesolutionprocessed methodlhe PCE for polymebased and
kesteritenanoparticlesbased solar cellbas increased to aroudd% [21]. Halide
lead perovskites presented very promigiesults fordight harvesting, which led to a
significant achievementPCE of better than 20%n a short period[29].
Semiconductive polymemsuch agoly (sulphur nitride) and polyacetylemere first
investigated in solar cells in the 199@%]. However the acieved PCEwvaslimited

to less than ~0.1%. In 1986 s@nificant transformatiomccurred when Tang used
heterojuncitn structuresdopper phthalocyanine (CuPa$ a donoand a perylene
tetracarboxylic derivativeas an acceptprin one cell[30] with PCE increasing
significantly to ~1%. Thidransition opened the door of exploritige useof cheap,
lightweight, and flexible materials to produce solar cdfisogressvasrealizedin
1995 when the first bulk heterojunction (BHJ) PV device from semiconductive
polymers was invented by Heeger's ypoand Friend's group separat¢Bi,32]
Since then, studies have been carried out and effortsiemrentensifiedover the

past twenty year® developing PSCs

This chapter will reviewdifferent photoactivematerials which were used to

fabricate low cost solution processed solar cells mainly including-senductive

12



polymers with fullerene derivatives and organolead halide perovskites. Different

fabrication methods, architectures, and solar cells develdpmilkbe reviewed.

2.2 Generation of solar cells

The first-generationof solar cellswere basean wafers of the monocrystalline or
polycrystallinesilicon. Currently, they stildominatenearly 90% oflie commercial
solar cell markef27]. They typicaly exhibit features of high stability and efficiency
(PCE of ~25% for monocrystalline Siased solar cells and ~20%or poly-
crystalline Sibased solar cellsrespectively [28]. However, there are some
limitations for Stbased solar cells including their higtstallation coststhe costly
production ofhigh purity silicon wafers and relatively low visible light absorption if

compared with other semiconctars.

Drawbacks within the first generation solar cd#sl to the development of the
seondgeneration PV devices that were based on the thin film solar cell
technologieq425]. The candidate materials for tsecondgenerationsolar cells are
amorphous silicongcadmium telluride €dTg and copperindium gallium selenide
(CIGS). The fabrication processes for tlseondgeneration PV devices including
sputtering, physical and/or chemisapour deposition methods have been widely
used[33]. The attainable PCBf around15-20% was achievedor the laboratory
prototype PV devices, demonstrating their potential to compete with the silicon

waferbased PV devicg83].

Despite thesignificant reduction in the cost of thin film solar cells, the PCE of the
seond-generation solar ds is still lower than that of the firstgeneration solar
cells[34]. Oneof themaindisadvantages for tree@nd-generéon solar cells based

on (CdTe and(CIGS) is eithethe high-temperature fabrication dne need for high
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vacuum technology Additionally, some raw materials used in tlseond
generation solar cells are scarce, expensive (e.g. indium), very toxic (e.g. cadmium),

and unstablg35].

Because of these drawbacks, acsdled thirdgeneration of solar cells by the
solutionprocessed methadas emerge{36]. The kenefits of the first andeond
generation PV devices are still in the foreground, which attracts the global market
due to their high degree of stability and high performance. Nevertheless, because of
limitations of the complicated production processesexwtssive costhey are not

ale to compete with loveost electricity generated by burning fossil fuels. Thus, it

is necessary to develop inexpensive PV devices to compete with the fossil fuels

energy.

Solution-processed solar cells have the potential to be produced at vegostw
Polymerbased semiconductive materials have the potential to be used to fabricate
PV cells at low temperature through the high throughput solptiocessed method

[37]. Polymersare typically considered the cheapest materials and have high
absorption coefficients, allowinghem to form very thin filns, typically a few
hundreds ohanometre$38]. By usingthesemateials, the cost of PV cells will be
reduced considerably; however, the performance needs to matcHfirsteimnd
secondgenerationcounterparts. The higheathievedpower conversion efficiency

of polymer solar cellss currently at ~11.79421]. Very recently, a neviype of
solutionprocessed orgarioorganic hybrid halide peroviaks have been developed

and an efficiency of ~22.1% has been achid28d
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2.2.10perational mechanisns of photovoltaic solar cells
The mechanissiof absorling photonsin semiconducting polymer based solar cells
and generation dfee charge carrief®llowed bytheir collecion at both electrodes

could be categorized ingx main stepss shown in Figure 2[40].

These steps are:

1- Absorption of photons and creation of excitons

2- Exciton diffusion

3- Exciton dissociation

4- Chargecarriersseparation

5- Charge migration

6- Charge collection aheelectrodes

Cathode

S
LSRN

Incident light

Figure 2.1 Schematic diagram of the main steps of the photocurrent generation
in polymer-based solar cells
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The working mechanism of polymer and organometallic halide perovskite solar cells
is shownin Figure 2.2. Typically,when the photovoltaic devices is exposedtte
incident sun light, the photons will penetrate throughdifferent transpamt layers

(e.g. ITO and PEDOPSS) before reaching the photoactive lagaveral factors
affect the poportion of generated epitons which are successfully dissociadeand
collecedby the corresponding electrodesluding thethickness of the photoactive
layer, the band gap of the photoactive layer, opticahd other physical

characteristics of the hosnd/or electron transport lagdd1].

Among those factorshebandgapof thepolymer or organometal halide perovskite
materials is the most important factor which determitiee rtion of incident
photons that will be absorbdxy the active layer. For example, the band gap of the
photoactive layer of a organometal halide perovskite material is roughlyl 592

eV resulting in absorbeg@roportion ofnearly 60% of the incident photof#2].

Condyes:
Incident dctio =) banq .
A Incident >
light 'l‘ light =
|::,'> & c
CRN @ = w
Valap, ce LUumo,
+ bangy +
ITO ITO
Humo,
— D: donor
= A:acceptor == A: acceptor

(a) (b)

Figure 2.2 The processing mechanism of conveim photons into electricity in:
a) Planar heterojunction Perovskite, b) Rilk heterojunction polymer solar cell

Only 30% of the incident photons are absorbed by a polyw&sed photoactive

layer owing to theband gap of the majoyitof semiconducting polymerbeing
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higher than2 eV [43]. Moreover, absorption coefficients of polymer materials and
organometalhalide perovskites arbigh ~10° cm* and 1.5x16 cm™ at 550 nm

respectivelyj44].

The high absorption coefficient allows very thin film of the phativeaamaterial at ~

100-300 nmof thicknesgo absorb most incident photof].

As a result of photonabsorptionin the photoactive layer of polymer with energy

the band gagEg), electrons will be induced from the HOMO level to the LUMO
level forming a strongelectrostatially bond electronrhole pair known as Frael
excitors. On the contrary, in perovskite based solar cells, free charge carriers will
generate directly after absorbing photons in the photoactive layer with engray

the band gap (Eg)f the active layef45]. The excitos creaedin halide perovskites

are called MotWannier which hasvery low binding energy at ~2 eW [46] unlike
photoactive polymer materials whichas the Frankel exciton with high binding

energy at ~ 0.5 eJ40].

The Frankelexciton diffusesto the interfacial layer between the donor and the
acceptor. The diffusion length in polymer materials is in the range -@010m,

which leads to the requirement of bulk heterojunction structures between the donor
and the aceptor for efficient PV devices to prevent the recombination of free
electrons and holes. Qhe contraryit is unnecessary to have bulk heterojunction in
halide perovskitdased solar cells and planar heterojunction structures are used to
obtain efficientPV devices. The halide perovskite materials have long diffusion
lengthsof excitons of~100 nm for CHNHsPbk DQ G a P bRHIP RSt

[47,48] The generated exciteim polymer materials which diffused to the interface
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between te donor(D) and the acceptqiA) remainelectrostatically bond together

and an additional force is reged to break the excitginto free chargef34].

The dissociation of charges at the D/A interface in polymer mktemguires a
driving force due to high binding energy of excitons in polyndihe required
driving force for exciton dissociation ithe internal electric field that can be
determinedfrom the gradient in the potentials of electrons and holes in the D/A
interface. Thisinternal electric fielddepends on theffset between th&lUMO of

the donor andhe LUMO of the acceptof49]. The difference in work functios of
electrodes creates an external driving force to move and collect thehaege

carriers to the corresponding electroff3.

2.3 Polymer-based solar cells

2.3.1Development of polymer solar cells

The first attempt to produce polymer solar cells was in 1959 when an anthracene
single crystal was use€®1]. Since then, considerable efforts have been made and
studies hae been carried out to find hilyhefficient and inexpensive materials for

PV devices which can compete with solar cells based on inorganic materials. The
polymer materials have variowdesirablecharacteristics including high flexibility

and simplefabrication procesesusinglightweight low-costand simple to produce

raw materials[17 20]. Moreover, polymer materials have very higbsorption
coefficient compared with inorganic materials such as Si, which offer an opportunity
to produce very thin film devicel88]. The active layer in polymer solar cells is
based on donor and acceptor materibihe donor has Bw ionisation potentialand

the acceptor has a high electron affinit [34]. In the last decade, two types of

materials have been usedtensively in thepreparation of PV cellactive layer
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These areP3HT and PCBM as thelectron donor and the electromacceptor
materialsrespectivelyTheir outstanding performance and high stability make them
distinctobvious choice foa currentscientific researcfb2]. In photoactive polymer

materials, the optical band gapnsthe range betweerl.4 eV to ~2 e\[53].

The solution processed polyrAeased solar cells have attracted outstanding
attenton as a favourable alternative to the classical inorg8rlzasedsolar cells

due totheir lightweight, inexpensive raw materials, ath@ possibility of producing

solar cells on aargescale R2R technique. Following the emergence of bulk
heterojunction structures in polymer solar cells in 13, many researchers were
focused on the development of increasing the PCE of polymer solar cells. Shaheed
et al claimed a bulk heterojunction struaturwwhen he applied the mixture of
poly[2-methyl,5(3*,7** dimethytoctyloxy)]-p-phenylene  vinylene (MDMO-
PPV):PCBM as an active layer. He used the spin coating method to deposit the
active layer ané PCE of ~2.5 % was achiev@si]. The blend of PSBHPCBM as a
photoactive layer in the polymer solar cell was presented by Chietaden 2003.

They mixed P3HT: PCBM athe weight ratio ofl:4 as a photoactive layer and
~0.2% PCE was obtainefb5]. Pandingerand co-workers increased this PCE
performanced ~3.5% when they blended P3WTBM at 1:1 weight ratio. The
performance of the device was enhanced after thermal annealingpptiesd for
seveal minutes to the whole devidé6]. Over the years, the power conversion
efficiency had remained betweerb636 [57] until 2011 when Mitsubishi Chemical
manifesteda high PCE of ~10.0%[58]. However, no detailsgegarding the
photoactive materials and the device architecture were ¢b&nin 2013,a high

fill factor between 780 % and PCE of 8.7%vasachieved for the single junction

structure by usingoly[5-(2-hexyldodecyB1,3thieno[3,4 c]pyrrole-4,6-dionealt-
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5,5(2,5-bis(3-dodecylthiophefR-yl)-thio- phene)] (PTPD3T or poly[N-(2-
hexyldodecyl) -bithio-phene -dicarboximidealt-5,5(2,5bis(3
decylthiopher2-yl)- thiophene)] (PBTI3T) as donor plymers blending with
PC1BM asthe acceptomaterial The enhancedill factor and performancef the
highly orderedBHJ bicontinuousnetworksgive optimum vertical phase gradation
andvery close padkg. These contributions result mgher extractiorand life time

[59].

In the same yeaifang and ceworkers claimed high PCE of polymer solar cells of
10.6% via using tandem structure under the standard condi@@hsrhey mixed a
low band gap polymer SR O \24,8di(5-ethylhexylthienyl)benzo[1;2 b;3,4
b]dithiophenealt-5-dibutyloctyt3,6-bis(5-bromothiopher2-yl)pyrrolo[3,4-
c]pyrrole-1,4-dione} (PBDTT-DPP with PCBM for the front photoactive layer and
P3HT:ICBA in the back photoactive layer. In 2015, J.D Céeal claimed a high
PCE for a single junction polymer solar c¢eflurpassing 10%. They utilised
nanoimprinting technology to blend deterministic aperiodic stinotures (DANS)
into the singlgunction polymer solar cells for broadband sathanced light
absorption with enhance charge collectioBlending of poly[4,8-bis(5(2-
ethylhexyl)thiopher2-yl)benzo[1,2b:4,5 E « @ - ®Bph@hK co -3-fluorothieno[3,4
b]thiophene2-carboxylate]:[6,6JphenytC71-butyric acid methyl ester(PTB7):

PC;1BM was useds a photoactive lay§sl].

Also in 2015 Z. Heet al reportedahigh PCE(over 10% for a single junctior62].

This high PCE was producedy controlling the tail state density under the
conduction band of thelectronacceptor and the disorder stage of the mix produced
from a newy designed semiconducting polymer with a low band @ap9 e\j and

PC;:.BM. The narrow bad gap semiconducting polymer waynthesizedrom 1.59
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SRO\ A8di(s-ethylhexylthienyl)benzo[1;D;3,3b] dithiophene] [3fluoro-
2[(2-ethylhexyl)carbonyl]thieno[34]thiophenediyl]] (PTB7Th) and mixed with
PC;1BM as a photoactive layd62]. Very recently Prof Yan's group from South
Korea achieved a certified PCE of 11.5% and 11.7% in 2016 uaimg
environmentally friendlyhydrocarbon solvertasedsystem[21] . To date, the bulk
heterojunction structure remains one of the most auspicious configurafidtne o

polymerbased solar cells

2.3.2 Architectures of polymer solar cells

2.3.2.1 Bi-layer junction architectures

In 1986, C.W. Tang used two different materials as the donor and the acceptor with
different ionization potentials and electron affinities in thdalger heterojunction
structure as shown in kige2.3[30,32]. Copperphthalocyanine (CuPayas useds

the donor and pelgne tetracarboxylic derivativas the acceptor. The required
electric field that contribugeto dissociate charge carriers effectively wasatedoy

the band offset at the doracceptor interface. The power conversion efficiency of
this devicewasonly ~1%. After excitons diffuse to the interface between donors and
acceptors and dissociateg@rons and holes will migtein the oppositalirection

to theirrespectiveelectrodes, which requires a long carrier life time so that they can

reach the electrodes before recomboral63].
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Figure 2.3 Schematic diagramof the planar heterojunction structure

2.3.2.2 Bulk heterojunction

In the bilayer heterojunction of PSCs, the short circuit current and power conversion
efficiency are usually very low because most charge carriers decay or recombine
before colledbn by electrales. The reason is that free charge carrier mobility and
exciton diffusion length in photoactive polymers are much lower compared with that
in inorganic materialg51]. This led to the discovery of the concept of loul

heterojunction structures b{u et al in 1995[31].

The idea of bulk heterojunction structures is based on increasing the interfacial area
between donors and acceptorgensnanoscale phase separation and reducing the

dissociation length of chargemrriers. Afterits discovery,substantial ppgresswas
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made in the development of polymer solar ce[®2]. The bulk heterojunction
structure is formed after an interpenetrating donor mixes together with the
bicontinuous network of the acceptor as shown iuile@.4. Excitons can then be
createdanywherein the active laye resulting in an increasedumber ofarising
pathways in the donor and acceptor from their interfaces to the corresponding
electrodes. Consequently, an excessive number of charge carriers will percolate to
both electrodes via the introdoai of charge transport pathways. It is very important
that a percolating pathway is required in the bulk heterojunction structure of PSCs in

order to facilitate the transition of the separated charges to both ele¢6éHes

o

hv

Glass

Donor

Acceptor

Figure 2.4 Schematic diagram of the bulk heterojunction organic solar cells

The introduction of BHJ structures in PSCs contributes to increase cafooit
current and fill factor, whicheads to an increase in tlRCE. After many efirts
have been exerted, an important factor has been studidte iPSCs, which is

morphologyof the active layerThe latterplays the main role in optimising the
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properties of the active layer atitlsenhancing the performance tbie solar cells.
Thereare many aspects affectitige morphologies of bulk heterojunctidretween
donor and acceptor materialshese includetype of solventsused ratio of
compounds between donors and acceptors |asannealing method65]. One

of the most investigated materials in the fiefdBHJ polymer solar cells is P3HT as
the donor and PCBM as the acceptor due to their good performanbeghrakegree

of stability [52]. The use of blk heterojunction structures PSCs hasliramatically
increasd the performance of solar cells. The PCE increased from ~5% in 2008 for
the single BHJ device to 11.7% bynployinghydrocarborbased processing system

in 2016 by YanfV JU[RIX $hat is deemed more environmentally friendly

compared to the use of halogenatetents.

2.3.2.3Tandem solar cells

Considerabldoss ofenergyis inevitable in a single BHJ PSCs stemming from an
inability to absorb photons with smaller or larger energy than the band gap of the
materials.Such bss can be reduced by using tandswtar cellarchitecture The
concept of tandem solar cells is basedmaking the most from absorbing different
wavelengths of photons in the solar light spectmnile increasing lighharvesting.

In contrastasingle active layerelies on absorbing photons in a specific waveleng

of the solar light spectrunfandem solacells have a potential to acquire a wider
range of solar radiation by using materials with various absorption bands. The
architecture of tandem solar cells practically contains two separate subcell layers
connected in series. The open circuit voltageantlem solar cells can be calculated

by summing the voltage value of each cell while the current isdhee.Between

two active layers, there exists an interconnecting layer (ICL) which is a combination

of an electron transport layer (e.g. metal oxide) andole transport layer (e.g.
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PEDOTPSS) as shown in Figure.2.5. The ICL must be a strong protection layer to
prevent solvents from the upper layer penetrating into the lower layer. With the
invention of different low band gap photoactive polymers presgnivide
absorbance including near infrared light, the tandem structure is applicable and 10%
barrier in PCE has been transcended. In 2008, 8.62% PCE was achieved by Yang's
group for the tandem polymer solar cells, which has been further increased to 10.6%
in 2012 [60]. Four years later, the PCE of tandem polymer solar cells was increased
to over 11 % byProf. Hou's group[66] after developing a new low band gap
polymer poly(2,5bis(2decyltet radecyl} pyrrolo[3,4c]pyrrole-1,4(2H,5H}dione
3,6diyl- alt - Z -chfl uoro- « < Z -duaterthiophene «diyl (PDPP4T

2F) used in a double junction tandem structure with eithefBMCor PC7;:BM.

o
hv
Glass
ITO
. el
C Interlayer

Metal (Al, Ca, Mg)

Figure 2.5 A schematic diagram of the tandem bulk heterojunctionstructure
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2.3.3Fabrication methods of solutionproces®d solar cells

The first stage of transformingrganic or organieinorganic solution-processed
solar cells from the lab scale to commeresation is to determine the deposition
methods that will offer masproductiorandlow-cost. The roHto-roll techniques to
fabricate polymer solar cells on legriced and flexible substratdsave a great
potential to significantly reduce the cost of solar cells. Currently, various techniques
including spin, doctor blagespray, slot die, and othéhnin film coating methods

have been investigated in the lab scBlgureefforts will be made to transfer the lab
scale PV deviceto industrial mass productioRifferent deposition methods have

their own advantages audisadvantages.

The spincoating method is one of the most famous fabrication methods, which is
commonly used in the lab to fabricate solutfmocessed solar cells due its
simplicity, low-cost, andrepeatability. As shown in Figuiz6, a limited amount of
solution with specific concentration drops onto the centre of the substrate during
rotationwith a selected rotating rat€he solvents evapaeforming a uniform thin

film. The main advantage of the smoating method is tha very uniform and
homogenous thin film is produced while the solvents are dr@gegeral factors can
affect the thickness of thin films including spinning rate, solution viscosity, and

temperaturg67].
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Figure 2.6 Schematic of spincoating process

The main limitations of using the spaoating methodelate to high levels of wasted
solution andthe smaliscale thin filmsare produced.Consequently, it is not

favourable for mass producti¢h8].

Blade coating also called doctor blading or knife coaimgvidely used to fabricate
largescale thin film coating, asllustrated in Figire 2.7. There are several
parameterghat canbe adjusted to control the film thickness produced by blade
coating technique including blade gap, blade coating speed and concentration of the
solution[68]. The main advantages of usitfie blade coating technique are that it
gives largescale surface uniformity, fewer waste materialsavoids interlayer
dissolution and it is copatible wih (R2R)technique. However, the major obstacles

of usingthe blade coating technique are tb@mplexchemistry of ink formulations

and the contact effects when the followed layer is applied on the previously formed

film [69].
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Figure 2.7 Schematic ofblade-coating process

Spray coating is aell knownmethod which is extensively usedindustryto paint
car partsand dher tools as shown in Rige2.8. Spray technique requirésrcing the
printing ink via a nozzle in order to produce a fine aeroBbé thin film formed
using spray coating technigeanbe controlled by optimizing different paneters
such as solution concentratidype of solvents, the working distance between the
nozzle and the substrate, substrate temperandhe nozzlef low rate[18,70]

Carrier gas

Solution
Ultrasonicating

Ll

Film

Substrate

Figure 2.8 Schematic of spraycoating process
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The main advantages of usitige spray coating technique are that@nbe carried
out at a great production speed, and it thespotential tobe usel with different
substrates athere is nodirect contact between the nozzle and the subdfrafe
However, the spragoating methodloes requirgrecise controbf the nozzles and
the liquid dropletansplash to th@reviously coated areas affecting the properties

of the photovoltaic (PV) devicg69].

The dipcoating proces®n the other hands a simple high-productivity, high

accuracy method ofleposiing a uniform film on a largecale areas shown in

1

Figure 2.9

l Substrate I

(_f'-
Solution / PV })
\ ¢ S
Dipping Wet layer formation Solvent evaporation

(1) (2) (3)

Figure 2.9 Schematic ofdip-coating process

The dip coating method haspotential to be used as a promising alternative for
fabricating large area solution processed polymer solar @elBnindustrial scale.
Historically, the dipcoating process is a very ohdethodof producing sebel thin
films, which was invented by daer Glaswée Schott & Gen. in 1939 for silica films

[72].
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Nowadays, many commercial optical functional-gel thin films on glass have
been manufactured by the epating method with a large area of several square
meters. Moreover, the digoating method sigficantly reducesthe number of
wasted materials during processing aodld be used to fabricatero PV devices at
the same timeThe main dsadvantage of the dipoating methods that only rigid

substrates can hmsed.

Furthermore, differenprinting techniques have been developed after the printing
press evolved by Johannes Gutenberg in 1f44. Although these printing
techniques have their own positive and negative aspects, they depend on the similar

process of moving the inlokition to the substratg$7].

(R2R) method is one of the importaptinting techniques wich can be used for
commercial production of solar cells. Stiie coating and knife coating are the two
most commortechniqueswvhich incorporate theR2R method as shown indtre

2.10. In the knife coating method, the ink tank is placed before the knife that acts to
provide the meniscus with new ink. When the substrate moves, the fixed knife
drives the ink in front of itonly allowing ink that fits below the edgdo pass
through The wo main parametershat could affect the thickness of the film
produced bythe knife coating method aré) the distance between the knife and the
substrate and) the speed rate of the roll. The knife ating method is appropriate

for coating large scale areas without any pattésh
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Figure 2.10 Schematic ofknife-coating process ad slot-die coating

Knife coating Slot-die coating

In the slotdie coating the coating heaslplaced very near to the substrate without
contacting it. The inks injectedvia the fixed coating headto the moving substrate
creating a continuous coat ¢ime large scale substrat¢$8]. It is possible to coat
different width of stripes usinglot-die coatingmethod [18]. However,web speed

is limited during the operation ofslot-die coating when applyg the ink

composition Exceedingthis limit will stop the coatingrocess[73].

2.3.4Current limitations of polymer solar cells

Although the distinguished properties including inexpensive raw materials, solution
processed methods, and fabricating solar cells on flexible substrates makerpolyme
photoactive semiconductopsivilegedcompetitors with lightabsorbing materialsf

the first andsecondgeneration solarcells, - currently some limitations have

hindered their potential to achieve this goal. One of the main obstactheslasver
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power conversion efficiencywhen compared with the first ande@nd-generation
solar cells. Moreover, thife spanof polymer solar cellss short (less thaone

yeal compared with Sbased solar cells that haadéfe span of 25 yearfg4].

