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Abstract

The development of fabrication processes in teofnmorphological changes and vacuum free process fo
efficient and low cost organic solar cells (OSC} baen studied. The effect of annealing and interléo the
device performances were investigated. Devices wlese post-annealing after top electrode depositiave
increased the solar cell performances significaalycompared to that of the devices without postaling.
Post-annealing induced polymer crystallization agglilting in enhancement in the absorption. Velrfitease
segregation also could occur as a result of ammgpaln regular bulk heterojunction (BHJ), both pobr
crystallization and vertical phase segregation ridoumied to the better device performance, wher@athé
inverted BHJ, the concentration gradient remairchanged after annealing because of the insertienlayers.
Therefore, the increased in inverted device peréorees is due to the polymer crystallization. TheCQigvice
performance can be further enhanced by insertingrlayer such as poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) which acts dk hole transporting layer and electron blockingela and
titanium (1V) oxide (TiQ) which function as electron transporting layemasdl as hole blocking layer. These
interlayers promoted charge collection, preventghaecombination and current leakage. To redueel#vice
fabrication cost, we investigated inverted bulkehejunction solar cells fabricated with gold (Awaf as
laminated top electrodes to replace the costly &énmk consuming vacuum evaporation process. We
demonstrated that the Au leaf can be successfidiysterred from a supporting polyethylene tereghtba
(PET) substrate to the surface of PEDOT:PSS dusufficiently higher work of adhesion of Au leaf it
PEDOT:PSS compared to PET. By optimizing the lamim conditions by increasing the lamination
temperature, the contact between the Au leaf ardPEEDOT:PSS becomes homogeneous, thus the power
conversion efficiency (PCE) improves. Using Naphth®-c:5,6-c'1bis[1,2,5]thiadiazole based polymsttlae p-
type semiconductor, the PCE reached 5.07%. Thenkted devices exhibited excellent stability complerao
that of the evaporated devices. Although silver alholys leaves are cheaper than Au leaf, they éxlutver
PCE because of the oxidation, thus not suitablemnads as an electrode. Vacuum free process ngtreduced

the waste of materials but also shortened thedaton time, which lead to the low cost OSC.

Keywords: Organic solar cells, Thermal annealirgmination, Work of adhesion, Low cost device
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CHAPTER 1: INTRODUCTION

1.1 Introduction to solar cells

Nowadays, the demand for electrical energy usaggeiting higher, but the
energy production is still mainly based on the Imgnfossil fuels such as coal or
petroleum. However, this method has negative effexthe environment and living
things such as air pollution and the greenhousceflhe reserves of the fossil fuels
are also decreasing over time. Therefore, the nefxs renewable and
environmentally friendly energy are inevitable. &olwind, geothermal and hydro
energy are the major renewable energy resourcésdnareplace fossil fuel energy.
Solar energy has several advantages over othes tfpenewable energies such that
it does not need large space to mount the sollr meldule and it is safe for the users
and the environment as compared to the hydro energy

There are mainly two types of solar cell thatarailable, which are inorganic
and organic solar cells (OSC). In this chapter, w# briefly introduce inorganic

solar cells and the details about OSC includingctireent research in OSC.

1.1.1 Inorganic solar cells

The first solar cells were patented in 1946 by.’Cb@Ihapin et.al. then obtained
power conversion efficiency (PCE) of 6% by impletiegp a single-crystal silicon
(Si) wafer for light absorption and a p-n junctiion charge separatidh The principle
of wafer Si solar cells is shown in Fig. 1.0(a),iethconsists of photo absorption
throughout the wafer, and charge separation thitahahvolves diffusion of photo-

excited charge carriers. Light absorption in inaigasolar cells leads directly to the



creation of free electron-hole paffsThe structure and fabrication steps of a single
crystalline Si solar cells are shown in Fig. 1.0(b)

Even though crystalline Si solar cells are the thumsnmercially fabricated
solar cells, other types of solar cells are alsbvely developed, for examples,
multicrystalline Si, amorphous Si, cadmium telleri@CdTe), copper indium gallium
selenide (CIGS) and single-junction gallium arsenifGaAs)™> The PCE of
inorganic solar cells is currently up to 27.6% &ingle concentrator single crystal
crystalline Si cells and 44.7% for four junctionlisebased on I1I-V compound.
However, the module is heavy thus makes the iagiali and shipping cost of
inorganic solar cells become expensive, which & drawback for inorganic solar

cells?

Fig. 1.0: a) Principle of wafer Si solar cells: ptro absorption throughout the wafer
and charge separation often involves diffusion lbbtp-excited charge carriers. b)
Cross section (iv) and fabrication step of singtgstal Si solar cells: (i) surface
texturing;, (i) n-emitter diffusion, (iii) metalletion, and (iv) antireflection (AR)

coating?



1.1.2 Organic solar cells

The motivation for OSC development is to overcoime cost issue that is
faced in the inorganic solar cells, by producirghtweight and solution processable
OSC, which will lead to cheaper installation andppng cost? At the same time,
many researchers are trying to increase the PCES& device to compete with that
of the inorganic ones. Therefore, both high deydedormance and low production
cost must be achieved simultaneously. Initiallye #ctive layers were made from
small organic molecules. The first OSC device waseld on single organic layer
which is sandwiched between two different work fimt metal electrodes?
However, the PCE was very low, around®#®to 10°%. The PCE able to reach 0.7%

by using merocyanine dyé3.
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Fig. 1.1: Record for various types of solar cefficiency.®’



Then, the device performances were continuouspyrored by changing the
device architectures, such as from single laydrileyer and to bulk heterojunction
(BHJ), and also through materials developniéht) The highest PCE reported for
OSC is 11.1% by Mitsubishi Chemic8lsCurrently, hybrid organic-inorganic
perovskite solar cells are showing remarkably mitian fourfold increase in the

device performances from 3.8% to 17.9% of PCEWittin 5 years->

1.1.2.1 Working principles and mechanism

Energy conversion process has four fundamentpk gte convert the incident
solar irradiation to electrical current (Fig. 1.2y¥hich are light absorption and
generation of exciton, followed by diffusion of tke&citon, then exciton dissociation
and finally charge transport and collection atetextrodes?*® In the first step, light
is absorbed by the donor and generates excitonhwdd@n be considered as a strong
bound electron-hole pair. Next, the exciton difuséong the polymer chain towards
the donor-acceptor interface. If the diffusion l#ngs large enough to reach near the
acceptor molecule, then the exciton will dissocistewhich the electron will be
transferred to the acceptor. The exciton dissamat not easy because of the strong
Coulomb bound between electron-hole pairs. Energliving force is required to
separate this bourld. However, the exciton will recombine if they are hieato
dissociate during their lifetime. In contrast, inorganic solar cells, the light
absorption leads directly to the creation of frekekelectron paird? Finally, after the
dissociation, the electron and hole are transpottedhe cathode and anode,
respectively. Larger donor-acceptor interface aeinnportant to provide more
probability for the exciton dissociation to takeg® which can be seen in the bilayer

and BHJ OSC.
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Fig. 1.2: Fundamental steps to convert solar iatauth to electrical currerf.*®

1.1.2.2 Bilayer solar cells

The first bilayer OSC device was fabricated by@an1986 which consists of
indium tin oxide (ITO)/ copper phthalocyanine (CWPperylene tetracarboxylic
derivative (PV)/ silver (Ag) with PCE about 1¥3.The regular structure of bilayer is
composed of anode, hole transporting layer (HTLYnad, acceptor, electron
transporting layer (ETL) and cathode (Fig. 1.3(#)js a type of heterojunction OSC
that aims to overcome the issue with low separatbn photogenerated charge
carriers that faced by the single layer devicebilayer, the exciton dissociates at the
interface between donor and acceptor layer. Howether short exciton diffusion
length of organic materials limits the thicknesstloé donor and acceptor layers.
Thick active layer may cause the exciton that gaeerfar from the heterojunction to
recombine before arriving at the heterojunction.il/thin donor and acceptor layers
may cause weak absorption. In bilayer structurablé to achieve PCE up to 4.40%
by using poly(3-hexylthiophene) (P3HT)/ [6,6]-ph&@g:1-butyric acid methyl ester
(PGs1BM) with self-assemblegoly(ethylene glycol) modified [60] fulleren® EGN-

C60)®
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Fig. 1.3: Structure of (a) bilayer and (b) ideal BESC

1.1.2.3 Bulk heterojunction (BHJ) solar cells

BHJ is successfully formed by mixing donor and egtor materials in
solution and spin coat them to form interpenetatietwork film and give more area
for exciton dissociation than that of the bilayEfficient charge separation which
results from photoinduced electron transfer frora ttonor to acceptor has yields
higher PCE than the bilay&t.2” This interpenetrating network has increased the
dissociation of generated exciton due to the shpitase separation within the film,
which is usually around 10 nm - 20 nm and alsoattikin the exciton length of many
organic semiconductors. The shorter phase sepanaiakes it is possible to make a
thicker film in BHJ as compared to the bilayer.

The polymer:fullerene is the common donor:acceptaterials that are used in
BHJ. In addition to an interpenetrating networkdohor:acceptor, obtaining correct
concentration gradient is also found to contribiate¢he efficient charge collection.
This finding has led to several works to contra thorphology of the active layer
such as solvent annealing, thermal annealing adath@dolvent additives. Selecting
an appropriate solvent can increase the device igCtid threefold as shown by S. E.

Shaheen et.dP F. Padinger has shown that the PCE can be imprbyegost-



annealing the device above the glass transitiorpéeature of the polymér) The
device architecture with an ideal concentratiordgnat of BHJ active layer is shown
in Fig. 1.3(b).The highest PCE reported for BHJ OSC is 9.48%, \Wwihzo[1,2-
b:4,5-b]dithiophene and thieno[3,4-b]thiophene (Tbpolymers (PBDT-TS1 based
polymer) and [6,6]-phenyl-&-butyric acid methyl ester (BM) as the donor and

acceptor pairé?

