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ABSTRACT

This research aims at improving the efficiency of solution processed organic
light emitting diodes (OLEDs). The first part of this research work involved
investigating the effects of Triton X-100 in a single layer solution processed blue
phosphorescent OLED (PHOLED) with poly(vinylcarbazole) (PVK) and 1,3-bis[(4-
tertbutylphenyl) -1,3,4 oxidiazolyl] phenylene (OXD-7) as host and  bis(4,6-
difluorophenylpyridinato-N,C2)picolinatoiridium (FlIrpic) act as guest. Results indicate
that the addition of Triton X-100 into the emissive layer (EML) can provide spatial
separation between the guest-host which reduces the back energy transfer from the high
triplet Flrpic to the low triplet PVK. The addition of Triton X-100 also increased the
EML film roughness which is beneficial for electron injection at the cathode as
evidenced from the Atomic Force Microcsopy (AFM) images, single carrier devices
characteristics and photovoltaic measurements. Blue PHOLED with efficiency 8.5
Im/W at 1000 cd/m” was achieved by adding Triton X-100 into the EML. This
efficiency is comparable to the best efficiency of a single layer solution processed blue

PHOLED reported to date.

The effects of perfluorinated ionomer (PFI) doped
poly(ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS) as hole injection
layer (HIL) in a single layer solution processed blue PHOLED was investigated. A
systematic study on the interplay of PFI concentrations, device efficiency, PEDOT:PSS
thin film conductivity and transparency were carried out to determine the optimum
amount of PFI to yield the best blue PHOLED efficiency. Compared to the control
device, the optimized device efficiencies improved from 7.3 Im/W and 5.9 Im/W to 9.4

Im/W and 7.9 Im/W at 100 cd/m” and 1000 cd/m? respectively.
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We successfully demonstrated that the efficiency of a single layer solution
processed yellow fluorescent OLED can be increased markedly by treating the EML
surface with fluorinated alcohol. The fluorinated alcohol treatment improves the device
efficiency to 19.3 Im/W at 1000 cd/m” which corresponds to ~74% increment compared
to the control device. To the best of our knowledge, this power efficiency is one of the
best reported to date for a solution processed yellow fluorescent OLED. The
improvement is attributed to the formation of a surface dipole layer induced by the
fluorinated alcohol which effectively lowered the cathodic injection barrier. It was
further shown that solvent with higher dipole moment is better in passivating traps on
the EML surface. This could be another reason for the high efficiency yellow OLED

achieved using fluorinated alcohol treatment.

The final part of this research work involved the developments of high
efficiency double layer solution processed blue PHOLED. The first emissive layer
consists of PVK and Flrpic mixed with 4,4’,4"-tris(N-carbazolyl)-triphenylamine
(TCTA) or OXD-7. The second layer consists of an alcohol-soluble 2.7-
bis(diphenylphosphoryl)-9,9'-spirobi(fluorine) (SPPO13) and Flrpic. The incorporation
of OXD-7 into PVK blurs the interface between the emissive layers heterojunction and
widens the recombination zone while blending TCTA into PVK reduces the hole
injection barrier from PEDOT:PSS to to the first emissive layer. The best blue device
gave an acceptable power efficiency of 11 Im/W at 1000 cd/m*, which is comparable to

the best reported fully solution processed multi layer blue PHOLED reported to date.



ABSTRAK

Objektif penyelidikan dalam tesis ini adalah untuk meningkatkan kecekapan
organik diod pemancar cahaya (OLED). Bahagian pertama penyelidikan ini melibatkan
kajian kesan Triton X-100 dalam fosforesen OLED (PHOLED) biru. Peranti ini
berlapisan tunggal dan difabrikasi melalui kaedah pemprosesan basah. Peranti ini
menggunakan  poly(vinylcarbazole) (PVK) dan 1,3-bis[(4-tertbutylphenyl) -1,3,4
oxidiazolyl] phenylene (OXD-7) sebagai hos yang didop dengan bis(4,6-
difluorophenylpyridinato-N,C2)picolinatoiridium (FIrpic). Penambahan Triton X-100
ini memisahkan hos dari Flrpic. Pemisahan ini mengurangkan pemindahan tenaga dari
Flrpic yang bertenaga triplet tinggi ke PVK yang tenaga tripletnya rendah. Selain itu,
Triton X-100 juga menyebabkan morfologi lapisan aktif OLED menjadi lebih kasar. Ini
secara langsung menyenangkan proses penyuntikan electron dari katod peranti OLED.
Kesan ini boleh diperhatikan dari imej Mikroskopi Tenaga Atomik (AFM), ketumpatan
arus (J) — voltan (V) bagi peranti arus tunggal dan keputusan pencirian fotovoltik.
Melalui kaedah ini, PHOLED biru dengan kecekapan 8.5 Im /W (1000cd/m?) berjaya
diperoleh. Kecekapan ini setanding dengan kecekapan tertinggi yang pernah direkod
sebelum ini bagi PHOLED biru berlapisan tunggal yang dihasilkan melalui kaedah

pemprosesan basah.

Kesan  penambahan  perfluorinated  ionomer  (PFI) ke  dalam
poly(ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS) telah dikaji sebagai
lapisan penyuntikan lohong (HIL) dalam OLED. Kajian terhadap interaksi di antara
kuantiti PFI, konduktiviti dan tahap ketelusan filem nipis PEDOT:PSS telah dijalankan
secara bersistematik bagi menentukan kuantiti PFI yang optimum bagi menghasilkan

kecekapan PHOLED biru yang tertinggi. Berbanding dengan peranti kawalan, peranti



yang telah dioptimum melihatkan penaingkatan kecekapan dari 7.3 Im/W dan 5.9 lm/W

ke 9.4 Im/W dan 7.9 Im/W pada 100 cd/m? dan 1000 cd/m” .

Di samping itu, kami berjaya menghasilkan fluoresen OLED kuning yang
mempunyai kecekapan yang tinggi dengan merawat lapisan aktif pemancar (EML)
dengan menggunakan alkohol berfluorin. Peranti ini berlapisan tunggal dan dihasilkan
melalui kaedah pemprosesan basah. Teknik ini berjaya memberikan kecekapan 19.3
Im/W pada 1000 cd/m?, iaitu peningkatan sebanyak ~74% berbanding dengan peranti
kawalan. Kecekapan ini adalah antara yang tertinggi pernah dilaporkan bag fluoresen
OLED kuning yang difabrikasi melalui kaedah pemprosesan basah. Peningkatan ini
disebabkan oleh pembentukan permukaan dipol pada EML oleh alkohol berfluorin.
Melalui permukaan dipol ini, tenaga penghalang di katod peranti dapat direndahkan dan
ini memudahkan penyuntikan electron. Tambahan pula, kami mendapati bahawa
alkohol yang berdipol momen tinggi adalah lebih efektif dalam mengurangkan
perangkap pada permukaan EML. Ini juga merupakan salah satu faktor yang
menyebabkan peningkatan kecekapan pada OLED yang dirawat dengan alkohol

berfluorin.

Bahagian terakhir dalam kerja penyelidikan ini melibatkan rekabentuk PHOLED
biru yang terdiri daripada dua lapisan aktif pemancar. Peranti ini difabrikasi melalui
kaedah pemprosesan basah. Lapisan aktif pemancar pertama terdiri daripada PVK dan
Flrpic dicampur dengan 4,4',4"-tris(N-carbazolyl)-triphenylamine (TCTA) atau OXD-7.
Lapisan kedua pula terdiri daripada alkohol boleh-larut 2,7-bis(diphenylphosphoryl)-
9,9'-spirobi(fluorine) (SPPO13) dan Flrpic. Penambahan OXD-7 ke dalam PVK
mengaburkan simpang hetero di antara lapisan pemancar yang akan melebarkan zon
rekombinasi.  Penambahan TCTA ke dalam PVK pula mengurangkan tenaga
penghalang bagi penyuntikan lohong dari PEDOT:PSS ke PVK. Peranti terbaik kami

memberikan kecekapan 11 Im/W pada 1000 cd/m”. Nilai ini adalah standing dengan
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nilai terbaik yang pernah dilaporkan bagi PHOLED biru berlapisan kembar yang

difabrikasi melalui kaedah pemprosesan basah.
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CHAPTER 1: Introduction

11 Introduction

Over the past decades, huge efforts have been dedicated in searching for a new
light source and organic light emitting diodes (OLEDs) are expected to be the next
generation of light source for display and lighting applications. For lighting
applications, the efficiency of incandescent bulb efficiency is very poor where 90% of
the power is dissipated as heat rather than visible light (M. M.-Y. Chan, Tao, & Yam,
2010) whereas the widely used energy saving compact fluorescent lamp (CFL) contains
mercury which complicates their disposal. In contrast to CFL, OLED are made from
carbon based material and mercury free thus meeting the requirement of EU WEEE&
RoHS (Yersin, Rausch, Czerwieniec, Hofbeck, & Fischer, 2011). OLED is glare free,
light weight and emit light across all the surface (Tyan, 2011) . However the
commercialization of OLED lighting panel is relatively slow mainly hampered by the
high fabrication cost. Most of this light panel does not have very high efficiency
(15Im/W to 50lm/W). In 2008, OSRAM introduced the first OLED base lighting
application in the form of desk light (Chino, 2008). For the first time in 2009, Philip
under the brand name of Lumiblade commercialized the first OLED light panel
(Mertens, 2012). In 2012, Fraunhofer Institute produced the first transparent OLED
panel under the Tabola brand. To date the largest OLED light panel are from Lumiotec
which measured 15cm x15cm. Currently the main challenge for OLED as SSL
application is the price. Cheap and efficient manufacturing process is still not available

to date.

On the other hand, for display applications OLEDs device has successfully

entered the market after nearly 20 years of research and development. Compared with



LCD technology, OLED offers many advantages. It has fast response time, light
weight, low power consumption, wide viewing angle and good contrast. The
commercialization of OLED display began when Kodak introduced the first digital
camera (LS633) using 2.2 OLED display in 2003. In late 2007, Sony announced XEL-

1 TV the first OLED TV with 11” screen.

1.2 History of organic electr oluminescence

Electroluminescence (EL) in organic material was first reported by Helfrich &
Schneider in 1965. They observed EL from anthracene crystal of 1 mm to 5 mm thick
by applying several hundred volts across it (Helfrich & Schneider, 1964). At that time,
their discovery did not generate much interest due to the high voltage required. In 1987
C.W. Tang and VanSlyke from Kodak Eastman have made breakthrough in OLED
research by reporting the first bilayer OLED. The device active layers consist of
thermal evaporated small molecule diamine and 8-hydroxyquinoline. The device
yielded power efficiency of 1.5 Im/W and brightness exceeded 1000 cd/m* below 10V
(Tang & Vanslyke, 1987). Following that in 1988, Adachi et. al. (Adachi, Tokito,
Tsutsui, & Saito, 1988) demonstrated a stable multilayer OLED with electron transport

layer (ETL) and hole transport layer (HTL) between the electrode.

The first polymer LED (PLED) was successfully fabricated by Burroughes et. al.
in 1990. The device active layer consist of poly-(para-phenlene vinylene) (PPV) spin
coated on indium tin oxide (ITO) on glass substrate (Burroughes et al., 1990). Their
discovery marks the beginning of OLED fabrication using wet process. Wet processing
methods e.g. spin coating, blade coating and inkjet printing are cheaper and does not
required complex vacuum deposition system. The first white OLED (WOLED) was
demonstrated by Kido et. al. in 1995. White emission with efficiency of 0.5 Im/W (300

cd/m?) was generated by a tri-layer device with each layer producing red, blue and



green emission (Kido, Kimura, & Nagai, 1995). The device was fabricated using
vacuum deposition method. In 1998, Forrest group reported the first phosphorescence
OLED (PHOLED) by incorporating phosphorescent organometallic dopants (M. A.
Baldo et al., 1998). The presence of heavy metal in organometallic dopant leads to
efficient intersystem crossing. This allows triplet to be harvested thus opening the
possibility of achieving 100% internal quantum efficiency (IQE) (Chopra, Lee, Xue, &
So, 2010). Lu group reported a unique light output coupling method that boost the
efficiency of a green OLED to a record high of 290 Im/W (Z. B. Wang et al., 2011).
Another breakthrough in WOLED was achieved by Leo group in 2012. By using light
output coupling and careful design of the active layers, for the first time WOLED has
reached the power efficiency comparable to a fluorescent tube. The reported OLED

gave 90 Im/W at brightness of 1000 cd/m* (Reineke et al., 2009).

1.3 Motivations and objectives

OLED is one of the most promising technologies for the next generation of
display and lighting. In fact OLEDs have already successfully penetrated consumer
market for display applications such as television, digital camera and mobile phone
display. Especially for lighting applications, OLED is very attractive considering its
outstanding features such as light weight, non-glaring, easy integrated to flexible
electronics and mercury free (Chang & Lu, 2013; Yersin et al., 2011). These features
offer flexibility in integrating OLED into different lighting module which is one of the
main criteria for successful market penetration. In fact, high efficiency white OLED on
par with the widely used fluorescent tube has already been demonstrated by (Reineke et
al., 2009). Nevertheless it can only be realized using high cost vacuum deposition
method. Solution processed method is another alternative way of producing affordable

OLED. Unfortunately, OLED fabricated using current wet process technology has very



poor efficiency. This is because wet process is limited by number of functional layer it
can deposit (Duan et al., 2010b). The research work presented in this thesis is focused
on enhancing the efficiency of solution processed OLED through careful device design,

fabrication and characterization. The objectives of this thesis are as follows:

e To enhance the efficiency of a single layer solution processed blue PHOLED
through: (a) cathode engineering and (b) reducing excitons quenching at the
emissive layer caused by back energy transfer.

e To fabricate and characterize solution processed single layer blue PHOLED
based on perfluorinated ionomer (PFI) doped Poly(3,4-ethylenedioxythiophene):
poly(strenesulfonate) (PEDOT:PSS) as hole injection layer (HIL).

e To study the effects of polar solvent treatment on a single layer solution
processed yellow fluorescent OLED. The impact of the solvents treatment on
yellow devices efficiency and current injection shall be studied.

e To design, fabricate and characterize high efficiency solution processed multi

layer blue solution processed blue PHOLED.

1.4 Organisation of thethesis
Chapter 1 begins with the overview of OLED followed by a brief discussion on
the history of organic electroluminescence. Then the motivations and objectives of this

research are highlighted and then ended with the overview of this thesis.

Chapter 2 serves to provide basic theoretical background on OLED devices and
fabrication process. It begins with a brief introduction on OLED operation principles
followed by an over view on the fluorescence and phosphorescence emission of OLED.
Next, the excitons formation model and energy transfer process are discussed. The

general overview of the OLED fabrication process is also presented followed by a write



up on the comparison between polymer and small molecule OLED. Considering the
importance of the OLED device architecture in designing high efficiency OLED, the
final section of this chapter is dedicated in explaining each functional layer in a single

and multi layer OLED.

Chapter 3 consists of two major parts. The first part gives an over view on the
OLED fabrication process while the second parts details the device characterization
methods used in this research works. The background theory of each experimental

probes and techniques will be briefly discussed.

Chapter 4 intends to demonstrate the effects of Triton X-100 in enhancing the
efficiency of a single layer solution processed blue PHOLED. The influence of Triton
X-100 concentrations on the energy transfer mechanism between host and dye is
compared and discussed. In addition to that, the effects of Triton X-100 on the emissive

layer (EML) surface morphology are also investigated.

Chapter 5 examines the effects of PFI doped PEDOT:PSS on a single layer
solution processed blue PHOLED. The effects of PFI concentrations in PEDOT:PSS on
the blue device performances are compared and discussed. The conductivity
measurements help to identify the optimum PFI concentrations to give the best device
efficiency. The change of the PFI doped PEDOT:PSS film surface morphology are also

investigated.

Chapter 6 reports a high efficiency solution processed single layer fluorescent
yellow OLED by treating the EML/cathode interface with polar solvent.  Devices
treated with polar solvents of different dipole moment are studied and compared. This
chapter also presents one of the highest efficiency solution processed single layer

yellow fluorescent OLED reported to date.



Chapter 7 focuses on the development of high efficiency multi layer blue
PHOLED fabricated using wet process. The efficiency improvement is achieved by
controlling the charge transport at the first emissive layer and at the heterojunction. It
presents blue device with considerable high power efficiency compared to the best

power efficiency reported to date for a multi layer solution processed blue PHOLED.

Chapter 8 summarises the research works that have been presented in this thesis.
Possible future works in efficiency enhancement of solution processed OLED are

proposed at the end of this chapter.