2.4 Organic-inorganic halide perovskite solarcells

2.4.1Development of halide perovskite solar cells

Meetingthe increasing energy demaisdessential with the daily global growth and
development Various PV technologies have emerged and eghim significant
attention as the promisingnergy sources inluding, dye-sensitized solar cells
(DSCs), polymer solar cells (OPV), and quantum dot (RaSed solar cells.
Nevertheless, these solutipnocessed PV devices present much lower performance
when compared with the Shased solar cells. The power conversafficiency of

these solar celiwerearound 1% [45].

A promising candidate callesrganometahalide perovskites hagcentlyemerged
asa novel and strong competitor in the PV communitycdh be produced by the
solutionprocessed technique on flexible substrdi. The PCE of perovskite
based solar cells jumped dramaticallynfre-3.9 to ~22 % just in a few yed5].
Currently, different fabrication techniques atwhfigurationswereused to fabricate
high efficiencyperovskite solar cells. Miyaka's group first utilised hybrid organic
inorganic halide perovskites of GNHz;PbBr with [/13 electrolyte in 2006
reaching &CEof 2.2%. The power conversion efficiency was improved in 2009 to

3.8% when they replaced Biitw | [76,77].

Two years later)m et al increasedthe power conversion efficiency to 6.5% by

applying the spircoated nanocrystalline perovskites onto the nanocrystalling TiO
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surface in the liquid electrolyte cel[§8]. However, the lifetime of the liquid
electrolytebased perovskite solar celigas justa few minutes due to the prompt
decomposition of the perovskite ma#tinto the liquid electrolyte. This led to new
concept of replacing the liquid electrolyte bysalid-statehole transport material.
This was accomplished by Park and Geltin 2012 when they introduced the selid
state solar cell instead of the liquik&rolyte[79]. They usedspiroMeOTAD as a
hole transporting material (HTM)he highest efficiency of 9.7%as obtainednd
the stability of the devicesvas higher thathat of the liquid electrolyte basadlar

cell[79].

After replacing the liquid electrolyte, the power conversion efficiency of the halide
perovskitebased solar cell (C#H3;PbLCl) reached over 10%as it adopteda
mesoporous structurd80,81] Gratzel et al. developed a new structure of halide
pemovskite solar cells with free hole transport material in the same yeahalide
perovskiteacts as an absorber as well as a hole conductor. The structure was
(FTO/CHNH3Pbk/ TiO2/Au) and PCE of 7.3% was achievf8R]. Snaithet al
reported a newmesesupersaturated structure using mixed halide perovskite
CHsNH3Pbk«Cly as a light absorber and electron transpoReplacingnesoporous

TiO, by alumina oxide which worked as scaffold layer ordptained aPCE of

10.9%[80].

Further improvement of PCE in the subsequent year was achievedGraizelet

al. presented the smalled sequential deposition technique of the perovskite active
layer within the porous metal oxide layastieving a PCE 0f15%[83]. At the same
year, Snaith and eworkers introduced very uniform morphologies of mixed halide
perovskite CHNH3Pbk«Clx using a vacuum deposition technique. They obtained

thin film of perovskite directly on the substraaéer controlling theevaporation
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speed of two separate sourceshah film (PbChL and CHNHjsl); the produced solar

cell was shown to yieldCE of 15.7%84].

The first certifiedPCE of halide perovskite solar celtsf 14.1% was presented by

Gratzel in 2013. It was confirmed by two independsotircessolar cell efficiency

Tables compiled by Greemt al [85] and the National Renewable Energy
IDERUDWRU\ 15(/ fV FKDUW Rl UHVHDUFK posit@®O HIILF|
results based on improving the structure of halide perovskite solar cells and
enhancing the morphologied the photoactive films were reportetihe certified

result jumped to 21.1% in 2015 by the Gratzel's group. Very recently, better power

conversion efficiency of 22.1 % was certified by NRIBE].

2.4.2 Properties of halide perovskites as light absorbers

2.4.2.1 Crystal structures of halide perovskites

Halide perovskitesrepresent anymaterial thathas similar crystal structuresgo
calcium titanate (CaTig). In 1839, this mineral was discovered in Russia by Gustav
Rose andis namedafter the Russian mindagist Lev Perovskite (1792856

[85,87,88]

The general formula of a pure perovsKaenily is ABX3; as shown in Figur@.11,

where A indicates a large cation aisdlocated at the corngrof the unit cell, B
indicates a smaller metal catisarrouneéd bysix halide aniog creating sixfold
proportionate octahedrons, and X is an anion halide existing at the face centre
[89,90] The initial discovery of halide based perovskitessin 1958 by MollerHe

found that the caesium lead halides (Csphave the perovskite structuf@l].

Two decades later, the organic methylammonutation appeared in halide based

perovskite structurgsroducedoy Weber and NaturforsdB2].
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Figure 2.11 Crystal structure of halide perovskites

The perovskite crystal structure midig¢ approximatetby the tolerance facto(TF)
[87,93] which is identified as the proportion of the distance betweeiX to the

distance betweeB-X; It couldbe givenas[94]:

E: >Es
B (Lo €L LK 2
¥p :Es >Eg;

where R, Rg, and R correspondo atomic radii of A, B and X respectively. The
ideal cubic geometry of perovskite coldé obtainedf TF =1 [95]. On the other
hand, if TF is less than 1, thectahedronBX6] tendsto be distorted to a low
symmetry structwgin order tokeep the stability ofhe structure[95]. This degree of
distortion of the crystal structure could detéme numerous physical features

magneti¢ electronic, and dielectrjgropertiesn particular{85].

The tolerance factor (TF) represents the essential guidance of stability, distortion,
and tuning ofradii size of the perovske structure[93]. In addition to tolerance
factor, chemistry and bonding play an important role on the foititygand stability

of the perovskite structuff87,93] The crystalline formation of perovskites possibly
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depends on the temperature; for instance, the orthorhombic isfasmedat a low
temperature, which consecutively changed into the tetragonal and cubic structures

after increasing the teperaturg96].

The perovskite materials show a direct band gap of ~1.5 eV feNB#Pbk to 2.2

eV for CHsNH3PbBr, which mightbe tunedn an extensive rand87]

2.4.2.2Electronic structure

Recent studies on ¢hcubic phase of halide perovskite at room temperdtave

disclosed that the characteristics ofRletermine the electronic structure of halide
perovskiteg96]. The electronic structure of halide perovskites have indicated that
WKH YDOHQFH EDQG PLQLPXP 9%0 FRQVLVWV RI 1 D
orbitals and the conduction®QG PD[LPXP &%0 SULPD-ULO\ FF
antibonding states of Pb 6p orbitals and xs orbij@#. The contribution of MA

towardthe electronic properties are too small as a result of the deep level of MA

structure within the valence and conduction bggj.

The cubicphase of MAPbX demonstrates that its electronic structigemainly
controlled by the characteristicsof the PbX bonds. The generalised gradient
approximation was used Baikie's goupto measure the band structures for three
phases of MAPH]| i.e. cubic, tetragonal and orthorhombic phaE¥)]. It was
found that MAPDbg has a direct &nd gap of 1.3 eV at the R point for a cubic
structure, 1.43 eV at the T point for tetragonal structure, and 1.61 eV at the T point

for the orthorhombic structuf&00].
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2.4.2.30ptical structure and band gap
The prominent features of halide perovskites are the direct band gap and strong
optical absorption coefficient which render them highly attractifer use as

compeitive absorbers in solar cell82,101403].

The perovskite materials present a broad absorption spectrum along the entire
visible to neatinfrared range and have a large absorptioafficient compared to
conventional semicondting materials The absorption coefficient of organometal
halide perovskites is approximatelyl.5%1n™ at 550 nm[79]. The absorption
properties of théVIAPDblI3 thin film was assessed and comparedwither inorganic
semiconductingnaterials such as GaAs, CdTe, and CIGS which have the absorption
coefficientof up to 1¢f-10° cm™* [104]. The absorption onset edge of the perovskite

was nearly similato these materialgl04].

The band gap of the GNH3Pbk was calculated to be 1BE55 eV, resultingin a
limited absorptionrangeof 800 nmor less Consequently, tuning the band gap of
CH3NH3Pbk is requiredto increase the absorption of photafisongerwavelengths

without affecting the absorption coefficient.

Absorbance of halidgerovskites carbe extended via tuning the band gap of
perovskitein order toenhance the performance of the halide perowiased PV
devices [85,104] One of the strateges of tuning the band gap is to change
(CHsNHgsl) MA with other organic oinorganic cations. For instandey replacing
methylammonium witHormamidiniumwhich resuls in reducingthe band gap by
0.07 eV[104]. Another way to achievieandgaptuningis to replace Pb witarnother

metal (partially or completely For example, partially substituting Pb with Sn and
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varying theratio of Sn:Pbtunes the band gap between 1eM and 155 eV in the

synthesis process halide perovskiteglL05].

2.4.2.4Key parameters for PCE of halide lead perovskitédbased solar cells

Exciton binding energy (Eb) is one of the major factors that contribute to the
photovoltaic mechanism inrganometahalide perovskite solar cells. The exciton
binding energyis controlledby the dielectric constant of the materidlB06]. It is
notedthat dielectric constant is very highanganoleadalide perovskites compared
with photoactive polymers. Dielectric constant is nearly [2R7] for halide
perovskitesand is~ 3 for photoactive polymerfl08]. There are many ways to
determine the exciton binding energy including theoretical anal¢§i optical

absorptior[109], magneteabsorptior{110] and temperature dependerflll].

A theoreticalanalysis was used by Hirasawa in 1994 to calculate the exciton binding
energy in CHNH3Pbk. He found that the exciton binding energy was estimated to
be 37meV[110]. Low binding energy in CENH3Pbk suggests that excitons in
CH3:NH3Pbk are MottWannier type exitons On the contrast, the photoactive
polymers have high exciton binding energy whislestimatedn the range of (0-3

0.5 eV)[112] suggesting that excitons in phottige polymers aref Frankel type
Theoretical studiesuggested that the MetVannier excitons yield free charge
carriers at room temperature owing to the optical phonons and collective rotational

motion of the organic catiofisl3].

Consequentlylow binding energy of solar light harvesting materials playn
important rolein achieving high PCE solar cell&\notherimportant feature for
halide lead perovskites is their long carrier diffusion length related to charge

transportation properties compared with short diffusion length in photoactive
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polymers. The long diffusion length can contribute diretalyigh-performancein
solar cells. The charge transport properties ogNH{Pbk and CHNH3Pbk xClx
werestudied separately by Xingt al and Strankst al[47]. Each of these groups
conducted time-resolved photoluminescence (TRPL) and transient absorption
spectroscopy respectively. According to their resultsyas estimated that the
charge diffusion length iI€H3NH3Pbk is ~100 nm anda P | R UNKgPhs xlx
compared with photoactive polymmaterialswith diffusion length of~10 nm[47].

Bai et al suggested that the charge carrier diffusion lergt organometalead
iodide is significantly reliant on the processing conditions and the deposition
techniques[114]. Two main factors determine the value of the diffusion length
which arediffusion coefficient (&; and carrier life time(i; according tothe

Einstein relatiorf115]

. L ?VZI« EEEZEZZZ R R XM XS (3)

L AT
& L 8— « €« &« QKKK KKK LK KKK K KL (4)
a

Where :&;is the carrier mobility,:- ;is Boltzmann constant( 6;is absolute

temperature anfiM is the chargef carriers.

2.4.3Architectures of halide perovskite solar cells

2.4.3.1TiO,-based solar cell structures

TiO,-based solar cell structures coulee divided into three types;these are
mesoporous,mesoesupersaturatedand planar heterojunction structures. In the
mesoporous structure, nanoparticles of perovskites percolate overefuparous
titanium oxide (TiQ) film. In this spedic architecture, organometahalide

perovskite was firstly utilised to sensitize mesoporous titanium oxideX WiEhin
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a liquid electrolyte in dysensitized solar cells (DSSCs) as shown inufgé@.12a

The organometal halide perovskite nanocrystaisNHsPbX; (X=I, Br) assunlight
absorbes werefabricated for the first time by Kojima's group2009, generating a
PCE of 34% [77]. It presented a large area in contact between the sensitizer
perovskite and the TiJayer within the liquid electrolyt®ased solar cell. The main
obstacle with this configuration is thalhe organometahalide perovskite can

dissolveor decompose into the liquid electrolyte rapifif®,116]

EIectrnIyte{quuidﬂ HTL Spiro-OMeTAD
(solid state)

TiO2

|Dye Tio2 Dye

Compact oxide

FTO FTO

(a) (b)

Figure 2.12 Schematic of lalide perovskitebased solar cells (a) with liquid
electrolyte; (b) with solid HTL

In 2012, the liquieelectrolytebased mesoporous structuweas convertedinto
another type of mesoporous structure tlvas basedn introducinga solidstate
hole transport layer commonly named gsre-MeOTAD [79]. Figure2.12b) shows
a schematic diagram of the soldlate mesoporous Tihased halide perovskite
solar ell wherein it consists of FT@dmpactmesoporous TiO, (as

ETL)/CH3NH3PbX; (as alsorber)/SpireMeOTAD (as HTL)top electrode. The
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compact TiQ layer is deposited by the spragating method on top of the fluorine
doped tin oxide (FTO) coated glass subsjfrdten the mesoporouBiO, layer is
produced by eithethe screefprinting or spincoating techniquefollowed by
deposition of the halide perovskite harvesting layidre hole transport layer of
commonlyspiro-MeOTAD is fabricatedn top of thidayerandfinally thetop metal
electrode is depositdd17]. ThecompactliO, layerand mesoporous layer aag n

type electron transport layem order totransfer and collect electrgn&hich are
generatedin the photoactive perovskite layer to the corresponding electrode
[45,118] A significantnumberof papers have been publishedhnwperovskite based

solar cells adoptinthis type of structur@5].

D Hole transport layer

. Perovskite

D Insulating metal

oxide layer
Compact oxide Compact oxide
FTO FTO
(a) (b)

Figure 2.13 TiO , basedhalide perovskite solar cells: (a)mesasuperstructured,;
(b) planar heterojunction

In the mesoporousiO, based solar cells, the photogenerated electrons have serious
possibility of being captured blyaps These areaused by the oxygen vacangies
which are formed as a result of the noticeable degradation of mesopordds
particles under ultraviolet illuminatiofii19]. Consequently, scaffold metalxide

such asAl 03 was introducednto the mesoporous structureorder tosignificantly

enhance stability of the devicpg20].
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This type of TiO,-based solar cell is classified asmesoporous supersaturated
structure as shown iRigure 2.13 (a). Snaithet al usedmesesuperstrutured to
fabricate organometddalide perovskitdased solar cells in 2012, achieviag CE

of 10.9%[80]. InsulatingAl O3 wasused instead of pure mesopordu®,, and the
Al,O3 nanoparticles act as a scaffold layer to improve the quality of the perovskite
layer. The AJOs-formed scaffold does not collect and transfer electrons coming
from the perovskite absorbbecause oits wideband energy118,121] The role of
collecting and transporting electronsashieved by the compadiO, layer. Free
electrons have to travel much longer distance to réeeblectrode ér collection in

the mesoesuperstructuretbased perovskite solar cells compared to the mesoporous
solar cells.This results inincreagd demand forhigh-quality halide perovskites to

obtain a long diffusion length for free electrons.

The main disadvantage for mesoporoliD,-based solar cellss the high
temperature sintering requiremeneat treatment at ~500°C) ®fO, for efficient
photovoltaic deviceg118], which limits its potential applications on fldxie
substratesAdding to production costsa large hysteresiss observed in the-¥
characterisation of the mesopora@uml mesesuperstructuredolarcells[118]. Other
concerns in mesoporouBiO,-based solar cells arn@filtration of the perovskite
nanoparticles and charge recombination caused by the short distance between the
hole transport layer and the mesopordif3; layer [89]. Therefore, lowtemperature
planar heterojunction (PHJ) structuresere developedwithout using the
mesoporoudliO; film in the TiO,-based halide perovskite solar cell3O,-based
PHJ solar cedl exhibitedlower recombination ragethanthe mesoporou$iO,-based
halide perovskite solar cells/hile the charge transport rate lmoth structures was

thesamg122]. Snaithet al first studied this structure in 2013 e#ein they used the
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PHJ of FTOtompactTiO,/CH3NH3PbkCl/Spiro-MeOTAD/Ag, and a PCE of

15.4% was obtainej@4].

A succeasful effort was further obtained by Liu and Kelly when they prepared planar
heterojunction perovskitbased solar cells at room temperature. They showed that
high-performanceperovskitebased PHJ PV devices chae realisedvithout using

the mesoporous scaffold structure. They applia® Hanopatrticles as the electron
transportlayer, and high-performancePV devices of ~15.7% PCE was achieved

[123].

2.4.3.2Carbon fullerene-based solarcells

Planar heterojunction structur@HJ) without mesoporoudayer; i.e. mesoporous
TiO, (Ms TiO; layen has emerged as a new way to fabricate organometal halide
perovskitebased solar cells. This structucesates additional choices in utilising
various hole and electron transport materials for stability enhancesaolar cells

as shown in Figre 2.14a.Anotherimportant feature ifPHJ structureis that it has
the potentialto produceefficient perovskitebased solar cells in two different
configurations; i.e.with normal or inverted structure$l24]. The normal
configuration of PHJ structures hhsen mentionedh the TiO-based PHJ solar
cellsin Figure2.13h In the inverted configuration, other semiconductive materials
were utilisedas HTL (PEDOTPSS)[125], ETL (PFN and BCPJ]22,126] and
photogenerated exciton acceptor (C60¢:B®, PC;1BM, and ICBA).The solution
processed rofto-roll method is easy tke adaptedn the fabrication of efficient

perovskitebased solar celis the inverted PHJ structuf&26].

The first report of fabricating the inverted PHJ solar cells was presented by Chen

and coeworkers in 2013[127]. They used the PHJ structureonsisting of
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glass/ITO/PEDOT:PS&s HTL)/ CHNH3sPbX; (as light absorber)i§g(as exciton
acceptor) bathocuproingBCP)(asbuffer laye)/Al (as top electrode). However, the
PCE of their PV devicesvas limited to ~3.9% The thickness reduction of the
photoactive layer caused adtestion in the magnitude d: [127]. The PCE othe
inverted PHJ was significantBnhanced to ~7.41% by Setal in 2014.They used
CHsNH3PbX; and PG;:BM as an electrondonor and acceptor respectivelgd the
thickness of the photoactive layer was less than 10014d4y. Chenet al claimed
high-performancePV devices using the sequential vacuum deposition technique to
deposit halide perovskite. Theinverted PHJ structure olTO/PEDOT:PSS/
CHsNH3Pbl Cl/Ceo/bathophenanthroline (Bphen)/Ca/Agas usedn their solar
cells, and ~15.4% of PCE was obtaif£#8]. Chianget al reportedhe fabrication

of high-quality perovskite by the lowemperature sotion processed twetep
method. Ty utilised the PHJ inverted structure consisting of
ITO/PEDOT:PSS/CENH3Pbk/PCBM/Ca/Al and ~16.4% of PCE was achieved
[129]. Lately, theinverted PCBMbased planar heterojunction structure to fabricate
perovskite solar cellhas beerwidely usedin the peovskite societydue tothe

simple solutiorprocessed methat low-temperaturgrocessing of solar cells

Very recently, planar heterojunction structures have been modifiedtimise the
performance of perovskiigased solar cellgsinga bulk heterojunction laye(BHJ)
in the inverted PCBM based PHJ structuas illustrated in Figure2.14 & c.

Additiveshave also beedopedinto the perovskite layer to enhance their properties.
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Top electrode
Buffer layer

Top electrode

Buffer layer
Bulk PCBM
heterojunction

Top electrode

Buffer layer
PCBM

ITO ITO

(a) (b) (c)

Figure 2.14 Schematic of PCBMbased perovskite solar cells: a) general planar
heterojunction; b & ¢) modified with PHJ by a photoactive polymer BHJ

Chianget al presented a bulk heterojunction perovskite structure by doping a tiny
amount of PCBM within the perovskite laygr30]. His archiecture consists of
ITO/ PEDOT:PSS/ CHNH3Pbk CBM/PCBM/Ca/Al. A significant improvement

in fill factor of 0.82was achievedy filling the pinholes and vacancies between the
perovskite's grains, resulting in incredggain perovskite crystal§&songet al. used

bulk heterojunctioriayer in the perovskite solar cells. They mixed perovskite with
fullerene derivativeCHszNH3Pbk:A10Ce0) to produce300 nm of peovskite film
followed by coating200 nm of P@BM. The PCE of this new structumas 22%

higherthan the normal inverted planar heterojunction solar &l

Yanget al applied two photoactive layers in his solar cells includingNPbk.

«Clx and a bulk heterojunction layer of a wide bandgap small molecule DOR3T
TBDT with PG,BM [131]. Light harvesting by the photoactive layers increased
from UV to near IR regionimproving short circuit current at ~21 mA/dnand
~14.3% of PCE was achieved31]. In addition Ding et al used a bulk
heterojunction structure on the top of the perovskite layer. Theg UrO/PEDOT/

CH3NH3PbX3/(PDPP3T#Cs:BM)/Ca/Al in this solarcell and they achieved PCE of

45



~ 7.59.5% by changing the thickness of thegiBM [132]. Moreover, low band
gap polymer(PCE10) was useds one of the light absorbers with (R8M) in the
tandem based perovskite configuration. Thenf subcell contains PHJ of a
PGs1BM/CH3NH3Pbk and the back subcell ctains BHJ of blending of PCE10:
PC;:BM). High PCE of ~ 16%was achievedvith V. and FF of 1.8 V and 77%

respectively{133].

2.4.4 Fabrication methods of halide lead perovskites

2.4.4.10ne step spinrcoating method

Different processing techniques have been developed to fabicgégmometal
halide perovskites. Examples of fabricating 88IH3PbX; (X=1, CLandBr) will be
discussedor variousdepositionmethods. Solutiorocessed onstep spircoating
method is one of the most used methodsttier depositiorof organometahalide
perovskitesowing to theea® of the fabrication processes and toast compared to
other coating method#s illustrated inFigure 2.15a, metallic halogen (M® and
organic compound methylammonium halide (AX) are dissolved in a common polar
solvent including N, Ndimethylformamide (DMF), gamrmutyrolactone (GBL),
methyl2-pyrrolidone (NMP), and/or dimethyl sulfoxide (DMSO}he prepared
solution is applied onto the substrate tbhe deposition of perovskitetayers
Finally, heat treatment is carried out to obtain crystalline perovsKi411,134]

The major pertinent parametensthe spincoating method argype of solventsised
spinrate, concentration of the solution, and heat treatment after coating. However,
obstacles exisin the onestep spincoating methode.g. difficulties of obtaining
largearea uniformand/or discontinuous thin filmswhich results inpoor film
morphologies and hence very poor performance of solar [88]435] The poor

film morphologiesare causeddy rapid crystallisation of perovskites, whidh
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generatedhrough the solvent evaporation and intensive ionic interaction between

metal cations and halid¢s18,127,136]

(a) (b)

Substrate

Spin Coated
mix of CH3NHsI+Pbl2

Thermal annealing
the produced film

Hbt plate

!
!
!

Final perovskite film Organicsource inorganic source

Spin coated inorganic
(C) film (Pbi2)
Organic vapor (MAI)

Inorganic film Inorganic film

Final perovskite film

Thermal annealing
the produced film

Figure 2.15 One-step fabrication method: a) onestep spincoating method; b)
onestep vapour deposition method; c) vapour assisted solutigorocessed
method



2.4.4.2Co-evaporation method

Although most researchers have used the solution processed techniques to produce
halide perovskitdbased solar cells, the vapouweposition technique has the
auspicious potential to fabricate very highality perovskite thin films[137] with

the advantages of full coverage surface, uniform thin filtB88] and capability of

preparing multi layers within sizable are§84].