1.2 Current research in organic solar cells

Currently, OSC is widely studied by the researshehich are aiming to
obtain low cost and comparable device performancea$at of the inorganic solar
cells. This can be done through donor:acceptor maétalevelopment and understand
the factors and parameters that contribute to thecd performances. At the same
time, various fabrication techniques have beenagdl to realize fully vacuum free
fabrication process and towards flexible substrd¢®ices with high throughput

production, thus reduce the device fabrication.&Bst

Fig. 1.4: Flexible OSG®

Lamination, coating (slot-die coating, knife edgeating), printing (rotary

screen printing, screen printing) and spray coatirggthe examples of technique that



can be applied in roll-to-roll process to replabe thermally vacuum evaporation
process> 2”29 Both morphological changes and vacuum free fatiicgrocess are

important to obtain efficient, lightweight and cpe@SC device.

a) b)

C) Impression d)

cylinder

N
Printed
pattern L

Gravure

RN mm ||

Ink bath

Gravure Printing Screen printing

e) —— f) Ink Inlet

Meniscus

Knife Coating Slot Die Coating

Fig. 1.5: Sketch of: a) lamination procé¥sh) vacuum evaporation process, c)
gravure printing, d) screen printing, €) knife ¢ogt and f) slot die coating’



1.3 Aims of study

With the motivation to develop efficient and stllevice performance, and
low cost OSC device, it is important to understéactors that affecting the device
performances and to develop fabrication proceskiwiOSC.

Therefore, the aims of this study are: Firstly, dtmudy the factors that
contribute to the device efficiency; relationshiptween thermal annealing and
morphology changes in active layer and relationsigfween interlayer and device
performance. Secondly, to fabricate the OSC deliceémplementing vacuum free
top electrode deposition process by gold leaf latmm and gold nanoparticles ink

spray coating.

1.4  Structure of this thesis

The body of this thesis comprises of five chapteth two main parts, which
are the factors that are affecting to the deviacéopmances and fabrication of OSC by
vacuum free process. The earlier part is describéchapter 3, and the later part is
described in Chapter 4.

Chapter 1 is focused on the introduction of thgaarc solar cells. It explained
about the OSC operating principles and mechanisiaydr and BHJ solar cells. It
also covered about the current research in OSQGntitrations and aims of this study.

Chapter 2 covered the devices fabrication andadharization. It explained
about the materials, device structures and charaatien that are used in in this
study.

In Chapter 3, the effect of annealing and insartb interlayer to the device
performances are discussed. Upon annealing thelaregtructure devices, their

performances increased because of the polymeraliigation and vertical phase



segregation as been observed in the absorptiontrapend Energy Dispersive X-ray
SpectroscopyEDS) images. Unlike the regular structure devitks, concentration
gradient in the inverted device active layer rermaimchanged, which did not in
accordance with its ideal concentration gradieher&fore, the increased in inverted
device performances is due to the polymer crygttitbn. Apart of annealing, the
insertion of interlayer to the device structuréosnd to allow better charge collection
and to reduce the leakage current, thus increasedevices PCE.

In Chapter 4, the lamination of gold (Au) leafused to replace the vacuum
evaporation process, in order to reduce the defdbeication cost. The work of
adhesion\() is a useful parameter to select the supportibhgtsate for Au leaf. With
sufficient differences iW, the Au leaf is completely transferred from itpgarting
substrate to the surface of poly(3,4-ethylenedioogthene) poly(styrenesulfonate)
(PEDOT:PSS). Optimization the lamination tempemturexhibited more
homogeneous Au leaf coverage on the PEDOT:PSSceutfaus increased the device
PCE. The silver (Ag) and alloys leaves which wére ¢andidate materials to further
reduce the cost showed lower device performances tduthe oxidation. The
laminated devices showed comparable stability &b ¢if the evaporated ones, which
indicated the good quality of the laminated elaid#r.oThe laminated device PCE has
increased to 5.0% by using new high performance/mpet, Naphtho[1,2-c:5,6-
c'|bis[1,2,5]thiadiazole (PNTz4T). A cost comparisdetween using vacuum
evaporation and Au leaf lamination as the top ebelet are also shown. Besides
lamination, we deposited the electrode by sprayimgaAu nano particles (NPs) ink
in the regular structure devices. However, the quar@nces is low and the PCE
decrased after annealing due to the increased iNRs ink work function upon

annealing.

10



Finally, Chapter 5 summarized the finding fromststudy and suggested the

possible works that can be done in the futuredhatelated to this study.

11
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CHAPTER 2: FABRICATION AND
CHARACTERIZATION

2.1 Introduction

In this chapter, we will briefly describe the maés that are used in solar cell
devices fabrication and their properties, deviahiéectures and also the instruments

used to characterize the solar cell devices.

2.2 Materials

2.2.1 Donor and acceptor materials

In the BHJ solar cells presented here, p-type petyamd fullerene correspond to
the electron donor and acceptor materials, respygtiFor this work, we will focus
on poly(3-hexylthiophene) (P3HT) and [6,6]-pheny-Butyric acid methyl ester
(PGs1BM) donor:acceptor system The P3HT that we useddgular structure was
from Merck, Batch No. EF 430602 with Mw of 20,050ngl, and for inverted
structure was Sepiolid P200 from BASF, with an ager molecular weight (Mw)
20,000 to 30,000 g/mol. The BBM was manufactured by Luminescence
Technology Corp., Lot No S905-121005, Product NeS905 with Mw of 910.88
g/mol. Their chemical structures are shown in E@ P3HT has a strong absorption
peak with coefficient of up to 2@m™.? It also has a high hole mobility up to 0.1
cn? V! st in field effect transistor (FET> which is almost identical with the
electron mobility of PCBM’ PCBM has a deep LUMO level (4.2 eV) which provide

the molecule with a very high electron affinity amduces versatility with respect to

the numerous potential organic dondrk. also has a very high electron mobility up

14



to 0.1 cniV! st in FET? These two materials represent a donor:accepteremte
combination in organic solar cells reseafchas they are commercially availatie

and able to achieve high PCE up to 6.8%.

CHs

C) d)
0.8
_ -3.2eV
e P3HT film

0.6
3 -42eV
§ P3HT
5 0.4+
(%3]
o)
< PCBM

0.2+ _5.2eV

0.0 -6.0 eV

300 400 500 600 700 800
Wavelength (nm)

e) f)

Fig. 2.0: Chemical structures of (a) P3HT, (b)}s#BM, (c) PNTz4T and (d) P&BM.
(e) Absorption spectra of P3HT and (e) example OMD and LUMO level of P3HT

and PGBM®
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On top of that, we also used Naphtho[1,2-c:56i4]],2,5]thiadiazole
(PNTz4T) and [6,6]-phenyl-&-butyric acid methyl ester (B@8M) as donor and
acceptor materials. PNTz4T has high mobility of560cnf V7's' in FET, wide
absorption up to 800 nm, LUMO of -3.77 eV and gkl low-lying HOMO of -5.2
eV The PNTz4T was provided by Professor Kazuo Takinfpm RIKEN with
Batch No. PNTz4T-DT(P2-9) and Mw 52000 g/mol.7/lBM has LUMO at -4.0 eV
and HOMO at -6.1 eVt also has higher absorption coefficient at visibégion?
The PG;BM was from Luminescence Technology Corp., Lot N\i2& 120229 and

Product No LT-S923.

2.2.2 Hole transporting layer (HTL)

The HTL that we select is poly(3,4-ethylenedioxgiihiene)-
poly(styrenesulfonate) also known as PEDOT:PSS8ottisists of a polymer, poly(3,
4-ethylenedioxythiophene) (PEDOT) and a water delulpolyelectrolyte,
poly(styrenesulfonate) (PSS) as shown in Fig. IBsJhigh conductivity (ca. 10 S/cm),
high visible light transmissivity, water solutiomggessability, insolubility in organic
solvents and excellent stability of water solubldyplectrolyte makes it an ideal
interlayer material for solution processed O'SCTherefore, it became one of the
most widely used material as Hf.We use PEDOT:PSS ClevidsP VP Al 4083
from Heraeus. It is dark blue colour liquid withosk function and boiling point

approximately at 5.2 eV and 100 °C, respectively.
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Fig. 2.1: Chemical structures of PSS and PEDOT

2.2.3 Electron transporting layer (ETL)

For the inverted structure BHJ devices, we usaitita (IV) oxide (TiQ) as an
ETL. The chemical bath technique is used to depd#@ layer!® Cleaned
glass/indium tin oxide (ITO) substrates are maskid imide tape to protect the ITO
side and the entire rear of the glass side from, @&0shown in Fig. 2.2(a). To prepare
the TiQ layer, 0.17 g of hydrogen peroxide () and 1.60 g of titanium (IV)
oxysulfate (TIOSQ) are added into a beaker that is filled with 10punte water. This
solution is then transferred into volumetric fladkure water is added until the
solution becomes 50 ml and mixed well. The solutsothen poured into a bottle, and
the masked glass/ITO substrates are dipped inigt &2(b)). This bottle is placed
into a water bath which is filled with 80 °C pollgtene glycol (Fig. 2.2(c)). When
the solution started to become cloudy due to theimg the dipping time of ITO
substrates started counting at this point anddef® min. After that, the substrates are

sonicated in pure water for 10 min. Finally, théstuates are heated on the hot plate
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for 1 h to form amorphous TiOThe thickness is approximately 30 nm. This .10
layer shows good stability for unencapsulated riteeeBHJ devices by maintaining
94% of the devices stability after 100 h of constemdiation time (under 1.5 AMY)

Its work function is 4.63 eV, measured using AC®tpklectron yield spectroscopy.

iy

ITO layer

I'TO substrate

Imide lape Mixture of pure facmg dovwiward Polyethylene
water. H.O- and glycol at 80 "C
TI0S0,

Fig. 2.2: Preparation of chemical bath Ti@)masking the glass/ITO substrate, b)
dipping the glass/ITO substrates in the mixturepofe water, HO, and TIOSQ
solution, and c) deposition of Ti@ayer in 80 °C polyethylene glycol.
2.2.4 Au Nanopatrticles Ink