CHAPTER 2: Literaturereview

2.1 Organiclight emitting diode (OL ED) device physics

Generally OLED are organic device that produce light when electricity is
applied across it. OLED device structure resembles a p-i-n structure as shown in Figure
2.1a. It consists of a few organic thin film sandwiched between two electrodes where
one of the electrodes has to be transparent. The EL process in an OLED operation
involves 4 process (Figure 2.1b) namely carrier injection, carrier transport and excitons
formation and light emission (Gray, 2010). When DC bias is applied to the device,
electron and hole are injected from the cathode and anode respectively (process 1). The
charge transport mechanism is an intermolecular process where charges hop between
two adjacent molecules or along the polymer chains due to the thermoactivated lattice
vibrations (process 2 (Tse, Cheung, & So, 2010)). Under the presence of electric field
and at separation of few nanometers, electron-hole is bounded together by Coulombic
interaction. The Coulombic attraction is stronger for organic material than the inorganic
counterpart. This is because the dielectric constant of organic material & ~3 which is
relatively smaller compared to most of the inorganic semiconductor, for example silicon
with & ~11.7. Usually the electrons and holes are captured in a form known as charge
transfer (CT) state before excitons are formed in a single molecule (Reineke & Baldo,
2012).  Subsequently, electron-hole pair in CT state relaxed into exciton at a single
molecule or polymer chain (process 3) (Monkman, 2013). If these excitons recombine
radiatively, light is produced (process 4). The light output energy is given as /v where
h is the Plank constant and v is the light frequency. The emission colour is

depending on the properties of the organic material used.
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Figure 2.1: (a) Simplified diagram of a basic OLED device structure. (b) OLED energy
level diagram during operation. Figure 2.1b is adapted from (Pereira, 2012).

2.1.1 What isCT states?

In OLED, excited species in the form of electron-hole pair can be considered as
a two-electron system. In this system, one electron is in a partially filled highest
occupied molecular orbital (HOMO) and another in a partially filled lowest unoccupied
molecular orbital (LUMO). The total spin, S of a two-electron system can be either S=0
(singlet) or S=1 (triplet). The triplet state is usually lower than the singlet state by 2K,
where K ~ 0.5 eV for organic molecule (Segal, Baldo, Holmes, Forrest, & Soos, 2003).
Here, K is the exchange integral involving the HOMO and LUMO. During electrical
excitation, injected carrier (electron and hole) forms extended 'polaron pair and
subsequently collapse to form CT states. Relaxation from CT states will form excitons
as illustrated in Figure 2.2. At large charge separation, r >100 A, the positive and

negative polaron are not correlated. Therefore the spin states are randomly oriented

with respect to each other and K=0.

'Carrier (electron or hole) in a solid will interact with the surrounding ion, for example an electron will slightly attract to the positive
ions. Carrier together with this self induced polarization is known as polaron. Polaron is a good way to visualize carrier in organic
semiconductor since organic material are soft and deformable.



The charge separation limit that is used to define this independant polaron is termed as
critical radius, r.. On the other hand, CT states occur from r. down to ry i.e. nearest
neighbouring molecule pair. Typically 1y is in the order of molecular dimension ~10 A
(Segal et al., 2003). In some literature, CT states are commonly described as an
intermediate state which consists of bounded electron-hole pair on neighbouring

molecules (Ford, Ohkita, Cook, Durrant, & Greenham, 2008; Segal et al., 2007).

Extended polaron, free

polaron /

Electrical excitation

Excitons CT states

#

Energy
Singlets

Triplets

v

r(T) r(T)
Charge separation (r)
Figure 2.2: Formation of excitons via CT states. r.and ry is temperature dependent.

ISC denotes intersystem crossing which will be discussed in section 2.2. Adapted from
(Segal et al., 2003).

2.2 Fluorescence vs Phosphorescence
The Pauli Exclusion Principle states that no two electrons in an atom can have
the same quantum states. As mention in section 2.1.1, a two electron system may have

total spin either S=0 or S=1. State S=0 is antisymmetric, known as singlet whereas S=1



consists of three possible symmetric states known as triplet (Atkins & Friedman, 1997).
Radiative decay of singlet exciton produces luminescence known as fluorescence with
lifetime in the range of nanoseconds (M. A. Baldo, Thompson, & Forrest, 1999). On
the other hand, radiative decay of triplet exciton is termed as phosphorescence. In pure
organic compounds, radiative decay of triplet exciton is forbidden by spin selection
rules (Kohler & Bassler, 2009). Therefore, the triplet emission is very weak and tends
to undergo deactivation processes which lead to non-radiative decay. Due to that,
radiatively phosphorescence emission is usually not observed in room temperature

(Hong, 2007).

All the excitons produced by photo-excitation process are singlet and
subsequently the radioactively recombination to the ground state will results in 100%
photoluminescence quantum yield in theory. On the other hand for electroluminescence
process, the injected carriers have random spin. The formation of excitons have four
possible states namely, one singlet and three triplet states (Perepichka, Meng, & Ling,
2007). From the quantum mechanical spin statistics, only 1/4 of the excitons formed
can emit light when the singlet recombines radiatively thus limiting the internal
quantum efficiency (IQE) of the fluorescent OLED to an upper limit of 25%. In view of
this, it is not a surprise that during the early stage of fluorescent OLED research,
OLEDs suffered from very low efficiency. In 1998, Forrest group demonstrated that
triplet excitons can be harvested by introducing phosphorescent dye (henceforth called
the guest) which contains heavy metal with organic ligand doped into an appropriate
organic material (henceforth called the host) (M. A. Baldo et al., 1998). The presence
of heavy metal compound such as Platinum (Pt) or Iridium (Ir) enhances spin orbit
coupling (SOC) in a molecule (M. A. Baldo, Lamansky, Burrows, Thompson, &
Forrest, 1999). SOC mixes the triplet and singlet states in such a way that the triplet

gain some singlet characteristics allowing it to recombine radiatively to ground state in



room temperature (M. Baldo & Segal, 2005). At the same time, the intersystem
crossing (ISC) rate i.e. radiationless transition between singlet state (S;) to triplet state
(T;) become highly probable. Due to the high ISC rate, singlet excitons created by
electrical excitation are depopulated into triplet states and decay radiatively to ground
state. By using phosphorescent guest-host system, triplet excitons can be harvested and

theoretically 100% IQE can be achieved.

The possible electronic transitions for fluorescent and phosphorescent OLED are
summarized in Figure 2.3. For fluoroscent/phosphorescent system, upon absorption of
a photon, electron is excited from ground state Sy to excited singlet state S; as shown in
arrow 1. Radiative recombination from S; to Sy produces fluorescence emission
(transition 2). Simultaneously S; — Sy (transition 2) has to compete with ISC
(transition 3) which can depopulate excitons in S;. However, the ISC rate for S; — T,
is very low for fluorescent OLED. Due to the long lifetime, triplet excitons undergo
deactivation process and decay non-radiatively (transition 4). For phosphorescent
OLED, due to SOC, ISC rate is efficient allowing high transition rate from S; to T;
(transition 6), thus singlet emission is not observed. Radiative decay rate from T, to S
(transition 7) is high and phosphorescence emission can be observed at room
temperature. Finally, the non-radiative transition (transition 5, 8 and 9) will compete

with the radiative fluorescence and phosphorescence emission (Mikhnenko, 2012).
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Figure 2.3: Simplified Jablonski Diagram showing fluorescent and phosphorescent
OLED system.

2.2.1 Quantum efficiency

The quantum efficiency of the OLED can be characterized using two parameters
namely external quantum efficiency next (EQE) and internal quantum efficiency (IQE).
EQE is the ratio of the number of photons extracted into the air to the number of
electrons injected into the device. On the other hand, IQE is defined as the number of
photons generated per electron injected into the device (Krummacher, Mathai, So,
Choulis, & Choong, 2007). EQE (nex) can be described using the following equation

(Gray, 2010; Kido & lizumi, 1998; Tsutsui, 1997):

Next = Ne-Nint = Ne- V- P-Nex (2.1)

where ninc is the IQE, ncis the light output coupling efficiency, y is the charge balance
factor, ¢ is the efficiency of the radiative decay process and me is the fraction of the
excitons formed i.e. nex = 0.25 and 1 for fluorescent and phosphorescent OLED

respectively.



2.2.2 Efficiency roll-off in OLED

When OLED operated at high brightness, its efficiency tends to decrease. In
PHOLED, the efficiency roll-off is more severe compared to fluorescent OLED. This
efficiency roll-off are due to three mechanism: triplet-triplet annihilation (TTA) (Adachi
et al., 2001; M. A. Baldo et al., 1998; C. L. Li et al., 2005; Song et al., 2004), triplet
polaron annihilation (TPA) (Reineke, Walzer, & Leo, 2007) and electric field induced

quenching (Kalinowski et al., 2002; Kohler & Bassler, 2009).

TTA process occurs either through Dexter or Forster energy transfer and the
possible pathways for this mechanism can be expressed as (C. Murawski, K. Leo, &

M.C. Gather, 2013b):

k
T {Tl + So (2.2)

it =g 4 s,

where k77, Sp, S;and T denotes TTA rate, ground state, singlet and triplet excited state
respectively. TTA is beneficial to fluorescent system, due to the creation of singlet
excitons upon the annihilation of triplet excitons. For phosphorescent system, TTA
either eliminates both of the triplet excitons or at least one triplet exciton remains after

the process.

TPA is caused by the charge carrier induced exciton quenching. The process can

be described as follows (Gesquiere, Park, & Barbara, 2005; Murawski et al., 2013b):

k
T, + Pt =255, + P+ (2.3)
_kTpP4e .
T1 + P —>SO + P (2.4)

The TPA induced by positive and negative polaron is distinguished by process (2.3) and
(2.4). Here P and P" denotes negative and positive polaron respectively whereas

asterisk (*) indicates polaron with excess energy. Sy, 7}, krpan and krp4. are ground



state, triplet excited state, TPA rate for positive polaron and TPA rate for negative
polaron respectively. It is worth mentioning that TPA also quenches singlet excitons
but because of the relative short lifetime of singlet excitons, TPA is more efficient in

annihilating triplet excitons.

The third mechanism is the exciton dissociation under high electric field.
Exciton dissociation is also influenced by exciton lifetime, active layer thickness, device
operating temperature, exciton binding energy and the separation of electon hole pair.
For example in guest-host system, electric field induced exciton quenching depends on
the position of the HOMO/LUMO level of the guest relative to the HOMO/LUMO level
of the host as proposed by (Luo, Aziz, Popovic, & Xu, 2006). If the HOMO/LUMO
level of guest lie deep inside the HOMO/LUMO level of host, the dissociation becomes
difficult due to the energetic barrier of A HOMO/A LUMO that the coulombically

bounded electron-hole pair needs to overcome as shown in Figure 2.4.

Electric field

Host G uest Host

LUMO

ALUMO 1

@ IﬂHDMD
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Figure 2.4. Exciton dissociation in guest due to presence of electric field. Adapted
from (Luo et al., 20006)




The next question is why efficiency roll-off is more severe in phosphorescent
OLED compared to fluorescent OLED. Consider the following: The brightness (L) of
an OLED is inversely proportional to the singlet/triplet exciton lifetime (t) and
proportional to the density of the excited state (n). Taking into the account of spin
statistics for singlet/triplet excitons formation, the brightness of OLED can be estimated

as (Reineke et al., 2007):

nFL/4 d L npH 25
T 22)

~

LFL

where the subscript FL and PH denote fluorescent and phosphorescent system
respectively. Typically the lifetime of the OLED phosphorescent triplet is 2 orders
higher than fluorescent singlet (Reineke et al., 2007; Sokolik, Priestley, Walser,
Dorsinville, & Teng, 1996). Hence, the ratio of the phosphorescent to fluorescent

excited state density can be written as:

"PH _TPH _9c (2.6)

npL  4TFL

From (2.6), it can be observed that to achieve the same brightness, phosphorescent
system need 25 times of excitons compared to the fluorescent counterpart. This causes
severe roll-off in phosphorescent OLED operating at high brightness as high density of
triplet is required to generate higher brightness which at the same time lead to higher

TTA and TPA.

2.3 Exciton formation model

Figure 2.4 shows the schematic diagram of the possible exciton formation model
in OLED. (Reineke & Baldo, 2012; Wohlgenannt, Tandon, Mazumdar, Ramasesha, &
Vardeny, 2001). When voltage is applied across OLED, electrons and holes are injected

into the cathode and anode respectively. Electron-hole pairs are captured by Coulombic
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interaction in the form of CT state. Relaxation from the CT state forms exciton in a
molecule or polymer. From the exciton formation model in Figure 2.5a, it is clear that
without a mixing process only 25% of the excitons can emit light when radiative

recombination occurs.
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Figure 2.5: Exciton formation model for the following condition: (a) No mixing occur,
(b) exciton mixing, producing phosphorescence emission due to spin-orbit coupling
(SOC), (c) thermal activation delay fluorescence process and (d) mixing occur at the CT
states. m denotes quantum efficiency whereas kg, kt and k;,, denotes singlet and triplet
excitons formation rate and CT states mixing rate respectively. Adapted from (Reineke
& Baldo, 2012).

Mixing process is a process that converts carrier in singlet state to triplet state or
vice versa (Segal et al., 2007). The mixing process can occur either at exciton level or
CT state (Reineke & Baldo, 2012). There are two methods for mixing process that
occurs at exciton level. The first one is through SOC (Figure 2.5b) which already
discussed in section 2.2. Briefly, the mixing process is enabled by the presence of
heavy metal (e.g. Ir or Pt) in a molecule that promotes SOC which enhances ISC from

singlet to triplet. Therefore triplet excitons can be harvested, opening up the possibility



of achieving quantum efficiencies of 100%. The second method is through thermal
process, widely known as thermally activated delayed fluorescene (TADF) as shown in
Figure 2.5c. This approach can be used to enhance the quantum efficiency of
fluorescent OLED above the upper limit of 25% where non-radiative triplets are
channelled back to the singlet through thermal activation process (Goushi, Yoshida,
Sato, & Adachi, 2012; B. S. Kim & Lee, 2014; J. Lee et al., 2013; S. Y. Lee, Yasuda,
Nomura, & Adachi, 2012; Méhes, Goushi, Potscavage Jr., & Adachi, 2014; Nakagawa,
Ku, Wong, & Adachi, 2012; Nakanotani, Masui, Nishide, Shibata, & Adachi, 2013;
Tanaka, Shizu, Miyazaki, & Adachi, 2012; Uoyama, Goushi, Shizu, Nomura, &
Adachi, 2012; H. Wang et al., 2014; Q. Zhang et al., 2014; Q. S. Zhang et al., 2012).
To obtain efficient TADF, the splitting energy (AEst) between singlet and triplet state
must be as low as possible and ideally lower than carrier thermalization energy to
ensure fast reversed intersystem crossing (RISC) (see Figure 2.6). If the RISC is slow,
triplet excitons that pile up will cause TTA (Kepler, Caris, Avakian, & Abramson,

1963) which lead to severe efficiency roll-off at high current density.

25%

Fluorescence

s,

Figure 2.6: Schematic diagram of TDAF in enhancing the fluorescence emission.




Mixing can occur at CT states and the process are summarized in Figure 2.5d
and Figure 2.7. This idea was initially proposed by (Segal et al., 2007), aimed at
breaking the 25% upper limit of fluorescent OLED.  During electrical bias, the
formation rate of triplet CT states is 3 times higher than the singlet CT states. Without
any mixing at the CT states, these charge-pairs will relax into excitons with 25% of the
excitons are singlet while the remaining are triplets. If mixing happens at the CT states
and the mixing rate from triplet to singlet (krs) is larger than the singlet exciton
formation rate (ks), then the theoretical 25% limit can be broken (see Figure 2.7). To
ensure “extra fluorescent” luminescence, the mixing rate from singlet to triplet (k-sr)
need to be reduced and this can be accomplished by ensuring the triplet CT state (CT’)

is higher than the singlet CT state (CT").
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Figure 2.7: Exciton formation model based on CT state mixing. The formation rate of
singlet CT states is given as G. krs and ksr denote the mixing rate from triplet to singlet
and singlet to triplet respectively. 3CT, ICT, ks, kt, kisc, S1 and T; denote triplet CT
state, singlet CT state, singlet exciton formation rate, triplet exciton formation rate, inter
system crossing rate, singlet state and triplet state respectively. Adapted from (Segal et
al., 2007).



2.4 Energy transfer process between a host doped with phosphor escent dye

In phosphorescent OLED, heavy metal based organometallic complexes dye
(guest) are doped into an organic host. During OLED operation, the excitation energy
is transferred from host to guest. There are three types of energy transfer involved,
namely long range Forster energy transfer, short range Dexter energy transfer and direct
generation of excitons in the guest. Figure 2.8 shows the schematic diagram of Forster
and Dexter energy transfer leading to the generation of fluorescent and phosphorescent

emission.

Forster energy transfer is based on dipole-dipole coupling between guest and
host (Forster, 1959; W. S. Jeon et al., 2009; Scholes, 2003). It occurs when there is a
strong overlap of guest absorption spectrum with the emission spectrum of the host.

The efficiency of this energy transfer decreases when the guest-host separation (r)
increases and the efficiency of Forster mechanism is a function of 1/r6' Efficient

Forster energy transfer occurs for a separation of guest-host up to 10 nm. In contrast to
Forster mechanism, Dexter energy transfer (Dexter, 1953; Jain, Willander, & Kumar,
2007) is a short range energy transfer process as it involves the overlapping of
molecular orbital between adjacent molecule. Typically, for Dexter mechanism to

happen the distance of the guest-host need to be within 0.6 nm to 2 nm. Dexter energy

. . _2 . . .
transfer rate is a function of e~ /L where r is the guest-host separation and L is the

sum of van der Waals radius.
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Figure 2.8: (a) Forster energy transfer and (b) Dexter energy transfer. (c) Energy
diagram showing Forster and Dexter energy transfer process for a
fluorescent/phosphorescent guest-host system. The singlet excited state, ground state
and triplet excited state are denoted as S;, Sy and T respectively.