The evaporatiofbased technique migbe dividedinto two commormethods; these
are dual source vapour deposition method and vapour assistagiimg method
[22]. In the dual source vapour deposition method as illustrated imeAdL5b, two
separate sources of organic and inorganic vaparesinstalledinto the nitrogen
glovebox with a flow rate which can be asligd to control the eoposition
thickness. In 1997:raet al first used the duadource vapour deposition technique
by supplying the vapour of lead iodide and organic ammonium iodide to fabricate
the perovskite thin film [139]. Snaith and cavorkers presented planar
heterojunction based solar cells using trapour deposition method to deposit
CHzNH3Pbl {Cls onto the TiQ thin film on top of the FTO film on glass. Smooth
and uniform films were created, resultingaPCE of 15.4%484]. Mankiewiczet al
revealed another example of using the thermalporationmethod to fabricate
CH3NH3PbX; with PEDOTPSS and PCBNhayers in their solar cells, achieving a
PCE of 12.494140]. However, thevapourdeposition method requires high vacuum
and demands a huge amount of enef@®4]. In order to overcome this
disadvantage, another deposition method (the vapsisted solion process
(VASP)) was developed by Yang's gro{ti38]. They used the solutigprocessed

method to deposit Ppblayer and the thermal evaporation method to provide the
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MAI source for fabrication of perovskitéayeras shown in Figre 2.15¢ Compact

and uniform Plifilms were obtained leading ®PCE of ~12.1%4138].

2.4.4.3Sequential deposition method

One of the mairhandicaps of utilising onstepspin depositiormethod to fabricate
perovskitesolar cells is theapid reaction etween AX andM X, creatingpin holes
anduncovering thesurfaceof the perovskite This poor morphologgreatesshunts

paths andreduce the light absorptio of the perovskite solar cellgd34,141]
Furthermore, disadvantages of using the dual vapour thermal deposition method are
high vacuum equipmenequirementconsumption of large amount of energy and
poor thermal stability othe halide perovskitdayer as well aghe difficulty of

controling the source temperature and the precursor evaporatioi 42fe

Theso-called sequential deposition method or tstep method was developas an
alternativeto the one step methad the manufactureof halide perovskite. One of
the most important features offered by the-step method compared with the ene
step method is that girovidesbetter controbn thecrystallisation of the perovskite
film [143], giving superiormorphologies and interfac¢$41]. Moreover,the twc
step methodhasa potential to fabricatdéigh-efficient perovskitebased solar cells at
low temperaturg125]. This technique hadeen widely usedn both TiQ- and
PCBM-based planar heterojunction solar cells, obtaining a full coverageshés

thin film with pin-hole-free, and homogenous thin films.

In the twostep method, there are various deposition processes in the
fabrication of perovskitefiims. Typically, metallic halogen (MY was first
depositedby the spiacoating methodwhilst methylammonium halide (AXwas

then appliedon the top of MX by different secondmethods including dynamic or
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static spincoating method and dipoating method as illustrated in Eig 2.16. In
the dynamic spitoating method, the AX solutiaa directly addedn the top of the
MX film during the rotationln contrast, in the static speoating method the AX
solution is applied on the top of the MXIm for a period of time (reactiontime)
and then followed by the spirtoating process. In theip-coating technique, the
MX film is immersednto the AX alcoholic solutionThe obtained perovskite film
is thenthermaly annealedon a hotplate for a limid time. Thermal annealings
requiredas it plays aignificantrole in transforming the forneintermediate phase

of perovskite intats fully crystallised perovskite phase.

The twostep dynamic sphgoating method was claimed by Chiaeg al to
fabricate highquality perovskite (CkNHsPbk)films. They utilised planar
heterojunction struares with an inverted configuration of ITO/PEDOT:PSS/
perovskite/P@BM/Ca/Al anda PCE of ~16.3% was obtaingtl25]. The twostep
static spircoating method was reped by Park and his emorkers.They deposited
the Pb} thin film onto the mesoporous TiQayer, followed by applying the MAI
solution on the Phlthin film for 45 s and then heated the perovskite film at 100°C
for 5 min. They found that the pteating process of the substrate before applying
the Pbj} solution is essential to achieve high PCE of ~18%#]. Burschkaet al
used the twestep dipcoating method to fabricatedhi-performance perovskite film

of CHsNH3Pbk onto the mesoporous Ti@ilm. High reproducibility of solar cells

was obtaine@dnda PCE of ~15%was obtained33].
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Figure 2.16 Schematic diagram of the fabricaton processes of the perovskite
film by: (a) a two-step dynamic spircoating method; (b) a twestep gatic spin-
coating method; (c)two-step dip-coating method
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2.4.5Morphologies ofhalide perovskites

One of the main challenges obtairing high-performance perovskiieased solar
cells is the control of the perovskite thin film morphologfl45]. Physical
characteristics of halide perovskites including light absorption, charge carrier
transport, and diffusion length are highly reliant on the degree of crystallinity of the
perovskite thin film[134,146,147] The crystallinity of the perovskite thin film
depends extremely on many factors such as deposition procegsosttoom of
materials, perovskite structurde used solvents aradiditives, annealing treatment
(thermal and solvent annealing), and humidiiying preparation[47,134] The
crystallisation process comprises two majprocessesi.e. nucleation and crystal

growth[76].

The poor perovskite morphayg arises from pinholes and incomplete surface
coverage which resdtin low-resistance shunting path and decreasing light
absorption. It isfeasibleto optinmise morphologies of perovskittin films by
selecting efftient techniqgues to manipulate nucleation and crystal growth in the
perovskite thin film.Severalefforts have beeaxertedto optimisethe morphologies

of the perovskitelayer. The deposition method is one of the most significant factors
which impact on the mphology of the perovskite thin film. In the ose&ep
deposition method, therystallisation process of perovskite crystals is very fast,
creating very poor surface morphology with pinholes in the film and discontinuous

film [118,134]

Different morphological contrehethodsare presenteth Table2.1. Optimisation of
perovskite crystals in the flms was achieved by Spiccth @Aworkers using the
onestep deposition methad They deposited CkBNH3Pbk thin film and then

followed by inducing dast crystallisation process via exposing the perovskite film
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to chlorobenzene. Smooth and homogenous thin filbaee producedwvith large
grain structureA meanPCE of 13.9+0.%asobtainedn their solar cell§135]. It is
suggestedhat the morphology of the perovskite film fabricated by the-spating
technique couldoe influencedthrough twomain factors i.e. thermodynamic and
kinetic impact Both thermodynamic and kinetic influencgday their crucial
functions in the growth of pewskite thin film's morphologies[148]. The
thermodynamic effects are determined by fundamentaracteristics of the
composition and concentration of the solutions which are utilised to fabricate the
perovskite tha film. These includethe proportion of (AX) to (MX;), degree of
interaction and solubility of the perovskite componeNigetic factorson the other
handare related t@averagesolvent evaporation, pestatment, and incorporation of

additives.

The twostep deposition method is an important technique which has its potential to
govern thecrystallizationin the perovskite fim [83,149,150] Park and cavorkers
utilised the twestep spircoating method tdabricate the CENH3Pbk thin film in
TiO,-based planar heterojunction solar c§llS1]. They identified that the cuboids
crystal in the perovskite exceptionally depended on the concentration of the
CHsNHal solution. Theyoptimised and controlled the cuboids crystals using a low
concentration of the C#MH3l solution (0038M), resuling in larger cuboids of
perovskite ( ~720 nm) andchiewng a high PCE of ~17.01% for the solar cells

[151].

FurthermRUH GRSLQJ DGGLWLYHV LQWR WKH SUHFXUVF
control the morphology of the perovskite fillddoenet al. have shownthat the
morphology of the perovskite film cae controlledoy adding a limited amount of

N-cyclohexyt2-pyrrolidone (CHP) into DMF solvent. A uniform film with
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complete coveragsurfacesvas obtainedfter the additiveemainedon the surface
during the formation of the perovskite film duettee high boiling point and low
vapour pressure of the-dyclohexyt2-pyrrolidone (CHP)[152]. In addition Liang

et al. improved thecrystallizationprocess of the perovskite film by combining-1,8
diiodooctane (DIO) into the precursor solution of perovskite, showing very smooth
surface and continuous thin film. The effect of additives in the precursor solution not
only enhances homogeneous nucleation but also changes the kinetic growth

mechanism operovskite crystalgl45].

Solvent annealing is another methodofaimize the morphology of the perovskite

film when it's depositedin a saturated ambient environment containing solvent
vapour. It is a common technique which was widely usedoptimize the
morphology of the photoactive polymer films in polymdrased photovoltaic

devices. Xiacet al first used he solvent annealing method dptimize crystallinity

and grain sizén the perovskite filmby annealing the perovskite film in a saturated
environment of DMF vapour. The DMF vapour can assist the diffusion and
UHDUUDQJHPHQW RI WKH ddansidux 10 YighUig§gred’dR olHHi}) O HV L
of Pbb and CHNHgl in DMF, giving the opportunity of perovskite crystals to grow

intensively[153].

Solvent engineering technique (SET) was used by ®al in order toobtain
homogenous and very dense perdateskhin films Two types of solvents( -
butyrolactone and dimethylsulphoxide (DMS@):3v/v)) were mixed with the
perovskite precursosolutionto produceMAPD(l {Bry)s perovskite film.Toluene
then dropped on the perovskite fibharing the spircasting process of the perovskite
film, which led to the formation o& denseand uniform perovskite layer[154].

High power conversion efficiency PCE of ~16.2%s achieved
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Table2-1 A summary of methodsto control the morphology of perovskitesolar cells

and corresponding high power conversion efficiency

Deposition | Method Structure PCE | Ref
method (%)

One-step
spin
method

One-step Additive ITO/PEDOT: 10.0 [152]
spin (CHP) PSS/CHNH3Pbk/PCBM/AI
method
One-step
spin
method
One-step Solvent FTO/bE TiOamp- TiOo/MAPDb(1- 16.7  [154]
spin engineering  XBrx)s/PTAA/Au
method
One-step
spin
method
One-step Solvent ITO/PEDOT:PSS/CENH3PbL/PC  6.16  [156]
spin engineering BM/AI
method mix solvent
Two-step
spin
method
I ESEIRE  Growth FTO/bI TiOz/mp- 17.0 [151]
spin perovskite TiO/MAPDI3/SpiroMeOTAD/Au
method cuboids anc
controlled
size

Two-step
spin
method
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2.4.6Current limitations of halide perovskite-based solar cells

2.4.6.1Stability of halide perovskite-based solar cells

The rapid degradation efrganometahalide perovskite can be considered one of the
main challengesencounteredby researchers in the perovskite photovoltaic
community. Poor long term stability is the major limitation for commercialisation of
halide perovskitebased solar cellsThe degrad&n mechanism of halide
perovskitebased solar cells has nio¢éen fully investigatedh the past fiveyears
most studies havdeen focusedn enhancing the performance of the perovskite
based solar cellfl42]. The degradation mechanism for the perovskédeed PV
devicescould be dividedinto three types; i.e. chemical, thermal, and environmental
degradation. The chemical degradatisrcausedoy adjacent components such as
solvents, solutes, and additives whiwlre usedn numerous processing procedures
[76]. The thermal decomposition of halide perovskgecausedoy exposing the
perovskitebased PV devices from low temperature to high temperature for a period
of time, which leads tadecompositiorof halide perovskiteThe halide perovskite
film can convert gradually into the Bbfilm at increased temperature. Was
suggestedhat the thermal stability coulde influencedby minor changes in the
synthetic processes and the precurssed[157]. The environmental degradati
causedy exposng the unsealed perovskibased PV devices tght, moisture and
oxygen. Due to their ionic nature, degradation of halide perovskite crystals shows a
high degree of sensitivity tbhght, moisture and oxygefil58,159] High moisture
contentin air can breakthe lattice structure between molecules aadseelements

to decomposg93]. Thereaftercrystal structure®f the perovskite film change to

metalhalide It was foundthat methylammonium lead iodide (@&H3Pbk) is more
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sensitive to humidity compared withmethylammonium lead bromide

(CHsNH3PbBr) [160].

Noh et al revealed that exposing methylammonium lead iodide to ~50% humidity
can result in decomposition, showing a colour change from dark bimwellow.
However, the stabilityis remarkably enhanced after doping Br into perovskite
material to produce MAPhK(JBry)3, where x=0.2 and 0.2@61]. It was well known

that the perovskitbased liquid electrolyte structural PV devices have very poor
stablity and a very short life spanThe efficiency of the PV devices could degrade
in a few minutes because of high solubility of perovskite into the liquid electrolyte
[162]. The stability of the perovskite solar cells based on the liquid electrobde
greatly improvedoy changinghe liquid electrolyte witha solid-statehole transport

layer[163].

Later, different techniques were used to enhance the stability of perelvakad
solar cellsas presented ifable 2.2. Burschka and hisolleaguesfound that the
fabrication of perovskite solar cells by the tat@p method retains more than 80%
of the performance of the encapsulated devices under illumination and increases the
life time of the sealed devices to ~50083]. Kim et al. enhanced thenvironmental
stability of perovskitebhased devices when they improved the morphology of the
perovskite layer using théladecoating method. They demonstrated that the
morphology of the perovskite crystal thin films significantly improved after solvents
evaporated from the surface during thladecoating process, resulting irthe
formation ofa large and compact crystalline domain in the perovskite [dh.
There are other ways to enhance the stability of the perovssied solar cell
which adopts a proper electrand/or hole tansport layer. ltwas foundthat

mesoporous TiQin the case of acting as the electron transport layer affects the
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stability of the PV devices because TiGs unstable under UV illuminatio[®3].

Using ALOs or ZnO nanorods instead of Ti@longate thdife time of PV devices
[158,165] Three different hole transport materials were explored by T. Rad(p

[166] to investigate the impact of 20% humidity on tbeg-term stability over 1000
hours They usedPoly[2,5bis(2decyldodecyl)pyrrolo[3,£]pyrrole-1,4(2H,5H}
dione(E)-1,2-di(2,20-bithiophen5-yl) ethene] (PDPPDBTH, P3HT, and Spiro
MeOTAD as HTLsseparatelyon top of TiO2/CHNHsPbk-based devices and
deduced that the semiconductive polymers HTLs maintained better performance of
the PV devices over the period of testing than Skie®TAD. The outstanding
stability of the polymer HTLs based perovskite devices was due to hydrophobicity
of the semiconductive polymers of PDPPDBTE and P3HT, which decreased the
infiltration of water into the perovskite surfafd66]. Snaithet al presented a novel

HTL of polymerfunctionalized singlavalled carbon nanotubes BNTs) for
replacement of PEDOPSS on top of CgNH3Pk«Clx thin film. The perovskite
devices showed unparalleled thermal stability and moisture resistance after the
devices were exposed to 80 °C in air fort9@.67]. Snaith ancco-workersreplaced

the compositions of halide perovskites; for instaneplacing methylammonium
with formamidiniumor iodide with bromide leaito increasing the stability dhe
perovskite. FAPbk and CHNH3BrXs; have better stability compared with MARbI
[168,169] Mei et al presented highly dtde unsealed devices for 1008 h in the
normal environmental conditioa.g, (AM1.5), light intensity at 100 mW cthand

room temperature. They applied modified perovskite material&aV{) «(MA) 1.

«Pbk with free hole transport materials and obtained a certified PCE of ~12.8%
after the perovskite layewvas protectecy a carbon layer which acted as a back

contact[170]. A low-temperaturesolutionrprocessed material of PhN& was used
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instead of PEDOT:PSS as a hole transport layer, demaongtthat the stability of

PV deviceswas enhancedinder ambient conditienof 25°C and 40% relative
humidity compared with devices usifgEDOT:PSS.The device structure was
PEN/ITOPhNalT /CHsNH3Pbk/PCGs1BM/Ag. It revealed higher resistance within a
replicate mechanical streg&71]. Zhao et al claimed a novel configuration by
inserting a polymer as an insulated scaffold material, which led to enhancing the
stability to ~300 h in an ambient environmemith 70% relative humidity The
unsealed devices show PCE of ~16%.This structure not only improved the
stability but also exhibited robust sskaling or humidityesistance, showing that

the perovskite devices could offer power conversion efficiency szgafter water

vapour attached on the surface #meh evaporated.72].
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Table 22 A summary of methods to enhance the stability of perovskite and
correspondindpigh power conversion efficiency

Structure Method Device structure Life | PCE | Ref
time | (%)

- .-III

TiO2 based Applying FTO/BI-TiO2/Ms TiO2/
HTMs CH3NH3Pbk/ (HTMs) 1000 9.2 [166]

PCBM
basedPHJ

ZnO based Usmg ZnO as FTO/ZnO/CHNH3Pbk/s 500 5 [165]
piro-MeOTAD/Ag

. based --II

eieEsh Using HTL  FTO/BI-TiO2/MsTiO2/ 1000 9.2  [166]
PHJ PDPPDBTE CHsNHsPbk/ (HTMs
P3HT,PDPPDBTE ani
spiroMeOTAD)/Au

. l.III

PCBM Using HTL  ITO/HTL(PhNa1T) 300 14.7 [171]
basedPHJ PhNalT ICHsNH3PbE/PCBM/Ag
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2.4.6.2Toxicity of lead in halide perovskites

High PCEs of halide perovskiteased solar cells are currently only realised in
organicinorganic hybrid lead halide perovskites. However, lead is very tmxitc

not environmentally friendly[174]. Efforts have been madto search for an
alternative of leadree halide perovskites. Haet al firstly fabricated leadree

hybrid halide perovskite solar cells based on tin iodide perovskite. They achieved
~5.7% using ChNH3SnkxBrx as an absorber layg42]. Then, Snaith and €o
workers reported lead free GINH3;Snk perovskite solar cells and ~6.4% PCE was
reached[175]. However, Srbased halide perovskite shewpoor stability The
decomposition starts just in 2 h after preparation and attains a total decomposition

after one day42].

61



Chapter 3 - Materials Preparation and Characterisation

3.1 Introduction

In this chapterpreparationof photoactive materials, hole and electron transport
materials, andottom and topelectrodesfor fabrication ofthe solar cellsin this
thesis willbe explained This will includedetails ofexperimentatechniquesised to
characteris the photoactive ptymer, halide perovskite, and photoactive polymer

perovskite composite materials.

In this thesis, three different configurai® and photoactive materialsvere
employed The first photoactive layer iB3HT thatis blendedwith PCBM in the
bulk heterojunctinrbased solar cells. Theecond photoactive layeris halide
perovskite ofmethylammonium leadbdide in PCBM-based planar heterojunction
solar cells. The third photoactive layer is a composftenethylammoniumlead
iodide perovskite and photoactive polymer PTB7 in PCBlbsed planar
heterojunction solar cells. Typically, the actilayer is sandwichedetween two
electrodesn all threesolar cellsarchitectures. The first electrode should be at least
semitransparentwhich allows sunlight passinghroughto reachthe photactive

layer.

Usually, indium doped tin oxid€ITO) or fluorine doped tin oxidgFTO) are used
and theoppositeelectrode istypically a thin film of metal includingaluminium,

silver, gold, etc.

62



3.2 Materials preparation and properties

3.2.1Photoactive materials for polymer solar cells

The bulk heterojunction structure was used to fabrisaletionprocessegholymer
solar cellsThe photoactive layer consistsablend ofthe conjugated polymer poly
(3-hexylthiophene) (P3HT) as the efem donor and a small molecuteaterial
(fullerene derivatives) of PCBM semiconductor as the electron acceptor. The P3HT
hasbeen broadly useith a variety of applicationscluding solarcells, OLEDs and
transistor4176]. The mixture ofP3HT:PCBMhas attracted significantattention in

the last decadgl77]. The performance of polymer solar cells relies on the quality of
the crystallinity and theegioregularity of the polymefl78]. Amongst various
conjugated polymer P3HT is notably recognisedto exhibit a high degree of
crystallinity anddisplayscomparatively excellent charge transport propefti&9].

In turn, the crystallinity othe photoactive layers linkedwith the regioregularity of
the conjugated polymer. In many cases, P3HT is observed to have mo8Ota

regioregularity, whichncreaseshe level of crystallinity of the active lay.

Some other factors such as the weight ratio between the donor and the acceptor, the
type of solventsused the thermal annealing treatment, and the thickness of the
photoactive layehave significantimpacton the performance of OPV devidds0].

Among the fullerene additives, PCBM is considered as one of the aticesttive
variants which hasbeen widely useds the electron acceptorhis isdue to its
solubility in chlorobenzenewhich subsequentlyenablesthe use of solution

processed methdd deposithe active layer.
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Figure 3.1 The energy level of PSHTPCBM [177]

Furthermore, the blending d?3HTPCBM is shownto absorb photons in the
wavelength range of 38870 nm, implying that the exciton in the active lajer
generatedy the absorption ophotons withenergiedbetween 2.0 and 3.3 € 77].
Figure 31 illustrates the energy lewebf P3HT:PCBM.In order toachieve an
efficient charge sepation in the solar cells, the HOMO and LUM® the donor
must be 0.20.3 eVlarger than the HOMO and LUMO of the accedtbr7]. In the
case ofa smaller or larger offset, it may be difficult to acquire an effective charge
separation as most of the energy will dissiga#®’]. However, when the energy of
photons is higherthan 2.0 eV, a small proportiowill be absorbed by the
photoactive layer of BHT:PCBM and70% ofthe remainingenergyof photons will

be wastedn heat[43]. Thereforejn order tominimise the loss of energy as much as
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possible,doping the donor and acceptor components nigcial to the assembly

process.

3.2.1.1Preparation of polymer photoactive layers

P3HT usedin the current researclvas purchasefom Merck (isico) and has a
regioregularity of more than 94%. PCBM was purchased from Solenne BV and has

a purity of 99.5%.30 mg concentration of the blend with an equal molar ratio of

P3HT to PCBM was dissolved in 1 mL of chlorobenzene and stirreshigi on a
KRWSODWH 7KH PL[WXUH ZDV WKHQ ILOWHIdrgeG E\ WK

particles.

3.2.2Photoactive materials of halide perovskites for solar cells

Methylammonium halide perovskite (MARbWwas selectedsthe photoactive layer

for the PCBMbased planar heterojunction solar cells. This type of material has
attractedgreat deabf attention due tsomeunique characteristics that distinguish
from other solar cell materials. It has a narrow band gafl &5 eV, outstanding
performance of high efficiency, armability to harvesta high numbeof the incident
photonsfrom the visible range up to 800 ni85]. The methylammonium halide
perovskiteconsistsof two main materials: lead iodide (Bpandmethylammonium
iodide (MAI). The Pbl powder was purchased fro8igmaAldrich while the MAI

salt was synthesiseth our lab according to the procedutescribedlater in this

chapter.

MAPDbI; thin films were fabricatedia two depositionmethodsi) (OSSQM), andii)
(TSSAM). In OSSCM, Pbl, was firstly mixedwith MAI usingappropriate solvents
such adDMF or dimethylsulfoxide (DMSO). INTSSQM, Pbb in DMF solventwas

firstly appliedon top of HTMs, and then MAI in the IPA solvent was applied onto
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the precoated PBl film, followed by thermal annealingt 100°C for a period of
time to complete the reaction atisusthe perovskite thin film was produced. &ig
3.2 shows the energy level of the perovsldateicture.MAPDI; acts as a donor
material which has a HOM@t -5.43 eV anda LUMO at -3.93 eV, respectively
PCBM was usedhs an acceptor material in the planatehgunction PV structures

with a HOMOat-6.0 eV and LUMQat-4.2 eV.