In order to go for vacuum free solar cells, we spray coating of gold (Au)
nanoparticles (NPs) as the top electrode in regulBHJ devices.
2,3,11,12,20,21,29,30-octakis[2-(dimethylamino)é&thg]naphthalocyanine (OTAN)
protected Au (OTAN-Au) NPs ink is provided by Dr.aBhyuki Kanehara, an
Assistant Professor at Okayama University. The ¢banstructures of OTAN ligand
are shown in Fig. 2.3. The size of OTAN-Au NPs @#sdilm conductivity is 14.4 +
2.3 nm and 6600 S chrespectively® The work function of OTAN-Au NPs is 4.30
eV, measured using AC2 photoelectron yield spectqeg Further details regarding

the synthesis procedures can be obtained in Ref. 16
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Fig. 2.3: Chemical structures of OTAN ligand

2.2.5 Metal and alloy leaves

Another method to eliminate vacuum evaporation @eds using metal leaf as
the top electrode in the lamination process. Migal is fabricated based on rolling
and pounding. The process starts waling the metal into a thin strip, followed by
beating the strip into 50-100 um thick foil. Thisirt foil is then cut and placed
between layers of acetate pieces and poundedthatidrea increases 4 times. It is
then quartered, sandwiched and pounded. Thesegsexcare repeated until the metal
sheet thickness is reduced to around 100-hie use pure Au, silver (Ag), Alloyl
(87.5% Au, 12.5% Ag) and Alloy2 (58.69% Au, 41.31%g) leaves with the
thickness between 100 nm to 150 nm which are bougit Hakuichi Ltd. Fig. 2.4 is

an example of an Au (a) and Ag leaves (b).
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a) b)
Fig. 2.4: a) Au leaf and b) Ag leaf

2.3 Structure of bulk heterojunction solar cells

Typically, there are two types of structure of Bstlar cells, which are regular
and inverted structures. The main difference betwemse two structures is the
position of the cathode and anode. As we will se€hapter 3 and 4 in this research

project, both regular and inverted structure soédirdevices were fabricated.

2.3.1 Regular structure

The first BHJ organic solar cell devices were régaiin literature by G. Yu
et.al., in 1995. They consisted of the followingnple regular structure: glass/ ITO
(anode)/poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-plyamevinylene(MEH-PPV): ¢y
aluminum (Al) or calcium (Ca) (cathod®).Since then, many works have been done
to optimize the efficiency, including changing tldenor:acceptor materials and
inserting HTL or ETL* 2 Our regular devices consist of a glass/ ITO/
PEDOT:PSS/ P3HT:PCBM/ Al layer-by-layer structuae,shown in Fig. 2.5. a). This
architecture, referred to as regular structureresponds to the devices where the

cathode is at the top and the anode is at therhotto
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2.3.2 Inverted structure

In the inverted structure, the anode is at theataghthe cathode is the bottom (Fig.
2.5.b). Inverted structure devices have advantagesregular structural devices such
as better device stability > where stable metal can be used as top electrdue. T
evaporation process of top electrode can be repladiy other processes such as the
solution process of NPs ifR. These advantages make inverted structure suifable

vacuum free process to reduce the fabrication cost.

_ ~ l Al (Cathode) 3.0 eV
A P31T:PCBM 406V sray
| (Active layer) 47 ey Al
" — e = 7
" /. 1 mo 52ev 30eV
9 PEDOT P3HT
\, ~ ITO (Anode) o 65ev
' PCBM
Glass
a) b)
/ I Au (Anode) 266V
~ | pEpOTRS (rTL). o B
\ P3HT:PCBM
/ (Active layer) 4.8 eV 47eV 48 eV
i " ‘ ITO P3HT 51eV  Au
\ TiO,(ETL) PEDOT
' 1 6.0 eV PSS
ITO (Cathode) PCBM
7.5 eV
Glass TiOx
C) d)

Fig. 2.5: Schematic diagram of (a) regular struetamd (c) inverted structure of OSC,
meanwhile (b) and (d) are the examples of the gnediggram for regul&’ and
inverted® structure devices.

21



2.4 Characterization of solar cell devices

The solar cells PCE are measured using a soureelf22t00 Keithley) and a
solar simulator at one sunlight irradiance (AM 1,500 mW/cm) at room
temperature. Figure 2.6 shows an example of batk alad under irradiation current
density-voltage J-V) curves and how the solar cell parameters carxtvacted from
such curves. Equation 1 is the equation that id tsealculate the device PCE under
irradiation, whereP,; is output powerpP;, is input powerJmx iS maximum current
density andVnux IS maximum voltage. Short circuit current dengity) is the current
through solar cell when the voltage across thersmhl is zero, open circuit voltage
(Voc) is the maximum voltage available from the solaell evhen the net current
through the device is zero, afill factor (FF) is a ratio of the maximum powepin
the solar cell to the product & andV,. (Eq. 2).

Equation 3 is used in dadkV simulation to obtain reverse saturation current
(Jo), ideality factor (), series resistanc&®j and shunt resistancBs).%> ?® To fit the
experimental data to this equation, first conveg experimental values into Ir]|
and then, apply these changes to the both sidékeotquation. Finally, use this

modified equation for the I3}V curve to obtain théy, n, R andRg..
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Fig. 2.6: Dark (blue line) and light (red lingé)\ curve with the solar cell parameters.
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PCE = Poin (1a)

PCE = FF (I )Ver) (1b)

e = (9n)Va) 2)
(I )Ve )

J= Jo{exp{M} - 1} +w -J 3)

2.5 Chapter conclusion

The properties of the materials used in this reteaork such as P3HT, PCBM,
PEDOT:PSS, TiQ metal and alloy leaves and Au NPs ink have beeefly
described. Regular and inverted structures thathemse for our solar cell devices

and the electrical characterization are also ptesean this chapter.
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CHAPTER 3: FACTORS THAT INFLUENCE
THE DEVICE PERFORMANCE

3.1 Introduction

To achieve high efficiency OSC devices, it is impot to understand the
factors that influence the device performances sashcontrol of morphological
changes in the active layer and the role of therlimyer. Thermal annealing is one of
the methods used to control the morphology of tBldf PPCBM as thermal annealing
induces the polymer crystallization and promoteasghseparatidit. The desired
active layer morphology therefore can be achieteoligh thermal annealing and this
has also made the devices PCE remarkably incrdagambntrolling the annealing
temperature and time. During annealing process,réported that the P3HT polymer
chains are reorganized and the crystals grow lafdeanwhile, this process will
diffuse the PCBM molecules into the composite tonfaaggregates or needle like
crystalst™® P3HT crystallization leads to a better absorptoa yields higher hole
mobility which prevents geminate pair recombinatibR at the same time continue to
increase slowly due to the increase in carrier Iitpl Correct concentration
gradient of P3HT and PCBM in active layer is dddedor efficient charge collection
at the respective electrodes? Therefore, we conducted several experiments to
understand the relationship between morphology haf active layer and device
parameters.

Several works reported that by inserting a holaroelectron transporting layer, it

will improve the hole or electron collection andutm prevent the leakage current at
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the organic/electrode interface. This also willthier enhance the devices PEE?)

The most commonly used interlayer materials are ®EPSS and metal oxid&:®

3.2 Experimental

3.2.1 Fabrication of inverted structure device

A 45 mg/ml of P3HT:PgBM solution with 15 mg: 12 mg ratio in 0.6 ml
chlorobenzene was prepared and stirred over nigp0aC on the hot plate. The
P3HT that we used was Sepiolid P200 from BASF, wittaverage molecular weight
(Mw) 20,000 to 30,000 g/mol, and the £BM was manufactured by Luminescence
Technology Corp., Lot No S905-121005, Product NeS905 with Mw of 910.88
g/mol. Glass ITO/TiQsubstrates were prepared by using the chemicaltbalimique
and annealed at 150 °C for 1 h prior to active lalgposition. After filtering with a
0.20 um 13JP filter from Advantec, the P3HT:PCBNMison was spin coated on top
of the TiQ, layer at 700 rpm for 60 s inside the glove boxxtN&EDOT:PSS
(Clevios P VP.Al 4083) doped with 0.5 wt% Tritor200 spin coated at 2000 rpm
for 60 s. The devices are finalized by depositi®® hm thick Au electrodes at a
pressure of 10 torr. These devices were annealed at 150 °C famis and
subsequently at 70 °C for 30 min. The devices wals encapsulated and
characterized using a Keithley 2400 Sourcemeteraasmlar simulator at one sunlight

irradiance (AM 1.5G, 100 mW/ci
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3.2.2 Fabrication of regular structure device.

Glass ITO substrates were cleaned using the sthrcdeaning process as
described here: sonication in acetone (5 min), seriean (10 min), pure water (10
min), isopropyl alcohol (IPA) (10 min), followed BA vapour exposure (3 min) and
UV ozone treatment (30 min). 30 mg/ml of P3HT:PCBblution with 1:1 ratio in
chlorobenzene was prepared and stirred for 4 hitnogen filled glove box. The
P3HT (regioregular) used were purchased from MeBakch No. EF 430602 with
Mw of 20,050 g/mol. The P&BM was manufactured by Luminescence Technology
Corp., Lot No S905-110725, Product No LT-S905 witblecular weight (Mw) of
910.88 g/mol. With 0.1 pm filter (Millex), PEDOT:BS(Clevios P VP.Al 4083)
solution was spin coated on top of the ITO substeat1600 rpm for 60 s with a 2 s
slope and dried at 200 °C for 10 min, resultingan75 nm thick layer. The
P3HT:PCBM solution was then spin coated at 800 fpn60 s with 0.20 um 13JP
filter from Advantec inside the glove box which fogd 120 nm thick film. The
substrates then pre-annealed at 120 °C for 10 non o the Al electrodes deposition.
After depositing 100 nm Al electrodes, the deviegse encapsulated in a nitrogen
filled glove box and were measured before and aiterealing at 140 °C for 10 min.
The solar cell characteristics were measured wsikgithley 2400 Sourcemeter and a
solar simulator at one sunlight irradiance (AM 1,380 mW/crf). This was done at

room temperature.
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3.3 Influence of annealing to the device perforneanc

3.3.1 Photovoltaic characteristics before and afterealing.

Table 3.0 summarizes solar cell characteristiagh®fregular structure devices
before and after annealing at 140 °C for 10 minotm@nnealing, all solar cell
parameters were improved. More specifically,has increased from 7.57 mA/Eto
7.89 mA/cnf, V. also has increased from 0.419 V to 0.565 V, FFitmpsoved from
0.441 to 0.554. This has resulted in a large irsgeaf PCE from 1.40% to 2.47%.
Thus, this indicates that annealing plays an ingmintole to achieve optimum PCE of
the devices which probably contributed by the payrorystallization’*® and/or
vertical phase segregation in the active 1&y&To confirm this, we conducted
absorption spectra, X-ray Diffraction (XRD) and Ege Dispersive X-ray

Spectroscopy (EDS) measurements.