Direct generation of excitons in guest is also known as charge trap mechanism
(Mi, Gao, Liao, Huang, & Chen, 2010). The HOMO/LUMO level of the host must be
below/above the HOMO/LUMO of the guest (see Figure 2.9). In this case, the energy

level of the guest acts as charge trapping sites, thus forming excitons directly in guest.
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Figure 2.9: Light emission induced by charge trapping mechanism in a guest/host
system.

2.5 OLED fabrication process
OLED can be fabricated either using vacuum deposition method or wet process such as
spin coating method, blade coating and ink-jet printing. Generally, the fabrication

process of OLED can be summarized as follow:

1. Substrates: For non-inverted OLED, the substrate must be transparent in order
to allow light to pass through. Usually, ITO on glass or transparent plastic is
used as the substrate. The ITO is patterned using standard lithography method.

2. Active material deposition. OLED material is deposited on top of the substrate
using vacuum deposition method or wet process. Following that, low work
function metal alloy is deposited as cathode. Typically, the work function of
this metal is in the range of 2.9 eV - 4 eV (Kalyani & Dhoble, 2012). The

cathode layer must be transparent for inverted OLED.
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3. Encapsulation: Encapsulation is carried out to protect the OLED from ambient
moisture and oxygen which will degrade the device performance. For example,

UV curable epoxy is one of the approaches to encapsulate the device.

25.1 Vacuum deposition method

For high performance OLED, it is crucial to balance the hole/electron injection.
In addition to that it is important to confine excitons in the emissive layer in order to
minimize excitons quenching. This can be easily achieved using vacuum deposition
method because it allows deposition of multilayer functional layer to improve the
device performance (Divayana, Liu, Kyaw, & Sun, 2011; Reineke et al., 2009; Y. R.
Sun et al.,, 2006). However the vacuum deposition system is expensive and the
consumption of the OLED material is very high during the vacuum deposition method.
It is estimated that 80% of the OLED material is wasted during the deposition process
(H. Kim, Byun, Das, Choi, & Ahn, 2007). In addition to that, this approach is very
challenging for high resolution process and scalability due to pixelation of vacuum
deposition mask (Sonoyama et al., 2008). Therefore, the fabrication of large lighting
panel and display is hindered by this method. Figure 2.10 shows the simplified

schematic diagram of the vacuum deposition process.
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Figure 2.10: Schematic diagram of the vacuum deposition method for OLED thin film
deposition.

2.5.2 Wet process

Wet process OLED fabrication is fast gaining popularity. It does not required
high cost vacuum deposition system setup and OLED fabrication can be done in
ambient environment. More important it allows large area, low cost and roll-to-roll
manufacturing process (So et al.,, 2007).  This method involves dispensing OLED
solution on to the substrate followed by formation of thin film using spin-coating,
blade-spin process, blade only process and inkjet printing. Subsequently the substrates
undergo annealing process to remove the solvent. There are two important criteria
needed to be met in order to use the wet process. First, the OLED material must
dissolved well in solvent. Second, OLED material used must have high glass transition
temperature, T, ideally above 100°C (Schrogel et al., 2011). When low T, material is
used, it tends to crystallize resulting in reliability issues. Crystallization of OLED thin
film can cause electric field inhomogenity leading to thermal breakdown and
catastrophic failure (E. M. Han, Do, Yamamoto, & Fujihira, 1996; X. Zhou et al.,

2000).
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To date, the performance of wet processed OLED is lagging compared to OLED
fabricated using vacuum deposition method. The main reason is that it is very difficult
to form a multilayer OLED using wet process. Almost all OLED organic material
dissolve in organic solvent therefore the top layer will dissolved the under layer
resulting in intermixing. To overcome this problem, several solutions have been
proposed. For instance, several research groups have tried using UV or thermal
crosslinkable OLED material (Aizawa, Pu, Sasabe, & Kido, 2012; Liaptsis & Meerholz,
2013; Yook & Lee, 2012; Zuniga et al., 2013) while for the top-most layer, alcohol or
formic acid/water soluble OLED material can be used (Earmme & Jenekhe, 2012a; J. H.
Lu et al., 2011; Yook, Jang, Jeon, & Lee, 2010). Other methods are to use blade-spin

and blade only coating which will be discussed in section 2.5.2.2 and 2.5.2.3.

2.5.2.1 Spin coating method

The simplest OLED wet process method is the spin coating approach as
illustrated in Figure 2.11. Due to its cheap and simple setup, this method is often use in
research laboratory. In this method, OLED in solution is dispensed onto the substrate.
By controlling the spinning speed, spinning time, concentration of the solution and the
boiling point of the solvent, the thickness of the thin film formed can be controlled. The
major drawback is that high mount of OLED material are wasted in this process. More
important, without using cross-linkable, non-organic solvent soluble OLED material or
orthogonal sovent it is impossible to form a multi layer OLED device structure solely

using this method.
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Figure 2.11: Schematic diagram of the spin coating process for OLED thin film
deposition.

2.5.2.2 Blade-spin method

Multilayer OLED can be fabricated using blade-spin process (You et al., 2009),
a combination of blade coating and spin coating process. In contrast to spin coating
method, most of the dispensed OLED solution remain on the substrate after blade
coating". The method is as follows: First solution is dispensed at the edge of the
substrates mounted on the spin coater chuck. Immediately after this, wet thin film is
form by moving the blade coater rapidly across the substrate (see Figure 2.12a). The
wet film is dried by spinning the substrate using a spin coater as shown in Figure 2.12b.
The circulating air generated by the motion of the spin coater chuck effectively removed
the residue solvent. The next layer can be deposited using the same procedure. The fast
movement of the blade coating bar can dry the top layer as it moves across the substrate
rapidly (C. Y. Chen et al., 2011). By doing so, the dissolution of the underlying layer

can be minimized. The film thickness can be controlled by the gap between the blade
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coater and the substrate, solution concentration and the chuck spinning speed. It has
been demonstrated that the performance of OLED fabricated using blade-spin method is
30% lower compared to the vacuum deposition method (You et al., 2009). The inferior
performance is attributed to the small amount of layers intermixing and microscopic
crystallites formation on the film (Z. Y. Liu et al., 2011). The disadvantages of this
method lie in the spinning process. First, the presence of the spin drying process slows
down the fabrication process as the blade coating process cannot proceed continuously.
Second, it limits the size of the substrate to be fabricated because poor mounting of the

large substrate on the spinning chuck (C. Y. Chen et al., 2011).
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Figure 2.12: Blade-spin method for OLED thin film deposition. Adapted from (C. Y.
Chen et al., 2011).
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2.5.2.3 Blade-only method

Compared with blade-spin method, blade-only method eliminates the spinning
process. Blade-only method has been successfully demonstrated in coating polymer
film (Syu et al., 2010; Tseng, Meng, Lee, & Horng, 2008) and small molecule film
(Chao et al., 2011; Ko et al., 2010; Z. Y. Liu et al., 2011) for multi layer OLED. In this
approach, substrate is placed on the hotplate. The hotplate is adjusted to temperature
within 70°C to 80°C. Solution is dispensed on the edge of the substrate and then thin
film is formed by moving the blade coater across the surface. Subsequent layer is
deposited using the similar method. By heating the substrate, the wet film will dry
rapidly as the blade coater is moved across the substrate surface thus preventing the

dissolution of the underlying layer. The whole process is summarized in Figure 2.13.
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Figure 2.13: Schematic diagram of the blade-only coating process.

25.24 Inkjet printing
Figure 2.14 illustrates the concept of inkjet printing. Solution is dispensed
through the nozzle of the print head as the substrate is passed beneath the print head.

The main advantage of inkjet printing is it allows small pixel printing (C. Y. Chen et al.,
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2011). Similar to spin coating method, inkjet printing does not allow the fabrication of
multi layer OLED. In addition to that, the cost of the inkjet system is higher due to the

complicated design of the print head.

& & &[] PeRYyiIuld

[ ]
Substrate |

)

Substrate moves in this direction

Figure 2.14: Schematic diagram of the inkjet printing process.

2.6 Small molecule vs polymer OLED

The film formation process using polymer is shown in Figure 2.15a. In solution,
polymer chains are extended. The polymer chains starts to entangle as the wet thin film
dried out. It is worth noting that even the film completely dried, there are still space
between the polymer chains thus allowing the relaxation of the polymer chain (Duan et
al., 2010b). Polymer material is widely used in fluorescent OLED. Some of the
examples are polyphenylene vinylene (PPV) (Remmers et al., 1996; Spreitzer et al.,
1998) and polyfluorene (PFO) (Bernius, Inbasekaran, Woo, Wu, & Wujkowski, 2000;
W. S. Wu et al., 2004) based materials. Polymer is widely known to be able to form
excellent film from solution processed method thanks to its high molecular weight and
the presence of alkyl group. It has high glass transition temperature, T, which prevents

the crystallization of the thin film when annealing process is carried out. Despite the
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high quality and stability of the film formed by polymer material, controlling batch-to-
batch variation in its molecular weight and the purification of polymer is a not an easy

task (Walker, Tamayo, Yang, Brzezinski, & Nguyena, 2008).

The film formation using solution processed small molecule is depicted in
Figure 2.15b. For small molecule, instead of entanglement the packing density plays an
important role in forming good quality solution process thin film (Duan et al., 2010b).
The formation of thin film is made possible by physical entanglement and hydrogen
bonding between molecules. Therefore, it is very important to control the intermolecular
interaction in order to ensure pin-hole free solution processed thin film. The solubility
of small molecule in organic solvent can be improved by decorating the small molecule
with alkoxyl or alkyl group. Compared to polymer it is easier to purify, making it an
excellent candidate for OLED material. Nevertheless, most of the OLED small
molecules available to date form poor film morphology as they prone to crystallize
when wet process is used (Duan et al., 2010a). Crystallization of solution processed
small molecule thin film can be avoided by increasing its T,. One way is by enlarging
the small molecule size such as dendrimers. Other methods are by introducing
structurally twisted molecule, rigid/bulky such as carbazole, naphthalene, fluorene,

phenothiazine and biphenyl (Shirota, 2005; Tsai et al., 2007).
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Figure 2.15: Thin film formation using (a) polymer and (b) small molecule solution.
Adapted from (Duan et al., 2010a).

A compromise is often reached by blending polymer and small molecule
together (J. S. Huang, Hou, Li, Li, & Yang, 2006). One of the most commonly used
polymer for this purpose is polyvinyl carbazole (PVK) which favours hole transport.
PVK is usually blended with electron transporting small molecule compound such as
phosphine oxide or oxidiazole based material to achieve balance charge injection (Lu
Li, Liu, Yu, & Pei, 2013; Mathai, Choong, Choulis, Krummacher, & So, 2006; X. H.
Yang, Jaiser, Klinger, & Neher, 2006; X. H. Yang, Muller, Neher, & Meerholz, 2006).

The blend of polymer and small molecule can produce high quality film using solution
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process method. Furthermore, it also allows the usage of a wide range of small

molecule material available in the market.

2.7 Multilayer vssinglelayer OLED

The complexity of the OLED device architecture is heavily depending on the
number of functional layer. The presence of the functional layers helps to balance the
electron/hole injection, confine excitons in the emissive layer and prevent excitons
quenching at the device anode/cathode. Based on this muti-layer concept, white OLED
with ground-breaking efficiency up to 90 Im/W at 1000 cd/m® has been reported
(Reineke et al., 2009). This efficiency already exceed the typical efficiency of
fluorescent tube i.e. 60 Im/W to 70 Im/W. Even though multi layer OLED is very
attractive in terms of device performance, this multi stack device is very difficult to be
implemented using wet process. The main reason is the intermixing between the top
and bottom layer. In a single layer device, compound with different functionalities, for
example hole/electron transport compound, host, small molecule dye are blended into a
single layer. It is worth mentioning that most OLED device incorporate multilayer
design in their anode/cathode architecture to improve carrier injection. Some of the
widely used combinations are PEDOT:PSS on ITO (Jou, Shen, et al., 2010; Zhong,
Duan, Huang, Wu, & Cao, 2011; Zhu et al., 2011) for anode and alkali metal fluoride (
e.g. LiF/Al, CsF/Al) or alkali metal carbonate (e.g. Cs,COs/Al) for cathode. However
the presence of this active layer on the electrodes is not considered as an additional

layer to the device.

Due to the simplicity of the single layer device, it is not surprising that its
performance is always inferior compared to the multilayer counterpart. To overcome

this, several groups have developed high efficiency double layer OLED by combining
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solution processed and vacuum deposition method. In this type of design, the emissive
(EML) is deposited using wet process whereas the top layer is the vacuum deposited
electron transport layer (ETL) (J. S. Chen et al., 2012; J. H. Jou et al., 2013; Jou, Wang,
etal., 2010; C. W. Lee & Lee, 2013; C. W. Lee, Yook, & Lee, 2013; B. Liu et al., 2013;
B. H. Zhang et al., 2012). Such device can cut down fabrication cost and improves the
device efficiency by reducing excitons quenching at the cathode and promotes excitons

confinement at the EML/ETL heterojunction.

Figure 2.16a and Figure 2.16b show the device architecture of a typical
multilayer and single layer OLED respectively. A multilayer OLED may have more
than one similar functional layer stack together, for example some device may have up
to three or more HTL stack on top of each other (S. E. Jang, Joo, & Lee, 2010; J. Lee,
Lee, Lee, & Chu, 2009; Seo & Lee, 2011). Also, some of the functional layers can
combine into a single layer. The functions of each layer discussed in the following
sections. On the other hand, in single layer OLED, HTL and ETL are combined in a

single EML layer.
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Figure 2.16: Schematic diagram of a (a) multilayer and (b) single layer OLED.
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27.1 Anode

The anode for OLED should meet the following criteria:

1. Excellent thermal and chemical stability.

2. Highly transparent. In the case of inverted OLED, it should be highly
reflective.

3. High work-function, preferably >5eV, to reduce the barrier height for
hole injection.

4. Low resistivity to minimize contact resistance.

5. Good wetting properties and adhesion for organic materials.

ITO is commonly used as transparent anode for OLED due to its high
transparency (90% in visible region) and low resistivity (1x10™ Q.cm). By definition,
the surface work function qd,, of a conductor is defined as the energy difference
between the electron potential energy in vacuum (qdva) just outside the conductor
surface and the electrochemical potential (1) of the electrons in the bulk (Helander et

al., 2011), given as:.

qPm = qBvac — i (2.7)

The work function of pristine ITO is about 4.3 eV (Y. Park, Choong, Gao, Hsieh, &
Tang, 1996) which is low compared with the highest occupied molecular orbital
(HOMO) level of most of the OLED material (~5.5 eV-6 eV). In this case, energy
barrier exist for hole to transport from ITO to the first organic layer of the device.
Much effort has been spent on research in reducing the barrier height for hole injection.
One of the widely used methods is treating the ITO with oxygen plasma (I. M. Chan,
Cheng, & Hong, 2002; Ding et al., 2000; Irfan, Graber, So, & Gao, 2012; S. Jang, Chae,
Jung, Kim, & Kim, 2007; J. S. Kim, Cacialli, Cola, Gigli, & Cingolani, 1999; K. H.

Lee, Jang, Kim, Tak, & Lee, 2004; H. T. Lu & Yokoyama, 2004; C. C. Wu, Wu, Sturm,
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& Kahn, 1997). Recently, So and co-worker reported the ITO work function can be

increased from 4.3 eV to 6.1 eV after oxygen plasma treatment (Irfan et al., 2012).

It is well known that ITO is an n-type degenerate semiconductor, rich with
oxygen vacancies. These vacancies contribute to the high carrier concentration on ITO
(Irfan et al., 2012; C. C. Wu et al., 1997). During oxygen plasma, these vacancies are
passivated and as a result Fermi level is shifted away from the conduction band. This
increases the ITO work function but at the same time making the ITO more intrinsic (I.
M. Chan et al., 2002; Irfan et al., 2012; K. H. Lee et al., 2004). In addition to that,
oxygen plasma helps to clean ITO surface from carbon contaminant which can enhance

OLED lifetime and improves the device efficiency (I. M. Chan et al., 2002).

Very recently Helander et. al. reported that the work function of ITO can be
increased up to ~6 eV by treating the substrate with dichlorobenzene and UV light
(Helander et al., 2011). In this method, few drops of dichlorobenzene was dispensed on
to the ITO surface and immediately after this, the sample was illuminated with UV
light. The UV light breaks the Chlorine (Cl) from dichlorobenzene and bond Cl with
Indium (In). The formation of In-Cl creates a layer of dipole layer across the ITO

surface which increased the ITO work function (see Figure 2.17)
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Figure 2.17: Workfunction (e¢n) enhancement of ITO induced by In-Cl surface dipole.
From (Helander et al., 2011).