CH3NHs3Pbl3
A -3.93
-4.2
PEDOT:PSS BCe1PM

@L@ 543

Figure 3.2 Energy level of perovskite structure[181]

3.2.3Photoactive polymer-perovskite compositefor solar cells

A novel canpositephotoactivelayeris used to fabricaterganicinorganic hybrid
solar cells The composite consists ofethylammonium halide perovskiMAPDI;
and PTB7 polymer. Figurg.3 shows the energy legalf the photoactive polymer
perovskite composites. Similar energy lewsere usedor the MAPbg and PCBM,
while PTB7 polymeris shown toact as a donoin additicn to MAPDbI; and ha a

HOMO at-5.3 &/ and LUMOat-3.5 eVrespectively
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Figure 3.3 Energy levek of the photoactive polymerperovskite composite

3.2.3.1Preparation of perovskite materials
MAI was synthesised irthe ambient atmosphere at room temperature via the
chemical reactiorof 27 ml methylamine solutionCHsNH,, 40 wt.% in methanol,
TCI) with 30 ml of hydriodic acid (HI 57 wt.% in water, Aldrich) in a round
bottomed flaskThis process was carriedt at 0°C in an ice bath fowo hours The
methylamine solution was added first into theundbottomed flask and then
hydroiodic acid(HI) was dropwise added in during stirring. Whfieecipitateof
MAI was collectedafter themixture in the solution was transformed into a rotary
evaporator and heated at 50°C dmehour. The whitgrecipitatewas washed three

times with diethyl ether and finally dried in vacuum for 24 h.

The Pbj solution was prepared by dissolving 1 mole,Rbl1 ml DMF solvent and

WKHQ O RI ",2 ZDV DGGHG LQWR WKH VROXWLRQ V

67



The Pbj} solutionbecame clear after continuosigrring at 70€C overnightas shown

in Figure 3.4

e

==

—_—

-

»r )

Figure 3.4 Pbl; solution; left) before adding DIO, right) after adding DIO

3.2.4Electron transport layer

Electron transport materials play a criticale in the polymer and perovskite solar
cells allowing forthe transport of electrons anblocking of holes. The ohmic
contact aligningbetween the LUMOof the donor mateial and the electron
collecting electrode is an essential factor whighpacts on the transporiand
collection of the electrons. Furthermore, the halactronaffinity is requiredto
facilitate the pathway of electrons proficienéynd to stop holes transport the

photovoltaic devicefs2,182]

In the polymer PV devices, ZnO thin filmnvas chosenas the electron transport
material due to numerous beneficial features, such as high transparency, high

electron mobility, and wide bandgap. Moreover, the ZnO film mamabricatedy
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the solgel solutionmethod which hasthe potential of providing a highly wetting

surface and good adhesion with titetoactive layer of thpolymer[183].

In the pure perovskite and photoactive polyperovskite corposite devices,
PCBM was useas theelectrontransport materiaPCBM is a prominent competitor
as analternative to TiQin the perovskite's solar celiisie to itssimple fabrication
process.enablingit to be depositedn a normal environment at low tegerature
[93]. Furthermore, PCBM hashagh electron affinityandhigh degree of solubility
in chlorobenzenedichlorobenzeneand chloroform which allows the film tobe
depositedby the solutiorbased processing techniques of fpén or dip- coating

method.

3.2.4.1 Preparation of ZnO and PCBM solutions

The solgel method was used to prepare the ZnQowblsoluion. 0.1 M of the
precursor zinc acetate dihydratas dissolvedn 2-methoxyethanol. thanolamine
was then added into the solutionorder toadjust thepH valueto less than .7The
molar ratio of Zinc acetate to ethanolamine is at 1:1. Thatienlwasthenstirred

for 1 hour in air. The fullerene derivative [6,6henytC61-butyric acid methyl ester
(PCBM) is broadlyutilised as an acceptor material in solar cells by either blending
PCBM with P3HT in the polymer solar cells or depositing as a separate thin film on
top of the perovskite film in the planar hetemgtion perovskite solar cellwo
diffrenet concentrabns of PCBM (30 mg and 40 mgwere dissolved in 1 ml
chlorobenzene and stirred orhatplateat 70°C for 2hours,and then the solution

was filtered using 0.45 um PTFE filter to obtain very high purity PCBM solution.

69



3.2.5 Selection of the cathode buffer layer

Bathocuproine (BCPyas selecteds the cathode buffer layer. The main benefit of
inserting the cathode buffer layer between the acceptor material and thaeciatko
enhance the extraction and collectiai the negative charge carriefd12].
Furthermore, (BCP) plays a key rateproviding protection to the photoactive layer
and contributing to obtain ohmic contact with the top electi@dg¢ Theoretically,
the low work function electrodis requiredo extract the negative charge carrigrs
the inverted structureHowever, high work function electragleuch as Au can also

effectively provideelectronsextractionlayerin many casefl12].

3.2.5.1 Preparation of the cathode buffer layer (BCP)

To prepare a solutieprocessed bathocuproine buffer lay@r,mg (BCP) was
dissolved intol mL methanol and thesonicatedor 10 mirutes The solution was
then stirred for 30 min ora hot plate at @°C followed by passing the solution

through the 0.45 um PTFE filter to obtain a pure BCP solution.

3.2.6 Hole transport laye

Different HTMs havebeen usedn the polymerand perovskite solar cells such as
MoOs, V,0s, PEDOT:PSS andpiroMeOTAD. In the perovskitebasedsolar cells,
spiroMeOTAD is a common material which hagen widely utilisecas the hole
transport material. However, the complicated processes for the synthesis of the

material leadto avery high commerciatost[117].

The selected hole transport material in this thesisPEDOT:PSSfor all
configurations due to iteighly valuedadvantages of lowost, easef applyingas
thin film, superb transparency, chemical stability and high hole conducfiféy

PEDOT.PSSwas employedbetween the active layer and the opposite electrdue. T
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essential factorof the hole transport layer (PED@SS) isthat the PDWHULDO |V
energylevels are suitable to facilitatdhe holes transport and blocks the electrons
transport. An efficient holeransport layer should produce an ohmic contact with the
electrode and match the Fermi level of the donor to enhance the transport of holes

and effectively block the pasgeof electrons.

In this thesis, PEDOPSSwas appliecbn top of the blend of P3HPCBM andat

the bottom of the perovskite layer or the composite perovskite/PTB7 layer,
respectively. The?EDOT:PSSanbe uniformly depositedn the ITQcoatedglass
substrate However, it is hard to obtain a uniform thin film of PED:PSS on the

top of the PBHTPCBM film due to hydrophobic feature of the blend film. Different
treatments were utilised to overcome this issu@rder todeposit uniform film

these are iaddinga surfactan{184], andii) usingco-solventq185].

3.2.6.1 Preparation of PEDOT:PSS

Poly(3,4ethylenedioxythiophene): poly(styrerslfonate) (PEDOTPSS) (1.3-1.7

wt% in water)was purchasedrom Ossilawhich has a work functioof ~ 5.1 e V.

The PEDOTPSS VROXWLRQ ZDV I|LOWMDHIfRerXo&hr® disen P
order toremove any largsized particles. Different surfactanesd., Triton or Zony)

were addedo the PEDOTPSSsolution at 1% X-100 in volumeto enhancehe
wettability d the hydrophobic blend filnin the photoactive layegi86]. Dip- and

spin coating methods were respectively utilised to fabricate the thin films of

PEDOTPSS followed by the thermal annealing at 140°C for 15 min.
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3.2.7 Electrode materials

In this thesis, all falicated devicesvere appliedonto glasssubstrates coateaith
indium tin oxide (ITO) thin film. Indium tin oxide (ITO) is one of the most broadly
used materials as an anode or catid@¢ with thework function of ITO at 4.8
eV. Au (with the work function of5.1 eV)is used ashetop electrode in this thesis.
The PVD sputtering coating technique was used to depositith&liin of Au on the

PV cells.

3.2.8 Cleaning procedure

Indium-tin-oxide (ITO) coated glassegere cutinto smallslidesof 2 x 2.5 cnt. The
etching process was usedpattern thdTO-coatedglassedy appling a mixture of

Zn powder and hydrochloric acid (HCI). Cleaning the substrates before fabricating
solar cells is an essential step to remove so1ys ofimpurities on the substrates.
The patterned ITO substrategm firstly cleaned by the soap solutiand washed

by deionized(DI) water. Then, the substrates were sonicated separately in acetone
and isopropanol for 10 min, followed by washing the substrates by DI water.
Finally, the substratesereblown dry usingN,. The same procedure wappliedto

clean any other glass substrates materials analysis usinEM, AFM, UV-Vis

FTIR and PL.

3.3 Characterisation methods

3.3.1 Characterisation of the PV devices

JV characterisation was performed under the simulated AM ira@iation (100
mW /cnf) usingKeithley 2401 sourcemeteunderambient environment. A Schott
KG5 colourfiltered Si diode (Hamamatsu S1133) was utilised to calibrate light

intensity of the solar light simulator beforé/Jmeasuremestwere carried out. A
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aperture of aluminium mask was applied on the PV devices to obtain an active area
of 0.04 cm? and to prevent any contribution from externally fallen light on the
devices External quantum efficiencfEQE) spectra were measured by a helnodt
spectral response measurementugetX-ray diffraction (XRD) patterns were
REWDLQHG XVLQJMPRMWINGGNK UN-Bayssdurce of wavelength 1.54

A andwith operational parameters 40 kV tube voltage and 4®A tube current.
Scanning electron microscopy (SEM) was used to investibatmorphologies of

the perovskite thin filmauising Nova Nano Microscopic instrument. Reflectance
FTIR spectra were recorded in the frequency range of4800 cni using Nexus
FTIR instruments (Thermo Nicol€orp, USA) with ATR-FTIR spectrometer. FTIR
sampleswere preparedn the Aucoated glass slidegstomic Force Microscopy
(AFM) images were obtained by riker multimode. Steadstate
PhotoluminescencgPL) spectra were recordetty the Varian cary eclipse

fluorescence spectrophotometer upon excitation 400 and 620 nm, separately

3.3.2Current-Voltage (I-V) Characterization

One of the most important methods to determine the performarfe¥é dévices is
the LV characteration The measurements were carried out by employsogrce
meterand a solar simulatot-V curves of the investigated devicesill be drawnas

a result ofapplying different values of voltage within a specified range and
recordingthe corresponding curremtilues Tests are conducted either in the dark or
under illuminationin orderto derivethe PV deviceparametersincluding Vo, lsg,

FF, serious resistance, shunt resistant, and PCE as shownie3y
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Figure 3.5 Experimental setupfor I -V characterisation of solar cells

Standardconditions wereppliedto test the performance of the PV devices in the |

V characterisatigni.e. one sun of the irradiance of 1000 W/m2 and air massof 1

at temperature of 25 C°.

The maximumpower of solar cells(Pnay) correspondso the product ofV max.Imax)

as shown irFigure 3.5.

The power conversioefficiency (PCE) of solar cells is defined as the ratio between
the maximium electric power delivered by the solar cell and the power of incident

light with a given active arda?] :

- O+ b6
b6l ——= TR
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wherefill factor (FF) is definedas

FF= :_:afz;ééé(«««««

n

whereV . is the open circuit voltages: is the short circuit currengnd Ry is the

intensityof incidentlight.

3.3.3Atomic Force Microscopy (AFM)

AFM was used to identify the surfadepography of the materialgith high
resolution using tapping mod this type of sample scanning,sharp probeas
installed on the cantilever of the tip taps over the surface of the sample during
scanning The cantilever tip is stimulated to oscillatear the resonance frequency
(~300 kHz). Different distances between the tip and the surface of the sample

recorded changes in the surface topography as shownureBi@.

4 quadrant photo detector

Cantilever deflection
measurement

Laser

AFM sample stage

Figure 3.6 Schematic diagram & the atomic force microscopy (AFM

75



Analytic sdtware was then used to analybese variations which are measured by
the photodetectar Several types of operation modes hdeen usedn AFM
including the contact mode where the probe contacts the sadastantlyandthe
tapping mode where the probe intermittently taps the surface or the probe hovers
over thesurface.The tapping modés widely usedn AFM charactedation due to

its high resolution andample potection(friction causes damage in other modes).

3.3.4Scanning Electron Microscope (SEM)

The scanning electron microscope has been used to form a significantly magnified
image with great visibility and high resolution tfie surface morphologyf
specimens. In thimstrumentas shown in Figur8.7,the electron gun locateat the

top of the SEM instrumentproduces a beam of electrons by heating the metallic
filament of tungsten. Ais beam of electrons vertically moves down through
electromagnetic lenses. When the rhehits the sample, electrons andrays are
dispersed anejectedfrom the sample and atben collected by the detector. The
detector convertshese electronfto signals which are sent to the computer and
finally the SEM image is obtaine&EM operatesnsidea vacuum chamber using
high-energy electron source-g5 KV). The samples were coated by a thin film of

Au to eliminate surface charging
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Figure 3.7 Schematicdiagram of the principle of SEM

3.3.5 UV-Vis Spectroscopy

UV-Vis spectroscopy is one of the oldest techniques that contribute to identify the
organic structure, orientation and ordering structure of molecules. Commonly,
organicmoleculesandhalide perovskitebsorb light in thespectralregion between

~300-800 nm.The photongnergy might be absorbed by molecutespecific units

or quantaunits, thatis compatible with the energy difference betwé#dMO and

LUMO levels Light absorption usually happens when light radiationfalls on the

active layemith sufficientenergyto cause electron transitonURP WKH ERQGLQJ
and thenonbonding (n) orbitalo the DQWLERQGLQJ 1 DQG E RUELW]

shown in Figure 3.8187].
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Figure 3.8 Schematic diagram of electronic transition level
Thereis awidely used formulaegardingabsorption and transmittan€€) which is
the BeerLambert's lawlt depictsthat the absorptionof incidentlight when passes
through a medium is proportional to the thickness of the medltisnintensity
decreasd exponentially in the formu[d87,188]
uL u <*”?84448448444844844a03)
or

u ~
o VML M7 KKK KKK L LKL K

where + is the intensty of incidentlight, | is the intensity of light after passing
through the sample at a thicknessUis a constan{absorption oefficient)as shown

in Figure 3.9
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Figure 3.9 Graphical illustration of the Lambert-Beer law

When using commologarithms (basel0gquation(3) will become
UL U HUB'? «««aa«c«« 5)

or

Iog u'Vl\ﬁ: KX « « « « € & € « & « 6)

wherek= U2.303 is the extinction coefficient. Beer's law depicts that the absorption

is proportional to the concentrationtbemedium ZKHUH N ™g& ™ LV WKH
coefficient for unit concentratiofL mol™* cm?), ¢ is molar concentration (mol /L),

and x B path length of the sample (crBy combining Lambert's and Beer's law, the

new formula is

mL "ee u'VML & TosCAC € € & € € K K K

The logarithm term (‘J'V\d is known as absorbance (A), which is plotted in the UV

VSHFWUXP YHUVXV WR WKH ZDYHOHQJWK
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The concept of the absorption method can $&@mmarised by shedding
monochromatic light through the surface of the film and collecting the
corresponding data of the transmitted light. Consequently, we can calculate the
absorption ofight at each wavelegith. The working principle of UWis spectrum

is shownin Figure3.10

<>

Monochromator Detector

Sample

Exit slit

Dispersion

Source !
device

® Entrance

slit

Figure 3.10 The principle of UV-Vis spectoscopy

3.3.6Photoluminescence (PL)

Photoluminescencspectroscopy is a contactless and-destructivetechniquefor

the studyof the electroit structure of materialsThe photeexcitation process
caused bybsorption ofncident photons by the electrons within the sample, which
results in excitinghe electrongo higher electronic state antenh the surplus energy

will release by emission of light or luminesceft89].
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Figure 3.11 Schematic diagram of the photoluminescence setup

The phenomenon of phoetxcitationis identified as photoluminescere; and itis
schematicallydescribedin Figure 3.11 This technique is usually utilised to
determine the performance of the excited charges splitting up at the interface among
the donor and acceptor materifl®0]. In the case of interface between perovskite
and PCBM, once the donor material absorbs photons, it will release lights via the
photoluminesence procedure. When the acceptor materials applied on top @ mix
with the donor, a quenching of photoluminescence occurs indicating that many
excitons are separated to free chargks.the separationratio of free charges
increases quenching of potoluminescence will increas€&urther, quenching of
photoluminescence will take plaes a result of applying thdTL and ETL to the

photoactive layef106].
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3.3.7X- Ray Diffraction (XRD)

One of the most familiar techniques ftre characterisation of crystallinity of
materials is the nedestuctive XRD technique. Figure 2Xhows the principle of
X-ray diffraction measurementsA diffraction pattern which is produced by
diffraction from different planes contains information about internal structures of the
materials, degree of crystal oriemb@s, phases and average grain sj284]. XRD
peaks havébeen produceafter overlapping of a monochromatic beam eafays
dispersed at a specific angle for each lattice plane of the sgh®dg The peak
intensitiesare identifiedthrough distribution of atoms inside the lattice planBse
number of peaks depends the structure of the materiaFor instance, single crystal
(one orientation in structures) will produce only one peak in the diffraction pattern
while the polycrystalline samples which contain many differently oriented

crystallites will produce many peakk93].

Incident X-ray

Transmitted X-ray

Figure 3.12 Schematic diagram of the Xray diffraction measurement system
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Figure 3.B schematicallyjdemonstatesthe BragJ 4 law of diffraction. % U BsJa
is typically used to determine the réea conditions for diffractionas described by

the following equatiof194]:
"ALUS i B R R IRS « 1)

where ” is an integer (1, 2,)3 Ais the wavelength of th¥-rays, } is the angle
between the incident rays and the surface of the cryatal Sis the spacing

between layers of atoms

Incident light Diffracted radiation

O Atoms Transmitted radiation

i dsin©
— Lattice plane

Figure 3.13Schematic GLDJUD P R lavood diffiiction

3.3.8Fourier transform infrared spectroscopy (FTIR)

Infrared spectroscopy is a beneficial charaséion method whichs widely used

to identify the compound structure of organic or inorganic materials. The process of
infrared spectroscopy ismsilar to that for U\vis spectroscopyn the absorption
measurement except it works in thé&ared region aglustratedin Figure 3.4 [52].

When the sampl® Vradiated by the infrared light, the absorbed spectrum can be
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analysed by linking a specific characteristic frequeno the functional group and

therefore determing the composition of the samgg2].

The infrared spectroscopy measurements can take place using absorption, emission,
and reflection. Infrared spectroscopyaisechniquavhich dependsn the vibrations

of the molecules as its energy is not adequate to induce electron trarfeitimmnise
valence band to the conduction band. Alternatively, infrared photons excite
vibrational and rotational motion in the moleculld®5]. Typically, an infrared
spectrum is attained by passing the infra radiation through the substrate and then
identifying the portion of the incident radiation whide absorbedat a specific
energy. The energy at any position of peak in the absorption spectrum refers to the

frequency of the vibration of an element of the sample mol¢tts.

| | Analog-to digita
Source HlnterfemmeterH Sample Detector |_| Amplifier

Figure 3.14 Schematic diagram of the Fourier transform infrared spectroscopy

3.3.9External quantum efficiency

The externalguantumefficiency isthe proportion othargecarriers gathered by the
solar cell to the quantity of photons of a given energy incidenthe solar cell.
Consequently, both the absorption of photons and the collection of free charges play
an important rolein determining the external quantum effivdy. Electrorthole

pairs which are createdas a result of absorbingncidentphotons by thé?V active

layer. This pair should be separated to free charges and then collected by the
corresponding electrodes to reduce the possibility of recombination. Charge

recombination will cause reduction in the external quargtimiency: '3"' ;[177]:
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'3' L-odygfmoas < (7)

where, -. is theefficiency of the incident photons absorption, ; (jsithe efficiency
of the phot-induced exciton diffusion ateterojunction -, ; isthe efficiency of
the exciton dissociation at theeterojunctionand -.,is the efficiency of charge

carrier transport and collection at the electrodes.

In addtion, the irternal quantum efficienc{iQE) is defined as th@roportion of
charge carriers gathered by the solar cell to the quantity of photons of a given energy
incident on the solar cell and absorbed by the cell. The transmitted and reflected

lights are out of consideration to calceldaihe IQE196]

YE ¥
—— L LKL KK KKK KK
5?E?I

+3'L

where, R is reflectance and T is the transmittance.
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Chapter 4 - Fabrication of P3HT:PCBM heterojunction solar cells
by the dip-coating method

4.1 Introduction

The solutiorprocesshle photovoltaic devices (SPPDs) mainly, including -dgasitized
TiO2 [197], quantumdot nanoparticle§l4], organic semiconducting polymes98], and
very receny perovskites[16] represent great opportunities and advantagesiraple
fabrication, cost effectiveness, devices on flexible substrates, and large area devices by the
roll to roll (R2R)technology{17 A.9] or other simple solution manufacturing meth{i9].

The solutionprocessed methods mdye classifiedas spincoating, spraycoating dip-
coating,doctorblading screen (oink-jet) printing methodsetc. [73,200] Spin coating is
one of the most efficacious techngs and has been widely used in laboratories for
fabrication of SPPDs due tsiddvantage of ease ofise and higiiegreeof regularity for

film forming. In the fabrication of SPPOQsspin coating is thenostcommonlyused method

as reported in thpublishedliterature Nevertheless, there issignificantlimitation to the
spincoating methodhat is it is only suitable for smakcale fabrication or small area
devices,and is not compatiblewith the commercial applications for largeale devices.

Other methods have their advantages and drawtha8ks

The spraycoating method needsecisecontrol on thenozzleand the liquid droplets may
splashonto the previously coated areas affecting the properties of the photovoltaic (PV)

deviceq69].

The doctotblading or the printing methods can easily realise the R2R manufacturing of PV
devices. However, their disadvantages could inclegenplicated chemistry of ink
formulations and contact effects when the latter layeppliedon the previously formed

film [69].
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The dip coating nthod has itsown features and potential to be used as a promising
alternative for fabricating large area SPRidsSndustrial scale. Historically, the digpating
process is a very old technology of producingigel thin films, whichwas inventedby
JenaeGlaswerk Schott & Gen. in 193fbr silica films[72]. A schematic diagranis shown

in Figure4.1 for the dipcoating process. The substrate is pulled vertically from the coating
bath at a constant spe€#l). The entrained liquid by the moving substrate sptits two at

the free surface (point S Figure4.1) in a viscous boundary layer, returning the outer layer
to the bath. When the upward moving flisxbalancedibove the stagnation point S due to
evaporation of the solvents, a continuing and pos#tabk film is formedwith respect to

the coating bath surface.

Vp |t

S S
Liquid bath surface Liquid bath surface

Figure 4.1 Schematic diagram of the dipcoating technology

Within the drying process, the colloids are progressively concentrated by evaporation,
leading to aggregation, gelation, and final drying to form a type of a dry gel or xerogel film.

"KHQ WKH VXEVW)hbdiddd YistoSity g @re low, e.gin the case of the sal

gel coating,
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the thickness of the wet film cdo® written as:
PL>x§v:JHS8 ;GW? >{:‘|15WZL H C;5\/g?( LK« KKK

Where § is the liquidvapour surface tensionL is the liquid density andCis the
acceleration of gravity201]. Dip-coating process is simple high productivity technique

with a high accuracy to deposit a uniform film on a lasgele area. Nowadays, many
commercial optical functiwal solgel thin films on glass have been manufactured by the
dip-coating method with a large area of several square metres. Moreover, -ttuatiliy
method owns the advantages of significantly reducing the amount of wasted materials
during the processingnd the potential capability of depositing two PV devices at the same
time. Polymer photovoltaic devices (PPVs) have attracted considerable interests in the last
decade due to their potential advantages of the solptimressable manufacturing. Power
cornversion efficiency (PCE) has increased after bulk heterojunction (BHJ) structures were
introduced in the devicd81], where the donor (organic polymers) blends together with the
accepter (fullerene derivatives) in a thin combined film placed betweereléotron
transport layer (ETL) and the hole transport layer (HTL) that are connected to the electrode
layers separatelyn the past few years, 8% PCE has been obtained in a single BHJ device
using the new low band gap matef202 205]. Very recently, the PCE achieve a giant leap

up to 11.5% for the single BHA1].

Although these significant achievements have pushed the technology of PPVs further
towards the appation of commercial products, there are still huge challenges to be
overcome with much effort including large area RROE devices and loAgrm stability of

the devices.