Table 3.0: Solar cell characteristics of the regslaucture devices before and after
annealing at 140 °C for 10 min

. " Js Voc PCE

Annealing Condition (mAJcm?) W) FF (%)
Before annealing 7.57 0.419 0.441 1.40
After annealing at 140°C for 10 min 7.89 0.565 0.554 2.47

3.3.2 Crystallization of polymer.

After annealing, an improvement in devices sokdt parameters and PCE
was observed. To investigate the changes in thgnmol crystallinity, the absorption
spectra of the pristine P3HT film and blend P3HTBRLSilm in 1:1 ratio before and
after annealing were measured (Fig. 3.0) by usiWf\is$ spectrometer JASCO V670.

The films were spin coated on the quartz substrates
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Figure 3.0(a) shows the absorption spectra ofoteed P3HT:PCBM active
layer film before and after annealing, while Figd(®) shows the absorption spectra
of pure P3HT film and the P3HT spectrum extracteminf the blend active layer
spectrum after subtracting the PCBM contributiofsérption spectra of the blend
film clearly show two peaks which can be attributedCBM (334.5 nm) and P3HT

(480.5 - 507 nm).
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Fig. 3.0: The absorption spectra of (a) of P3HT:RCldend film in 1:1 ratio before
and after annealing at 140 °C for 10 min and (lsoaftion spectra of P3HT in blend
film before and after annealing after subtracting PCBM contribution and pristine
P3HT film.



After annealing, the peak of PCBM at 334.5 nm absorption intensity were
remain unchanged. However, several changes weervaasin the P3HT peak after
the annealing such as an induced red-shift of bisergtion onset which broadens the
spectrum, resulting in an increased light absonpt vibronic peak appears at 550
nm, a more pronounced shoulder at 606 nm and arase in absorption intensity
can be observed. These are the result of polymamshself-assemble to form
crystallites*® The changes could not be seen before annealingubedae finely
dispersed PCBM prevented the polymer from formihg ftrystallites. During
annealing, PCBM started to form larger aggregatelsad the same time P3HT started
to crystallize in the PCBM free regiofis?® The crystallization of polymers and
aggregation of fullerene have resulted in enhanabdorption properties. It is
reported that this leads to better charge tran$pBitiure 3.0(b) shows that the blend
film spectrum is blue-shifted from the pristine PBBpectrum. This might originate
from a tighter chain due to broken conjugation he fpresence of PCBM, which
results in shorter conjugated segments and weaterchain interactions.

The X-ray Diffraction (XRD) data (Fig. 3.1(a)) dne film shows the peak of
P3HT at 5.68° and 5.60° before and after anneatagpectively. The lattice constant,
d, which are at 1.57 nm before annealing and 1.6@&ften annealing are assigned to
the a-axis orientation, indicates that the polymer baclé is parallel and the side
chain perpendicular to the substrate (Fig. 3.1¢fer annealing, the intensity of the
peak increased and the crystal size also incrdasedl9 nm to 20 nm. These are the
evidence that annealing induced the polymer criysital

The changes in film morphology due to annealirgyaso observed in AFM
images which were taken at 500 nm x 500 nm and % bnum scale as shown in Fig.

3.2. After annealing, the domains have become fafigee surface roughness (RMS)
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is on the other hand reduced from 1.54 to 1.28nbx 5 pm). We assume that these
morphological changes are related to the aggragafithe PCBM and crystallization
of P3HT.

500

B —— No annealing
400 - —— After annealing

300

Intensity

200
100

0

4 6 8 10 <
2 Theta (°) ~ substrate

Fig. 3.1: a) XRD spectra of blend film before arftelmannealing. b) The-axis
orientation of the polyméf)

Fig. 3.2: The AFM images of the P3HT:PCBM film &ftwe annealing and b) after
annealing at 500 nm x 500 nm. Meanwhile c) ande}aken at 5 um x 5 um before
and after annealing, respectively.
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3.3.3 Analysis of the changes in solar cell paransdby using darld-V simulation
Regular structure BHJ devices with Al as top etstds were fabricated. Half
of the devices were annealed at 140 °C for 10 nnich the other half were left
unannealed. These devices solar cell parameteescharacterized by using the solar
simulator and analyzed by using dak¥/ simulation. TheJ-V curves and solar cell
parameters of the unannealed and annealed devieehawn in Fig. 3.3, and Table

3.1, respectively.
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Fig. 3.3:J-V curves of the regular BHJ devices before and afteealing.

Table 3.1: Summary of solar cell parameters before after annealing in regular
device.

Annealing Js Ve PCE 2 Rs Ren
Condition | (mA/lcm?®) | (V) FF (%) Jo(Afem’) | n (Q.cm?) | (Q.cmP)
Before 821 | 0451 0401| 148 628x18 | 1.41| 689 | 2.78x 0
annealing
After
. 8.17 0.597] 0.507| 2.47| 3.90x18 | 1.61 10.4 | 8.93x f0
annealing

The deviceshows significant increased in tNg. and FF after annealing. To
understand the origin of thé and FF increased, the daH¥ of the unannealed and
annealed devices were analyzed using the equivailenit model shown in the inset

in Fig. 3.4.The darkJ-V curves are fitted very well with the Eq. 3 as shdw Fig.
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3.4 and the solar cell parameters are summarizetiable 3.1.Rs is the series
resistanceRy, is the shunt resistanca, is the reverse saturation current densitis
the ideality factorkg is the Boltzmann constard,is the elementary chargA,is the

active area of the device aids the temperature.
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Fig. 3.4: DarkJ-V fitting using the equivalent circuit model as simow the inset.

Eqg. 3 is simplified into Eq. 4 by assuming tldatis J under open circuit

conditions and it suggests that smajivalues will lead to hige..* 2%

J= Jo{exp{%}—l}+%—\]m 3)
VL m[J_st @)
e Jo

This is in accordance with our results showing thaecrease of almost one
order of magnitude al, after annealing resulted in an increas&@ffrom 0.451 V to

0.597 V. At the same time, FF aRy, increased whildxs decreased after annealing
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treatment. These changes are desirable becausitliegte better charge collection

at the electrode.

3.3.4 Observation of changes in concentration gradn the regular BHJ

Besides the contribution from the polymer crystation, another factor that
could affect to the morphology changes after anngalis the changes in
concentration gradiefit) Figure 3.5represents the ideal concentration gradient in the
BHJ film, with P3HT concentrated towards the anadel PCBM concentrated

towards the cathode for efficient charge collettio

Cathode
Acceptor (PCBM)

Donor (P3HT)
Anode

Fig. 3.5: Schematic of ideal BHJ concentration gad

To observe the morphological changes in activeerlagefore and after
annealing, we analyzed the devices using EDS, wisidhtegrated with Scanning
Transmission Electron Microscopy (STEM) to produekmental mapping at
nanometer scale. Regular BHJ structure in horizomtigntation (Fig. 3.6 (a)) is
shown to portray similar orientation with the ED8aiges in Fig. 3.6 (b) and (c).
Figure 3.6 (b) and (c) show the EDS elemental nrappvith the sulfur intensity,

which represents the P3HT intensity in the actasget before and after annealing,
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respectively. We observed that the intensity of P3itithe Al interface reduced after
annealing and PCBM segregated towards the Al eléetthat formed a PCBM rich
layer. This PCBM rich layer prevents hole leakaméhe Al electrode and resulting in
a more efficient charge collection. This contrilsute the decreased Jg, increased in

Ry andreduced thds respectively*®

P
E
D
O
T
P
S
S

Active layer PEDOT:PSS PCBM rich layer

Fig. 3.6: Horizontal representation of the regubiiJ device (a). EDS elemental
mapping images with the sulfur intensity (whiteeln (b) before and (c) after
annealing.

36



3.3.5 Observation on the concentration gradietttennverted BHJ

The device structure for the inverted BHJ andrth&/ curves before and after
annealing are shown in Fig. 3.7 and 3.8, respdgtilrethe inverted structure devices,
the Vo value does not change much before and after angealompared to the
regular structure device. The hiy value before annealing is because the insertion
of two interlayers (PEDOT:PSS and T)@hat reduced the leakage currelf.and FF
have increased from 6.36 mA/Erto 8.63 mA/cm, and from 0.329 to 0.626,
respectively, which contributed to the increasedenice PCE from 1.16% to 3.23%
(Table 3.2). From the darkV simulation, we also found th&s andn decreased,
while Ry, increased after annealing. Improvement in thersml parameters are due

to the better charge collection and reduction @rgh recombinatioff’

’ Au

TiOy
ITO
Glass

Fig. 3.7: Structure of inverted BHJ device
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Fig. 3.9: a) Darkl-V fitting for with and without annealing inverted BHievices. b)
XRD spectra of the inverted BHJ active layer befamd after annealing.

Table 3.2: Summary of solar cell parameters forammealing and annealed of
inverted device.

Annealing Js Voe FE PCE Rs Ren Jo N
condition (mAlcm?) | (V) (%) (Q.cn®) | (Q.cm?®) | (Alem?)