Following the same concept, various groups have tried increased the ITO work
function by halogenating the ITO surface. For example by using CI plasma, ITO with
work function ~6.1 eV was reported by Zhang’s group (Cao & Zhang, 2012). Zheng et.
al. used a series of halogenated solvent precursor namely 1,2-difluobenzene, 1,2-
dibromobenzene and 1,2-diiodobenzene to improve the ITO work function. The
fluorinated, brominated and iodinated ITO gave work function of 5.45 eV, 5.72 eV and
5.47 eV respectively (Zheng & Wong, 2013). By dipping the ITO into chloroform and
without any UV light treatment, Xu and co workers have improved the ITO work
function from 4.58 eV to 4.86 eV (Z. Q. Xu et al., 2011). Realizing the fact that In-Cl
can enhanced the ITO work function significantly, (Gao et al., 2012) vacuum deposited
a layer of ultra thin InCl; onto the ITO surface. By doing so, the work function of ITO

can be increased by 0.48 eV.
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2.7.2 Holeinjection layer (HIL)

In OLED device, holes are injected from the anode, for example ITO to the
HOMO of the organic semiconductor. To reduce the barrier injection, usually HIL is
inserted between the anode and the first layer of the device. In general the HIL should

meet the following requirements:

1. The HOMO level of the HIL should be positioned between the work
function of the anode and the HOMO of the first organic layer of the
device to prevent energetic mismatches at the anode/organic
semiconductor interfaces.

2. High hole mobility.

3. Excellent thermal and chemical stability.

4. Good transparency.

One of the widely used HIL is PEDOT:PSS. PEDOT:PSS with work function
~5.1 eV to 5.3 eV is a water soluble conducting polymer that exhibits high
transparency in visible range and excellent thermal stability (Xia & Ouyang, 2010; Xia,
Sun, & Ouyang, 2012). It is commonly used as HIL in OLED to assists hole injection
and smoothen the ITO surface. Therefore the ability to tune the PEDOT:PSS work
function to match the HOMO level of the next organic layer is technological important
to improve the device hole injection. One good example is the work done by Lee and
co-workers where they blend PFI with PEDOT:PSS (T. H. Han, Choi, et al., 2012; T. H.
Han, Lee, et al., 2012; T. W. Lee, Chung, Kwon, & Park, 2007; T. W. Lee et al., 2005).
The surface work function of the PEDOT:PSS can be tune from 5.55 eV to 5.95 eV by
controlling the amount of PFI. More interesting, the PFI concentration in the
PEDOT:PSS film tend to increase from ITO to the film surface thus creating a gradient
work function profile with maximum work function at the film surface (T. W. Lee et al.,

2007). This is due to the different surface energy between PFI and PEDOT:PSS.
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The work function and resistivity of PEDOT:PSS can be altered by using UV-
ozone treatment (Benor, Takizawa, Chen, Perez-Bolivar, & Anzenbacher, 2009;
Helander et al., 2009; Lin et al., 2007; Nagata, Oha, Chikyow, & Wakayama, 2011).
Details on the effects of UV-ozone on PEDOT:PSS film was carried out by (Nagata et
al., 2011). The UV light in a UV-ozone cleaner consists of two major wavelengths i.e.
184.9 nm and 253.7 nm. These energetic UV wavelength provide sufficient energy to
break chemical bonds in PEDOT:PSS film. This process not only causes film etching
but also increase the PEDOT:PSS film resistivity. Simultaneously, oxygen are absorbed
on to the PEDOT:PSS surface during the ozone treatment. Oxygen, having higher
electron affinity tend to withdraw electron form the PEDOT:PSS results in a negatively
charge surface which lead to the formation of surface dipole. This effect shifts the
PEDOT:PSS HOMO to higher binding energy which effectively increase the work
function. Using UV-ozone treatment, PEDOT:PSS work function enhancement from

5.16 eV to 5.68 eV has been reported (Nagata et al., 2011).

PEDOT:PSS has been successfully used as HIL in OLED for the past decade.
Unfortunately, the residual moisture in the aqueous dispersed PEDOT:PSS film can
caused severe reliability issues and degrades the device lifetime (Jorgensen et al., 2012;
So & Kondakov, 2010). Furthermore the acidic nature of PEDOT:PSS etches ITO,
causing In diffusion into the organic layers (de Jong, van IJzendoorn, & de Voigt, 2000;
Duan et al.,, 2010a). Transition metal oxides (TMO) such as Molybdenum oxide
(Mo00O3), Wolfram oxide (WO3) and Vanadium oxide (V,0s) has been identified as the
alternative of PEDOT:PSS. TMO, depending on the processing conditions has shown
to exhibit very high work function, up to 7 eV for V,Os thin film (Meyer, Zilberberg,
Riedl, & Kahn, 2011). In addition to this, it has low optical absorption in visible range
and excellent thermal stability (Meyer et al., 2012). These properties make TMO an

excellent alternative to PEDOT:PSS. Initially, TMO is vacuum deposited but recently
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solution processed TMO is slowly gaining momentum (Zilberberg, Meyer, & Ried],
2013). For instance, (Hofle et al., 2013) demonstrated blue OLED using solution
processed MoOs as HIL with post-heat treatment at 150°C only. Very recently for the
first time, room-temperature solution processed MoQO; thin films as HIL was
demonstrated on a green PHOLED (Fu, Chen, Shi, & Ma, 2013). The device
efficiency was comparable to the device using PEDOT:PSS. More important the device
lifetime is 2 order higher than the PEDOT:PSS device. These exciting works show that
TMO is a promising approach in realizing practical applications for long-lifetime

flexible OLED.

2.7.3 Holetransport layer (HTL)
HTL provides a pathway for hole to transport from anode into the EML and
prevents electron reaching the anode which can lead to excitons quenching. A good

HTL should meet the following requirements:

1. Good hole mobility and retards electron transport.

2. HTL material must have electron-donating moieties to form fairly stable
radical-cation.

3. The HOMO level of HTL should higher than the EML and preferably
isoenergetic with HIL.

4. High thermal stability to prevent crystallization during device operation
due to Joule heating.

5. A high LUMO to block the electron transport.

6. The triplet energy of HTL need to be sufficient high to reduces excition

quenching.

39



For phosphorescent OLED, the triplet energy of the HTL need to be higher than
the triplet energy of the dye. This is very important to prevent back triplet energy
transfer which can reduce the device efficiency. HTL can be doped to improved carrier
injection and charge transport (Blochwitz, Pfeiffer, Fritz, & Leo, 1998; Walzer,

Maennig, Pfeiffer, & Leo, 2007; Yamamori, Adachi, Koyama, & Taniguchi, 1998).

2.74 Emissivelayer (EML)

This layer emits light. Ideally all the excitons should be confined in this layer.
In guest-host system, it consists of dye doped in a small percentage into a host material.
The host provide spatial separations for the guest to prevent severe excitons quenching
due to TTA while the emission wavelength is guest dependent. A good host should

have the following properties:

1. Exhibits good electron and hole conduction.

2. Thermally and chemically stable.

3. Phase compatible with guest materials

4. Triplet energy of the guest need to be lower than the triplet energy of the
host to ensure exothermic energy transfer from host to guest (Sasabe &

Kido, 2011; Tokito et al., 2003).

For non guest-host system, the EML is fluorescent emissive materials.

2.7.5 Electron transport layer (ETL)
The functions of ETL follow the same principles with HTL. In addition of
providing a pathway for electron to transfer into the EML, it also assists excitons

confinement in ETL. It should meet the following criteria:
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1. Good electron mobility and exhibits very poor hole transporting
characteristic.

2. ETL material must have electron-withdrawing moieties to form fairly
stable radical-anion.

3. Ideally, the lowest unoccupied molecular orbital (LUMO) of the ETL
should isoenergetic with the work function of EIL/cathode to reduce the
barrier height for electron injection.

4. High thermal stability to prevent crystallization during device operation

due to Joule heating.

2.7.6 Electron injection layer (EIL) / cathode interfacial material

Low work function metals are highly desirable for the OLED cathode in order to
minimize electron injection barrier to the organic semiconductor LUMO.
Unfortunately, low work function metals are very easily oxidized. Initially, this
problem are circumvented by capping high work function metal such as Ca (Parker,
Cao, & Yang, 1999) or Ba (Braun & Heeger, 1991) with Al. Although it solves the
problem, these metals are highly reactive which make the fabrication process very
challenging. One solution to this problem is to insert a very thin layer (~1nm) of alkali
metal fluoride or alkali metal carbonate in the interface between Al and the organic
layer. This thin cathode interfacial layer is known as EIL (Chiba et al., 2012; Hatwar &
Spindler, 2008) Some of the well-known buffer layer are LiF (Hung, Tang, & Mason,
1997; Hung, Tang, Mason, Raychaudhuri, & Madathil, 2001; Mason et al., 2001), CsF
(Brown et al., 2003; Jabbour, Kippelen, Armstrong, & Peyghambarian, 1998; Lai, Chan,
Lee, & Lee, 2003) and Cs,COs (J. S. Huang, Xu, & Yang, 2007; Rao, Su, & Huang,
2013; C. I. Wu et al., 2006). When Al is deposited onto Cs,COj;_chemical reaction takes

places producing Al-O-Cs complex which can reduce the cathode work function to 2.1
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eV (J. S. Huang et al., 2007). For CsF, (Piromreun et al., 2000) proposed that the
deposition of Al dissociate CsF, forming AlF; and liberating Cs. Cs having a low
function of 1.9 eV is beneficial for electron injection. On the other hand, the
mechanism of LiF in lowering the OLED cathode work function is controversial
(Brown et al., 2003). The first proposed mechanism is similar to the case of CsF and
Cs,CO;3; where the deposition of Al dissociate LiF to liberate Li (Heil et al., 2001; Le et
al., 2000). These Li atoms dope the organic material /cathode interfacial region and
create low work function contact for electron injection. The other mechanism is LiF
does not dissociate, instead work function change is caused by surface dipole, shifting
the vacuum level between the organic layer and metal electrode, resulting in lower
cathodic barrier height (Brown et al., 2003; Schlaf et al., 1998). It was found that this
dipole originates from the chemisorption of water molecule on the LiF due to the
hygroscopic nature of LiF and the water molecules are not properly pumped out during
vacuum deposition of LiF (Schlaf et al., 1998). Heil et. al. showed that the dissociation
of LiF is only possible with the presence of water molecule (Heil et al., 2001). This is
further proved by (Greczynski, Fahlman, & Salaneck, 2000) where they showed that
when cathode deposition was carried out in Ultra High Vacuum (UHV) (107 - 107
mbar), no significant LiF dissociation nor dipole effect was observed. The third
proposed mechanism is that the presence of a ultra thin LiF layer will induce sufficient
band bending at the organic layer next to the LiF. When the LiF is thin enough to
allowed large voltage drop, it will induce sufficient band bending to initiate tunnelling

process from the Al to the organic layer (Hung et al., 1997; Parker & Kim, 1994).
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2.7.7 Cathode

The cathode for OLED should have the following properties:

1. Good stability

2. Highly reflective. In the case of inverted OLED, it should be highly
transparent.

3. Low work-function to reduce the barrier height for electron injection into
the LUMO level of the adjacent organic semiconductor

4. Low resistivity to minimize contact resistance.

5. Good wetting properties and adhesion with the adjacent organic

materials.

OLED cathode engineering usually aims to reducing the barrier height for
electron injection. Low barrier height for electron injection is crucial in reducing the
OLED operating voltage and improves the device efficiency. One of the widely use
method is by inserting a thin layer of alkali metal fluoride or alkali metal carbonate

between the organic layer and Al as already discussed in section 2.7.6.

Another widely adopted strategy is to increase the roughness of the organic
layer/Al interface which effectively increases the contact area and promotes electric
field localization. For example, Liu et. al. incorporated multiwall carbon nanotube
(CNT) on top of the OLED EML layer before the deposition of Al (D. Liu et al., 2009).
The presence of CNT caused upward shift of the EML LUMO by 0.3 eV thus lowering
the electron injection barrier. In addition to this, CNT promotes electric field
localization which helps electron injection. Peng’s group reported on a simple method
in improving the OLED efficiency by spin coating methanol or ethanol on top of the
EML before cathode deposition (Q. Wang et al., 2011). This simple concept increased

the quantum efficiency of the OLED by 58%. The efficiency improvement was
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attributed to the formation of dipole on the interface between EML and cathode induced

by the alcohol solvent.

Another very attractive concept reported recently by Jenekhe’s group is spin
coating a highly concentrated electron transport materials (ETM) dissolved in formic
acid and deionized water prior to the deposition of Al (Ahmed, Earmme, & Jenekhe,
2011; Earmme, Ahmed, & Jenekhe, 2010; Earmme & Jenekhe, 2012a). High densities
of vertical nanopillars were observed on the surface of the ETM thin films which can
maximize the AI/ETM contact area and promotes electrical field localization. This
effects help electron injection in the vertical direction. Using this method, efficiency
improvement up to 40% was reported for a green PHOLED (Earmme & Jenekhe,

2012a).

Wong’s group reported on a simple single layer poly (phenylene vinylene) (PPV) based
OLED blended with polymer oxide surfactant i.e. poly(ethylene glycol) (PEG) which
improves the device efficiency by two order (Deng et al., 2004). The PEG phase
segregated to the PPV film surface (F. C. Chen & Chien, 2009) and reaction took place
between Al and the lone pair electrons in the PEG, which results in the formation of
AI*". Electrons released during this process doped the surface of the PPV film forming
a thin interfacial n-type layer. This interfacial layer helps electron injection by lowering
the work function of Al. This reported work generated much interest and subsequently
(F. C. Chen, Chien, & Lee, 2008; L. Li, Liu, Yu, & Pei, 2011; Niu, Ma, Xu, & Jen,
2005) found out that the polymer oxide surfactant also roughened the organic film
surface. The rough surface is beneficial in improving the device performance. First,
rough surface promotes electric field localization. Second, the effective area of the
cathode increases with rougher surface. Both of these attributes assist electron

injection.
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CHAPTER 3: Experimental methods

3.1 Introduction

In this work OLEDs were fabricated using wet process and the devices were
evaluated using different characterization techniques. The following sections consist of
two major parts. The first part describes the OLEDs fabrication process whereas the
second part presents the characterization techniques carried out to extract useful

information related to the OLED performances.

3.2 OLED fabrication process

The OLED fabrication process begins with patterning of ITO using standard
lithography method. Bare ITO deposited on polished soda lime glass was used as
substrate. The ITO/glass substrates were purchased from Luminescene Technology
Corporation, Taiwan. The thickness of the ITO and glass was 120 nm and 1.Imm
respectively. The size of the substrates was 15 mm X 20 mm. The substrates were
cleaned sequentially using deionised water (DI), acetone, isopropyl alcohol, and DI
water again for 10 minutes. Photoresist (AZ5214E) was spin casted on to the substrate
at 4000 rpm (~1.4 pm) and then baked at 105°C for 105 seconds to remove the
residual solvent in the photoresist. Next using Oriel 87431 contact mask aligner, the
substrates were exposed by  mercury lamp with i-line (365nm) output through a
chrome photo mask. AZ developer diluted with DI water in 1:2 of volumetric ratio was
used to develop the substrates. Development in DI water diluted AZ developer for 1
minute creates the desired pattern on the photoresist. ~ Following that, the substrates

were baked in the oven at 110°C for 10 minutes to harden the photoresist. Using
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photoresist as a protective layer, the exposed ITO was etched using hydrochloric acid
(HCl) diluted in DI water in 1:1 volumetric ratio at 80°C. Finally the photoresist was
stripped using in 10% sodium hydroxide (NaOH) solution. The substrates were rinsed
thoroughly using DI water and cleaned in a sonicator bath using IPA, acetone and DI
water again for 20 minutes. Figure 3.1a shows the lithography mask and the ITO

pattern dimensions.

| 20mm |

4.0mm

4.25mm  5mm 2.5mm

Zmm

Figure 3.1: (a) Photolithography mask and the ITO pattern dimensions. (b)
Development of ITO in AZ developer diluted with DI water. (¢) ITO substrate after
HCl etch and (d) ITO after photoresist stripping.
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Figure 3.2: (a) OLED fabrication process. (b) Photograph of an actual device. The
device consists of six active areas, denoted by P1 —P6. (c¢) Simplified diagram
indicating the cross section of a single pixel. (d) An actual light up blue device.

The OLED fabrication process is summarized in Figure 3.2. To fabricate
OLEDs, patterned ITO substrates were treated using oxygen plasma at 35 W for 5
minutes. The oxygen plasma treatment is crucial. First it removes organic
contaminants through chemical reaction of highly reactive oxygen radicals. Second it
increases the ITO work function. More important, it promotes surface hydroxylation
which improves the surface wettability. Immediately after the oxygen plasma
treatment, aqueous dispersion of PEDOT:PSS was spin coated on to the substrates to

form a 40 nm film. The substrates were annealed at 150°C in N, environment to

remove water residual. Next OLED material dissolved in organic solvent was spin
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coated on top of the PEDOT:PSS, followed by annealing process to remove the residual
solvent. The OLED material, choice of organic solvent and annealing temperature are
depending on the device architecture and the organic material properties. After that, the
device cathode which consists of EIL/AL were sequentially evaporated at base pressure
of 2.5x10° mbar through a shadow mask. Lastly, the devices were encapsulated using
UV (Ossila) curable epoxy and glass lid. All the fabrication process except the
PEDOT:PSS film deposition was carried out in a glovebox with oxygen less than 100
ppm and moisture below 40 ppm. The OLED device consists of six active areas defined
by the overlapping of the cathode and anode. The active area of the device was

4.5mm>.