Dabirian et al investigated the properties of the -dipated PCBM[206]. Xue et al
producedbundles of P3HT nanorods by using the-cliyating method207]. Hu et al has
published a study to deposit the active layer of PPV devices in the conventionally structural

deviceq208].
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In this chapter, we report the deposition of all layers except the electrodes in the inverted
PPVs by dipcoating technologyThe blend of the active layer based oe tthlaobenzene
dispersed P3HP.CBM has beemodifiedand transformed it into a ssijeHike solution by
adding petroleum etherFigure 4.2 shows a gebf the P3HTPCBM blend witha high
concentration opetroleum etheafter stored in a closed bottle in th@veboxfor two days.

The blend can also form a gel much faster with the evaporation of chlorobenzene than that it
is storedin the closed environment, which is compatillgh the use of the digoating
processn order tofabricate a uniform active layéor PPV devicesThedip-coating method

has alsdeenusedto produce the ETL and HTL layers. Efficient devices waifPCE around
3.4%were obtainedThis exploration demonstrates that the-cliyating method has itsvn
potential and advantages to bedias an industrial scale method for fabrication of all layers

of SPPDs.

Figure 4.2 Photos of the P3HTPCBM blend: left) a gel formed from the modified
blend; right) the liquid blend of the unmodified P3HT: PCBM in chlorobenzene
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4.2 Experimental

4.2.1Material preparation for the PPV devices

ITO coated glassesere boughfrom Vision Tek systemLtd., (UK) with sheetresistance

of (1245 . The ZnO thin filmwas selecteds the ETL layer, whickvas prepared
according to the procedure ®ection (3.2.4.1). The solution for the active layewas
obtainedby adding P3HT:PCBM (at the ratio of 1:ihfo the chlorobenzene solvent. The
blendwas then stirrednd heated overnight at 70°Betroleum ethewas then addeihto

the P3HT:PCBM chlorobenzene solution, enabling to form thegeblike blend for the
dip-coating of the active layer. The ratio dilorobenzene to thgetroleum ethewas kept
below 1:1in volume to avoid the immediate formation of the particulate gel at room
temperature. The concentration of the P3HT in the whole mixed solvent was 15 mg/ml. The
PEDOT:PSS thin filmwas usedas the HTL layerTo improve the compatiblproperty of

the agueous PEDORSS solution for the dipoating, 2propanol was adetl to modify the
aqueous PEDOPSS solution. The volumetric ratio betweeBD®OT:PSS and propanol
was at the ratio of 10:2Zlo further improve the wettability of the aqueous PEDEHS
solution to the P3HPCBM layer, 1% Triton X100 in volumewas addednto the final

PEDOT.PSSsolution.

4.2.2Fabrication of PPVs by the dipcoating process

PrestructuredTO-coatedglass substrates withe size of 2k 25mm were cleanely soap
water and then washeoly deionised(DI) water. After N blow dry, the samples were
ultrasonically cleaned in acetone aneprdpanol separately and then followed by N
blowing themdry. Figure 4.3 illustrates a scheatic diagram of the fabrication process of

polymer solar cells via the diating processes.
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Figure 4.3 A schematic diagram of thefabrication processes for P3HTPCBM solar
cells via the dipcoating method

The cleaned ITO coatedideswith more than half of its area was immersed inrttoelified
solution ofZnO-basedsol for 10 seg then withdrawn athe rate of 20 mm/s. The sabel

ZnO coated sample was heated on a hot plate at 150°C for 5 min and then at 250°C for
another 5 min. The ITO glassatedwith the ZnO layer wathenimmersed in the modified
solution of the active layer for 18ecand then pu#d out atthe rate of 21 mm/s. Two
different drying methodw/ere carried outor the active layerin one method the dipcoated
samplewas kepffor aperiod of timeover the top of the container containing the evaporated
solvent, which extended the drying tima the dher methal, the dipcoated sample was
quickly removed out of the container and then was kept dryinthénnormal ambient
environmentwhich led to afaster drying rate. The drying processms observedyy
monitoringthe colour change of the film until a purple colour appeared. The active layer
was either urannealed or annealed at 140°C for 5 min in the glovebox. Finally, the device

was submergeihto the 2 propanol diluted PEDOT:PSS aqueous solution fosdéthen
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withdrawn at the average rate ofmin/sand cured afl40°C for 15 min. Finally top Au

electrode layer was fabricated by vacudepositionmethod as the positive electrode.

4.2.3Formulations of the photoactive, electron transport and hole transport
layers
In this experiment, different attempts were undertaken to optimisediwions ofthe
photoactive layer, electron transport layer and hole transport, iayerder toeffectively
deposit the uniform films by the digating method as shown in Tabkel, 4.2, and4.3
respedtiely. In the firststage of experiment various concentrations of methanol were
addedseparatelyor also with 2propanol intothe 30 mg P3HT: PCBMblend within 1mL
chlorobenzene. In this instance, the withdehvate was fixedat 21 mm/secresulting in

non-uniform films.
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Table 4-1 Parameters used tomodify the formulation of P3HT:PCBM by the dip-
coating method

Formulations of the

active layer Withdraw rate Solvent additive Results

P3HT:PCBM

30 mg of
P3HT:PCBM/1 mL
chlorobenzene

30 mg of
P3HT:PCBM/1 mL
chlorobenzene

1.5 mL of Methanol

30 mg of
P3HT:PCBM/1 mL
chlorobenzene

30 mg of
P3HT:PCBM/1 mL
chlorobenzene

1 mL of Methanol +1
mL 2-prpoanol

30 mg of
P3HT:PCBM/1 mL
chlorobenzene

30 mg of
P3HT:PCBM/1 mL
chlorobenzene

0.75 mL ofPetroleum
ether

30 mg of
P3HT:PCBM/1.5 mL
chlorobenzene

0.75 mL ofPetroleum
ether

30 mg of
P3HT:PCBM/ 2 mL
chlorobenzene

30 mg of
P3HT:PCBM/ 2 mL
chlorobenzene

1.5 mLPetroleum
ether

30 mg of
P3HT:PCBM/ 2 mL
chlorobenzene

30 mg of
P3HT:PCBM/ 2 mL
chlorobenzene

[(e]
w



Therafter, petroleum ethemwith variousconcentrationavas addednto the PSHTPCBM
chlorobenzene solutions. Bomogenous photoactive layer of P3HT:PCBMs achieved

after1.9mL of this solventvasthenintroducednto the blending process.

Additionally, in order toform thin films of PEDOTPSSusing the dipcoating method, the
withdraw ratewas fixedat 7 mm/secand10 @f triton was added to themL PEDOT:PSS

to enhance the surface wetting.

Table 4-2 Parameters used to mdify the formulations of PEDOT:PSS by the dip
coating method

Formulation of
Electron transport Withdraw rate solvent additive Results

layer PEDOT:PSS

1 mL of
PEDOT:PSS 7 mm/sec 1 mL of 2-propanol Many defects
+drops of Triton

7 mm’sec 1.5 mL of2-propanol  Non-uniform film
PEDOT:PSS +drops of Triton

7 mmisec 2 mL of 2propanol  Non-uniform film
PEDOT:PSS +drops of Triton

1 mL of 7 mmisec 0.5mL of 2-propanol  Slightly improved
PEDOT:PSS +0.2 ©f NMP +drops
of Triton
1 mL of 7 mmisec 0.2mL of 2-propanol Homogeneous film
PEDOT:PSS 0.2 ©f NMP+drops
of Triton

Various concentrations offZopanolwere addednto the PEDOT:PSS solutions. A uniform
film of PEDOT:PSSwas only achieveavhen both0.2 mL of 2propanol and 0.2 ®f N-

Methyl-2-pyrrolidone(NMP) were addedhto 1 mL of PEDOT:PSS solution.

Furthermore, 20 mL of the prepared-gel ZnOwas usedvith a fixed withdraw rate &0
mmysec for the deposition of the ZnOrfil Various concentrations &fetroleum ethewere

adced to the saepel ZnO with or without 0.5 mL of methanol, resulting in different
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dewetting degrees of the coating on the substrate. ®©uahiformand wettedZnO film was
successfullyobtaned whenl mL of the Petroleum ethemwas introducedo the ZnO

solution.

Table 4-3 Parameters used to modify the formulation of the ZnO film by the dip
coating method

Formulation of

Electron transport Withdraw rate solvent additive Results
layer ZnO

20 mL of ZnO (sot 0.5 mL ofPetroleum
gel) 20 mnisec ether Dewetted

20 mg of ZnO (sol 0.5 mL ofPetroleum
gel) 20 mnisec ether+0.5 Methanol Not fully wetted and
not uniform

gel 20 mmisec Petroleum ether  Still not fully wetted
1 mL Petroleum  Uniform and wetted
gel 20 mmisec ether surface

4.3 Results and discussion

4.3.1Performance of the PPV devices

Figure 4.4 illustratesthe J& characteristicof three types of devices; i.e. (1) Device A
represents the PPV device with the annealed active layer that dried amtiientair
environment; (2) Device B is the PPV device where the active layer dried in the solvent
containing environmennside glovéox but without annealing and then followed applying
the PEDOT layer by the dipoating method; (3) Device fepresentshe PPV device with

the active layer that dried in the solvetdntaining environment followelly heat treatment

at 140°Cinside glovebx before dip-applying the PEDOPRSS layer.
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Figure 4.4. J-V characteristics of three types of devices; 1) Device for the dip-coated
active layer dried at the normal air environment; 2) Device B for thedip-coated active
layer dried at the solventcontaining environment without annealing; 3) Device C for
the dip-coated active layer dried at thesolventcontaining environment followed by
annealing

Summary of the performance parametsilsstedin Table4.4. Device Aexhibits a low PCE

of 1.32% mainly because of the low short current density of 4.67 nfAdoohthe low fill
factor (FF) of 51%. This result is much lower than that of the PPV dewilcies produced

by the spircoating method isidethe glovelox [209].Two potential reasonsan be assigned
that caused the reduction of PCH) oxidation of the active layer when it dried in the
normal air condition compared with those devices producsitidrthe glovebox; (2)
moisture effect®nthe active layer due to the aqueous PEDOT:PSS solafipliedby the
dip-coating method When the active layerwas paced in the solventontaining
environment for drying, Device B had an improved PCE of 2.61% due to the significantly
increased short current densityd.7 mA/cnf. The morphology of the active layer Hasen
alteredby the extended drying rate, which enbad the PCE of PPV devices. The PCE of
Device C further reached to 3.46% when theabpted active layevas annealedt 140°C
before the PEDOT:PSS layesas appliedHeat treatment increased the moisture resistance

of the active layer. The enhanced emtr density and FF are the main reasons for the
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improved PCE, reaching 10.61 mA/cand 59% respectively for Device C. Devices A and

B have displayeda close performance itheir FF. However, Device A dried iair but
annealed at high temperature while @evB dried in the solvertontaining environment
without annealing. Téinteresting resustmay be worth carrying outfurther investigationn

order to fully understand the reasons behind the different characteristics of the three types of

devices

Table 4-4 Photovoltaic performance of the PPV devices; (1) Device A for the dip
coated active layer driedin the normal air environment; (2) Device B for the dip

coated active layer driedin the solventcontaining environment without annealing; (3)

Device C for the dipcoated active layer dried at the solventontaining environment

and followed by annealing

OPV devices Vo (v)  J«(mAlcm?)  FF (%)  PCE (%)

DeviceB 0.54

Device C 0.55 10.61 59.0 3.46

4.3.2Characterisation of the active layer

Figure 45 indicates the UWis absorption spectra of the P3HT:PCBM active layers
deposited by the dipoating technique. The P3HT:PCBadtive layer for Device B exhibits

little higher light absorptionintensity than that for Device A. They all show the
characteristic absorbing peaks at around 520, 550, and 610 nm for the P3HT polymer. A
light absorption increaseas obtainedfter the dp-coated active layer dried in the solvent

containing environmerwasfollowed by the cure at 140°C.
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Figure 4.5 Light absorption spectra of the P3HT/PCBM blend of the devices; 1) Device
A for the dip-coated active layer driedin the normal air environment; 2) Device B for
the dip-coated active layer driedin the solventcontaining environment without
annealing; 3) Device C for the dipcoated active layer driedin the solventcontaining
environment and followedby annealing

Three peaks, one at 510 and two shoulders at 550 nm and 610 nm separately show the
enhancedbsorptionin comparison with the active layer withdhe thermal annealing. The
increase in light absorption is one of the main reasons that contributes to the increased short
current density and hence the PCE for Device The X-ray diffraction (XRD)
measurementwere further perfornto characterise thatructureof the ative layers the

obtained XRD patterns of the P3HT:PCBM films are shown in Figure 4.6.
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Figure 4.6 XRD patterns of the P3HT:PCBM films; 1) Device A for the dip-coated
active layer dried in the normal air environment; 2) spin-coating derived active layer
with annealing as a reference 3) Device B for the dipcoated active layer driedin the
solventcontaining environment without annealing; 4) Device C for the dipcoated
active layer driedin the solventcontaining environment and followedby annealing

A strong peak at around 5.40° appears for all types of the P3HT:PCBM active layer
fabricated by different methods. The XRD pattern of the active layer by theagting
method in the glogboxis also presenteih Figure4.6 asa reference. Device A illustrates
slightly smaller intensity of the peak at 5.40° than that of the spin coated s#mEkown

in Figure 4.4 since Device A exhibits much lower P@&ifie than that of the sppating
deriveddevice it canbe inferredthat the reduced PCE could bausedoy moisturewhich
results from the followingPEDOT:PSS digoating. Device B shows increased peak
intensity at 5.40° compared with Device A, whichnfirms that the crystallinity of the
active layer was improved by the extended drying rate of the active layer, leading to the
increased PCE. The intensity of the diffraction peak of the atdier at 5.40° further
increasedfter heat treatment of dee C, demonstrating more oriented structures formed

between thanter-chain spacing of the P3HT polymers after the parallel layers d@hat
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associatedvith the interdigitated alkyl chains. This result corresponds tinttreased light

absorption anthusimprovedthe PCE of Device C.

4.3.2.1Morphologies ofthe active layer

AFM measurements were also carried out in order to investigate the morphologies of the
surfaces of the three types of active layers and to better understand the mechanism behind
the differentperformance of the studied PPV devices; the obtained AFM resulshan

in Figure4.7. It appears frorfrigure4.7a that the surface of the active layer for Device A is
rougher than that of Device B and C when it dried in the normal air condition. Stee fa
drying rate caused the active layer to become solid thin filare quickly. The fast
solidification of theactive layer did noallow enoughtime for even distribution within the
film, leading to a rougher morphology in comparison with that of DeBiead C,as shown

in Figure4.7a. The roomeansquareroughnesslerived from the AFM image of the active
layer of Device Ais 3.71 nm.Active layer ofDevice Bwasdried in the environmerf
organic solvents, whichas led slowedrying rate. The AFM image of the active layer for
Device B shows improved roughness compared to that of Device A as shbigared.7b.

As a result lhe rootmeansquare roughness this layer has reducew 3.31 nm. The
extended drpng time of the actie layerhas allowedthe interpenetrating networks more
mobility to arrange regularly to form a uniform filfigure 4.7c displays the morphology
of the active layer for Device Gubjecting the active layer tharmal annealinbasfurther
smoothed the stace morphology of the active layer. The donor and acceptoe more
evenly arrangedh the blendand the dense interpenetrating networks have foriiad. is
evidenced by the reducedaxis from 268 nmin the case oDevice A to 18.6 nnfor
Device C ashownin Figure4.7c wherethe rootmeansquare roughness becomes 3.09 nm.
AFM images confirm that the morphologies of the active layers baea modifiedwith
different processing methods, whittas contributedo the improved PCE of the PPV

devices.
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Figure 4.7 AFM imagesof the active layersfor a) Device A; b) Device B; c) Device C
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4.3.2.2Morphologies of HTLs and ETLs

Morphologies of the spi and dip coated ZnO and PED®ES layer were compared
separatelyusingthe AFM measurementsthe spin and dip coated ZnO and PEDOT:PSS
layersshown to exhibit quite different featuress illustrated irFigure 4.8&4.9. The spin
coated ZnO in Figre 48a presents a slightly smoother surfasedepictedrom the height
colour changes while the dip coated ZnO thin film in urgg4.8b shows a smaller

nanoparticlesbonded denser thin film.

0.0 nm

11.7 nm

0.0 nm

500 nm

Figure 4.8 AFM imagesof the ZnO thin films; a) by the spin coating method;b) by the
dip-coating method
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Compared to the spicoated ZnO thin film, the dipoated ZnO thin film had a slower
drying rate which explains the formation of the denser thin film. Bfdths also show some
valleys in height in thie morphologiesanddifferent sized nanoparticleswing to different
formulation of both solutiond=igure 49 showsthe morphologies of the PEDOT:PSS layer
obtained by the two coating methotts comparison with the ZnO thin film, the spioated
PEDOT:PSS thin film in Figre 4.9a demonstrateshe same smoother surface than the dip

coated PEDOT:PSS layer.

11.0 nm

> 0.0 nm
2.0um

Figure 4.9 AFM images of the PEDOTPSS thin films; a) by the spin coating method,;
2) by the dip-coating method
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However, thespincoated PEDOT:PSS thin film demonstrates a fully different morphology
than the dipcoated PEDOT:PSS layer in kig 4.9b. It appears to exhib& nanewire or
fibre-like constituted thin film nevertheless, the dippated PEDOT:PSS thin film
demonstras larger sized nanoparticles formed morphologyThe root mean square
roughness of the spind dipcoated PEDOT:PSS is 1.58n and 2.91nm, respectively.

The difference in morphologies of the PEDOT:PSS thin films by different coating methods

may affect he charge transpomtsistance of the PEDOT:PSS HTL.

4.4 Conclusion

Solution processed inverted PPV devieasre producedy the dipcoating method. The

best P3HT:PCBM inverted PPV device achieaedCE 0f3.4%. The drying method of the
P3HT:PCBM active laye significantly affected the performance of the fabricated PPV
devices after the sampleas withdrawrfrom the solution. When the active layer drags

slower rate, it presents smoother morphologies and more oriented structures. Thermal
annealing can falner improve its surface roughness afgbenhance its crystallinity. The
agueous solution of the PEDOT:PSS has its effect on thégmasited P3HT:PCBM active
layer. The spin and dipoating PEDOT:PSS thin films present significantly different
morphologes owing to different solvents used and different processainigh mightimpact

onthe performance of the PV devices.
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Chapter 5 - Morphological studies of perovskite solar cells

5.1 Introduction

In the past few years, organomdtalide perovskite (CENHsPbk) hasemergedas
one of the most prominent candidates for photovoltaic devices due ite
distinguished optical and electrical propertiegl71]. These mierials can be
fabricated usingsolution-processingmethod at low cost and easef procedure
compared to the Sased solar cell§133,210212]. The power conversion
efficiency (PCE) of perovskite solar cells has been aggresspeipachinghat of
crystalline silicon solar cells[134]. Very recently, the certified performance of
perovskitesolar cellsdramatically increased to 22.1 %aking them gpotential

competitor to the Shased solar cell213].

Currently, a planar heterojunction structurie widely used to fabricate typical
perovskite solar cells viathe co-evaporation methodor solutionproessed
deposition methotl24]. The expensive fabrication cost amebcess complexitpf
the vacuum deposition methofll42] lead to broad interestan the solution
processedmethod. However one of the biggest challengabat dominges the
performance of the solutigorocessed perovskite solar cells ts control the
morphologes of the perovskite filmg118]. It is closely linkedto many physical
properties in solar cells including exciton diffusion length, charge caars
dissociation efficiencyand charge transport to the electroflgs6]. Also, photons
absorptionefficiency and shunting gths are reliant on the morphology and the
quality of the perovskite filmgL17]. The crystallizationbehavia of the perovskite
films is affected bymanyfactorssuch asusingonestep or twestep methodsthe

precurso concentratias, additives in the onstep methodthickness of the pre
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coated lead iodide (PB), allowedreactiontime (Art) between PbL and
methylammoniumodide (MAI) in the twostep methodefore casting the minre
into perovskite thin films, anthermal annealinfl18]. Although manyefforts have
beenexploredto obtain highquality perovskite thin films, there are stktensive
studiesneed to be carried ouh order to achieve highly reproducible deféete

perovskite thin films.

In this chapterjnvestigationsinto control overthe morphology of the perovskite
films using the low-temperature(TSSQV) were presented (OSSCM) was also
studied for comparisonwith the TS£M. The morphologs of the produced
perovskitethin films will be demonstratednd discusseth detail. The perovskite
films by both methods wereharacteged using scanning electron microscopic
(SEM), UV-vis spectroscopyand Xray diffraction (XRD)measurement®ifferent
concentrations ofthe MAI solutions and different allowedeactiontimes (Art)

betweerPbhk and MAI, and various thermal annealingethodsvereinvestigated

5.2 Experimental methods for perovskite films and solar cells by
OSSCM

The onestep spining deposition method (O$3/) was used to fabricate the
perovskitethin film samples fowvarious purposes includingtudy of the produced
solar cellspropertiesand crystallisation behaviourof the perovskite filmsThe PHJ
PV structurewas schematically presentéd Figure 51, where it comained thin
flms of ITO/PEDOTPSS/CHNH3PbL/PCBM/BCP/Au, respectively. Pre
structuredITO-coated glass substrates with sizes of ~ 20 x 25wene cleaned
according to the procedure whighas presengéd in section3.28. The cleaned ITO
substrates were spooated at 3000p.m by the PEDOT:PSS solution and followed
by heating at 140°C for 10 min.
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Figure 5.1 Schematic diagram of the fabrication processs of each layer of the
perovskite solar cells using OSSM

The halide perovskite precursor solutioras producedoy blendinglead iodide
(Pbk) and methylammonium iodide (MABtthe molar ratiol:1in anhydrous N, N
-dimethylformamide (DMF) solvent7 KH Q O RI VEHutorE(OH ahé H G
MAI) was spun at 5000 r.p.m for 20 selhe obtained thin filmsveresubjected to
heat treatmenat 100°C fortwo hours The PCBM film was then deposited by the
spincoating method from the PCBM solution on top of the formed perovskite thin
film at 2000 r.p.m followedy heat treatmerdt 100°C for 30 minA thin film of

BCP (~10 nmwasdepositedoy the spircoating methd on top of the BCPM film

as the electron buffer layerior to the deposition chu thin film of ~100 nmas the

top electroddoy the vacuum sputtering method.
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5.3 Results and discussion

5.3.1Morphological studies ofthe CH3NH3Pbl; film fabricated via OSSCM

The mophology of the CH3NH3Pbk thin film produced by the OS3M was
examined using SENheasurements-igure 5.2 illustratesporousfabric structure
of the perovskiteghin films. It was suggestethat the porousstructureis owing to
the prompt reaction between the twoecursors of MAI and Ppland a rapid

crystallisation of theformed intermediate phase by th&bsequenthermalannealing

processg434].

Figure 5.2 SEM images of the perovskite film fabricated via OSEM

5.3.2Light absorption and crystal structures of the CHNH3Pblz films
fabricated via OSSCM

The UV-Vis absorption spectra andrdy diffractionmeasurementsere carried out

to investigate the optical propertiaad crystal structures of th€HsNH3Pbk thin

film obtainedby OSSCM respectively Figure 53 showsa typicallight absorption

spectrum of the obtained perovskite film in the wavelength r&as@eto 0 nm

The absorption onset appears at 800 nm whidh esgreementvith the repored
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optical bandgap of ~ 1.52 eV for methylammonium hapideovskiteCHsNH3zPbk

[80,214,215]

15 1

CH3NH3PbI3 Film

Absorbance
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350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 5.3 UV-Vis absorption spectum of the CH3NH3Pbl; film fabricated via
OSCM

Figure 5.4showsthe X-ray diffraction patterrmeasured fothe CHNH3Pbk thin
film produced by the OS3/1. Two main peakst 8§of 14.2° and 28° in addition to
other peaksit 19°, 24°, 31°41° and 43° are presentechnfirming theformaton of

the perovskite structure
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Figure 5.4 X-ray diffraction pattern of the CH3;NH3Pbl; film fabricated via OSSCM
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5.3.3Performance of the perovskite solar cells fabricated via OSEM

In total, 30 solar cellbased on CENH3Pbk thin film produced by th©SSCM were
studied andhave all shown a very poor performanceThe best power conversion
efficiency (PCE)of 3.45% was achievedis a result of short circuit current J,
open circuit voltage (M) and fill factor (FF) of 9.97 mA, 0.933 mV and 0.37
respedately. Figure 5.5 illustrates the currentoltage (dV) characteristicof the
bestperforming perovskite device fabricateg OSSDM Table 1summariseghe

obtaired photovoltaic parameter®f the perovskite solar cells fabricatday

OSSDM

The poor performancef the perovskite devices wamsainly due to th& porous
structure in morphologes of the perovskitdilms, resuling in the reduced light

absorption anthecurrent leakage in solar cells as a resulifafnt path$ormation.