No 6.36 0.554| 0.329] 1.16 61.0 9.7¥10 6.00x10° | 1.99
annealing

Atter 8.63 0.599| 0.62 3.23 2.0 2.5%10 4.00x10° | 1.75
annealing

In the inverted structure device, no significanarges in the sulfur intensity
gradient in the active layers were observed befme after annealing, as shown in
EDS elemental mapping images in Fig. 3.10. In b 3.10 (c, d), there is a
decrease of sulfur intensity (white circle), busthondition is also observed before
annealing (Fig. 3.10 (a)). We believe that, therimepment inls;, FF, Rs andRy, were
dominated by the crystallization of polymers insted vertical phase segregation, as
the number of crystals increased after annealingiwimdicated by the increased of

peak intensity in Fig. 3.9(b).
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100 nm

Fig. 3.10: (a) The horizontal representation of thgerted BHJ device. EDS
elemental mapping images with the sulfur inten@iyeen line), (b, ¢) before and (d,
e) after annealing at 150 °C for 5 min and subsety&0 °C for 30 min. Two images
at different areas are taken from the same dewicedch annealing conditions.
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3.4 Effect of the interlayer insertion to the devperformances.

3.4.1 PEDOT:PSS as a hole transporting layer

Fig. 3.11 and 3.12(a) shows the inverted BHJ dewtuctures with and
without PEDOT:PSS interlayer, and thelrV curves, respectively. Without
PEDOT:PSS, thdy, Vo and FF are 7.31 mA/cn0.476 V and 0.395, respectively,
thus contribute to the 1.38% of PCE. These solkupegameter values are higher in
devices with PEDOT:PSS interlayer, with 8.63 mA7afiJs, 0.599 V 0fVy, 0.626

of FF and 3.23% of PCE.

’ Au

PEDOT:PSS

P3HT:PCBM P3HT:PCBM
TiO, Tio,
| ITO | | ITO |
a) b)

Fig. 3.11: Device structure of the inverted BHIWREDOT:PSS (a) and without
PEDOT:PSS interlayer (b).

0.0 0.2 0.4 0.6 10°

NE 0 T T T T T & o Without PEDOT:PSS experiment

3 —a— Without PEDOT:PSS g —wit:o:é gg?(z’ggss fitting

. S H o i o it K experiment

E With PEDOT:PSS 31 0 F —\\Vith PEDOT:PSS fitti‘:xg

— =0 >

& @ i

L [}

5 o

5 6 £10°

£ £

o S

3 -9 —t— ¥ A0 .B5 DB a5 1@ 48

© 00 0.2 0.4 0.6 e : ' ' '
Voltage (V) Voltage (V)

a) b)
Fig. 3.12: (a)J-V curves of inverted devices with and without PEDRHS interlayer
and (b) darkl-V fitting using EQ.3
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To further understand PEDOT:PSS contribution ® dlevice performances,
we fitted the darkl-V curves (Fig. 3.12(b)) using Eq.3, and the fittpagametersik;,

Rs, Jo andn are summarized in Table 3.3.

Table 3.3: Summary of solar cell parameters foriass with and without
PEDOT:PSS layer

. \]SC VOC PCE Rs Rsh JO
Peviees S maemy | v | T | o) | @cm) | @cd) | aemd | "
Without 731 | 0476| 0395 134  730| 3.3%108.50x10° | 1.98
PEDOT:PSS ' ' ' ' ' ' ' '
with 8.63 0599 | o0626] 329 20| 25%1q4.00x10 | 1.75
PEDOT:PSS ' ' ' 7 ' ' ' '

With PEDOT:PSS, thBs andn were improved from 83.0Q.cn¥ to 2.5Q.cn?
and from 1.99 to 1.55, respectively. This indicalest the increased in FF on the
devices with PEDOT:PSS layer is due to the bet bollection at the top electrode
and reduces the charge recombinatfbt?) The Jy is reduced from 8.50xT0to
4.00x10° contributes to the highev, due to the reduction in leakage current.
Therefore, PEDOT:PSS interlayer is functioning dd.tdnd also as electron blocking
layer which enhances the overall devices performsnand prevent charge

recombination.

3.4.2 TIiQ as an electron transporting layer

Inverted BHJ devices with and without Ti@terlayer were fabricated (Fig.
3.13) and theird-V curves are shown in Fig.3.14(a). As compared o davices
without TiO, interlayer, devices with TiQ interlayer exhibit better solar cell

parametersJs has increased from 7.63 mA/Eito 8.63 mA/cr, Vo, has enhanced
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from 0.483 V to 0.599 V, FF has improved from 0.4&il 0.626, thus these

contributed to the increase in the PCE from 1.84%.23% (Table 3.4).

\ Au
PEDOT:PSS ’ Au

P3HT:PCBM

ITO

a) b)

Fig. 3.13: Device structure of the inverted BHJwiEiOy (a) and without Ti®
interlayer (b).
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Fig. 3.14: (a)J-V curves of inverted devices with and without TiBterlayer and (b)
darkJ-V fitting using EQ.3

The darkJ-V curves are fitted by using Eq.3 (Fig. 3.14(b)) &nel obtained
fitting parameters are summarized in Table 8&4.andn, were decreased from 21.1
Q.cnt to 2.0Q.cn?, and from 1.96 to 1.75, respectively when Jl&yer was inserted

between ITO and active layer. This indicates thainserting TiQ, the electron is
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collected efficiently and it reduced the chargeorebination, resulting imigher FF
andJe.**?¥ The increased N values is due to the decreasedgand increased in
R+ values which reduced the leakage current and abelicthat TiQ layer become
hole blocking layef? Based on the results, the device performancesnapeoved
because of TiQlayer that acts as both ETL and hole blocking lagead prevent

charge recombination.

Table 3.4: Comparison in PV parameters betweencdswvith and without TiQ
layer

. Je Voo PcE | R R J
D FF
evIees | marem? | ) @) | @cmd | @cmd | @em?d | "
withoutTio, | 7.63 0483 | o0a491| 18] 211| 15%107.60x1¢° | 1.96
With TiOx 8.63 059 | 0626 3.23 20| 25%194.00x10 | 1.75

3.5 Chapter conclusion

In summary, we found that the efficiency of the Bkblar cells increased
significantly after post-annealing. We observed t thennealing changes the
morphology of the active layer through polymer tallization and may induce
vertical phase segregation. In regular structundcee both polymer crystallization
and vertical phase segregation contributed to nicesased inV,, FF, andRy, and
decreased iR, which resulted in reduced of leak current andeoetharge collection.
As for inverted structure devices, the improvemanthe device performances after
annealing is dominated by the polymer crystall@matrather than vertical phase
segregation. The overall improvement of solar pallameters increased the device

PCE. Therefore, it is crucial to control the morldyy of the active layer in order to
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increase the device performance. Interlayer suchPBEBOT:PSS and TiO also
contribute to the improvement in the device perfamces. These interlayers do not
only act as charge transporting layer but alsoaacblocking layer, which lead to

better charge collection, prevent charge recomionatnd leak current.

44



3.6 References

'H. Cheun, J.D. Berrigan, Y. Zhou, M. Fenoll, J.rBhC. Fuentes-Hernandez, K.H.
Sandhage, and B. Kippelen, Energy Environ. §3456 (2011).

?L.-M. Chen, Z. Hong, G. Li, and Y. Yang, Adv. Mat2f, 1434 (2009).

3A. Orimo, K. Masuda, S. Honda, H. Benten, S. ltoCkita, and H. Tsuji, Appl.
Phys. Lett96, 043305 (2010).

“B. Thompson and J. Fréchet, Angew. Chem. Int4Zd58 (2008).

*T.Wang, A.J.Pearson, D.G.Lidzey and R.A.L.Jones;. A&dinct. Mater21, 1383
(2011).

°®M.R.Reyes, K.Kim and D.L.Carroll, Appl. Phys. Ledf, 083506 (2005).

’Z. Xu, L.-M. Chen, G. Yang, C.-H. Huang, J. HouW, G. Li, C.-S. Hsu, and Y.
Yang, Adv. Funct. Mated9, 1227 (2009).

8. Campoy-Quiles, T. Ferenczi, T. Agostinelli, Rcliegoin, Y. Kim, T.
Anthopoulos, P. Stavrinou, D. Bradley, and J. bie]Nat. Mater7, 158 (2008).

V. Vohra, G. Arrighetti, L. Barba, K. Higashimin@/. Porzio, and H. Murata, J. Phys.
Chem. Letter8, 1820 (2012).

%M. Nakamura, C. Yang, K. Tajima and K. Hashimotol. &Energy Mater. Sol.
Cells.93, 1681 (2009).

13, K. Kim, W. Kim, D. H. Wang, H. Lee, S. M. Cho, B. Choi and J. H. Park,

Langmuir.29, 5377 (2013).

12).-S. Huang, C.-Y. Chou, M.-Y. Liu, K.-H. Tsai, W.-Lin, and C.-F. Lin, Org.
Electron.10, 1060 (2009).
¥C.-Y. Kuo, M.-S. Su, Y.-C. Hsu, H.-N. Lin, and K.-M/ei, Adv. Funct. Matei0,

3555 (2010).

45



4. Park, T.-W. Lee, B.-D. Chin, D. Wang, and O kP&tacromol. Rapid Comn81,
2095 (2010).

15M. Jgrgensen, K. Norrman, S. Gevorgyan, T. TromHlAndreasen, and F. Krebs,
Adv. Mater.24, 580 (2012).

%/, Shrotriya, G. Li, Y. Yao, C.-W. Chu, and Y. Yampp!. Phys. Lett88, 253503
(2006).

17B. Xue, B. Vaughan, C.-H. Poh, K. B. Burke, L. Treen, A. Stapleton, X. Zhou,

G. W. Bryant, W. Belcher, and P. C. Dastoor, J.sPBhem. C114, 15797 (2010).

%p G. Karagiannidis, S. Kassavetis, C. Pitsalidis,dgothetidis, Thin Solid Films,
519, 4105 (2011).