3.3 Current density-voltage-luminance (J-V-L) measurement

The most basic and important measurement for OLED is the J-V-L
measurement.  The J-V-L measurements were carried out using Konica Minolta CS-
200 chroma meter integrated with a Keithley 236 source-measuring-unit (SMU). The
measurement was carried out in a dark enclosure to avoid stray light. Voltage from the
SMU was applied across the OLED and simultaneously the current, luminance of the
device were captured by the chroma meter. OLED efficiency is commonly
characterized by current efficiency and power efficiency. These efficiencies can be
easily calculated from the J-V-L data. Current efficiency (cd/A) is the luminance (L)
generated by the device per unit current (I). Current efficiency from luminance in

forward direction can be calculated using:

Nce = L/[ (3.1

with L and I is the measured brightness and operating current respectively.
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On the other hand, power efficiency or luminous efficacy (Im/W) of the device

in forward direction can be described as (Reineke, Thomschke, Lussem, & Leo, 2013):
Nee = nes- "2/, (3.2)

where

fo= L2 [*7 16, ¢)sin6 dpde (3.3)

The fp factor takes into the consideration of the light intensity distribution in forward
hemisphere. Ijis measured light intensity in forward direction and V is the operating

voltage. The J-V-L measurement setup is shown in Figure 3.3.
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Figure 3.3: I-V-L measurement setup. DUT denotes device under test.
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3.3.1 Photovoltaic measurement of OLED

Photovoltaic measurement is an extension of the device I-V measurement as
discussed in section 3.3. The device is illuminated with AMI1.5 light source (Newport
67005) at 100 mW/cm® in a dark enclosure and the device I-V characteristics is
obtained using Keithley 236 SMU. It is a simple yet powerful technique in studying the

changes of the device built-in-potential, Vy;.

The basic concept of photovolatic measurement can be understood with the
following explaination. Consider a simple OLED active layer sandwhiched between
anode and cathode. Due to the difference between the work function of these two
electrodes, a built-in field exist inside the device at equilibrium. In dark condition,
when the forward bias, V¢ is less than the built-in potential i.e. V¢< Vy,;, hole/electron
injection at the anode/cathode takes place via thermionic emission process. The
resultant current is the competition between the reverse drift and forward diffussion
with the later being the dominant mechanism in the dark condition (Malliaras, Salem,

Brock, & Scott, 1998). The reverse drift component is attributed to the effect of the Vy;.

When the sample is irradiated with light, additional carriers are generated inside
the device by photoexcitation process. It is widely known that excitons in organic
materials are strongly bounded. Therefore the dissociation of the excitons formed by
photo excitation process into free carriers is highly not probable. The free charge
generation mechanism involved here is the dissociation of excited state through charge
transfer to the metallic electrode, leaving the other free charge inside the organic
materials (Malliaras et al., 1998). When the applied voltage is less than Vy;, these
carriers will drift under the influence of the built-in field (Ray, Patankar, Periasamy, &
Narasimhan, 2005). During photovoltaic measurement, the external applied voltage are
gradually increased and when the forward bias compensated Vi, i.e. Vi= Vy;, the

measured current drops to minimum as illustrated in Figure 3.4. The voltage at this
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point is known as the open-circuit voltage, Voc and it provides an indication on the

device Vy;.
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Figure 3.4: An example of the photovoltaic measurement results of a OLED.

A higher Voc indicates that the injection barrier either at the cathode or anode has
reduced. Experimentally obtained Voc is lowered than the actual Vy;. It is because the
Voc is temperature dependent. The relation of Voc and Vy; can be simplified as follows

(Kouki, Karsi, Lang, Horowitz, & Bouchriha, 2012):

VoeVy; — ’% In (i—“) (3.4)

where k is Boltzmann constant, T is the temperature, q is the elementary charge, g, and
g. are the density of the photogenerated holes at the anode and cathode respectively.
Therefore unless the measurement is carried at very low temperature, Voc obtained is
usually lower than Vy,; (Malliaras et al., 1998). Another possibe reason is the presence
of a substantial space-charge near the injecting electrodes at voltages well below Vi,
which can results in the difference between Voc and Vy; (Kemerink, Kramer, Gommans,
& Janssen, 2006). Finally, the Fermi-level pinning of the electrodes also can lead to the

deviation of the experimentally obtained Voc from Vy,;.
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3.4 Fourier transformsinfrared (FTIR) spectroscopy

FTIR is a fast and efficient technique in indentifying an unknown compound and
detect the presence of certain chemical groups in a sample. In FTIR, infrared (IR) beam
consists of frequencies in the range of 625 cm™ to 4000 cm™ is passed through a
interferometer. The interferometer consists of a beam splitter which splits the incoming
IR beam into two optical beams. One of the beams is reflected by a fixed mirror back to
the beam splitter. The other optical beam will be directed to a moving mirror. Due to
the motion of the mirror, the total path of the second beam is constantly varied. The
difference of the beams path length results in interference when these beams recombine
at the beam splitter again. The resulting beam is known as interferogram (S. Zhang, Li,
& Kumar, 2009). By using this method, all the IR wavelengths from a polychromatic
light source can be scanned. When the interferogram is irradiated on to the sample, it
can initiate a molecular bond to vibrate if its frequency matches the natural frequency of
the bonding atom (Williams & Fleming, 2008). This is because the vibrational energy
of a molecular bond is quantized. Therefore parts of the IR wavelengths are absorbed if
the selection rule is met. The interferogram that pass through the sample are analyzed
and decoded into frequency domain via Fourier Transform. Figure 3.5a shows the

schematic diagram of a FTIR setup.

If the sample is not transparent, FTIR can be performed on reflective mode. One
widely adopted method is the Attenuated Total Reflection (ATR) (Ulman, 2010). In
ATR mode, IR beams passed through a high reflective index crystal and reflected by the
surface of the crystal. The evanescent wave generated on the crystal surface project
orthogonally to towards the sample as shown in Figure 3.5b. Parts of the IR wavelength
are absorbed and the rest will be reflected by sample and captured by the detector. The
samples in this work were characterized using FTIR ATR mode i.e. Perkin Elmer

Spectrum 400 spectrometer with 1 nm resolution.
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Figure 3.5 (a) Schematic diagram of FTIR spectroscopy setup and (b) FTIR ATR
operation  principles. Adapted from (S. Zhang et al, 2009) and
(http://www.piketech.com/information.html).

3.5 Ultraviolet-visible (UV-Vis) absor ption spectroscopy

The operation principle of UV-Vis spectroscopy is based on the selective light
absorption in the range of 200 nm — 800 nm by a material. The absorbed energy will
cause electronic transition from lower energy orbital (ground state) to higher energy
orbital if the wavelength of the absorption is correspond to the energy difference

between these orbitals. The absorbance (A) of a compound is defined as:

A=log;y™ (3.5)
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where Iy and I is the intensity of the incident and transmitted light respectively.

On the other hand, absorbance is proportional to three variables i.e path length
(/), concentration of the absorption species (c¢) and molar extinction coefficient (¢) as

stated by Beer-Lambert laws (S. Zhang et al., 2009) :
A=¢l.c (3.6)

where the /, ¢ and ¢ is expressed in cm, molL" and Lmol'em™ respectively. The molar
extinction coefficient is substance dependent. A substance with high molar extinction
coefficient absorbs more light (of the appropriate wavelength) and thus can be easily
detected by UV-Vis spectroscopy. Iy and I is a function of wavelength (1) and therefore

the plot of A vs A gives the absorbance spectrum.

For organic compound, the possible electronic transitions are shown in Figure
3.6. Among these transitions only n—n* and n—n* can be realized by light absorption
in the UV-Vis region. This is because absorption in these transitions fall between 200
nm - 800 nm. Functional groups that strongly absorbed light in UV-Vis region are

known as chromophores.

o* (anti-bonding)

r* (anti-bonding)

Energy

n (non bonding)

1t (bonding)

o (bonding)

Figure 3.6: Possible electronic transitions of organic compound.
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The schematic diagram of the UV-Vis spectroscopy setup is shown in Figure 3.7. UV
and visible light sources are directed to a diffraction grating where the components of
the wavelength are separated. Each light with single wavelength are split into two
optical beams with equal intensities. One of the beams is the reference beam, will pass
through the reference sample. The second beam passes through the sample and finally
both beams intensities are measured and compared by the detectors. The spectroscopy
scans the wavelength in UV (200-400 nm) and visible (400-800 nm) region in a very
short period of time. Finally the computer output the sample absorbance plotted across
the UV- Vis wavelength. The UV-Vis characterizations in this research work were

carried using Perkin Elmer PE750 UV-Vis, with resolution of 1nm.

Light source UV
Grating l
I Mirror
Slit1
Slit2 .| em Light source Vis
Filter
Mirror Reference Detector 2

Reference beam
|
| C |\
Half mirror | —
-
: Computer
%rror Sample !
Mirror Samplebeam [I |
Detector 1

Figure 3.7: Schematic diagram of a UV-Vis spectroscopy setup. Adapted from
(http://www2.chemistry.msu.edu/faculty/reusch/virttxtjml/spectrpy/uv-vis/uvspec.htm)

55



3.6 Surfaceprofiler

Surface profiler is capable of measuring the step height of thin film and provides
analysis of the surface roughness and waviness in the form of 3D or 2D scan. Figure
3.8 shows the simplified schematic diagram of a surface profiler. During scanning, the
stylus is moved across the sample surface at a constant velocity while maintaining a
constant applied stylus force (Poon & Bhushan, 1995). As the stylus is moved, the
contact force between the stylus and the sample surface is sensed by a displacement
capacitance sensor. This information is feed back to the computer and the surface
profile can be modelled. Selecting the appropriate constant applied stylus force is very
important. If the force is too low, it will lose contact with the sample surface when it
encounters a high aspect ratio feature. On the other hand, a high stylus force may
damage the sample during the scanning process. Generally the recommended stylus
load is in between 1 mg — 2 mg. In this work, surface profiler P-6 (KLA Tencor) was
used to check the thickness of spin coated organic thin film. The sylus load was set at 1

mg with the tip radius of 2 um.

z displacement
T =
—_ x displacement Computer

ydisplacement/'_'v_l-\—\ _________ i I -

| N J/ \| Displacement

\ N capacitance sensor

Actualimage of the stylus
on sample surface

Figure 3.8: Simplified schematic diagram of a surface profiler. Adapted from
(www.ptb.de/cms/en/fachabteilungen/abt5/fb-51/ag515/tastschnittverfahren(.html)
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3.7 Atomic force microscopy (AFM)

In OLED research, AFM is primary used for surface imaging at nanoscale region.
The schematic diagram of an AFM setup is shown in Figure 3.9. Its operation principle
is based on the detection of laser beam on a cantilever as it moves across the sample
surface. The cantilever tip is usually made of silicon or silicon nitride tip with radius of
curvature in several tenth of nm. AFM imaging, as it name implies relies on the force
interaction between the cantilever tip and the sample surface. These forces will deflect
the cantilever as it rasters scan across the sample corrugation which results in changes
on the reflected laser beam intensities. The differences in the signal intensities are then

converted into surface topography.

A Feedback control

[

|

|

2% electronics |
\ Laser I

|

|

|

I

I

Photodiode

L -

Sample

Computer

Figure 3.9: Schematic diagram of a AFM setup.

Two commonly used imaging modes in AFM are contact mode and tapping mode. In
contact mode, cantilever tip with low spring constant is in permanent contact with the
sample surface and constantly deflected as the scanning progress (L. Yang, 2008). It is
based on the Lennard-Jones interaction potential between two atoms as shown in Figure
3.10a. When the tip is very close or in hard contact with the surface, due to atomic

force the cantilever will be repelled from the sample surface. However as the tip starts
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to move away from the sample the interaction force are attractive. = The surface
morphology can be determined from the cantilever deflection. The disadvantage of this

technique is the shear force applied by the tip on to the sample during scanning process.

N

(a) (b)
Sample
Tipis in intimate contact A
with sample surface N
B +—
Repulsion N 'bc.a ~
Q Tipis faraway from >
et sample. T
O No deflection N
L . . . i
/ Scanningdirection, x
0  ——— — — — — e e S — —————  — — — —

Tipis attracted to
sample surface
Attraction

v

Tip to sample separation (z)

Figure 3.10: (a) Variation of the atomic force as a function of tip separation. (b) Height
detection by AFM cantilever tip operated in contact mode. Adapted from
(www.nanoscience.com/education/afm.html)

In this research work, the AFM measurements were done on NT-MDT NTEGRA-Prima
and NX10 (Park Systems) operating at tapping mode. In this mode, the tip of the
cantilever is oscillating at high frequency (~50k-500 kHz) and intermittently taps the
sample surface. The amplitude of the tip oscillation changes when there are differences
on the surface topography (see Figure 3.11). For instance, when the tip encounters a
bump its oscillation amplitude decreases. Conversely, the amplitude increases when the
tip passes a cavity because it has more room to oscillate. These changes are feedback to
the computer and the surface morphology can be computed. These forces deflect the
cantilever and by measuring the cantilever deflection, the image of the samples surface

can be mapped out. By using tapping mode, lateral drag force on the sample surface is
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eliminated, making it a suitable method for specimen that has poor adhesion on the

substrate. In addition to that, tip-sample adhesion can be reduced.

NINANIWL /\ /| AV IV 1] Y oscillation
amplitude

Figure 3.11: Step profile detection through the changes of cantilever tip oscillation
amplitude.

Phase measurement is a powerful extension of AFM operating in tapping mode. It
measures the phase differences of the vibrating cantilever (see Figure 3.12) when the tip
comes across surfaces with different adhesion, friction, composition or elasticity. The
phase shift is proportional to the inelastic energy transferred from the cantilever tip to

the sample surface (N. F. Martinez & Garcia, 2006; L. Yang, 2008).

Scan direction
| area 1
1 |
1 1
1
1
1 1
. | |
Cantilever
oscillation
1 1

Phase shift

Figure 3.12: Phase imaging by AFM. Adapted from
(www.bruker.jp/axs/nano/imgs/pdf/ANO11.pdf)
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3.8 4-point probe

. In our research, Jandel Universal 4-point probe powered by Keithley 236 SMU was
used to measure the conductivity of a thin film. The 4-point probe setup is shown in
Figure 3.13. It consists of 4 tungsten carbide probes equally spaced at 1 mm. Current is
supplied through the outer two probes by a Keithley 236 SMU and simultaneously the
voltage across the inner two probes is measured. The other ends of the probes are
supported by spring to eliminate any damage on the sample during probing. If the
probe spacing (s) is much larger than the film thickness (t) i.e. t<<s, then the

conductivity of the thin film can be computed as follows (Schroder, 2006):

o= (é) (3.7)

.t

with é obtained from the SMU measurement.

SMU
T C=
e Computer
// S
/ \\
4 N

! b

-
VEVAVAY

Sample

R
5

4-pointprobe

Figure 3.13: Schematic diagram of a 4-point probe setup.
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3.9 Photoluminescene (PL) measurement

Electron in a chemical compound will vibrate and/or be excited to higher energy
state if it absorbed sufficient energy. For this transition to occur, the excitation energy
must be equal to the energy difference between the initial state and the next higher
energy state (Guilbault, 1973). This excitation energy usually express in wavelength.
Fluorescence emission occurs when electron absorbs energy in the UV-Vis range (200
nm-800 nm), excited to the higher energy state with life time of ~10” s and emit photon
when it relax to the initial state. The emission energy is always less than the excitation
energy because some of the energy is lost through phonon and heat. PL measurement

is the measurement of the fluorescence emission given known excitation energy.

In this research, photoluminescence measurement was carried out using Perkin
Elmer LS50B fluorescence spectrometer. The spectrophotometer uses Xenon as light
source. Equipped with two monochromators, it can provide excitation and emission in
the range of 200 nm to 800 nm and 200 nm to 900 nm respectively. The typical setup
for a fluorescene spectrometer is shown in Figure 3.14. Broad band light from Xenon
light source is passed through the excitation monochromator where only the selected
wavelength will pass through the monochromator. The slit controls the amount of light
incident onto the sample and into the detector. It also helps to reduce stray light and
control the specimen surface area sampled by the spectrometer. The output beam from
the excitation chromator is used to excite the sample. The emission is passed through
the emission monochromator and the signal is enchanced by a amplifier. By scanning

the emission monochromator the emission spectrum can be obtained.
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Figure 3.14: Typical setup of a photoluminescene spectrometer. Adapted from
(www.chemistry.adelaide.edu.au/external/soc-rel/content/mol-fluo.htm)

3.10 X-Ray Photoelectron Spectroscopy (XPS)

In XPS characterization, sample surface is irradiated with x-ray photons. The
highly energetic x-ray photons (hv) can knock out core electron of the atoms, for
example from the atom K’s shell. This core electron that is ejected from the sample
surface with kinetic energy Ex is known as photoelectron. By knowing the electron
kinetic energy, the binding energy Epg of the atom can be determined using the

following:

The parameter @ is depending on the material and spectrometer. It represents the
energy that is required by the electron to escape from the material surface. Generally,
the x-ray can penetrate deep into the material. However, photoelectrons that are free
from inelastic scattering can only be obtained not more than 10 nm from the sample

surface. XPS characterizations need to be carried out in Ultra High Vacuum with
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pressure ranging from 10® to 107" mbar. If the vacuum is not sufficiently high, the
ejected electron from the samples will be scattered by the residue gas molecules. Due to
this, the detected signal intensity is reduced and the background noise in the XPS
spectra will be increased (L. Yang, 2008). Also, UHV condition can reduce the
possibility of the sample surface being contaminated by gas molecules since XPS is a
very surface-sensitive characterization method. Figure 3.15 illustrate the simplified

schematic diagram of the XPS.