Voltage (V)

Current density (mA/cm?)

Figure 5.5 J-V characteristicsof the CH3;NH3Pbl; solar cell fabricated viaOSSCM

110



Table 5-1 Summary of parametersfor the best CH3NH3Pbl; solar cellsfabricated by
OSCM

Perovskite PCE
solar cell

(%)
device

The best 9.97 0.933 0.37 3.45

device

5.4 Morphological studies ofthe perovskite films using (TSSCM)

5.4.1Morphology study of Pbl, thin films
Figure 5.6 shows the surface morphology thfe Pb} thin film produced fromthe
lead iodide (PB) in DMF solutionwith the DIO additive. The Pb} is shown to

exhibit aconnected andiniform needldike nanacrystalline structureThis unique

structureallowed the PBlphase to react with the added MAI in the following stage

to form the halide perovskite thin films.

Figure 5.6 SEM image of Pb} based DIO film
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5.4.2The morphology of the CHsNH3Pbl; films fabricated via TSSCM with
different concentrations of the MAI solution.

The growth behaviquof the perovskite crystalwas investigatedusing different

MAI concentratios and different allowed reactiotime (Art) betweenMAI and

Pbk by the twestep methodThermal annealing of the perovskitan films was

carried outat 100°C for Zhours.

Figure5.7 shows the colawchange othe appliedMAI solution that was kepbn top
of the pre-coatedPbk, film at different extended reaction time between MAI and
Pbk. As can be observed, the colour of the solution gradually changed from yellow

to brown and finallyto dark brown as the reaction time increased from set0

one minute.

Figure 5.7 Pictures of the Pbb film (left, centre left) and the MAI solution after being
applied onto the predeposited Pb} thin film with different extended reaction time
between MAI and Pbl,: b) 1 se¢ c) 20 sec and d) 60 sec

The perovskite filmswere fabricated by the procedures falowed; a super
saturatedsolution of Pbj was depositesnto the glass slidesand thenthermaly
anneatd at 70 °C for 8 min.Subsequentlya 120 g of the MAI solution was
depositedonto the cured Pbk layer following different reaction time andhen

followed by thermal annealing at 100 °C for 120 min.

A processing model to describe the formation of the perovskite thirs filitn

various concentrations of the MAI solutions (0.5, 0.8, 1.0 and Wi2%) is
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schematically presenteid Figure 58. When theMAI solution reached the pre
coated Phl crystals, nucleation of an intermediate phase of perovskites only
happenedin those areas where the MAI concentration must be greater than a
concentration threshol@Cy). Lower concentrationghan G did not result in the
intermediate perovskite phase for the crystal groRisaction time between MAI

and Pbj allows the growth of an intermediate phase of perovskite. This intermediate
phaseis then transformednto full perovskite phases after thermminealing at
100°C. Whera low cacentration of the MAI solutiof.5 or 0.8wt % was applied

onto the prdormed Pbj} film as shown in Figure 5,8only a perturbation in
concentration led to some areas with a locally high concentratithre bfAl, which
resulted in the formation of a sporadically distributed intermediate phase of
CHsNH3Pbk. Only when the concentration tie MAI solutionincreased to 1.0t

%, the distributed amount of MAI on the whole surface area of thefithl was
maintainedat large thanthe concentratiorthreshold and a gradually controlled
crystal growth happened. After maintainitige structurdor about one minute, the
thin film with a uniform intermediate perovskite phagas formed Longer growth

time (60 sec)and higherconcentration of MAK1.2 wt%)will lead to the liftoff of

the intermediate perovskite phase from the substrate, which then reduced the

thickness of the final perovskite film by teabsequergpincoating process.

113



After holding time

for 60 sec
O CH3NHsPbls
Pblz

0.5 wt % of MAI

=) = ? = fﬁiﬁ':.ﬁiianng
F __* =
>,

<SR
=S==BE ] SO

Intermediate phase Dissolved Pblz

O
SEsEas

thermal annealing

O 0.8 wt % of MAI CHsNH3sPbls
Pbl2 - - ? - crystals after

Intermediate phase Dissolved Pblz

1.0 wt % of MAI
Pbl2 O
CHsNHsPbls

crystals after

? = . - w (‘- hormalsmnesiiie

Intermediate phase

1.2 wt % of MAI
Pbl2 CHsNHsPbls

Y — ) (rystals after
? ‘ thermal annealing
-\ (‘

SR> N9e0. 0%
=== B &8¢ ij

Intermediate phase

Figure 5.8 Schematic diagram of the processing model for the formation of the
perovskite thin films with different concentration of the MAI solutionsvia TSSCM
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Scanning electron microscof@EM) measurementwerethen used to charactsei

the morphologies of the perovskite filnobtained by the TSSM as shown in
Figure5.9 & and Figure5.1Q Different concentrations dhe MAI solutions at 0.5
wt%, 0.8 wt%, 1.0 wt% and 1.2 wt% were separatelyzatilito apply onto the pre
coated Phithin film with differentreaction time of 20 and &8¢ and followed by
thermalannealingof the perovskite films at 100°C for f2ours. When the lowest
concentration of 0.5 wt% MAWas addeanto the precoated Phlfilm, the size of

the perovskite crystals increased from ~ 0.7 umaf@0 secreaction time to ~ 1.0

pum for a 60 secreaction time as seen in kg 59a&b.

Comparing Figure 59a with Figure 59b, the slightly dissolved Pblfilm was
observedexcept spradically distributed perovskite crystals. The formed perovskite
crystals did not cover the whole surface. In other words, mostdPjmtals were
only slightly dissolved by the MAI solution. The low MAI concentration led to low
nucleation density and tedow crystallisation for perovskites. Furthecrease in
the reaction time between MAI and Bhbdlid not make any contribution® the
enhancement of the nucleation density on the surface of th@éIRbl Interestingly,
with the increase of the MAI concentration to 0.8 wt%, ¢hestallisation occurred
with an increased surface coverage on the Bbh film as indicated in Figure
5.9c&d However, the size of the perovskite crystals decreased @c4 m

regardless of how long the reaction timewbbe.

115



Figure 5.9 SEM images of the perovskite films fabricated via TSSM at the 0.5 wt %
MAI solution for reaction time: a) 20 sec; b) 60 sec.; and ahe 0.8 wt % MAI solution
at reaction time: c) 20 sec.; d) 60 sedwo different measurement scales are used for

each studied sample
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With a further increase of the MAI concentration to 1.0 wt%, the coverage of the
perovskite surface reached to #ie precoatedPbl surface;meaning that all Pbl
crystals have reacted withe MAI solution to form perovskiteas shown in Figure
5.10a&h Again, | haveit was observed that the size dfie perovskite crystals
continued to decrease to about 0.2 um. NeversBeMhen the concentration of the
MAI solution further increased to 1\&t. %, pore defects among the smaller nano
sized perovskiterystals were revealeas shownn Figure 5.10c&. According to
SEM images in Figres 5.9&5.10, the size of the perovskite ctgis in the film did
not changewith extended reaction time from 20 to &@&c when using high
concentrations of 0.8, 1 and 1.2 wt % MAI solutiohkis confirms that the size of
crystals in the perovskite film was detened in the initial reaction stage when the

MAI solution came into contact with the pceated Pbl
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Figure 5.10 SEM images of the perovskite films fabricated via TSSM at the 1 wt %
MAI solution for reaction time: a) 20 sec.; b) 60 sec.; and at the 1.2 wt % MAI solution
for reaction time: c¢) 20 sec.; d) 60 sed@wo different measurement scales are used for

each studied sample
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5.4.3 The impact of reaction time between MAI and Pbj on the morphology of
the perovskite film produced from 1.0wt% MAI solution

The growth behaviauof the perovskiterystalswastheninvestigatedaccording to
different reactiortimes betweenMAI andPbl, at 5, 20, 60 and 188ecrespectively
with the 1.0 wt % MAI solution as shown in Figure 5.1%imilarly, no change in the
size ofthe perovskitecrystds was observedhenusing differenteactiontimes. The
size ofthe perovskitecrystals in the filmwas~ 200 nm, howeve at 5 secreaction
time, manyporousdefects isted in the perovskite filmHigure 5.11avhile for 20
secreaction time, pores were significantly redu¢eture 5.11b)A uniform and
fully connectedperovskite filmwithout any poes or other defectavas obtained
when applying the 1.0 wt % MAI solution for 60 secreaction timeas shown in
Figure 5.11clnterestinglythe polycrystalline structures with clear grain boundaries

in the perovskite filmdisappeared upon increag the reactiontime to 180 seg

resulting inpoor quality perovksite@-igure 5.11d)

Figure 5.11 SEM images of the perovskite films fabricated vidSSCM at the 1.0 wt %
MAI concentration with different reaction time for: (a) 5 se¢ (b) 20 se¢ (c) 60 segand
(d) 180 sec
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Based on these investigations, the best quality perovskite thin film was only
achieved when the 1.0 wt% MAI solution was added on thel@pesited Phlthin

film with 60 sec reaction timallowed between MAI and Pblas shown in Figure

5.12.

Figure 5.12 SEM images of the perovskite films fabricated via twestep method at
fixed concentration of MAI at 1.0 wt% with loading time of MAI at 60 sec

5.4.4The impact of reaction time between MAI and Pb} on the qotical
properties and crystal structuresof the perovskite thin films

UV-Vis absorbance and-Ky diffraction patterns were used to further understand

the effect ofreaction time between MAI and Bldn the formation othe perovskite

thin films.

Figure5.13 displays the UWis spectra of the perovskite thin filproduced from
the 1.0 wt% MAI solutiorwith different loading timeThe same absorption onset
was observed for all perovskite samples at ~ 780Furthermore, the abdmance
increased gradually fahe perovskite films after increasingeactiontime from 5 to
60 secbetweenMAI and Pb} at the wavelengthrangeof 420780 nm. Theully-
coveedsurfaceand uniform morphology of the perovskite filny 60 secreaction
time was one of the main reasons tmntributeto the improvement in the light
absorption. Howevem considerableeductionin the lightabsorptionwas observed

for the perovskite filmproduced witHurther increased m&ctiontime to 3 min.
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Figure 5.13 UV-Vis absorption spectra ofthe CH3;NH3Pbl; films fabricated with the
1.0 wt% MAI solution at different loading times

Figure 5.14illustrates Xray diffraction patterns for the perovskite films with
different loadingimes. Two phass wereobtainedfor the perovskite film wittb sec
reaction timethe residual Pblphase3” “at 8.8° and 12.8° and th@erovskite pase
W at 142, 25,28, 31, 41 and 53, separately Increasingreactiontime between
MAI and Pbj to 20 secresulted in he significantly reduced peak intensiof the
Pbl, phase Highly crystallised perovskites were obtainedwith reactiontime at 60
secwithout showingany residual Philphase inthe XRD patternshownin Figure
5.14 Furthermoredecompotsion of the perovskitdilm was confirmedafterfurther
increasinghe reactiontime to 180se¢ showingtwo newpeaks at 8.8° and 12.87

the XRD pattern
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Figure 5.14 X-ray diffraction patterns of the CHsNH3Pbl; film fabricated via the 0.1wt
% MAI solution with different loading time

5.5The impact of heat treatment on the perovskite filmgroduced
from 1.0 wt % MAI solution with 1 min reaction time between

MAI and Pbl ,

5.5.1The impact of heat treatment on the mormology of the perovskite film
Thermal annealing ia crucial procesgo transform the formed intermediate phase
into fully crystallised perovskits. In this experiment, different approaches to
thermal annealing were usddr the perovskite filmgrowth To demonstrate the
effect of this variance, Figu®15 demonstrates the change in calatterannealing

the perovskite filns which were fabricated at same conditi@ml heated fors, 30

and 20 minutesat 100C, respectively
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Figure 5.15 Pictures of Pbl, and perovskite thin film s after thermal annealing: a) Pbl,
film ; perovskite thin films annealed forb) 5 min; ¢) 30 min; d) 120 min

SEM images of the perovskite figin Figure 516 show that the grain size of the

perovskite crystaldid not greatlychangeas thermal annealing tiniecreased

This result indicatd that thesize of theperovskitecrystalswas determinediuring
the initial reaction stage between MAI aRibk. However significant improvement
in the morphology and an enhanced interconnadietween the perovskite crystals
was achievedvhen thermal annealinggme gradually increaseéfom 5 minutes to

120 minutes.

Figure 5.16 SEM images of the perovskite films fabricated vighe two-step method at
the 1.0wt% MAI solution with 60 secloading time under various thermal annealing
times: a) 5 min; b) 30 min; ¢) 60 min, d) 120 min
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5.5.2 The impact of het treatment on optical and crystaline structure
properties of the perovskite film

To further understand the influence of thermal annealing on the formation of

perovskite films, UWis absorbance and-day diffraction patterns wersecorded

for the perovskite filmsas shown in kgure 517 and Figure5.18 respectively A

wide absorptiorbandof the perovskite filmwas observedafter 5 minutesthermal

anneahg, confirming the formation of perovskite structsir@s shown in Figre

5.17.

Additiondly, it is also revealedthat the absdwance of the perovskite film
significantly increasedn the wavelengthrange of400-600 nm with increased
thermal annealingimes of 30, 6Q to 120 min. This improvement in thdight
absorptionis owing to the enhancment in the crystallinity of the perovskite
structures and the improvement in the surface morpholofye onsetin the light

absorption is shown to occur at ~ 780 fumnall studied perovskite samples.
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Figure 5.17 UV-Vis absorption spectra of the perovskite films annealed at 100 °C for 5,
30, 12Q and 180 min, separately
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X-ray diffraction (XRD) test was carried out to further explore the influence of
thermal annealing on the degred crystallinity of the perovskite films. As
illustratedin Figure 5.18the Pbj phaseD W 8§ R°lin X-ray diffraction pattern
hasdisappeared after annealing the perovskite fomb minutes, which indicates
quick phase transformatiomhe samegeaksin thediffraction patternwere observed

for all the perovskite films thavereannealedor a prolonged periaiof 30, 60 and

120 minutes. Howevethe full width athalf maximum (FWHM)of the diffraction
peak at 14.2° decreased progressively witthe graduallyincreasd thermal
annealingtime for the perovskite films frond to 120 min The FWHM value at
14.2° decreased from 0.251 for the perovskite film annealed for 5 min to 0.1571
after 2 hours thermal annealing as shown in tablmdicaing a high degreeof

crystallinity in the perovskite filns.
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Figure 5.18 X-ray diffraction patterns of the CH3;NH3Pbl; thin film s fabricated via
TSSCM with different heat treatment times
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Table 5-2 The full width at half maximum of the diffraction patterns at 14.2°for the
perovskite film with different thermal annealing times

Heat treatment time Full width at half maximum

(FWHM)

5.6 Conclusions

OSSOV and TSSOV were utilzed to fabricatethin filims of CHsNH3Pbk.
Morphologes of the formed perovskite thin films byhese methodswere
investigated. Without any additives from the mixed precursors of MAI ang Pbl
porous and fabric morphologyf the perovskite film was obtained IBSSOM via
SEM observation This is mainly ascribedto the fast crystallisation of the
intermediate phase ithhe blended precursomhenthermaly anneahg the formed
film. [134]. In the twostep method, dfferent parametersor the perovskite film
including different concentratiag of the MAI solution different loading tirs€Art)
and various thermal annealing conditiamsre used tinvestigate the crystadation
behaviour of theerovskite filns. The best morphology of the perovskiten was
obtainedwhenthe 1.0 wt % MAI solution was used with reaction tina# 60 sec was
allowed between MAI and Pblandfollowed by thermal annealing at 100°C for 2

hours.
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Chapter 6 - Highly reproducible perovskite solar cells via
controlling the morphologies of the perovskite thin
films by the solution-processed twestep method

6.1 Introduction

Organometahalide perovskites have received significant interests in the last few
years due to theiruperior optical and electrical properties. They demonstrated
highly-efficient capability in converting light into electricity with low cost
precursors and cheap solutiprocessed methods in fabricating solar cells
[47,150,161,210,21®18]. Power conversion efficiency (PCE) has considerably
jumped from 3.8% in 200877] to the certified efficiency of 22.1 % in 201B15]

with two types of typical device architectures; isolar cellsbasedon TiO,
structures[219224] or those basedon phenyC61-butyric acid methyl ester
(PCBM) planar heterojunction (PHJI)ywsttures[129,225228]. In order to achieve

high PCE solar cells, controlling the morphology of the perovskite thin films is one
of the major challenges. In the published studies, perovskite films were produced via
various methods such agacuum thermal deposition and solutigrocessed
deposition by either orstep or twestep processesood quality perovskite films

were obtained by lib aforementionednethods with high PCE solar cells. However,
the major obstacle for the thermal evaporation method is due to itsbgglvacuum
systems and complicated processes. Furthermore, in order to control the morphology
of the perovskite thin fihs in the onestep solutiorprocessed methodwo main
routes were utilisd,i) adding additives into the precursor solution of perovskites; ii)
by a secalledsolvent engineering technolog®15]. Nevertheless, it as found that
uniform morphologies are difficult to #)g@roduce in the onstep method owing to

their uncontrollable crystallisation rate during the fabrication procef22ls
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Therefore, he twostep method has been widely adopted as an efficient way to
control the morphology of the perovskite layer for both Jfl@sed and the PCBM
based perovskite solar cellsnainly because the concentration in one of the

precursors can be selected totcointheir reaction and crystallisation rates.

For the TiQ-based perovskite solar cells, different techniques were used to control
the morphologies including vapassisted solutioprocesseg138], the halide
sources mixing methof29], low-temperature gasolid crystallisationprocesses
[230], solution chemistry engineering[142], antisolvent vapouassisted
crystallisation process¢231], andthe two-step ultrasonic spray deposition method
[211]. However, these methods are complicated although-geglormance solar
cells were obtained in mangases and appeared in tipeiblished literature
Furthermorethe TiQ, layer has to be sintereat around 500°C for the Ti&based
solar celld150]. Alternatively, he twastep fabrication method for the PCBb&sed
perovskite solar cells presents the {tamperaturalternativeprocessing route with
the incredible benefit ofsimple procedure tocontrol the morphologies of the

perovskite films.

Different strategies ha been used to control the crystallisation and to improve the
morphologies of perovskite thin films in the PCBMsed perovskite solar cells.
Shenet al usedthe twaestep anealing processo fabricate CHNH3Pbk (assisted

by dopingwith PbCh) perovskitesiilms [148]. They found that thermal annealing
improvedthe surface coverage and crystsédltion of the perovskite film#& PCE of
9.1% was achievedfor solar cells based on the perovskite obtained by this method
[148]. Haunget al claimed that solvent annealingsedin the fabrication of the
perovskite filns is an efficient technique to enhance the crystallinity of perovskites,

which results I NnREWDLQLQJ P JUDLQ VL]HV RI SHURYVNL\
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solvent at the edge &fetr dish where it contained the perovskite film sample during
thermal annealing. They expected that the DMF vapour could penetrate into the
perovskite film, achieving 16% PCE solar cell§153]. Dai's group used a
technique (called laydvy-layer) to control the motmlogy of the perovskite film.

The PbCj thin film was deposited by thermal evaporation, followed by dipping the
sample into a solution of GNHl/IPA for seveal times to form the uniform

perovskite layef232].

Both solvent annealing and thernaainealing play their key roles controlling the
crystal growth of perovskites for the improvementhadir morphologies in the two
step method. Hower, many other factors significantly affect thalvent annealing
processesthese includgype and vapour pressure of solvents, surroundings, and
thermal annealing conditions such as annealing temperature, duaatioamping
level[142]. On the other hand, theaction time between the pteated metal halide

afterbeingdipped into the MAI solution requires accurate contt88].

In this chapter we present a simple route to control the morpholo§your
perovskite films by the twgstep deposition method itne fabrication of PCBM

based PHJ solar cells. Through wide investigations of alternating the concentration
of MAI and its reaction time with the paeposited Phlfilm, high-performance
perovkite films were reproducibly obtainedesulting insolar cells withPCE of
15.01% The norphology and crystallinity of perovskite films wesxtensively
investigated by SEM and XRD, respectivdly addition, U\AVis absorption spectra

test was used to cblethe optical propertiesf the produced films
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6.2 Device structure and experimental methods

The structure of the produc&HJ PVdevicesis schematically presented in kg

6.1; the structure encompassesthin film of ITO/PEDOT:PSS/CENHsPbk
/PCBM/BCP/Au,respectively. PrstructuredITO-coated glass substrates with sizes
of ~ 20 x 25 mm were cleaned accordingatprocedure which wasedcribedin
section3.2.8 The cleaned ITO substrates were smated at 3000 rpm by the
PEDOTPSS solutia and followed i heating at 140°C for 10 miffhe Pbj thin

film was depositedon top of the PEDOPSS film by the sphtoating method at
5000 rpm using the higpurity supersaturated hot solution and then annealed at
70°C for 8 min ona hotplate.The MAI solution with different concentrations (0.8,
1.0, 1.2 wt %) were added on top of the Pthiin film and then was kefor a fixed

time of 60 secto allow for chemical reaction between RlzEnd MAI, followed a
rotation at $00 rpm using the spicoater.The obtained thin films were then heated
at 100°C for 2 hA thin film of PCBM was then deposited by the spwating
method from the PCBM solution on top of the formed perovskite thin film at 2000
rpm and followedoy heaing at 100°C for 30 min. Thereaftethe thin film of BCP
(about 10 nnthick) was spin-coatedon top of the BCPM film as theuffer layer

and finallya 100 nm thickAu film was appliedas the top electrode on top of the

BCP film usingvacuum sputtering method.
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Figure 6.1 Schematic diagram of the fabrication processfor each layer of the
perovskite solar cells using TSSM

6.3 Results and discussion
6.3.1Cross section structuresand surface morphologiesof perovskite films
with different concentrations of MAI

In order to disclose th mechanismsurface morphologies ofthe CHNH3Pbk
perovskite films have been widely examined in Chaptérobbetter compare with
each other, typical morphologies by SEM were presented here agégune 6.2
(left side). Cross sectiah images of the perovskite films with different
concentration of MAI at fixed loading timaf 60 secareshown in Figures.2 (right
side). The pengskite films were prepared as wagplained insection5.4.2 on
normal glasslides Figure6.2a& b illustrate the SEMop-surfaceand cross section

images of the final perovskite filnfabricated by the 0.8 wt % MAI solutiokigure
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6.2a showsblock morphologies of the perovskite crystaisasured at 400 nm in
addition tothe Pl crystals which were dissolved after applying 0.8 wt % MAI
solution this is due to the low concentration of MAihere the corresponding
thickness of the perovskite film was ~400 nm as showdgare 2b These nano
sized CHNH3Pbk polycrystalsdid not connect togetheand considerable residual
Pbl, phases existed in the filas it show later by Xray diffraction test in section
6.3.2. However,interconnected blocks of GNHs;Pbk polycrystals without any
residual Pl phasewere formed after applyinthe MAI solution at a concentration
level of 1.0 wt % onto the preoated Phlfilm as illustrated in Figre 6.2c& d. It
was found that the intermediate perovskite phase was fully transferred to perovskite
crystals after applying 1.0 wt % of MAI to the emoated Pbl The surface
morphology of the cuboids GNH3iPbk polycrystals revealsa connected and
uniform morphology of the perovskite film with a thicknesfs~ 200220 nmas
illustratedin Figure 6.2d. Furthermorewhen the concentration of the MA&blution
was increased to 1.2 wt %, pores among smaisd CHNH3Pbk polycrystals
were revealed in Bure 62e &f. The measured thickness of the perovskite film

showeda significant reduction to ~120 nm
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Figure 6.2 SEM top surface and cross section images of the perovskite films with
different concentrations of MAI a& b) 0.8 wt %; c& d) 1.0 wt %; e& f) 1.2 wt %
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6.3.2Light absorption and crystal structures of the perovskite films with
different MAI concentrations

Light absorption othe formed perovskites was examined to study the impact of the

MAI concentrations on opticahe propeties of the perovskite filmsAll perovskite

films with different MAI concentrations show absorption onset at ~ 7#®0as

shown in Figire 63, which could confirm théand gap of perovskites at ~1.68.