"\/.D. Mihailetchi, H.X. Xie, B. de Boer, L.J.A. Kast, and P.W.M. Blom, Adv. Funct.
Mater.16, 699 (2006).

°T. Erb, U. Zhokhavets, G. Gobsch, S. Raleva, Bast®. Schilinsky, C. Waldauf,
and C.J. Brabec, Adv. Funct. Mat&s, 1193 (2005).

?1y. Zhokhavets, T. Erb, H. Hoppe, G. Gobsch, N.&ic8tci, Thin Solid Films496,

679 (2006).

22N. Li, B.E. Lassiter, R.R. Lunt, G. Wei, and S.Rriest, Appl. Phys. Let@4,
023307 (2009).

Z3W. Potscavage, A. Sharma, and B. Kippelen, AccoGhtsm. Res42, 1758 (2009).

4N, Hayakawa, O. Yoshikawa, T. Fujieda, K. Uehara] 8. Yoshikawa, Appl. Phys.

Lett. 90, 163517 (2007).

46



CHAPTER 4: FABRICATION OF ORGANIC
SOLAR CELLS DEVICES BY VACUUM FREE
PROCESS

4.1 Introduction

In the solar cells industry, inorganic devices sttt leading in terms of PCE
when compared to the OSC. However, due to the mngimufacturing cost of
inorganic devices, more researchers and indusanesshifting towards OSC which
could overcome this issue by using solution praees8 For instance, OSC offers
high throughput manufacturing based on a continuoligo-roll process, where the
costly metal electrode deposition process coultepkaced by other processes such as
a laminatior?™® Previously, a study of the metal electrodes lationafor OSCs was
conducted in regular BHJ solar cells with Al and &atop electrodes. However the
device performances were rather low as the eleetrodere easily oxidized.
Recently, air stable inverted devices were sucabgsabricated through lamination,
812) ysing more stable metals such as Au as the tapredet” with the highest PCE
reported reaching 4.0%.Furthermore, unlike vacuum evaporation, which oeu
penetration of metal particles inside the undegyayers, damages to the active layer
can be avoided by using the metal electrodes laiom&’ In literature, there are two
types of lamination approaches have been reportesl first approach is to evaporate
the metal on other substrates followed by lamimatiovhere the purpose of the
lamination is to prevent damage to the active lajieough direct evaporation:*?
While this method still requires vacuum evaporatainmetal, the second method

completely eliminates it by depositing the elecg@th a substrate using a solution
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process, which will then be laminatetf?) However, such solution processed
electrodes require elaborated chemistry to prepastable metal dispersion and a
careful control over solution deposition conditidasobtain continuous metallic films.
Some works to deposit electrode by spray coatigh kbnductivity PEDOT:PS$8
and Ag NP$” were also reported.

Recent studies show that laminated devices canebézed by improving
adhesion at the interface between two substratesgh controlling the surface free
energy by irradiating UV light™” and by adding surfactants into PEDOT:P$%)
Despite the improvements of the PCE in laminatedicgs through process
engineering, there is a lack of quantitative exateoms to describe on how one can
control the transfer and the adhesion of the lataethalectrode. A study using double
cantilever beam test is used to quantify the fr&cenergy of the interlayer adhesion
between a laminated electrode and an organic f&yeowever, this method can only
be performed after completing the devices and ftbexeit does not allow material
selection or lamination efficiency predictions prio device fabrication.

In this chapter, we will demonstrate vacuum frge étectrode deposition process
by using metal leaves lamination process. We aldlostvow our attempt to deposit

top electrode using spray coating of Au ink NPs.

4.2 Experimental of inverted BHJ devices

4.2.1 Fabrication of inverted BHJ devices
As shown in Fig. 4.0 (a), the devices are prepandith the following
architecture: glass substrate/ITO/Ti&xtive layer /PEDOT:PSS with Triton X-

100/Au, Ag or alloys. TiQfilms were obtained by following the chemical bath
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preparation technique€) A P3HT:PG;BM solution (25:20 mg/ml in chlorobenzene)
or PNTz4T:P@;BM solution (6:12 mg/ml in dichlorobenzene) werenspoated on
top of the TiQ film as the active layer. PEDOT: PSS was then-spated using
Triton X-100 as an additive, which is a non-ioniarfactant that allows for
PEDOT:PSS to wet and form a continuous layer oncfiofine organic active layers.
For control devices, the electrodes were depodiedracuum evaporation at the
pressure of 9xI0 Torr. For laminated devices, we used a commeycimtailable
pure Au leaf (> 99.95%). The Au leaf supported biypthylene terephthalate (PET)
is placed on top of the PEDOT:PSS film and rolledtgh the lamination machine at
a roller speed of 1.5 rpm, a temperature betwe@n@Qo 150 °C and with an applied
pressure of 0.1 MPa in air (Fig. 4(b)). The timguieed to form the Au electrodes by
the lamination was only 5 min. After metal eleceateposition, both evaporated and
laminated P3HT:P&BM devices were post-annealed at 150 °C for 5 mid a
subsequently at 70 °C for 30 min. In the case offPN:PG:BM devices, the
lamination of Au leaf was carried out at 130 °Ql &woth laminated and evaporated
PNTz4T:PG1BM devices were not subject to the post-annealexcabse we observed
the degradation of the device performance at higgraimation temperature >130 °C

or by post-annealing after electrode deposition.

‘Au/Ag/Alloy (100 nm)

r TiO, (30 nm)

i ITO‘150 nm'

Au leaf with PET substrate @
Glass

a) b)

Fig. 4.0: Schematic representation of (a) invertslice architecture and (b)
lamination process.
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4.2.2 Calculation of work of adhesion

The calculation of work of adhesiolV| was appliedo select the suitable
supporting substrate (PET or polyvinylidene (PVdCpr the fragile and brittle
fracture Au leaf® The W between Au/PEDOT:PSS should be stronger thanahat
the AU/PET or Au/PVdC to enable the successfulsfeanof the Au leaf to the
PEDOT:PSS surface. Figure 4.1 shows an example cbmgdition when thew
between AuU/PEDOT:PSS higher than that of the Awetumg substrate. These
calculations can be completed prior to the devat®itation to select the appropriate

materials as a supporting substrate.

Supporting Supporting
substrate Supporting substrate
Au Leaf substrate
) Au Leaf ) Au Leaf

PEDOT:PSS PEDOT:PSS PEDOT:PSS

Fig. 4.1: Condition when the/ between Au/PEDOT:PSS higher than Wéetween
Au/supporting substrate.

To calculatéw, we first find the total surface free energy facke of the solid

(film and substrates) surfac€g, which was obtained through the contact an(@le

measurement. The contact angle measurement wasiateddon the various solid
surfaces with a selection of measuring liquids dottbenzene, chloroform,
dichloromethane and benzaldehyde) using an optéreiometer. Applying Owens

and Wendt equation (eq.?%)to the four solvents system, we extrapolated Khas

described below:
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y,(l+cos€)=\/E \/W +\/F -

Equation 5 correlates the various components ofsthriéace free energ@y)
with  the @ between the solid surface and the measuring liqute polar and

dispersive components ¢f are represented by the and )°, and the total is the

sum of them ¢° + y*). The ¥s and ), correspond to the surface free energies of the

solid and measuring liquid, respectively. The valder ), and yld of the four

solvents were taken from the measuring equipmetatbdae and correspond to the

p
values found in literature. By plotting the gram—yé(ch:S@ versus[ 4 ] ySd

21 s

and y.” values can be extracted, and then hean be calculated as the sum of these

values.
YVawiso =Vau T Ve ~ 2\/(yAudysubd)_ 2\/(yAu pysubp) (6)
WAu/sub = yAu + ysub - yAu/sub (7)

Once the values for thg, of all films and substrates were obtained, the

interfacial energy values between Au leaf with PHERSS, PVdC or PET substrates

(sub), (Va,ss) Were calculated through eq. 6. Finally, we obtditieeW between Au

leaf with PEDOT:PSS, PVdC and PET substrtés, ., ) by applying eq. 7.
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4.2.3 Characterization of inverted BHJ devices

The PV characteristics of the devices were medsuseng a sourcemeter
(Keithley 2400) and a solar simulator (AM 1.5G, T@@V/cnf) at room temperature.
The active area for the evaporated devices is mgnigétween 0.02 to 0.04 énand
for the laminated devices, the active area is il @he optical microscope images
of the electrodes were taken by using Keyence VBB8tanoscale hybrid microscope.
X-ray photoelectron spectroscopy (XPS) was usanddasure the surface analysis of

the metal and alloy leaves.

4.3 Lamination of metal leaves as top electrode

4.3.1 Importance of work adhesion in laminationgess

From eq. 5, we found that the of Au leaf, PEDOT:PSS, PVdC and PET
substrate are, 32.67 + 0.00 m3/133.56 + 0.03 mJ/fM33.60 + 0.03 mJ/frand 33.35
+ 0.04 mJ/m, respectively. Detailed values cyfsd, y.” and y, for Au leaf,

PEDOT:PSS, PVdC and PET substrate can be founchloleT4.0. The interfacial
energy values between Au leaf with PEDOT:PSS, PRO€C PET substrate®Vhysun)
which were obtained from eq.6 are summarized ineTald.

Finally, by using eq. 7, we found that théof AU/PEDOT:PSS (66.22 + 0.02
mJ/nf) was slightly higher than th& of Au/PET (66.00 + 0.03 mJ/Ahand similar to
the W of Au/PVdC (66.24 + 0.02 mJAn Thus, the difference oV between
AUu/PEDOT:PSS and AuU/PET; and between Au/PEDOT:R8BAu/PVdC are 0.22
mJ/nfand 0.02 mJ/f respectively. From the experimental results, sl that the
Au leaf on the PET substrate was successfully tearesl to the PEDOT:PSS surface
(Fig. 4.2. a (i-ii)). However, when we tried tamsfer the Au leaf from PVdC to the

PEDOT:PSS surface, the Au leaf breaks from the P\&d@ace and partially
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transferred to the PEDOT:PSS surface (Fig. 4.2-iil).(These results show that the
differences of¥ more than 0.22 mJ/was sufficient to transfer the Au leaf from one
substrate to another. On the other hand, the uassfid transfer of the Au leaf on
PVdC substrate to the PEDOT:PSS surface can beiagdl by the insufficient

difference ofW between Au/PVdC and Au/PEDOT:PSS.