Electron energy
analyzer

X
) SOU,-
Ce

UHV
chamber

Pump

Figure 3.15: Simplified diagram of the XPS setup.

The XPS spectrum is a plot of the detected photoelectron intensity vs binding
energy. The binding energy of the atom is in turn a fingerprint of the emitting element.
Therefore XPS is a good method in element identification and chemical bond
investigation on the sample surface. Our XPS characterizations were carried out by our
collaborator from Synchrotron Light Research Institute (Thailand) (Nakajima et al.,

2013). The photon energy of the excitation was 771.6 eV.
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CHAPTER 4: Efficiency enhancement of a single layer solution processed blue

phosphor escent or ganic light emitting diode (PHOL ED) by using Triton X-100

4.1 Introduction

In recent years, significant efforts have been dedicated in developing high
efficiency red, green and blue (RGB) emission PHOLED to cater for full colour display
and lighting applications.  In particular, the development of PHOLED is currently
bottle necked at blue emission which is very crucial to realize high efficiency white
PHOLED for lighting applications. It is widely known that to achieve high efficiency
PHOLED, the triplet energy of the dye must be lower than the triplet of the host to
prevent excitons quenching. In the case of blue PHOLED, this prove to be very
challenging due to high triplet energy of the commonly used blue dopant, e.g. bis(4,6-
difluorophenylpyridinato-N,C2)picolinatoiridium (FIrpic). Reducing the conjugation
length of the host can help to increase the triplet energy but simultaneously it will widen
the bandgap of the host which in turn increases the device operating voltage (S. E. Jang,
Yook, & Lee, 2010; Padmaperuma, Sapochak, & Burrows, 2006). This may adversely

effects the device lifetime and stability.

Several groups have developed multi layer solution processed blue PHOLED
with power efficiency more than 15 Im/W. These multi layer device structures consist
of an electron transport layer (ETL) layer formed on top of the EML. The ETL is
deposited either by vacuum deposition method (Doh, Park, Jeon, Pode, & Kwon, 2012;
Fu, Chen, Shi, & Ma, 2012; Jou, Wang, et al., 2010; Jou et al., 2011) or wet process
(Ahmed et al., 2011; Earmme & Jenekhe, 2012b; Yook, Jang, et al., 2010) which
increases the process complexity and fabrication cost. The development of solution

processed single layer PHOLED is fairly slow. For lighting application, the power
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efficiency of the OLED is usually benchmarked at 1000 cd/m”>. Some of the best
solution processed single layer blue PHOLED devices reported to date are demonstrated
by So and co-workers (Mathai et al., 2006) which gave maximum power efficiency of
14 Im/W at about 35 cd/m” and dropped to 8 Im/W at 1000 cd/m® and by Pei’s group
(L. Li et al., 2011) which gave 9 Im/W at 1000 cd/m* . Chen’s group has reported a
single layer solution processed blue PHOLED with power efficiency up to 11 Im/W but
at 1000 cd/m” the efficiency dropped to 7.5 Im/W (S. W. Liu et al., 2011). Very
recently for the first time, (S. W. Liu et al., 2013) demonstrated a solution processed
single layer blue PHOLED by using only small molecule. The blue device exhibits 8
IVW and 4.3 Im/W at 600 cd/m” and 1000 cd/m” respectively. The efficiencies of
some of the best single layer solution processed blue PHOLEDs reported to date are

summarized in Figure 4.1.
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Figure 4.1: Some of the best single layer solution processed blue PHOLED reported to
date. The efficiencies are benchmarked at 1000 cd/m?>.

65



Poly(vinylcarbazole) (PVK) is often the preferred choice of host for solution
processed blue PHOLED due to its ability to form good quality film. Previously the
triplet energy of PVK is widely debated at either 2.5 eV (F. C. Chen et al., 2003; Noh,
Lee, Kim, & Yase, 2003) or close to 2.9 eV (Burkhart & Chakraborty, 1990) . However
recently (Jankus & Monkman, 2011) carried out detailed studies and clarified that the
low triplet energy of PVK is caused by the low energy traps states in the form of
physical dimers. These dimers are formed when the carbazole units are spatially close
which permits large n-n* overlapping (Jankus & Monkman, 2011). The lowest triplet
energy of these dimers are found to be 2.5 eV This low triplet energy can quench the
emission of phosphorescent blue heavy metal complex due to triplet back energy
transfer through Dexter mechanism. Dexter energy transfer occurs at short distance i.e.
~1.5 nm. To eliminate back energy transfer, (S. P. Huang et al., 2008) suggested
increasing the distance or reducing the contact between the guest-host. By doing so,
triplet energy transfer of guest-host via Dexter mechanism can be minimized. For
example, Chen’s group (Y. K. Huang et al.,, 2010) introduced branched alcohol to
provide shielding for triplet energy transfer from high triplet green phosphor to low
triplet polymer host. In this chapter, we attempt to improve the efficiency of PVK
based blue PHOLED by reducing back energy transfer from high triplet Flrpic (Er: 2.7
eV) guest to low triplet PVK (Er: 2.5 eV) host. Using Triton X-100 as shielding agent,
the power efficiency of the blue PHOLED increased from 4.9 Im/W to 8.5 Im/W at
brightness of 1000 cd/m?. The addition of Triton X-100 also roughened the film surface
at the EML /cathode interface causing electric field localization and surface area
enlargement which favours electron injection. This studies suggest that low cost
commercially available PVK is still feasible in the development of high efficiency

solution processed blue PHOLED .
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4.2 Experimental

The hole injection material, PEDOT:PSS (P VP AlI4083) was purchased from
H.C. Starck. PVK (average Mw = 1 100 000) and Cs,CO; were purchased from
Sigma-Aldrich. Electron transporting compound  1,3-bis[(4-tertbutylphenyl) -1,3,4
oxidiazolyl] phenylene (OXD-7) and blue phosphorescent dye, Flrpic were purchased
from Luminescene Technology, Taiwan. Triton X-100 was purchased from Acros
Organics. All materials were used as received without further purification. The device
structure consists of ITO (100 nm)/ PEDOT:PSS (40 nm)/PVK: OXD-7:FIrpic: Triton
X-100 (70 nm)/ Cs,CO3; (1 nm) / Al (100 nm). Figure 4.2 shows the energy level
diagram and the chemical structures of the material used in this work. The EML layer
i.e. PVK:OXD-7:FIrpic:Triton X-100 was blended in 100:40:10:X weight ratio where X
was varied from 0 to 10. ITO coated glass substrates were patterned using standard
lithography method. The substrates were ultrasonically cleaned using DI water,
acetone, isopropyl alcohol and DI water again for 10 mintues, followed by oxygen
plasma treatment for 5 minutes. Next 40nm of PEDOT:PSS was spin coated on the
substrates and immediately baked in N, environment for 10 minutes at 150°C. The
EML layer was dissolved in chlorobenzene and spin coated on top of the PEDOT:PSS
coated substrates to give a 70 nm thick film. Then the samples were baked at 80°C for
30 minutes. Following that, 1 nm of Cs,CO3 and 100 nm Al was vacuum deposited at
base pressure of 2.5X10° mbar without breaking the vacuum. All the devices were
encapsulated using UV curable epoxy and glass lid. The devices current-brightness-
voltage characteristics were measured using Konica Minolta CS-200 integrated with
Keithley 276 SMU. PL was measured using Perkin Elmer LS50B spectrometer.
Photocurrents of OLED were measured under illumination of a simulated AM1.5 light
source at 100 mW/cm? (Newport 67005 ). FTIR ATR measurements of the EML film

were carried out using Perkin Elmer ATR Spectrum 400 spectrometer. All solution
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processed films thickness was measured by P-6 profilometer (KLA Tencor ). AFM

images were taken using NT- MDT NTEGRA-Prima.
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Figure 4.2: Schematic diagram of (a) device architecture (b) energy level diagram and
(c) molecular structure of the materials used.

4.3 J-V —-L and efficiency characteristics

In our blue devices, PVK is selected as host due to its good film formation
property and moderate hole transporting capability. To balance the charge transport,
oxadiazole compound OXD-7 was blended into PVK as the electron transport
compound (X. H. Yang, Jaiser, et al., 2006). J-V-L curves of the PHOLED with
different concentrations of Triton X-100 are shown in Figure 4.3. It is observed that
the current injection increases with Triton X-100 concentration. Also the turn on voltage

(defined at 1 cd/m?) reduced with the addition of Triton X-100. For instance, the turn
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on voltage for device with 3.2 wt% Triton X-100 is reduced from 4.6 V to 3.5 V,

suggesting the barrier height for carrier injection has reduced.
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Figure 4.3: J-V-L characteristics of the blue devices with different concentrations of
Triton X-100.

Figure 4.4a and Figure 4.4b show the current efficiencies and power efficiencies of the
PHOLED devices at different brightness. Compared to the control device, the addition
of 3.2 wt% Triton X-100 enhanced the power efficiency from 3.9 Im/W (8.4 cd/A) and
4.9 Im/W (13.4 cd/A) to 7 Im/W (12.7 cd/A) and 8.5 Im/W (20.1 cd/A) at 100 cd/m* and
1000 cd/m” respectively. This efficiency is comparable to the best power efficiency
reported to date at brightness 1000 cd/m” for a single layer solution processed blue
PHOLED (L. Li et al., 2011). The blue devices performances are summarized in Table

4.1.
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Figure 4.4 : (a) Current efficiency and (b) power efficiency vs brightness of blue
PHOLEDs doped with different concentrations Triton X-100.

70



Table 4.1: Blue PHOLEDs performances at different concentrations of Triton X-100
doping

Triton X-100

. o 'PE 'CE ’PE ’CE
concentration  y q;2y VON  qmn cd/A) YON  (m/W)  (cd/A)
(Wt%)
0 46 67 39 84 85 49 134
0.8 45 64 44 92 82 57 14.7
32 35 56 70 127 73 85 20.1
10 42 59 57 69 73 16 16.5

'At brightness of 100 cd/m*
At brightness of 1000 cd/m?

4.4 Shielding of triplet energy transfer by Triton X-100

The PL spectra of the blue devices with different concentrations of Triton X-100
are shown in Figure 4.5. The emission is centred at 479 nm with vibrational peak at 500
nm which are the typical characteristics of Flrpic emission. The peak around 380 nm is
attributed to the host emission. Closer inspections on the PL curves reveal that the host
emission increased with the concentration of Triton X-100 doping. In this case, the
excess of Triton X-100 will provide separation between guest-host which in turn
reduced the Forster energy transfer from host to guest (Y. K. Huang et al., 2010). This
observation could provide an explanation on the reduction of device efficiency when the
concentration of Triton X-100 is increased to 10 wt%. On the other hand, the close
contact of the polymer host and blue phosphrescent guest will induce exciton quenching
through Dexter mechanism. The excitons are back transferred from the high triplet
Flrpic (Er: 2.7 eV) to the low triplet PVK (Et: 2.5 eV) which results in exciton
quenching. The presence of Triton X-100 blocks the direct contact between guest-host

in such a way that the exothermic energy transfer from guest to host can be supressed.
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Figure 4.5: Normalized PL spectra of PVK:OXD-7:FlIrpic thin film doped with
different concentration of Triton X-100. Inset is the expanded view of PL in region of
320 nm to 400 nm.

Literature ascribed that the guest-host separation is assisted by the formation of
hydrogen bond between the O-H group of the shielding agent and the electron donating
group of the guest and polymer host (Y. K. Huang et al., 2010). The formation of
hydrogen bond can cause absorbance wave number shift in the electron donating
functional group (Maeda, Kubota, & Yamauchi, 2007; Pimentel & McClellan, 1960).
For instance when acetone is added into alcohol, the C=O strecthing mode can be red
shifted by 31 cm™ (Pimentel & McClellan, 1960). Another example is that a 20 cm™
red-shift can be observed in C-O group when water is added into poly(2-methoxyethyl
vinyl ether) (Maeda, Yamauchi, Fujisawa, Sugihara, & lkeda, 2007). These shifts is
caused by the bond lengthing or contraction when the hydrogen bond is formed (Joseph
& Jemmis, 2006). Therefore FTIR measurement on the control device (PVK:OXD-
7:FIrpic, 100:40:10 wt/wt/wt ) and the optimized blue device (PVK:0OXD-
7:FIrpic: Triton X-100 (100:40:10:3.2 wt/wt/wt/wt) were carried out. It is observed that

there are no obvious shift in the absorption wavenumber of the electron donating groups
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(i.e. C-O, C=0, C-N, C=N, C-F) (See Figure 4.6). This could be due to the bulky alkyl
group of Triton X-100 in maintaining hydrogen bonding in thin film or the shift is too
small to be observed in FTIR, consistent with the observation from (Y. K. Huang et al.,

2010)

—— PVK —— OXD-7 Flrpic Triton X-100
—— PVK:OXD-7:Flrpic:Triton X-100 (100:40:10:3.2)
—— PVK:OXD-7:Flrpic (100:40:10)
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Figure 4.6: FTIR absorbance spectra on (a) PVK, OXD-7, Flrpic, Triton X-100, and (b)

PVK:OXD-7:FIrpic (100:40:10 wt/wt/wt) and PVK:OXD-7:FIrpic:Triton X-100
(100:40:10:3.2 wt/wt/wt/wt).

The FTIR wave number assignments for the functional groups that are possible sites for
hydrogen bond formation with O-H group in Triton X-100 are summarized in Table 4.2.
Briefly, for PVK wave number 1450 cm™ and 1225 cm™ are assigned to C-N aromatic
and C-N aliphatic respectively (Kumru, Springer, Sarac, & Bismarck, 2001; Lampman,

Pavia, Kriz, & Vyvyan, 2010). The absorption band due to C=N and C-O-C for OXD-7
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are 1493 cm™ and 1075 cm™ respectively (Liou, Huang, & Yang, 2006). Flrpic wave
number 1570 cm™ and 1403 cm™ are attributed to O=C-O and C-F group respectively
(S. M. Park et al.,, 2012; Popova, Chesalov, & Andrushkevich, 2004; Williams &

Fleming, 2008).

Table 4.2: FTIR data for the functional groups that give the possibly of forming
hydrogen bond with O-H group in Triton X-100.

Material Assignment Wavenumber (cm™)

PVK C-N (ar‘omat?c) 1450

C-N (aliphatic) 1225

OXD-7 C=N 1493

C-0-C 1075

. C=0-0 1570
Flrpic

C-F 1403

Besides the —OH group, the ethylene oxide in Triton X-100 may also react with the
metal ligand of the Flrpic complex (Funahashi, 2014). However, significant changes on
the Flrpic PL spectrum was not observed (see Figure 4.5). It could be due to the
amount of Triton X-100 is too low to initiate any substantial changes of the Flrpic PL

spectrum.

45 Effects of surface morphology in device efficiency enhancement

The surface morphology of the EML film was examined using AFM. Figure 4.7a,
4.7d, 4.7g and 4.7) show the AFM images of the surface roughness for control sample
and sample with 0.8 wt%, 3.2 wt% and 10 wt% of "Triton X-100. The surface
morphology of the doped film is significantly different from the control film and as the
concentrations of the Triton X-100 increases, the surface become rougher. For example
the control sample film roughness is 0.443 nm rms and increased to 3.23 nm rms when
the film is doped with 10 wt% Triton X-100. These observations suggest that Triton

X-100 has phase separated in the film. With 0.8 wt% Triton X-100, nano-pores are
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formed on the EML film surface and the concentrations of these pores increases slightly

when the Triton X-100 concentration increase to 3.2 wt%

Figure 4.7

as shown in Figure 4.7e and
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Figure 4.7: AFM topographical height images and cross-sectional line profile of the
solution processed EML film doped with: (a)-(c) 0 wt% (d)-(f) 0.8 wt%, (g)-(1) 3.2 wt%
and (j)- () 10 wt% of Triton X-100. The surface roughness of the EML films for 0
wt%, 0.8 wt%, 3.2 wt% and 10 wt% is 0.443 nm rms, 0.64 nm rms, 0.703 nm rms and
3.23 nm rms respectively. The white line in (b), (e), (h), (k) indicate the location where
the cross sectional line profile is taken. Inset in (c), (f), (i) is the expanded view of the
corresponding graphs.
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The EML film cross-sectional profile (see Figure 4.7¢c, 4.71, 4.71 and 4.71) could provide
some explanations on this observation. At higher concentration i.e. 10 wt% Triton X-
100 nano-pores no longer exist, instead the line cross sectional profile of the film

fluctuates dramatically as shown in Figure 4.71.