The perovskite film produced by the low concentration of 0.8 Wt#d solution

presentedthe highest thickness as shown in Uty 62b and the highest light

absorption wa achieved by this film. On the contrast, the perovskite film obtained

by the highest MAI concentration of 1.2 wt % resulted in the lowest thickness and

therefore a significant reduction in the absorpiimensitywas observeés shown

in Figure 6.3 Theperovskite thin film from the 1.0 wt % MAI solution illustrated an

excellent light absorbance between the perovskite films by 0.8 wt% and 1.2 wt%

MAI solutions.

3.5
3 —0.5wt %
g 0.8 Wt %
5§ 2.5
.g —1wt%
2 2- 1.2wt %
°
2 1.5 -
m
£
2 1+
0.5 -
O L L | L] _--7II
400 500 600 700 800
Wavelength (nm)

Figure 6.3 UV-Vis absorption spectra of CHNH3Pbl; flms fabricated via TSSOV
with different concentrations of MAI (0.5, 0.8, 1.0 and 1.2 wt %) at 60 sec loading time
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X-ray diffraction (XRD)patterns wereised to charactee the crystalline stictures

of the perovskite filmsas presented in Figuré.4. All perovskite films were
preparedunder the same conditianon glass slidesof exactly the same size.
Diffraction peaks that belong to GNHsPbk SRO\FU\VWDOV ZHWH LQGL
while the main peakbeing assigned to the residual Pphase wreillustrated by

3" 7KH ;5" SDWWHUQ RI WKH VDPSOH IURP WKH ORZF
UHYHDOV GLIITIHUHQW SHDNV SRVLWLRQV DW § RI
40.7, 42.6 and 52 degreéVost peaks belong to the perovskite structuregeixhe

peaks at 8.2 and 12.8 degseehich are due to the residual Blghase. The high

intensity of these two peakisdicatesthat considerable residu&bl phasesare

presentm the samplelncreasing the MAI concentration to 0.8 wt % led to more
perovskite phases in ¢hfilm as it was shown in Figure 6.herethe two peaks
representinghe residualPbl, phasehave significantly reduced. When the MAI
concentration reached to 1.0 wt %, only peamesentinghe perovskite phase can

be observed in the XRD pattern, suggesting that ali ptihises have changed to

perovskites \a reaction.

2000 -
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Figure 6.4 X-ray diffraction patterns of CH sNH3Pbl; thin films fabricated via TSSCM
with different concentrations of MAI (0.8, 1.0 and 12 wt %) at 60 sec loading time
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For the samplg@roducedby adding1.2 wt % MAI concentrationthe main peak at
§ RI ZLWK WKH KLJKHVW L QW H kasfutheér tehdutedvV KH S+

due to the reduction in film thickness

6.3.3Performance of the perovskite solar cells

6.3.3.1 Effect of applying different MAI concentrations
The quality of perovskite thin films played a key roledgterminingthe PCE of PV

devicesbased on these filmas the active layersThe concentration of the MAI
solution and reaction time between MAI and Pdre crucial to obtain highuality
perovskite thin filmsWe have found that reproducible solar cells were achieved
when one miate reaction time was utiked. Therefore, different concentrations of
the MAI solution and one minute reaction time wappliedto fabricate perovskite
thin films for our solar cellas wagdiscussedn section 6.20 compare their PCEs

As shown in Figre 65 for the JV charactestics curves, the best performance
measured among the PV devices was achiesaty the perovskite film fabricated

by the 1.0 wt. % MAI solution on the pooated Pblthin film.

A summary ofthe performance of studietkvices with the perovskites proded by

different concentrations of MAI solutionslisted in Tables.1.

Table 6-1 Device performance againstlifferent concentrations of the MAI solutions

Concentration of MAI | V¢ FF | PCE
(wt %)

114 0.38 4.19

0945 20.25 0.64 12.39

0.93 14.2 054 7.2
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Overall, the solar cells with the 1.0 wt % MAI concentration demonstrated a typical
performance with PCE df2.39%,short circuit current 020.25 mA/cm?2, and fill

factor of 0.7Q The high performance was achieved due to the homogeneous and
connected crystals of the perovskite structure and the pure perovskite phase.
However, a reduction in the performance of the perovskite devices was observed
when using 1.2 wt %f MAI solution to fabricate the perovskite layeompared to

using 1.0 wt % of MAI solution.The soar cells presented a low PGE 7.2%,

owing to the low arrent density of 14.2 mA/cfrand low FF of 0.54. The smaller
thickness of the perovskite film fronthe 1.2 wt % MAI solution and the

SHURYVNLWHIV SRURXV RR s @dashtiobDthieHiebr&agdd) Q H G

PCE

Voltage (V)
[} 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 039 1
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Current density (mA/cm?)
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—1l.0wt%
—12wt%

-25

Figure 6.5 J-V characteristic curves of the CHNH3PDbl; solar cells fabricated via the
two-step method with different concentrations of MAI at 60 sec loading time

By contrast, the PV devices witlhe perovskite filmfrom the 0.8 wt. % MAI
solution achieved the smallest PCE of 4.19%, presenting the lowest current density

of 11.4 mA/cni and very low FF of 0.38The high portion of the residudbb
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phase in the perovskite thin film was blamed as the main culprit for the poor
performance Moreover, thesecondreasonfor the reduction of PCE was that the
perovskite crystals did not cover the whole surfa&#. solar cells with the
perovskite film by different MAI concentrations demonstrated reasonable- open

circuit voltage of above 0.9.V

6.3.3.2Effects d using two different concentrations of PCBM solutions for the
HTL with or without the BCP buffer layer
Three different perovskite devices were fabricated ufivegsame proceduseas

describedn Section 6.2The RCBM layerhoweverwas producedvith two different
concentration®f 30 and 40 mg/1michlorobenzeneolution The ®lar cells were
also fabricated either wita BCP buffer layeor without a BCP buffer layer. Table
6.2 demonstrates the performance tbé perovskite solar cells with varis

concentrations of PCBM with or without BCP buffer layer.

Table 6-2 Performance of the perovskite devices with different concentratios of
PCBM with or without BCP

Concentration of PCBM with or FF | PCE

without BCP (%)

30 mg of PCBM with BCP 0.92 23.5 0.68 14.7
40 mg of PCBM with BCP 0929 20.2 0.65 12.19
30 mg of PCBM without BCP 0.85 14.7 0.38 4.76

A significant enhancement in the PCé&isthe perovskite solar celgith BCP, when

PCBM thin film was depositedt a fixed spin rate of 1000 r.p.from the 30 mg/1
mL chlorobenzenesolution compared tthe 40 mg/1 mLsolution The PCEhas

jumped from12.19 % to 14.0 % after insertinga thin film of BCP with lower
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concentation of PCBM as shown in Figure 67is increase in PCE was due to the
enhancement in fill factor and short circuit current from 0.65 to 0.68 and from 20.2
to 23.5 mA/cm respectively. However, there was a substantial reduction in the
performance of the perovskite solar cells when fabricated withd€R buffer
layer. The PCEs decreasetb 4.35 as a result ofie decreasindgill factor and short

circuit current of 0.3&nd 14.7 mA/crhrespectively.

The main benefit of using the BQHiffer layeris that it facilitates theollection of
charge carrierfrom the electron transport layer to the corresponding electrode, and

improves the interfacial layer between the PCBM #uedtop Au electrode.

Voltage (V)
(1] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

&
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Current density (mA/fcm?)

-15 -

-20 4

——40 mg of PCBM with BCP layer
30 mg of PCBM with BCP layer
.25 —30 mg of PCBM without BCP layer

Figure 6.6 J-V characteristics of the perovskite devices with different concentratios of
PCBM with or without BCP

The best performance of perovskite solar cells el#ainedby using1.0 w&o MAI
solution,PCBM of 30 mg/1mL chlorobenzene solution with BCP buffer |layleich

was measurednder illumination andinderdark surroundingas shown in Figure

6.7. The PCE of 15.0% was attained with high short circuit current of 23.8
mA/cmz, fill factor of 0.70, and open circuit voltage of 0.92 mV. Figure 6.8 presents

the performance distribution of 135 solalls fabricated from the 1.0 & MAI
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solution, PCBM of 30 mg/1lmL chlorobenzene solution with BCP buffer layer

showing very good mroducibility.

25
JsC=23.9 mA
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Figure 6.7 J-V characteristics for the best device under illumination and under the
dark condition
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Figure 6.8 Performance distribution of 135 solar cells fabricated from the 1.0 wt %
MAI solution

6.3.3.3The hysteresis effect

It has recently been recognised that the phenomenon of hysteresis may occur in
some perovskite solar cells at different scanning rates or at diffelieections

[228]. The influence of hysteresis @imesolar cellshas also beemvestigatedn this
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work. Forward and reverse scanning in the measurementy afependencevere
conducted asdemonstratedin Figure 6.9. The studied solar cells exhibited
convergent performance in PCE under both the forward and reverse scan direction

suggesting almost negligible hysteresis effect.
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Figure 6.9 J-V characteristics measuredunder forward and reverse scan directios for
the perovskite solar cells with the structure of
ITO/PEDOT: PSS/CHNH3Pbls/PCBM/BCP/Au

The negligible hysteresiss accredited to the reduction in the density of defects due
to the controlled morphologies ofperovskite filmsproducedby the twastep
fabrication method228]. The decent interface between the perovskite layer and the
electron or hole transport layers can be another reason for the mitigation of the

hysteresis effedh the perovskite solar cel]215].

6.4 Conclusions
A low-temperature twstep fabrication method was used to produce high quality
CH3sNH3Pbk thin films for PHJ solar cells. It was found tllagé concentration of the

MAI solution and reaction time between MAI and Phéve a significant impact on
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the morphologies and crystal growth oétherovskite thin films. Highlyeplicable
perovskie thin films were fabdatedin this work and successfully applied for high

perfomance solar cells.

For solar cellsbased orperovskite filmsproducedby the 1.0 wt. % MAI solution
and one minute reaction tim&10 out of 135devices gavé’CE above 13.0 %he

highest PCE was 15.01%.
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Chapter 7 - Blending photoactivepolymer with halide perovskite as
light harvesting layer for solar cells to enhance
stability of devices

7.1 Introduction

Polymer solar cells (PSCs) have received consideratdeestin the past twenty
years owing to their potentially lowost roll-to-roll processing The power
conversion efficiency (PCE) has steadily increased to ~i®ta single BHJ
photovoltaicdevice[62,233] However, the PCE is still too low to occupyaage
market share when competingith 1st generation Swaferbased and 2nd
generation thiffilm-based solar cells. Thiew PCE is mainly due to thehort
diffusion lengthof chargecarriess within the photoactive conjugated polynjgB4 +

236], which causesoss of free charge carriers due to recombinatB®ecause of

short chargearrier diffusion length, planar heterojunction (PHJ) architectures only
result in inefficient PSCs. Highfficiencyhowever s achieved in BHJ PSCs via the
blend of a photoactive polymer with an electamteptomaterial such aphenyt
C61-butyric acid methyl ester (R@M) or phenyl C71 butyric acid methyl ester
(PC1BM) [31]. In addition, organolead halide perovsKi@sed slar cells more
recently demonstrated fky-efficient capability of converting sunlight into
electricity with low cost precursors and cheap soluporcessing methods. The
PCE has significantly increased from 3.8% in 2008 to ~2 .1% up to datd213].

The rapid increase in PCE has brought remarkable rise in interest in this fascinating
class of materials. By combining different halides aaitéring their ratios in
organolead halide perovskites, light absorbance can be tuned to cover a wide range
of wavelengthg168]. However, their poor stability remains one of the main issues

except contaimg toxic lead for the largecale commercial deployment. Long term
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stablity is affected by several parametensluding external factors of moisture,
oxygen, temperature, UV light and internal intrinsic factors of ion migration,
electremigrations and iterfacial reactiong237]. In terms of the PV devices,
stability can be related to device architectutgge of electrodes, interfacial layers
(hole- and electrofblocking layer), and active layers of the halide perovskites.
Studies are widely carriedubin these aspects and significant im@ments have
been achieved. For instanceganicinorganic hybrid combination afesium(Cy)

and formamidinium iodide (FAI) as A in ABperovskite structures demonstrated
significant enhancement in thermal stapiliof organolead halide perovskites
[238,239] Moreover, by incorporating payhylere glycol into the
methybmmonium lead iodide (MAPHI perovskite active layer has not only
LQFUHDVHG LWV PRLVWXUH UHVLVWHDORK JE XKV | DFOWV

degradation of the PCR72].

In the currentresearch programmeé is reported for the first time oa fabrication
method of organiénorganic hybrid photoactive layers by blending a conjugated
photoactive polymer with a halide perovskite to form a composite active material for
light-harvesting in solar cells. The blend forms PHJ solar eetibitecturewith a
PCBM layer, which can perforras a highy-efficient PV device with highPCE.

This approaclpavesa new route to develapy organicinorganic hybrid solar cells.
Photoactive conjugated polymers include a family of organic semiconductive
materials tht covers a full range of wavelgths for light absorptiormmong those

are poly[3-hexylthiophene2,5-diyl] (P3HT) with ~2.0 eV band gap, poly[[4,8
bis[(2-ethylhexyl)oxy]benzo[1,20:4,5 E @ G L WXadR/HX-HuQei2-[(2-
ethylhexyl)carbonyl] thieno[3-b]thiophenediyl]] (PTB7) with ~1.81 eV band gap,

and poly[diketopyrrolopyrrokterthiophene] (PDPH) with ~1.56 eV band gap.
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This will allow more flexibility and of courseetter opportunity in synthesizing a
photoactive layer to extend its light afrbance into fulrange effective
wavelengths without sacrificing other properties sucthastability of organometal
halide perovskitesFor exampleprganometal brominéased perovskite has much
better stability than iodidbased perovskite but suffeBom narrow range
wavelengths in light absorban§#60,240,241] The conjugated polymer can also
provide additional properties such as barrier protection to halide perovskites for
stability enhancement of solar cells since the conjugated semiconductive polymers

have better moisture resistance than organometal halideshées.

7.2 Experimental methods

7.2.1Materials

MAI was synthesised according to the procedwhech was described insection
3.2.3.1 The Pbj solution was prepared by dissolving 1 mole,Rbl1 ml DMF
solvent and stirred at 70 ?€0 ul of DIO was added intthe solution to promote the
dissolution of Phl Thereafter, 1.0 wt % MAI solution was then produced by adding
MALI in 2-propanol and stirred for 10 min at 50 °C. The PTB7 and PCBM solutions
were respectively prepared by dissolving 4eh@ TB7and 30 mg bPCBM in 1 ml

of chlorobenzeneeparately2 mg of BCP was dissolved in 1 ml of methanol to
form the BCP solution. The PEDOT:PSS solution was used as received from Ossila

Ltd. UK (1.3-1.7 wt.% water solution).

7.2.2Fabrication of the PV devices.
PrestructuredTO-FRDWHG JODVV VXEVWUDWHVthaskéidiwW UHV|
~20 x 25 mm were cleaned by following the procedwrinedin section 3.2.8The

cleaned ITO substrates were spated at 3000 rpm by the PEDOT:PSS solution
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and followed by heating at 140 °C for 10 min. The Fbin film was prepared on
top of the PEDOT:PSS film by the spioating method at 5000 rpm using the
supersaturate@bl, solutionin DMF and then annealed at 70 °C for 8 min an
hotplate. Thereafter, theTB7 film was spincoatedon top of the Pblfilm and
annealed at 70 °@r 2 minfor the PTBZ7CH3;NH3Pbk based solar cellShe MAI
solution was then added either on top of the RISICH;NH3Pbk or on top of PTB7

film for PTB7-CH3NH3Pbk based solar cells respectively and was kept at 1 or 2.5

min respectivelyas loading times.

7.3 Optimising parameters of the composite perovskite layer with
different PTB7 concentrations

The new composite perovskites wgneeparedusing (THSEM). After deposiing

the Pbj film onto the EEDOT:PSS, a PTB7 thin film was coated on top of the dried
Pbk followed by dropping / R1 O@,0 wt %) solution onto the PTB7 film.
Three differentconcentrations of the PTB# chlorobenzene solutiond, 6, and 8
mg in 1 mL chlorobenzene)vere investigated and labelled as B1, B2 and B3
respectivelyaslisted inTable 7.1 The loading time®f MAI solution onto the pre
coated BTP7Avere 150secfor B1, 180 secfor B2 and 210secfor B3 solutions

separately.

Table 7-1 Concentrations of the PTB7 chlorobenzene solutions

Solution | Concentration of the BTP7 solution in
chlorobenzene

4 mg PTB7/1mL chlorobenzene
6 mg PTB7/1mL chlorobenzene

8 mg PTB7/1mL chlorobenzene
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7.3.1Structural properties of the composite perovskite layers with different
PTB7 concentrations

XRD diffraction patterns were utilised to identify the effect of the PTB7 concentrations on

the perovskitecompositesThe (THSSDM) was used to deposit all films. 25 pL of the Pbl

solution wasused to deposihe Pbj film on precleaned glass slides tife same size2(x

2.5 cm)which was then followed by thermal annealing at 80°C for 8 minudéféerent

concentrations of theTB7 polymer solution were applied onto the-poated Phlthin film

and followed by heatingt 80°C for 6Gsec

Following this,a 120 uL of MAI (1.0 wt%) solution wasappliedonto either the Pbl
or thePbL/PTB7 fims andwas allowed loading times df minin the case othe
pristine perovskite, 2.\in for the PTB7 film produced by the Bblution 3 min
for the PTB7 film produced by B&olutionand 3.5 mirfor the PTB7 film produced
by the B3solution Samples were thethermaly anneatd at 100°C for 2 hours.
Figure 71 shows thathe pristine pavvskite film exhibitsdiffraction peaks at 14.1°,

25°, 28°, 31°, 41.5%9nd51°, evidently confirrmg the pure phase of the perovskite.

—Prestine perovskite
—Perovskite +4 mg PTB7
Perovskite +6 mg PTB7

—Prerovskite +8 mg PTB7
PRSI W .

Intensity (a.u.)

10 20 30 40 50 60

Figure 7.1 X-ray diffraction patterns of CH3NH3Pbl; and CH3;NH3Pbl/PTB7
compositeusing different concentrations of the PTB7 polymer
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Producing thé®bL/PTB7 thin film by the B3olutionresultedin high residual Pbl
phaseDW 8§ RI fcomm@bsigpravskite film, demonstrating thakigh
thickness ofthe photoactivePTB7 thin film can hinder the completion of the
reaction betweeMAI and Pbp. Additionally, it was found that the residwé the
Pbl, peak reducg with the thicknesslecrease of thBTB7 thin film producedrom

the B3solutionto thatof theB2 solution. This showthat the reactiobetween MAI
and Pbj increased graduallyith the decreasén the PTB7 thin film thickness
DLITUDFWLRQ Sdidnmdd4. D \VE5°, 828R B1°, 41.551° were identified for
the PTB7-perovskits. Finally, the pure CHNH3;Pbk phase in the PTB?
CHsNH3Pbk composite thin film was obtained when the PTB7 film was produced

by the Blsolution

7.3.20ptical properties of the PTB7-CH3sNH3Pbl; composite layerproduced
using different PTB7 solutionconcentrations
UV-Vis absorption spectra were utilised to further investigate the effeasing
various concentration®f the PTB7 solutioron the composite perovskite films as
shown inFigure 7.2 A wide absorptiorbandin the wavelengthrange of570-720
nm was identifiedfor the PTB?#CH3NH3Pbk compositethin film produced bythe
B3 solution Compared to the pristine perovskitiein film, the wide absorjin
shoulde at 680 nmreduces gradually wheathe PTBZCH3;NH3Pbk compositethin

film wasproducedrom the B1 solutioninsteadof B2 solution
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Figure 7.2 UV-Vis absorption spectra of CHNHsPbl; and -PTB7-
CH3NH3Pblscomposite by different concentrations of thd®TB7 solutions

7.3.3 Initial assessment of PV devices performance of PTB7-CH3NH3Pbl;
compositelayers from different PTB7 solution concentrations

Figure7.3 showsl}V characteristic®f solar cells based on tHRTB7-CH3NH3Pbk
compositesnade withdifferentconcentrationsf PTB7 solutiols. A summary of the
device parameterss givenin Table 7.1. When solar cells werabficated by the
PTB7-CH3NH3Pbk composite produced from B3 solutidine device performance
was very poor as shown in Figure .7TBis can le ascribedo the high proportion of
the residual Phlphasewithin the composite perovskite atite high thickness of the
CH3NH3Pbk-PTB7 film. Consequently, thisas generatethe S-shapé JV curve
increasing the recombination ratd negative andpositive chargessince the
dissociated charge carriemnust travela long distanceand be collected by
electrodes. Furthermorehen aredu@d concentration of the B2 solution was used

to deposit the PTBTH3;NH3Pbk composite layer for solar cells, a sligh
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improvement inthe PCE was obtainedue tothe decreasedPbk residual and the
smaller thickness of the C¥NH3Pbk-PTB7 compositefilm compared to the
composite film using B3 solutionThe optimsed device performance wdsally
achiexed when B1 solution was utilized to fabricate the PTEZH3NHsPbk
composite for solar cells. Therefore, more detailed studies were carried out on solar

cells basean the PTB7YCH3NH3Pbk composite from the B1 solution.
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Figure 7.3 J &/ characteristics of CHsNH3Pbly/ PTB7 with different concentrations of
PTB7 polymer

7.4 Results and discussion

7.4.1Device architecture

The pristine CHNH3Pbk perovskite and PTBZHsNH3Pbk composite filmsfrom

B1 solutionwere used separatetg photactive layers to fabricate PV devicdhe
influence ofPTB7 photoactive polymer ahe PCE of the PV devicesfter it was
introduced into CBNH3Pbk perovskitewere examinedFigure 7.4 presents the
schematic device ardbrctue of solar cells combined wittrosssectional scanning
electron microscope (SEM) images of the integrated devices and their operational

mechanism. The devices were constructed based ornaharfype architecturas
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illustrated in Figure 74a the devie structureis comprisedof indium tin oxide
(ITO)/poly (3,4ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)/
CHsNH3Pbk perovskite or PTBCH3;NH3Pbk polymerperovskite compote/
PCBMhbathocuproine (BCPAu, where the PEDOT:PSS and BCP layers act as the

electron collecting and buffer layers respectively.

a d
Au Au i Fg\
BCP BCP
PCBM PCBM 2 35 33
Perovskite | Polymer+perovskite T 1 139
| PEDQT: PSS PEDOT: PSS |h;34 3
- ITO coated glass ~ ITO coated glass - :E:; 1 &
5.1
PEDOT=|i :E» R
PSS [5.30( g|@
o 60
® Electron -
O Hole 7.0

Figure 7.4 Device architecture and operational mechanism: (a) schematic architecture
diagram of the PV devices fabricated from CH3;NHsPbl; and PTB7-CH3NHsPbl;
composite, respectively; (8c) Crosssection SEM images othe real PV devices;(d)
Energy level diagram of the PV device from PTB?CHs;NH3Pbl; composite. Similar
diagram for CH3NH3Pbl; based PV devices can be drawn

Unfortunately, SEM cross section imagefiown in Figure 7.4b&cannot provide
sufficient contrast to differentiatehe 4 layers of BCP, PCBM, CilH3;Pbk or
PTB7-CHsNH3Pbk, and PEDOTPSS The estimated thicknesses of BCP, RGB
and PEDOT:PSS are ~10 nm, ~50 nm, and ~30 nespectivey. However,the
combined fowlayesiillustratedin Figure 7.4b&c revealthe same thickness of ~300
nm for CHNHsPbk or PTBZ-CH3NH3Pbk based solar cells, inferring that the
photoactive layer of C¥NHsPbk perovskite or PTBCH3;NH3Pbk composite

present the same thicksses in both PV devices. Cregstion SEM images dd
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single layer of CHsNH3Pbk perovskite or PTB-CH3;NH3zPbk compositeon Si
substrate, further confirm that the thickness of the qdwiive layer is ~210 nras

shownin Figure 75 a&b.