Table 4.0: Dispersive and polar components of sarfeee energy for each substrate,
interfacial energy and work of adhesion betweerPA&ll and Au/PEDOT:PSS.

d
Substrate ysp ys ys yAu/sub WAu/sub
(mJ/m?) (mJ/m?) (mJ/m?) MmJ/m? | (mI/m?
Au leaf 4.00 £0.00 28.67 +£0.00Q 32.67 £0.00 - -
PET 4.40 £0.02 28.95 £ 0.02 33.35+0.04 0.01 +0/006.06 + 0.03

PEDOT:PSS | 450+0.03| 29.07+0.08 33.56+0.03 0.02+0)006.28 +0.02

PvdC 466+0.11] 28.94+0.09 33.60+0.03 0.03+0)016.26+0.02

To further confirm that the theoretical calculasomatch the experimental
results, we attempted to transfer the Au leaf fri@ PET substrate to the PVdC
substrate (difference & of 0.24 mJ/rf), and found that the Au leaf is successfully
transferred from the PET substrate to the PVdCteaties(Fig. 4.2. ¢ (i-ii)). Based on
these results, we conclude that Weis a useful parameter to choose the suitable

supporting materials for successful transfer dulamgination.
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Fig. 4.2: The images of the successful transfekwfeaf from PET to PEDOT:PSS (a
(i-i))), the unsuccessful transfer of Au leaf frddvdC to PEDOT:PSS (b (i-ii)) and
the successful transfer of Au leaf from PET to P(d@-ii)).

4.3.2 Comparison in device performances betweennkted and evaporated Au
devices.

The current density - voltagel-¥) curves of evaporated Au metal and
laminated Au leaf devices of P3HT:RBM system are shown in Fig. 4.3 and their
PV parameters are summarized in Table 4.1. Theoeatgnl Au devices exhibited

9.40 + 0.80 mA/crhof Jg, 0.597 + 0.005 V 0¥, 0.568 + 0.043 of FF, 5.29 + 1.49
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Q.cnt of Rsand 3.19 + 0.34% of PCE. For the Au leaf devichiivare laminated at
100 °C, thels, Voo, FF,Rs and PCE are 7.74 + 0.19 mA/gnd.592 + 0.002 V, 0.565
+ 0.012, 6.55 + 1.3%.cnt and 2.59 + 0.02% respectively. Thg, FF andR;s are

related to the contact quality at the top electramied to charge collection
efficiency???® These device parameters in laminated devices stifus their lower

performances may be related to the contact comditidhe Au/PEDOT:PSS interface.
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0 T T v T .
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Fig. 4.3:J-V curves of evaporated and laminated P3HTE;BM devices.

The images of the top electrode surfaces werentak&ng an optical
microscope (Fig. 4.4). Evaporated Au electrode laigil complete coverage of the
Au on the surface of PEDOT:PSS (Fig. 4.4(a)) wtalainated Au electrode showed
some wrinkles as a result of inhomogeneous covdratgeen Au leaf/PEDOT:PSS
interface (Fig. 4.4(c)). These wrinkles were alsedakrmed when the Au leaf was
deposited on the supporting PET substrate (Figb}).prior to the lamination process.
By increasing the lamination temperature from 1@ td 150 °C, the electrode
showed better coverage of Au leaf on the PEDOT:PE§. 4.4(d)). At higher
temperature, the modulus of elasticity of metall Wécrease and the softer Au leaf

thus spreads more smoothly on the PEDOT:PSS sudadeg laminatiorf” As a
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result, the parameters of the devices laminatetb@t’C increased to 8.28 + 0.95
mA/cn? of Jg, 0.593 + 0.003 V 0¥, 0.572 + 0.025 of FF, 5.33 + 0.82.cn? of R

and 2.80 + 0.28% of PCE.

Fig. 4.4: Optical microscope images of the elearsdrface. (a) Evaporated Au, (b)
Au leaf on the PET substrate, (c) laminated Au kaf00 °C and (d) laminated Au
leaf at 150 °C. The images were obtained with at#B8s magnification.

Table 4.1: Summary of solar cell characteristicslashinated and evaporated top
electrode devices for P3HT:RBM system.

. Temperature Js PCE Rs

Device ) macm?) | V™) | FF %) | (@.cmd
o AL ] 940+ | 0597+| 0568+ | 319+ | 520+

p. 0.80 0005 | 0043 | 034 1.49
774+ | 0592+| 0565+ | 259+ | 655+

Lam. Au 100 0.19 0002 | 0012 | 0.02 1.32
828+ | 0593+| 0572+ | 2.80+ | 533+

Lam. Au 150 0.95 0.003 | 0025 | 0.28 0.87
o A ] 880+ | 0602+| 0587+ | 311+ | 235+

P-Ag 0.29 0.002 | 0013 | 017 0.28
407+ | 0601+| 0537+ | 131+ | 7.71¢

Lam. Ag 150 0.69 0.003 | 0012 | 0.25 1.16
823+ | 0590+ | 0554+ | 269+ | 601+

Lam. Alloyl 150 0.29 0000 | 0017 | 017 0.37
790+ | 0587+| 0536+ | 249+ | 1019+

Lam. Alloy2 150 0.18 0001 | 0010 | 0.07 1.83
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4.3.3 Effect of oxidation level to the device penfi@nces

To further reduce the cost of materials, Alloylloy2 and Ag leaves are

applied as the electrode in the lamination procd$sese electrodes were laminated at

150 °C and characterized. The laminated Alloylpy? and Ag exhibit low device

performances (in descending order) as comparedthatdhe laminated Au (Table 4.1).

Unlike the evaporated devices, the laminated Agia#gsv show much lower

performance than the laminated Au devices. Othan thu, other metals are easily

oxidized when exposed to the oxygen, while evapdratlectrode devices were

deposited at very low pressure, around %idr. In order to confirm the oxidation of

alloys and Ag leaves, we measured the O1l1s intepn§itlyese leaves by using X-ray

photoelectron spectroscopy (XPS).
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Fig. 4.5: Correlation between: (a) Ag compositord axidation level of Alloyl,
Alloy2 and Ag leaves, (b) oxidation level adg, V., (c) oxidation level and FF, PCE

and (d) oxidation level ans, Rs..

57



Figure 4.5 shows the oxygen level for leaves tlmattains Ag metal and the
relationship between oxygen level and device pat@rseAs the Ag composition
increased, the oxidation level also increased (Bi§(a)). In general, when the
oxidation level increased, thk.,, FF, PCE,Rs«,and Rs degraded, whilé/, did not
change much (Fig. 4.5(b-d)). This correlation showeat, oxidation is the reason for
the inefficient device performances of laminatedbyl, Alloy2 and Ag, as it affect
the conductivity of the top electrode. Therefordpyl, Alloy2 and Ag leaves are not

suitable to become the electrode although their a@slower than Au leaf.

4.3.4 Stability of the laminated devices

We further investigate their stability propertiemnd find that both
unencapsulated laminated and evaporated Au dewat®s demonstrate similar
behavior under constant light irradiation up to l.5In inverted BHJ devices with
TiOy as an electron transporting layer, we can usuddierve a light soaking effect
(LSE).? This LSE is resulted from the filling of the Tj@lectron traps when the
devices are exposed to light irradiation thus enimgn the charge collection
properties of TiQ layer?®?” Figure 4.6(a-b) shows that such LSE leads to the
enhancement of solar cell properties of both latethand evaporated Au electrode
devices up to 5 min. However, after the initialreese, the PCE of the devices remain
stable up to 3 h.

Throughout the measurement period, the degradestionly 10% and 13% for
evaporated and laminated devices respectively. Simdar stability trend indicates
that the adhesion between Au leaf/PEDOT:PSS imngtiand shows no sign of
delamination, which confirms that contact qualifytioe laminated Au electrode is

comparable to that of the evaporated Au electrédehe same time, PEDOT:PSS
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layer acts as a barrier to prevent the oxygen fataring the active layer prior to top

electrode depositioff’
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Fig. 4.6: Stability trend of normalized (a) PCE famencapsulated evaporated and
laminated devices, and (b) PCE for unencapsulateti encapsulated laminated
devices under 15 h of continuous irradiation. (njilu{f) are the stability trend of
normalizedJs; Vo, FF and PCE othe encapsulated laminated Au device under

normal operation for 7 days. S1 and E1 represarntahd end of measurement of day
1.
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The efficiency of encapsulated and unencapsulédednated devices are
comparable as shown in Fig. 4.6(b). Based on tesult, we measured the
encapsulated laminated device by trying to simula¢edaily operation of solar cells,
which is 12 h under continuous irradiation and bhaotl2 h under dark and this
process repeated for 7 days. After 7 days of measemt,V,. remained constant
throughout the measuremedy, and FF of the device maintained about 80% and 90%
of their stability, respectively, resulting in m@ming 70% of the device PCE
stability (Fig 4.6(c-f)).Js value affected the most to the device PCE as coedpa

the FF and/q..