For a better quantitative description on the films morphology, 2D PSD of the
film surface is computed. PSD is often used in to study adhesion phenomenon,
tribology and morphology of film surface (J. F. G. Martinez, Nieto-Carvajal, Abad, &
Colchero, 2012). In contrast to the commonly used rms, PSD function able to describe
the surface lateral distance over which the surface morphology start to change and the
surface height distribution from a mean plane (Senthilkumar, Sahoo, Thakur, & Tokas,
2005). The 2D PSD of the EML film surface is computed using the following equation

(Gavrila, Dinescu, & Mardare, 2007).
2
1 (o - .
PSD (fx' fy) = 1? [F yl=0 Z%=0 Z(Xpm, }’n)e(zm (o ft fy))] 4.1)

L : 12 N
where x,, = mo—., Yp=n- and spatial frequency f, f, = TR The

topography height at discrete point x,,,y, is denoted by z(x,,, y,). L is the scan
length which is equal to x and y direction. The 2D PSD plot characteristics are shown

in Figure 4.8.
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Figure 4.8: 2D PSD curves of the EL film doped with Triton X-100. Arrows indicate
the slope of the PSD curves.

The PSD curves in Figure 4.8 can be explained as follow:

a.

Device with 10 wt% Triton X-100 significantly shifted to the low frequency
region compared to the rest. Low frequency component correspond to
aggregate or large structure present on the film. The presence of these large
structures increases the surface roughness. This observation is consistent
with the AFM image (see Figure 4.7]) and the line cross sectional profile
(see Figure 4.71) of the EML with 10 wt% Triton X-100.

The slope for 10 wt% (region I), 3.2 wt%, 0.8 wt% and 0 wt% (region III)
reduced from 2.135 nm™ to 0.454 nm™. A lower slope indicates self-
consistent roughness scaling (Lita & Sanchez, 1999) or the surface

roughness is consistent over the plane. Also at these regions, the PSD for 10
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wt% sample is the highest followed by the 3.2 wt%, 0.8 wt% and the control
sample. Accordingly, the surface roughness decreases from 3.23 nm (10
wt% Triton X-100) to 0.44 nm (control sample). At spatial frequency above
0.1 nm” (Region IV), the PSD for 3.2 wt%, 0.8 wt% and 0 wt% sample
starts to converge and drop drastically. The PSD for 10 wt% starts to drop in
a similar manner at about 1.25x10™* nm™ (Region II). This trend is
commonly observed in PSD curve. It is because at higher spatial frequency,
the domain of interest become smaller and hence surface profile variation

lower leading to the decrease of PSD.

High EL film surface roughness on the cathode side is beneficial to the OLED
performance (Hussain et al., 2009; D. Liu et al., 2009; Niu et al., 2005). The suggested
reasons for this are as follows: First, with higher surface roughness the total surface area
of the EML film/cathode interface increased. Second, rough surface promotes
localization of electric field. Both of these attributes may ease the electron injection at

the cathode.

Another possible reason for the efficiency improvement upon adding Triton X-
100 could be due to the interaction of lone pair electron in Triton X-100 with Al which
facilitates the formation of AI’". This process leads to eccessive negative charge which
n-doped the EML/cathode interface thus results in lowering the barrier height for
electron injection (F. C. Chen et al., 2008; Deng et al., 2004; Lu Li et al., 2013). To
further investigate the effects of EML surface modification by Triton X-100,
photocurrent measurement was carried out on the devices under the illumination of
AML.5 light source at 100 mW/cm®. The photocurrent responses of the PHOLED at
different Triton X-100 concentrations are presented in Figure 4.9. Clearly, the open
circuit voltage (Voc) increased with Triton X-100 doping. Without Triton X-100, the

Voc was 0.23 V and increased to 0.7 V at 10 wt% Triton X-100 doping. The
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enhancement of Voc shows that the electron injection at the cathode side has improved

(Zhao et al., 2012).
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Figure 4.9: Photovoltaic characteristics
concentrations of Triton X-100 in the EMLs.

of the blue devices with different

Electron dominated (ITO/LiF/PVK:OXD-7:FlIrpic:Triton X-100/Cs,COs3/Al)
and hole (ITO/PEDOT:PSS/ PVK:OXD-7:FIrpic:Triton X-100/Au) dominated devices
were fabricated. Au has high work function which can block off electron injection at
the cathode. Similarly, ITO/LiF has low work function which retard hole injection at
the anode. From Figure 4.10, it is shown that the addition of Triton X-100 improves the
electron injection. In contrast, the hole injection for both devices are comparable.

These results again indicate that the addition of Triton X-100 improves the electron

injection at the cathode.
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Figure 4.10: Current density-voltage characteristics of electron dominated and hole
dominated devices of the blue PHOLEDs with 0 wt% and 3.2 wt% of Triton X-100.

4.6 Summary

In summary, investigations of triplet energy shielding and surface modifications
by Triton X-100 on blue PHOLED were carried out. By using this simple and cost
effective method, the efficiency of a single layer solution processed blue PHOLED can
be improved from 4.9 Im/W to 8.5 Im/W at brightness of 1000 cd/m”. The insertion of
Triton X-100 increased the distance between guest-host thus reducing exothermic
energy transfer from high triplet Flrpic to low triplet PVK. From the AFM images,
EMLs cross-sectional line profiles and PSD spectrums, it is shown that the addition of
Triton X-100 results in the formation of nano-pores on the EML surface. With higher

Triton X-100, large aggregates start to form on the EML surface which effectively
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enhanced the film roughness. The device efficiency enhancements are attributed to the
collective effects of reduced back energy transfer from guest-host and also EML film
surface roughness enhancement induced by Triton X-100. This simple and cost
effective method will pave way towards large scale manufacturing of OLED for display

and lighting applications.
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CHAPTER b5: Efficiency enhancement of a single layer solution processed

phosphor escent or ganic light emitting diodes via hole injection layer modification

51 Introduction

The performance of solution processed PHOLED can be improved by anode
engineering which typically consists of ITO and HIL. PEDOT:PSS is commonly used
as HIL since PEDOT:PSS solution can easily form high quality visible transparent thin
film which can smoothen the surface of ITO (Xia & Ouyang, 2010; Y. F. Zhou et al.,
2007). It also serves as a buffer layer to reduce hole barrier injection from ITO to
OLED active layer. Recently there have been significant efforts dedicated to tuning the
work function of PEDOT:PSS. By doing so, the hole injection and charge balance of
the PHOLED can be controlled. For example, UV and/or ozone treatment was found to
be able to change the resistivity and work function of PEDOT:PSS (Benor et al., 2009;
Benor, Takizawa, Perez-Bolivar, & Anzenbacher, 2010; Helander et al., 2009; Lin et al.,
2007; Moujoud, Oh, Shin, & Kim, 2010; Nagata et al., 2011). The resistivity change
was attributed to the decomposition of chemical bond upon UV irradiation while the
work function increment was due to surface dipoles induced by ozone exposure (Nagata
et al., 2011). Zou et. al. reported mild oxygen plasma treatment on PEDOT:PSS which
can reduce the OLED driving voltage and increase the device lifetime. These
improvement was attributed to the formation of nanoislands on the PEDOT:PSS surface
which can improve the contact with the HTL (Y. F. Zhou et al., 2006). Recently (T. H.
Han, Choi, et al., 2012; T. H. Han, Lee, et al., 2012; T. W. Lee et al., 2005; J. K. Park,
Hwang, Chin, Kang, & Lee, 2012) has demonstrated that the OLED efficiency can be
enhanced by incorporation of PFI into PEDOT:PSS It was found that the PFI

concentration increased gradually from the ITO to the surface of the PEDOT:PSS. Asa
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results the work function of the PEDOT:PSS increases in a gradient manner. Using this
technique, the PEDOT:PSS surface work function can be tuned from 5.55 eV to 5.95 eV
by simply changing the concentration of PFI (T. W. Lee et al., 2007). However to the
best of our knowledge, there are no reports on the investigation of PFI doped

PEDOT:PSS in solution processed blue PHOLED which is highly needed for lighting

applications.
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Figure 5.1: Some of the best single layer solution processed blue PHOLED reported to
date. The efficiencies are benchmarked at 1000 cd/m?.

In this chapter, we studied the effects of PFI modified PEDOT:PSS on a single
layer solution processed blue PHOLED. Using this techniques, our optimized blue

device efficiencies improved from 7.3 Im/W (15.4 cd/A) and 5.9 Im/W (16.5 cd/A) to
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9.4 Im/W (18.2 cd/A) and 7.9 Im/W (20.4 cd/A) at 100 cd/m* and 1000 cd/m’
respectively. Some of the best solution processed single layer blue PHOLED devices
reported to date are already discussed in section 4.1. Comparisons between our blue
device efficiency and other reported works on single layer solution processed blue

PHOLED are summarized in Figure 5.1.

5.2 Experimental

All materials were purchased and used as received without further purification.
PVK (Mw =1 100 000) and PFI (Nafion® perfluorinated resin solution) in a mixture of
water and alcohol (4.5:5.5 v/v) were purchased from Sigma Aldrich. OXD-7 and Flrpic
were purchased from Luminescence Technology Corp. PEDOT:PSS (AI4083) was
purchased from H.C. Starck. The HIL consists of PFI blended into PEDOT:PSS at

different concentrations as shown in Table 5.1.

Table5.1: PEDOT:PSS work function with different concentrations of PFI. Taken
from (T. W. Lee et al., 2007).

Device PEDOT:PSS:PFI (wt/wt/wt) Work function (eV)
I 1/6/0 5.20
II 1/6/6.3 5.72
I 1/6/12.7 5.79
1\ 1/6/25.4 5.95

The device structure consists of ITO/PEDOT:PSS:PFI (40 nm)/PVK (60 wt %)
:0XD-7 (30 wt %):FIrpic (10 wt %) (75 nm)/CsF (~1 nm)/Al (100 nm). ITO substrates
were patterned using standard lithography method. The substrates were ultrasonically
cleaned using DI water, acetone, isopropyl alcohol and DI water again for 10 mintues,
followed by oxygen plasma treatment for 5 minutes. PEDOT:PSS:PFI blend was spin

coated on top of the ITO substrate to form a 40 nm thin film and then immediately
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baked at 150°C for 10 minutes in N, environment. Following that, EML which consists
of PVK (60 wt %) :0XD-7 (30wt%):FIrpic (10 wt %) was dissolved in mixed solvent of
toluene: chlorobenzene (3:2 v/v). The solution was spin coated on to the substrate to
give a 75 nm film. Then the substrates were annealed at 100°C for 10 minutes. Finally
~1 nm of CsF and 100 nm of Al was vacuum deposited at base pressure of 2.5x107°
mbar. Devices were encapsulated in N, environment using glass lid and UV curable
epoxy. Current density (J) —voltage (V) - luminance (L) characteristics were measured
using Konica Minolta CS-200. All solution processed films thickness was measured by
P-6 profilometer (KLA-Tencor). AFM images were taken using NT- MDT NTEGRA-
Prima. The PFI doped PEDOT:PSS conductivity was measured using Jandel Universal
4-point probe. The transmittance spectra were measured using Perkin Elmer PE750.
The device structure, energy level diagram and the chemical structures of the material

used in this work are shown in Figure 5.2.
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Figure 5.2: Schematic diagram of (a) device architecture (b) energy level diagram and
(c) molecular structure of the materials used.
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5.3 J-V-L and efficiency characteristics

Figure 5.3 shows the J-L-V characteristics of the devices with different
concentrations of PFI blended into PEDOT:PSS. From the L-V characteristics, all the
devices with PFI doped PEDOT:PSS show lower turn on voltage ( defined at 1 cd/m?).
For examples, compared to the control device, the optimized device (Device III) shows
reduction of turn on voltage from 4.4 V to 3.7 V. In addition to this, devices with PFI

doped PEDOT:PSS show higher current injection.
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Figure 5.3: J-L-V characteristics of the blue devices with different amount of PFI
doped into PEDOT:PSS.

Literature ascribes that the work function of PEDOT:PSS increased with PFI
concentrations in a gradient manner from bottom to the top of the film surface. The
work function enhancement is due to the high ionization potential of fluorinated
sulfonic acid in PFI which creates high dipole moment on the PFI doped PEDOT:PSS

film surface (T. W. Lee et al., 2007). It is reported that the surface work function of the
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PFI doped PEDOT:PSS thin film with concentrations similar to Device II, III and IV
gave 5.72 eV, 5.79 eV and 5.92 eV respectively (T. W. Lee et al., 2007). Therefore, the
improvement of current injection and turn-on voltage of the blue devices can be

attributed to the reduction of the anodic barrier height.
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Figure 5.4: (a) Current efficiency and (b) power efficiency of the blue devices.
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Figure 5.4 shows the efficiencies of the blue devices. Compared to the control device,
our optimized blue device efficiency (Device III) improves from 7.3 Im/W (15.4 cd/A)
and 5.9 Im/W (16.5 c¢d/A) to 9.4 Im/W (18.2 ¢d/A) and 17.9 Im/W (20.4 c¢d/A) at 100
cd/m” and 1000 cd/m? respectively. More important, PFI doped PEDOT:PSS improves
the device efficiency markedly especially at low brightness, i.e. ~ 100 cd/m®. This is
due to the insulating and inert characteristics of PFI which can suppress excitons
quenching at the HIL/EML interface as proposed by (T. H. Han, Choi, et al., 2012).
The efficiencies improved when the amount of PFI increases. However HIL with
higher concentration of PFI (i.e. Device IV) yield somewhat reduced efficiency. . The

blue devices efficiencies are summarized in Table 5.2.

Table 5.2: Blue PHOLEDs performances with different amount of PFI blended into
PEDOT:PSS.

. Von 1 'PE 'CE ) ’PE ’CE
Device  oam?)  YON  amw)  (cd/A) VN (Im/W)  (cd/A)

T 44 66 713 154 88 59 16.5

I 38 63 81 163 84 6l 16.2

I 37 61 9.4 182 82 79 20.4

v 38 64 87 177 87 6.l 16.7

'At brightness of 100 cd/m*
At brightness of 1000 cd/m?

Hole current dominated devices (ITO/PEDOT:PSS:PFI/PVK:OXD-7:FIrpic/Au)
were fabricated and the results are shown in Figure 5.5. Au has relatively high work
function compared to the LUMO level of the EML. Therefore, Au cathode is expected
to retard electron injection. With the exception of the HIL layer, all the blue devices
have the same device architecture and processing conditions. Therefore any changes on
the current injection will be solely attributed to the addition of PFI into the

PEDOT:PSS. The J-V characteristics of the hole dominated devices exhibits the similar
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trend with the device J-V characteristics in Figure 5.3. Control device (Device I) has
the lowest current injection. The hole current increases with the concentrations of PFI.
However, when PEDOT:PSS:PFI ratio reaches 1/6/25.4 (Device IV), the current
injection reduces. The improvement in current injection and efficiency of the blue
devices can be attributed to the reduction of barrier height for hole injection. On the
other hand, the decrease of current density and efficiency at higher concentrations of

PFI i.e. Device IV required further analysis which will be discussed in the following

section.
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Figure 5.5: J-V characteristics of hole dominated devices of the blue PHOLEDs with
different concentrations of PFI doping in the PEDOT:PSS.
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5.4 Conductivity characterizations.

Figure 5.6 presents the conductivity of the PFI modified PEDOT:PSS film. The
pristine PEDOT:PSS film has conductivity of 1.41X10™* S/cm which is comparable to
the reported PEDOT:PSS (AI4083) conductivity in (Y. K. Han et al., 2011; Y. F. Xu et

al., 2009).
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Figure 5.6: Conductivity of pristine PEDOT:PSS and PEDOT:PSS blended with
different amount of PFI. The thin film conductivity was measured using 4-point probe.

The conductivity starts to decrease exponentially as the concentrations of PFI
increases. At high concentration of PFI i.e. PEDOT:PSS:PFI 1/6/25.4 wt/wt/wt, the thin
film conductivity drops to 1.85 X 10™ S/cm which correspond to one order magnitude
lower than the conductivity of the pristine PEDOT:PSS. This is not surprising as PFI is

an ionic polymer with poor conductivity (J. K. Park et al., 2012). While PFI helps to
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increase the PEDOT:PSS work function, it also enhances the film resistivity. Therefore
at higher concentrations of PFI (Device IV), the current injection and device efficiency
decreases as evident from the J-V and efficiency characteristics in Figure 5.3 and Figure

5.4.

5.5 Optical characterizations
The PFI modified PEDOT:PSS transmittance in visible range was measured and

the results are presented in Figure 5.7.
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Figure 5.7: Transmittance spectra of pristine PEDOT:PSS film, PFI film and PFI doped
PEDOT:PSS film.

The transmittance measurement was carried out on a 40 nm PEDOT:PSS:PFI film spin
coated on quartz substrate. The pristine PEDOT:PSS shows 90%-94% transmittance
across the whole visible range. When PFI is blended into the PEDOT:PSS, the

transmittance further improved to 95%-98% due to the high transparency of the pristine
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PFI film. The high transmittance of PFI doped PEDOT:PSS is beneficial to the device

as it can reduced light loss due to the absorption of PEDOT:PSS.