Si substrate ;
Si substrate

50}0 nm

500 nm

Figure 7.5 Crosssection SEM imagesof photoactive thin films on Si substrates,
respectively: a)CH3NH3Pbl; perovskite film ; b) PTB7-CHsNH3Pbl; compositefilm

Figure 7.4d illustrates the operation mode of the PTBH;NH3;Pbk composite

based PV device and the energy levels of each component layer in the device. PTB7
and CHsNH3Pbk absorb the U\vis solar radiation and generate excitons, which
can be dissociated into free holes and electrons at the interfaces of PTB7
CHsNH3Pbk, PEDOT:PS&CH3NH3Pbk, and CHNH3PbL/PCBM. The BCP layer

is used as a buffer layer to forgpod contact with the Au electrode for electrons
collection. Holes generated by PTB7 and38H3Pbk are efficiently collected at

the anode due tine high hole mobility of perovskite aritie negligible energy level
difference between the highest occupieolenular orbital of PTB7 and the valence

band of CHNH3Pbk perovskite.

7.4.2UV- Visible light absorption and photoluminescence
Figure7.6 presents photos of thin films and light absorbance of PTBANBPDL,

and PTB7CH3NH3Pbk compositefilms in the wavedngth range of 400 to 800 nm
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on glass substrates. Aemendous enhancement time stability of CHNH3Pbk
perovskite due to forming the PTBZH3;NH3Pblk composite material asverified
after samples of PTB7, GNH3Pbk, and PTB-CHsNH3Pbk compositefilms were

left in ambient environmenfor 168 hoursvith ~35% humidity.

/ As prjpared\

PTB7-
PIBZ CHsNHsPbls  CHaNH,Pbl,
composite

After 168 hr exposure/

b - T CH;NH;Pbl; Perovskite
1 _ _ _ _ PTB7-CH;NH;PbI,
’; 2.5 - (3 Composite
& "t PTB7 Polymer
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Figure 7.6 Photos of active layers at ambient environment with ~35% humidity and
light absorbance after preparation: (a) Top: PTB7 CH3;NH3Pbl;, and PTBT-

CH3NH3Pbl; composite films after preparation; Bottom: PTB7, CH3;NH3Pbl;, and

PTB7-CH3NHsPbl; composite films after 168 hours exposureto atmosphere (b)

Absorption spectra

As shown in Figure Ba,theinitial dark-brown colour of thepristine CHNH3Pbk

perovskite changed to yellow colour after 168 haifrexposurego atmosphere due
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to decomposition of CkNH3Pbk into Pbb [242]. On the other hand PTB7
CHsNH3Pbl composite film has exhibitedinaltered darlbrown colour
after prolonged exposure to ambient atmosphere at RH of ~B&B&PTB7
polymer absorbs visible lighhainly in the wavelengt range of 550 to 750 nias
shown in Figure 7.6b. Contribution to harvesting of solar radiation via the
incorporation of PTB7 into the GNH3sPbk perovskite film is evidenced in this
wavelengthrange when compared with absorbance of the pristingNEEPbk film.
The light absorption spectra of PTB7, @WH3Pbk, and PTBYCH3;NH3Pbk
composite arall illustrated in Figure Bb. A slightly lower light absorption for the
PTB7-CH3NH3Pbk composite film against the pristin€Hs;NH3Pbk film is
observed in the wavelengthnmge of 400 to 550 nnwhich is attributed to slightly
smaller amount of C¥NH3;Pbk by comparing the same thickness of photoactive

layers with each other.

In addition, wehaveinvestigatedhe steadystate photoluminescence spectra of thin
flms for CH3NH3Pbk perovskite, PTBY{H3:NH3Pbk composite, and

CHsNH3Pbkxx 37 %  G-RyeE @dd a PTB7 thin film on top of the pristine
CHsNH3Pbk film). Tests were performedgnder the same experimental conditions

with the same size of samples on glass substrates.
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Figure 7.7 Emission peaks in steadystate photoluminescence spectra, under the same
experimental condtions with the same size of samples on glass substrates upon
excitation at: a) 400 nm, b) 600 nm

Emission peaks upon excitatioat xQP LQ SKRWROXPLQHVFHQF
CHsNH3Pbk, PTB7ZCHs:NH3Pbk composite films, and CHNHzPbkXxx 37 %
doublelayer are shown separately in Figure 77. Thin films of the pristine
CH3NH3Pbk and CHNHsPbk xx 37 % G-RyeEs ditstrate very close intensity

IRU WKH SKRWROXPLQHVFHQFH SHDN DWHH3PRIQP &RP
and CHNHsPbkxx37%  G-RyeE @l PTBZCHs;NH3sPbk composite film
illustratesa clear quencimg effect, confirming the effective charge transportation
between PTB7 and GNH3Pbk within the blend. Steadgtate photoluminescence

spectra of triple layers of PEDOT:PSS, {DHisPbk perovskite or PTBY
CHsNH3Pbk composite, andPCBM are also presented in Figur@a,.respectively.

Again, significant quenahg effects were observed. Photoluminescence peaks at

a xQP QHDUO\ GLVDSSHDU D Fiypd Uarchifettird Qudth W K H
PEDOT:PSS and PCBM. The same results in photoluminescepectra were
achieved in Figure 7b uponat excitation ® x Q P H [tRetdi8aller percentage of

thequenching effect icomparisonZLWK WKRVH XSRQ H[FLWDWLRQ
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7.4.3Morphological studying of perovskie layer with and without PTB7
Morphologies of CHNH3Pbk and PTB7CH3NH3Pbk composite thin films were
investigated by SEM and atomic force microscope (AFM). Both thin films of
CHsNH3Pbk perovskite and PTBZH3NH3Pbk composite illustrate morphologies
with polycrystalline gains (perovskite phasay shownn Figure 78. However, tiny
gaps between some grains in the pristingXH{Pbk film are observed in Figure
7.8a while fully connected grain phases appeared in the FHBRH3;Pbk
composite film in Figure Bb. We also noticed that image contrast was reduced for
the PTB7?CH3;NH3Pbk composite film due to the addition of PTB7 into
CHsNH3Pbk when compared with SEM images of the pristine {8iHIsPbk film

under the same operational paeders.

Figure 7.8 SEM images showingmorphologies of photoactive thin films of: (a)
CH3NH3Pbl; perovskite; (b) PTB7-CH3NH3Pbl; composite

Therefore, the investigation of morphologies by SEM inferred that PTB7
polymer was blended into GNH3;Pbk perovskite, forming nanocomposites with
denser structuresAFM images are presented in Figur®&d, wherein different
morphological structures were also revealed betweesNBEPbEk perovskite and

PTB7-CH3NH3Ph; composite thin films. Theristine CHsNH3sPbk perovskite film
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has grains with the z¢ oflarger than 20Gim as shownn Figure 79a&c while the

size of grains in the PTBZH3NH3;Pbk compositefilm is less than 50 nmas
illustratedin Figure 79b&d. Nevertheless, as observed in SEM images, grain sizes
in the pristine CENH3Pbk and PTB?CH3NH3Pbk composite filmsappeared to be
very close atbaut 200 nm. Therefore, we assighat much smaller graim AFM
images for the PTBTH3;NH3Pbk composite filmwas probably caused by the
PTB7 polymerThis is lecause organic materials with light elements are difficult to
obtain their direct higitontrast nanstructural images by SENR43], and only
larger grains of perovskites clearly appearedniorphologies in Figure.8. This

may explain the differenca igrain sizes by SEM and AFM separately.
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Figure 7.9 AFM images of photoactive thin filmsof: a) CHsNH3Pbl; perovskitesfilm;
b) PTB7-CH3;NH3Pbl; compositesfiims. Scale bars are 6 x 6 um and height bars are
100 nm; and ¢) CHNH3Pbl; perovskite film, d) PTB7-CH3;NH3Pbl; compositefilm .
Scale bars are 2 x 2 um and height bars are 100 nm

7.4.4Structural study of perovskitefilms with and without PTB7

Structural characteraion of the photoactive layehss been carried out using XRD
measuremenisThe XRD patterrs obtainedfor both, CHNHsPbk and PTBY
CH3NH3Pbk composite filmshaveverified their perovskite structures presented

in Figure7.10.
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Figure 7.10 XRD patterns of CH3;NH3Pbl; perovskite and PTBZCH3;NH3Pbl;
composite thin films

7.4.5FTIR analysis of the perovskite layes with and without PTB7

Figure 7.11 showsATR-FTIR spectra of phototige layers of CH3NH3Pbk
perovskite and PTBTH3;NH3;Pbk composite thin films immediately after
preparation. The measured spedhastrate the main characteristic peakd tead
perovskite crystals specifically theide strong peak at ~910 ¢hfor CHs-NH;
rock, a peak at ~989 ci for C-N stretching band peaks at ~1403 cthand ~1439
cm'® for C-H vibratioral bands, and peaks at ~1482 ‘¢rand ~1570 crt for H-N
vibration bandg242]. Most vibrational peaks for the pure gNH3;Pbk perovskite
either disappeared or became weak after expdsuaenbient atmosphere for 3 hr
although thedark colour of the film demonstratewh change. Oithe contrary the
PTB7-CH3NH3Pblk composite thin film maintained its vibrational peaks with only
slightly reduced intensity after 48 hr exposure to amka@anbspherelts vibrational

peakshowever have dappeared after 168 hr exposure under amlaanbspheg,
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presenting the same FTIR spectrum as that of the pure PTB7 film. However, no

colourchangedvas reveked as previously shown in Figureba.

Figure 7.11FTIR spectra of photoactive thin films at variousconditions

7.4.6Performance of the CHNH3Pblz or PTB7,-CH3NH3Pblz based solar cells
The performance of solar cells based on ;8H3;Pbk or PTB%CH3;NH3Pbk
composite photoactive layeinas been studidaly measuring their-¥ characteristics
and external quantunifeiency (EQE) spectra. The bestJcharacteristics for both
devicesare separately shown in FigurdZa. The meawmaluefor PCE of the PTB7
CH3NH3Pbk blendbased solar cells (the highest PCE = 14.4%) is 12.51%tkath
standard deviatiorof 0.99 andmean valuef open circuit voltage (), short
circuit current density ¢J, and fill factor (FF)of 0.88 V, 22.28 mA/crh) and 63%
with standard deviations of 0.028, 0.69, and 0.6&¥pectivelyas shown in Table

7.2 The mean PCE of GNIH3Pbk based skar cells (the highest PCE = 14.3%) is
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13.3% with standard deviatioof 1.01and the means of ), J.and FF are 0.8Y,
21.7 mAlcn?, and 70% \ith standard deviations of 0.02, 1.13, and 0.013

respectively, apresented in Tablé.3.

Figure 7.12 Performance of solar cells: (a) &/ curves of devicesmade with
CH3NH3Pbl; and PTB7-CH3;NHsPbl; composite films; (b) EQE of devices with
CH3NH3Pbl; and PTB7-CH3NH3Pbl; compositefilms
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Table 7-2 Performance of solar cells based on PTBZH;NH3Pbl; composite

No of device Voc Jsc PCE FF
(V) | (mA/cm?3) [ (%)

e
No 10 0.88 2228 1251 0.63

I N

Mean range 0.88 2228 1251 0.63
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Table 7-3 Performance of solar cells based on C#H3Pbl; perovskite

No of device Voc PCE FF
V) (%)
13.9 0.7

0.9 22

Z
o
[EEN

0.88 23.6 143 0.69
0.87 22.7 14.02 0.7
0.86 20.2 12.72 0.73
0.87 22 136 0.71
0.84 21.9 13.09 0.71
0.86 20.88 12.76 0.70
0.91 21 13.02 0.68
0.88 23 14  0.69

No 10 0.85 20 12.07 0.71
Mean range 0.87 21.7 13.3 0.70

Standard deviation JRoNe¥ 1.13 1.01 0.013

No 2

No 3

No 4

No 5

No 6

No 7

No 8

No 9
S
|
[

The incorporation of PTB7 polymer into GINH3Pbk perovskite results in higher
Voo, more uniformly distributed highekcdout slightly lower FF than those of the
CH3NH3Pbk based devices when an equivalent thickness of the photoactive layer
was fabricatedh the solar cells, implying that charge trans@ord extractiortanbe

more efficientin the composite photoactive layer. Since light absorbance of PTB7
mostly overlaps with CENH3Pbk in the wavelength range of ~550 to 750 nm, both

solar cells preserat close PCE. EQE spectra may provide addidiorformation of
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37% TV FRQW dhaigegénhkrmati@nand current output as shown in Figure
7.12b. One can clearly observe thdference between CHNH3Pbk and PTBY
CHsNH3Pbk based solar cells itheir EQE spectra. The GNH3Pbk based solar
cellsdisplayhigher EQE in the wavelength range of ~380 to 550 nm and more level
curve in the wavelength range from ~480 to 550 nm than those of the- PTB7
CH3:NH3Pbk based solar cells. This is probably caused byrredteon of
microstructures and components in the photoactive materials due to the addition of
PTB7 into the pristine C#NH3Pbk when the same thickness of a photoactive layer
was utilized in the solar cell€ontrary to that, digher EQE is achieved fohé
PTB7-CH3NH3sPbk based solar cells in the wavelength rangalmfut610 to 750

nm and more level curve is presented in the wavelength range from ~650 to 700 nm.

Figure 7.13 Hysteresis behaviorof solar cells: a) 3V curves of CH;NHsPbls-based
devices; b) 3V curves of PTB/-CH3;NH3Pbls-based devices. Both were measured
under forward (Jsc: 9 o) and reverse (M : - sJ scan at the scan rate of 0.01 V/s

Moreover, the ChNH3Pbk based solar cells haveysteresidess behaviouras
depictedin Figure 713a, indicatinga good quality perovskite films and efficient

charge extraction throughout the devices. Compared to thallddRbk based PV
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devices, the PTBTH3;NH3Pbk based PV devicesxhibits atiny difference in the-J

V curves between the forward scan and reverse scae atém rate of 0.01 Vs
shownin Figure 713b. Different hysteresis behaviour between;®H:Pbk and
PTB7-CHsNH3Pbk based solar cells further evidences that the addition of the
conjugated PTB7 polymer into GNH3sPbk perovskite may slightly change its

property on charge extraction.

7.4.7Life time study of the PV devices

Figure 7.14 Performance variation of solar cells stored in the glovebox against time:
(a) V¢ variation; (b) Js. variation; (c) PCE variation; (d) FF variation

Solar cellsof both types studied in section 7.4.6 were kiepthe glovebox to
investigate their stability under dark conditionsefore performing J-V
charactesation under ambient environmentigure 714a#l show thatPTB7-

CH3NH3sPbk based solar celldemonstratesignificantly enhanced stability than the
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CH3NHsPDbl; based solar cells since the PFBH;3;NH3Pbk composite filmhas
exhibiteda greatly increased resistance against decomposition of teHGFbk
perovkite as previously shown in Figure6a. V. of the PTBZCH3;NH3Pbk based
solar cells maintainedstaiginal value after 920 hrstoragetime while V. of the
CH3NH3sPbk based solar cells startéd decrease after 360 hssoragetime and
dropped to abold0% of its original value oglafter 528nrsstorageas illustratedn
Figure 714a. Simultaneously,)s. of the PTB7?CH3;NH3Pbk based solar cells
exhibitedno change before 52&s storagetime andhas retained abo®3% of its
original valueafter 920hrs storageas shownn Figure 714b. Conversely J. of the
CHsNH3Pbk based solar cells showed a noticeable decrease aftenr86@rage
while a sharply reduced value was measured at ~31% of its original value after 528
hrs storage.Changes inthe PCE werecalculated and obtained data are dipiated
Figure 714c. The PCBf the PTB7CH3;NH3Pbk based solar cells kept ~92% and
~85% of its original value respectively after 528 and 9#8 storagetime
respectively However, PCE of the GiNIH3Pbk based solar cells decreased to
~79% and ~21% of its original value only after81@&nd 528hrs storagetime
respectively Figure 7.14d shows variation in the FF of PV devices of both types of
actve layers FF of the PTB7CH3NH3Pbk based solar cellstayedwithin more
than 90% of its original valuever the longeststorage periodf 920 hrs,while a
gradually reduced FF of the GNHs;Pbk based solar cells wasbserved
maintaining only about 47% of its original value after 528rs storagetime.
Therefore, one of the main factors on degrading performance of our solar cells is
owing to the decrease of.dhat could be caused by alternation or decomposition of
CHsNH3Pbk perovskite in the photoactive layg@44]. Performance degradation in

ambient air with ~35% humidity for our solar cells waiso recorded as shown in
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Figure 715 axl. Bothdevicesshowednearly no change the V. (Figure 715a)
after 172hrs exposureto humid ambientJ,, PCE, and FF of both devices all
gradually reduced with exposure time. However, the RCBIZNH3Pbk based solar
cells maintained ~68%,) 64% PCE, and@5% FF of their original values after 172
hrsexposure while the GillH3Pbk based solar cells only kept ~37% 18% PCE,

and 43% FF of their original values.

Figure 7.15 Performance degradation of solar cells under exposure to ambient air
against time: a) Vi variation; b) Jgvariation; ¢) PCE variation; d) FF variation

7.5 Conclusion

We have demonstratedthe fabrication of organicinorganic hybrid solution
processed solar cells using blsmd PTB7 polymer and CkNH3Pbk perovskite as

the lightabsorbing layer. The PHJ PV devices fabricated fromsNEHPbk
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perovskite or PTBTH3;NHsPbk composite with PCBM illustrated thersa level

of PCE. However, uniformly distributed highc.Jdn PV devices and significant
improvement in stability against decomposition of :8H3;Pbk perovskite were
achieved in the PB7-CH3NH3Pbk composite, leading to the stability enhancement
of solar cdk. Considering the existence of a variety of family materials either for
photoactive conjugated polymers or organometal halide perovskites, various
combinations are anticipated for exploring high performance angedstvorganie

inorganic hybrid solar ckl.
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Chapter 8 - Summary and outlook

8.1 Conclusion

The mainpurpose of this researadh the development othree differenttypes of
active layer structures of photovoltaic devicesand deducesthe performance
parameterof these deviceand critically analyse thebenefitsarising from each
structure. Numerous strategies have been introdtaredach structure to enhance
the performance of the solar cellsow-temperaturesolutionprocessed methods
were adopted in orderto fabricate allthe studied PV configurations. These

configurations are summarised as below:
The first configuration:

™ The dip coating techniqueas used to produce solutipnocessable inverted
polymer solar cellsThis is a promising method for the mass production of
low-cost and largscale PV devices due to its simplicity aridgh
productivity in the labPower conversion efficiencgf 3.4% was shown to
be the best result fothe currently studiedlip-coated PV device. Adding
Petroleum etherwas shown toplay a key rolein transforning the
P3HTPCBM blending to the gel which is compatible witte dip coating

method.

™ Thermal anndang and drying method of P3HPCBM has significantly
impactedon the performance of thgolymer solar cells after the samplas
withdrawn from the solution.The selforganization of P3HPCBM layer
canbe improvedoy extending the time of film drying rate when it converted

from the wet film to the dry film. The slow drying rates shown to
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contribute to the formation of seatfrganized and oriented structures of the
P3HTPCBM resulting inimprovementsin the morphology of the active
layer and increasing the smoothness of the surface. Furthermore, thermal
annealing improved the surface rougésef the active layer and enhanced

its crystallinity.

™ The spin and dip coated PEDOPRSS thin filmshave demonstrated
significantly different morphologiesvhich might effect on the PCE of the

PV devices.

Thesecondconfiguration:

™ OSM and TSEM were enployedto fabricate both perovskite films and
solar cells at low temperature. Morphological studies and crystallisation
behaviour of the CgNH3Pbk films have beerextensivelystudied using

XRD, SEM and UWvis absorption spectroscopy

™ Porous and fabrienorphology of the CeNH3Pbk films was observed by

SEM when using OS3V.

™ Three major factoravere shown taignificantly impact on the crystallisation
behaviour andcontrol the morphologythese arghe concentration of MAI
solution, the reaction time be¢en the MAI solution and the pomated Phl

and thermal annealing.

™ The nucleatiorof the intermediate phase of perovskitas obtainedn areas
which havea concentratiorof MAI higher than concentration threshold(C
The growth of the intermediate a¥e of perovskitevas determinedby the

reaction time between the MAI solution and Pfilim. Thermal annealing
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played a key rolein transforming the intermediate phase of thesH;Pbk

film to full perovskite phase after heating for 2 hours.

™ ]t has beerverified that the morphology of the GNH3Pbk films canbe
controlledwhen loaded. wt% MAI solutionwas loaded onto the pmmated
Pbk at allowed 60 secof reaction timefollowed by thermal annealingt

100°Cfor 2 hours.

™ The performance of the perovigksolar cells was examined using different
concentrations of MAI solidn to fabricate perovskite photoactive films
We have successfully fabricatehighly reproducible PCE perovskite solar
cells, with PCE of 12%was obtainedThehysteesis effectin the measured

JV characteristicsvas nearlynegligble using TSS®.

™ The PCE of the perovskite solar cellassignificantly enhancedpto 15 %

by reducing the thickness of the PCBM layer.

™ The impact of the buffer layeof BCP is essential to facilitate the
transporting of the charge carriers and to improve the interfacial layer

between the acceptor (PCBM) and the top electrode (Au).

The third configuration:

™ We have developed a novel strategy to fabricate orgamicganic hybrid
perovskite solar cells via blending a conjugated polymer with a halide

perovskite to produce a composite activaterial structure

™ Inserting the conjugated polymer into the perovskite ldyges resultedn
extendng the light absorbance into full fleective wavelengthsrange

Furthermore, the stability of the halide perovskite substantially enhanced
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owing to the better moisture resistance of the conjugated polymer which

provides a barrier protection to the halide perovskite.

™ In order to optimise the photoactive composite materialdifferent
concentrations of photoactive polymer PTBTn(} 6mg and 8ngin 1m L
chlorobenzene were applied between the Rband the MAI with the

application ofdifferentreaction tims of MAI onto the dried PTB7 film.

™ The pure perovskite phase of the composite photoactive \ea®iobtained
after the solution of 4 mg PTBIML in chlorobenzenevas applied onto the
pre-coated Phblfollowed by droppindgl wt% MAI solution for 2.5 min onto

PTB7 film.

™ Although nearly the same performancewas achievedor the composite
perovskite andoristine perovskitedevices significant enhancement in the
stability of the composite perovskite deviogas achievectontraryto the
normal perovskite whiclexhibiteda decompositiornof the perovskite film

after 160 hours.

8.2 Future work

Despite the massive prograsade orthe development of highly performing
perovskite solar cells, it is still far fromdustrial production The stability
issues and the toxicity of lead are stiinsdered majoiconcerns and finding
solutions to solve these issues axdétal to pave the way for
commercialization. Therefor¢he following routes for the fabrication of PV
active layers may constitute parts of the solutions towards solving the above

saidissues:

172



™ Using low band gap conjugated polymén the composite halide
perovskiteto further enhance the light absorption and increase the
stability of the perovskite devices will be one of our aims in future

work.

™ Replacing methylammonium (MA) witformamidinium(FA) using
(THSSCM) will further enhance the stability of the perovskite

devices.

™ Replacing the Lead with netoxic materials will be one of our aims

in future work.

™ Improving the scalability of the PV devices for all configurations
studied in the current workand investigating the impacts of

enlargng PV modules on the device performance

™ To continue the study of long term stability of perovskitsed PV

devices using longer time periods (months, years).
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