4.3.5 High performance of PNTz4T:RR8M system device

With the emergence of high performance p-type melg, the PCE of OSCs
is constantly increasing. To demonstrate that theléaf lamination process is a
promising technique to fabricate low-cost, highadincy and stable devices, we have
applied the Au laminated electrodes to other deviggh p-type polymer: PGBM
active layer. We fabricated evaporated and laméhdéwices using PNTz4¥)

Table 4.2:. Summary of PV characteristics for evapat and laminated
PNTzAT:PG;:BM devices

. Je Voo PCE R,

Device | ima/cm?) V) FF (%) @.crd)

cvanoraied | 16:92 0699+ | 0503+ 5.95 1359 +
P £0.99 0.003 0.001 +0.32 0.71

Lo 15.14 0726+ | 0461+ 5.07 1417 +
£0.25 0.000 0.012 +0.22 1.19

Figure 4.7(a) and (b) show the chemical structd@NTz4T polymer and-V
curves of both evaporated and laminated devicepectisely. The solar cell
parameters of both evaporated and laminated dewacescomparablePNTz4T
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polymer has a broad absorption range up to 800 michacontribute to higheds

value (Fig. 4.7 (c)) compared to that of the P3Hlymer. Table 4.2 summarizes the
device performances which exhibiting PCE of 5.99.32% and 5.07 + 0.22% of
evaporated and laminated devices respectively. BN z4T, our laminated devices
reach PCE up to 5.07 = 0.22%, which correspontiéchighest PCE reported for the

laminated device®.
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Fig. 4.7: (a) Chemical structure of PNTz4T polyn{e),J-V curves of evaporated and
laminated Au electrodes, and (c) absorption speftRNTz4T:PG:BM film.
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4.3.6 Comparison in fabrication cost between evatpdr and laminated Au
electrodes

One of the reasons roll-to-roll process becomeodaable over vacuum
evaporation process is the low production cost gtiand materials). A study in
estimating the manufacturing cost of OSC was repdf In this part, the cost
comparison between using evaporated Au and landnateleaf electrode based on
our vacuum deposition machine and electrode seenade and shown in Table 4.3.

Table 4.3: Summary of electrode fabrication cosiveen evaporation and lamination
process.

Materials Price No. of substrates / process Pricestbstrates
Au wire ¥4872.71 /9 9 / evaporation ¥ 378.99
Au leaf ¥ 288.7 / sheet 175 / sheet ¥1.65

1 g of pure Au cost about ¥ 4872.71 and for onaperxation process it
requires about 0.7 g of Au (¥3410.9) to get thigsnef 100 nm. Our vacuum
evaporation machine can accommodate 9 substratesediatch.This means that, the
cost is about ¥ 378.99 per substrate. On the ¢izied, the price of one sheet of Au
leaf with an area of 210.25 énis only ¥ 288.70. By considering 2 electrodes per
substrate is 1.2 ¢n0.6 cnf per electrode), we can get 175 substrates pet.shee
cost about ¥ 1.65 per substrate, which is aboutti2®®s cheaper than the evaporated
Au. This implies that, the lamination using me®#fl is very cost effective than the
vacuum evaporation process.

Using Au leaf, combined with the lamination prozesresents a major
advantage over the evaporation process as it redbegoroduction cost by removing

the losses of materials on the evaporation chambis>? The time required to form
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the electrodes can be shortened drastically askéstonly 5 min to deposit metal

leaves electrodes.

4.4  Spray coating of Au ink NPs

4.4.1 Fabrication and characterization of regulidd Blevice

Glass ITO substrates were cleaned using the stndaaning process
described here: sonication in acetone (5 min), seriean (10 min), pure water (10
min), IPA (10 min), followed by IPA vapour exposu(d@ min) and UV ozone
treatment (30 min). 30 mg/ml of P3HT:PCBM solutiomith 1:1 ratio in
chlorobenzene was prepared and stirred for 4 htiagen filled glove box. With 0.1
pm filter, PEDOT:PSS solution was spin coated gndbthe ITO substrate at 1600
rpm for 60 s with a 2 s slope and dried at 20001CLD min, resulting in a 75 nm thick
layer. The P3HT:PCBM solution was then spin coate800 rpm for 60 s with 0.20
pm filter inside the glove box which formed 120 tinick film (Fig. 4.8 (a)). The
substrates then pre-annealed at 120 °C for 10 miim o the electrodes deposition.
The electrodes were deposited by spray coating kuNPs (Fig. 4.8 (b)). For
reference devices, the aluminum electrodes werawadaeposited. After depositing
the electrodes, the solar cell parameters were ureédefore and after annealing at
140 °C for 10 min using a sourcemeter (Keithley ®@4and a solar simulator (AM

1.5G, 100 mW/crf) at room temperature.
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Fig. 4.8: Schematic representation of (a) regukviae architecture and (b) spray
coating process.

4.4.2 Performance of spray coating Au NPs ink

The J-V curves for spray coating Au NPs ink and evaporateélectrodes
before and after annealing for regular BHJ devaresshown in Fig. 4.9 and the solar
cell parameters are summarized in Table 4.4.

The PCE of spray coating devices decreased afitgzading, from 0.23% to
0.17%, mainly due to the decreaseddrandV,, from 3.20 mA/crito 2.65 mA/cm
and from 0.268 V and 0.237 V, respectively. The diéF not change much after
annealing. These results are in contrast as comperethat of the reference

evaporated device, where the PCEs have improven tc10% to 2.47% after

annealing.
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Fig. 4.9:3-V curves for spray coated Au ink NPs and evaporatedectrode devices.
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Table 4.4: Summary of solar cell parameters foragproating Au ink NPs and
evaporated Al electrode devices.

Deposition Annealing Js 0

method condition (mA/cm2) Ver (V) FF PCE (%)
Unannaled 3.20 0.268 0.269 0.23
Spray Au NPs Annealed 2.65 0.237 0.274 0.17
Unannealed (best) 4.78 0.346 0.326 0.54
Unannealed 7.57 0.419 0.441 1.40

Evaporated Al
Annealed 7.89 0.565 0.554 2.47

One of the possible reasons that could contributiis degradation and low
performance is the Au ink work function increased43 eV after annealing at 140
°C for 10 min. The surface of the spray coatingtetele also was not smooth and did
not cover entirely the active layer surface (Figi)4The highest PCE obtained by

using spray coating Au ink is 0.54%.

Fig. 4.7: Surface of the spray coating Au ink NPs

4.5 Chapter conclusions

In conclusion, we successfully fabricated effitiemd stable inverted BHJ
solar cells using Au leaf as a laminated top ebeleyr which completely removes the
use of the costly vacuum evaporation process. We peoven that the Au leaf was
successfully transferred from the supporting PEHIs#ate to the PEDOT:PSS surface

due to the difference iW values between AU/PEDOT:PSS and AuU/PET. By
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employing theWw, we can choose a suitable material as a suppastibgtrate for the
successful lamination. The homogeneous coverageebat laminated Au electrode
and PEDOT:PSS can be improved by increasing theén&ion temperature. The
stability of the unencapsulated laminated Au deugeomparable to that of the
evaporated Au ones. Using PNTz4T/8M system, Au laminated device achieves
high PCE up to 5.07%. Therefore, lamination using léaf has the potential to
overcome vacuum evaporation as a low cost altematianufacturing process to
produce efficient and stable devices. On the olfaerd, devices that fabricated by
spray coating of Au NPs electrodes are workedpalgh the performances are lower

compared to that the reference evaporated Al el@etdevice.
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CHAPTER 5: CONCLUSIONS AND FUTURE
WORKS

5.1 Conclusions

Through this thesis, the development of efficient low cost OSC device in
terms of controlling the morphological changes, degice fabrication methods for
efficient and low cost OSC are investigated. Irs tmvestigation, the aims were,
firstly to study the factors that contribute to thevice efficiency, through thermal
annealing, which could lead to polymer crystali@atand phase segregation and by
insertion of interlayer which affect the active éaymorphology. Secondly, to
fabricate the OSC device by implementing vacuune frep electrode deposition
process.

Our results have shown that devices that were-gustaling after top
electrode deposition have increased the solar petformances significantly as
compared to that of the devices without post-anngalPost-annealing induced
polymer crystallization and resulting in enhancemerthe absorption. Vertical phase
segregation also could occur as a result of ammpas shown in EDS images. In
regular BHJ, both polymer crystallization and vaatiphase segregation contributed
to the better device performance, whereas in theriad BHJ, the concentration
gradient remains unchanged after annealing bea#ude insertion of the HTL and
ETL which give highVy even before annealing. Therefore, the increaseavirted
device performances is due to the polymer crygaibn. The OSC device

performance can be further enhanced by insertitgrlayer such as PEDOT:PSS
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which acts as both HTL and electron blocking laged TiQ which function as ETL
as well as hole blocking layer. These interlayemrmted charge collection, prevent
charge recombination and current leakage.

It was also shown that the standard vacuum evapor@rocess has been
successfully replaced with the Au leaf laminatioogess. By quantifying th&V
between Au/supporting substrate and Au/PEDOT:P&S$s can choose the
appropriate supporting substrate for Au leaf pteothe device fabrication to ensure
the Au leaf transfer completely to the PEDOT:PS8 fsurface. Better Au leaf
coverage can be obtained by increasing the lamimatimperature, thus increased the
device performance. Laminated Au devices exhibinilar stability with the
evaporated Au devices. By using PNTz4T:iBM system, the laminated Au devices
achieved 5.07% of PCE, which is among the high€& Br vacuum free devices so
far. This lamination process reduced the fabricatime and waste materials, which
are the advantages over vacuum evaporation process.

In conclusion, we have shown that efficient andl émst OSC can be achieved
through the fabrication processes development; botrphological control and

vacuum free deposition process.

5.2 Future works

Nowadays, flexible OSC is on demand and resedrohtat is still ongoing.
The research that are done not only to obtain a dost device but also higher
efficiency. The lamination condition such as pressand temperature can be further

optimized in flexible substrate in order to achiamere homogeneous lamination
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surface. We could further minimize the materialtdmg stacking a thin layer of Au
leaf to another layer metal leaf. The surface tnest can be done to the metal and
alloy leaves to remove the contamination and oldathat exist on their surfaces.
This lamination process, not only suitable for &pctrode deposition process, but
also can be implemented in other functional layerfabricate fully vacuum free OSC
devices. Other processes that are compatible tfbtorooll process can be further
improved to obtain both efficient and low cost ded. As for the Au leaf, it can be
used as metal electrodes in other organic electrdavices such as organic light

emitting diode (OLED).
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