The EML for all the devices are identical. It consists of PVK (60 wt%) : OXD-7
(30 wt%) : Flrpic (10 wt%). The EML absorption and PL spectra are shown in Figure
5.8. The absorption peak is at 232 nm which is consistent with the observation by
(Xiong & Deng, 2011). On the other hand, the emission is centred at 479 nm with

vibrational peak at 500 nm which are the typical characteristics of Flrpic emission.
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Figure 5.8: PL and absorption (Abs) spectra of the devices EML which consists of
PVK (60 wt%):0XD-7 (30 wt%):FIrpic (10 wt%).

5.6 Surface morphology characterizations
The PFI modified PEDOT:PSS thin films were examined using AFM operating
under tapping mode. The phase images are shown in Figure 5.9. Similar to the reported

works by (Y. S. Hsiao, Whang, Chen, & Chen, 2008; J. Sun, Gerberich, & Francis,
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2007), the bright region and dark region of the pristine PEDOT:PSS film correspond to

PEDOT grain and PSS grain respectively as shown in Figure 5.9a
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Figure 5.9: AFM phase images of the PEDOT: PSS:PFI (wt/wt/wt) film.
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The AFM phase images of the PFI doped PEDOT:PSS indicate two possibilities. The
first one is that the domains of PEDOT and PSS have become larger. The second
possibility is that the PFI has phase segregated to the film surface. Recent XPS studies
by Lee et. al. have shown that PFI phase segregated to the PEDOT:PSS:PFI film surface
in a gradient manner with the highest concentration at the film surface (T. W. Lee et al.,
2007). This leads to the work function enhancement when PFI is added into

PEDOT:PSS.

5.7 Summary

In summary, for the first time we have demonstrated solution processed single
layer blue PHOLED by using a mixture of PEDOT:PSS and PFI as HIL. Compared to
the control device, our optimized blue device show efficiency enhancement from 7.3
Im/W (15.4 c¢d/A) and 5.9 Im/W (16.5 cd/A) to 9.4 Im/W (18.2 cd/A) and 7.9 Im/W
(20.4 cd/A) at 100 cd/m* and 1000 cd/m’ respectively. The device performance
enhancements are due to reduction of barrier height for hole injection and high
transparency of the PFI doped PEDOT:PSS film. In addition, the insulating and inert
characteristics of PFI results in lower excitons quenching at the HIL/EML interface.
With these observations and results, it is highly anticipated that the high concentration
of PFI is beneficial to the OLED performance. In contrast, our results show that the
conductivity of PFI doped PEDOT:PSS film reduces exponentially when the amount of
PFI in PEDOT:PSS increases. Therefore, high amount of PFI in PEDOT:PSS can
degrade the device performance, caused by the high resistivity of the PFI. Our work
suggests that PFI is a cheap and effective method in enhancing the efficiency of a
simple solution process single layer blue PHOLED which is highly needed especially

for lighting applications.
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CHAPTER 6: High efficiency solution processed single layer fluorescent yellow
OLED through fluorinated alcohol treatment at the emissive layer/cathode

interface

6.1 Introduction

Considerable efforts have been dedicated in developing high efficiency yellow
OLED using solution processed method. Yellow emission OLED find its applications
in lithography lab, traffic light, RGBY-TV and combined with blue emission, it can
produce white emission for lighting applications (Jou et al., 2012). Some examples of
high efficiency solution processed yellow PHOLED are reported by Jou’s group which
yielded 25 Im/W at 1000 cd/m* (J. H. Jou et al., 2013) and Zhang et. al. has achieved
19.7 Im/W at 1000 cd/m” (B. H. Zhang et al., 2012). Wu et. al. produced a yellow
device with efficiency up to 11.9 Im/W at 1000 cd/m® (H. B. Wu et al., 2009).
Recently, Jou’s group reported the highest efficiency solution processed yellow
PHOLED to date which gave a record-breaking of 52.3 Im/W at 1000 cd/m* (J.-H. Jou
et al., 2013). On the other hand, the progress on fluorescent yellow OLED
development is relatively slow. This is due to the discovery of phosphorescent dyes
which enable both the singlet and triplet exciton to be harvested (Kappaun, Slugove, &
List, 2008; Tao, Yang, & Qin, 2011; Yersin et al., 2011). Some of the notable work on
fluorescent yellow OLED are from Jou’s group (Jou et al., 2012). They reported a
nearly non-roll off yellow device with efficiency of 18.3 Im/W at 1000 cd/m” using
vacuum deposition method. Although fluorescent device has lower quantum efficiency
compared to phosphorescent device, the development of fluorescent is still relevant
especially when high brightness is required for application such as large panel displays.

This is because PHOLED suffers from severe efficiency roll-off when operating at high
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brightness due to triplet-polaron quenching and triplet-triplet annihilation (C. Murawski,
K. Leo, & M. C. Gather, 2013a; Okumoto, Kanno, Hamada, Takahashi, & Shibata,
2006). The efficiencies of some of the best processed blue yellow fluorosecent OLED

reported to date are summarized in Figure 6.1.
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Figure 6.1: Some of the best solution processed yellow fluoroscent OLED reported to
date. The efficiencies are benchmarked at 1000 cd/m?.

In this chapter, we report a simple method in enhancing the efficiency of a
commercially available super yellow PPV (SY-PPV) OLED by treating the surface of
the EML using 2,2,3,3,4,4,5,5-Octafluoro-1-pentanol. By using this method, we have
increased the efficiency of the fluorescent yellow device from 11.7 Im/W (11.1 cd/A)
and 11 Im/W (14 cd/A) to 19.7 Im/W (16.5 cd/A) and 19.2 Im/W (20.9 cd/A) at

brightness of 100 cd/m* and 1000 cd/m” respectively.  To the best of our knowledge,
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this power efficiency is on par with the best reported yellow fluorescent OLED (Jou et
al., 2012) and even comparable to some of the best solution processed yellow PHOLED

reported to date (Moujoud et al., 2010; B. H. Zhang et al., 2012).

6.2 Experimental

The basic device structure consists of ITO/ PEDOT:PSS (40 nm)/ SY-PPV (80
nm)/LiF (0.8 nm)/Al (100 nm). Figure 6.2b and Figure 6.2c shows the energy level
diagram and the chemical structures of the 2,2,3,3,4,4,5,5-Octafluoro-1-pentanol used in
this work. ITOs were patterned using standard lithography method. The substrates were
cleaned sequentially using DI water, acetone, isopropyl alcohol and DI water again
followed by oxygen plasma treatment for 5 minutes. For the device fabrication, 40 nm
of PEDOT:PSS was spin coated onto the ITO and then the substrates were baked at
150°C for 10 minutes in N, environment. Following that, SY-PPV (Merck) was spin
coated on top of the PEDOT:PSS to form a 80 nm film. Then the substrates were baked
at 100°C for 10 minutes. The EML treatment was carried out by either spin coating
fluorinated alcohol 1i.e. 2,2,3,3,4,4,5,5-Octafluoro-1-pentanol (Sigma-Aldrich) or
ethanol at 2000 rpm for 30s and then baked at 100°C for 10 minutes. Finally, the device
cathode which consists of LiF (0.8 nm) and Al (100 nm) was vacuum deposited through
a shadow mask, which defined the device active area. All the devices were
encapsulated using UV curable epoxy and glass lid. The current (J) —voltage (V) —
brightness (L) characteristics were measured using Konica Minolta CS-200. The
photocurrents of the OLEDs were measured under the illumination of a simulated
AML1.5 light source at 100 mW/cm® (Newport 67005). The film thickness was measured
using P-6 profilometer (KLA-Tencor). The absorption spectra were measured using
Perkin Elmer PE750 UV-Vis-NIR. Photoluminescence (PL) was measured using Perkin

Elmer LS50B spectrometer. AFM images were taken using NX10 (Park Systems).
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XPS measurements were carried out at the photoemission beamline of the Synchrotron
Light Research Institute (SLRI) of Thailand (Nakajima et al., 2013). The photon energy
of the excitation was 771.6 eV. The photoelectron spectra were collected by using a

Thermo Scientific Alphall0 energy analyzer.
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Figure 6.2: (a) Device structure, (b) energy level diagram of the yellow device and (c)
molecular structure of 2,2,3,3,4,4,5,5-Octafluoro-1-pentanol and SY-PPV.

6.3 J-V-L and efficiency characteristics

Figure 6.3 shows the J-V-L characteristics of yellow devices. It can be seen that
the fluorinated alcohol treated device shows the highest current injection, followed by
the ethanol treated device and control device.  Similarly, with fluorinated alcohol
treatment the yellow device exhibits higher light output for the whole range of applied
voltage. For example at 4 V, the brightness of the fluorinated alcohol treated device
increases from 1027 cd/m? to 2508 cd/m”. Also, both devices with ethanol and

fluorinated alcohol treatment show a reduction of turn-on voltage (defined at 1cd/m?)

98



from 2.21 £0.01V (control device) to 2.14 £ 0.02 V (ethanol treated device) and 2.11

+0.04 (fluorinated alcohol treated device).
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Figure 6.3: J-V-L characteristics of the yellow OLEDs.

Figure 6.4a and Figure 6.4b show the current efficiency and power efficiency of
the yellow OLEDs. It is obvious that the efficiency of the control device is inferior to
that of the treated devices, with the fluorinated alcohol treated device yielded the best
efficiencies. For instance, the control device gave maximum power efficiency of 12.2
Im/W at 235 cd/m? and at 1000 cd/m’ the power efficiency reduced to 11 Im/W. It is
worth mentioning that our control device efficiency is comparable to the SY-PPV
OLED efficiency reported recently (Kohnen et al., 2010). With fluorinated alcohol
treatment, the device maximum power efficiency is 21.3 Im/W at 410 cd/m” and at 1000

cd/m” the efficiency dropped slightly to 19.2 Im/W.
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Figure 6.4: (a) Current efficiency and (b) power efficiency of the SY-PPV devices.

The yellow devices performances are summarized in Table 6.1.

Table6.1: Yellow OLEDs performances with different type of alcohol treatment.

Ve 1 'PE 'cE , ’PE ’CE
Treatment g2y VON  w)  @diA) YN (m/W)  (cd/A)
Control 22 29 117 L1 39 110 14.0
Ethanol 21 27 162 138 36 153 173
Fluorinated -\ 5 ¢ 194 165 34 192 20.9
alcohol

'At brightness of 100 cd/m’

2At brightness of 1000 cd/m’
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Recent works by (Q. Wang et al., 2013; Q. Wang et al., 2011; H. Q. Zhou et al.,
2013) revealed that a simple treatment using alcohol on polymer can increase the
surface potential of the film. This improvement is due to the interface dipole formed on
the organic film surface induced by the solvent intrinsic dipole. Especially in the case
of OLED, the ability to control the surface potential is very important as this open up
the possibility for us to control the charge injection at the cathode/organic layer or
anode/organic layer interface. Realizing the fact that the intrinsic dipole of the solvent
plays an important role in enhancing the surface potential of the organic film, it is not a
surprise that fluorinated alcohol can further improve the device efficiency compared to
ethanol. This is due to the presence of the high electronegativity of F (3.98) in the
fluorinated alcohol. To further clarify the origin of this improvement, we calculated the
dipole moment of the fluorinated alcohol using Gaussian 09 software by employing
Hartree—Fock ab initio with a 6-31G** basis set. A permanent dipole moment of 2.27D
is obtained. The higher dipole moment of the fluorinated alcohol (2.27D) compared to
ethanol (1.67D) could provide a good explanation on the inferior performance of the
ethanol treated device compared to the fluorinated alcohol treated device. The interface
dipole shifts the vacuum level at the SY-PPV/cathode interface which can reduce the

barrier height for electron injection as shown in Figure 6.5.
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Figure 6.5: Energy level diagram at the SY-PPV/cathode interface for (a) device
without treatment and (b) device with ethanol or fluorinated alcohol treatment. A and ¢
denotes the vacuum level shift and cathode work function respectively.
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6.4 Photovoltaic measurement and single carrier devices

In order to study the effects of EML surface modification by the alcohol
solvents, photovoltaic measurement was carried out by illuminating the devices with a
simulated AM1.5 light source at 100 mW/cm®. The open circuit voltage ( Voc ) is a
direct indication of the device built-in-potential (Niu et al., 2005). A high Voc shows
that either the anode or cathode barrier for carrier injection has reduced. Since the
ethanol or fluorinated alcohol is spin coated at the EML/cathode interface, any changes
on the Voc will be solely attributed to the changes at the energy barrier between the

EML and cathode. The photovoltaic response of the devices is shown in Figure 6.6.
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Figure 6.6: Photovoltaic response of the yellow OLED devices.
The Voc for the devices increased gradually from 1.65+0.02 Vto 1.74 + 0.03 V
and 1.82 £ 0.02 V, a shift of 0.09 V and 0.17 V for ethanol and fluorinated alcohol

treatment respectively. This is an indication that the energy barrier for electron

injection at the cathode has reduced upon adding ethanol or fluorinated alcohol into the
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EML/cathode interface. In this case, fluorinated alcohol treatment gave the largest Voc
shift, suggesting that the fluorinated alcohol is more efficient in reducing the cathodic

barrier height compared to ethanol.

To further elucidate the reduction of electron injection barrier, we fabricated
electron dominated and hole dominated devices. The hole dominated device consists of
ITO/PEDOT:PSS/EML/Au whereas the electron dominated device consists of
ITO/LiF/EML/LiF/Al . Au has high work function which can block off electron
injection at the cathode. Similarly, ITO/LiF has low work function which retard hole
injection at the anode. The J-V characteristics for electron/hole dominated devices are

shown in Figure 6.7.
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Figure 6.7: J-V characteristics of the electron/hole current dominated devices. Hollow

symbols denote hole current dominated devices whereas solid symbols denote electron
current dominated devices.

The hole current for all the devices are comparable. On the other hand, the
electron current for the fluorinated alcohol treated device is the highest followed by the

device with ethanol treatment. From these J-V characteristics, we can deduce two
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important points. First, the charge balance for the fluorinated alcohol treated device is
better compared to the rest of the devices. Second, the higher electron current injection
of the treated devices is another indication that the electron injection barrier at the
device cathode has improved. More important, these photovoltaic measurement results
suggest that fluorinated alcohol treatment gives lower electron injection barrier

compared to the ethanol counterpart.

The J-V characteristics of the electron dominated devices are plotted on a double
logarithmic scale and the slopes are obtained by fitting the experimental data with

power law as shown in Figure 6.8.
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Figure 6.8: J-V characteristics of the electron current dominated devices. Inset is the

slope calculated from the device J-V curves plotted on the double logarithmic scale.
Red lines are only guide to eyes only.

The values of the slope obtained are 8.21, 6.21 and 5.97 for the control, ethanol treated
and fluorinated treated device respectively. When bias is applied to the device, carriers

are trapped in the trap states and with a wider distribution of traps the probability of a
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carrier being trapped is higher. As the bias increased, more traps are being filled. With
deep traps, the detrapping of the carrier become less probable and with a larger
distribution of traps states the probability of the detrapped carrier being trapped again is
higher. In other words, if the traps are deep and the distribution is wide, most of the
trapped are being filled as the voltage increased. Consequently, a steep rise of current is
observed across the applied voltage if the traps are deep and their distribution is wide.
Therefore a steeper slope corresponds to deeper traps or a wider distribution of trap
states (Nicolai, Mandoc, & Blom, 2011). Here a clear trend can be observed,
suggesting the solvent treatments results in a smaller distribution of the trap states
which could be due to traps passivation by the solvents. This is not surprising as recent
works by Zhou et. al. showed that traps on a polymer film can be passivated by merely
spin coating alcohol solvent on top of it (H. Q. Zhou et al., 2013). Our analysis clearly
demonstrates that the reduced trap states are another possible reason for the

enhancement of electron current in the treated devices.

6.5 XPScharacterizations

Wang et. al has shown that for a polymer film treated with alcohol, the solvent
can only be removed by vacuuming the samples at 10™ Pa for 12 hours followed by
vacuum baking at 50°C for 2 hours (Q. Wang et al., 2011). These findings suggest that
the complete removal of alcohol solvent on the polymer film surface is not an easy task.
In our case, we annealed the samples at 100°C for 10 minutes and vacuumed our
samples to 3X10™ Pa for 1.5 hours prior to the cathode deposition. Therefore, we
expect this process should not remove the fluorinated alcohol completely. Moreover
fluorinated alcohol has a relatively high boiling point of 141°C to 142°C ("Material
Safety Data Sheet for 2,2,3,3,4,4,5,5-Octafluoro-1-pentanol," 2012 ). In order to

validate this, we prepared three sets of samples: (a) SY-PPV films as control sample (b)
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SY-PPV films treated with fluorinated alcohol (denoted as fluorinated non vacuumed)
and (c) SY-PPV films treated with fluorinated alcohol and vacuumed at 3x10™* Pa for
1.5 hours (denoted as fluorinated vacuumed). All these samples were annealed at
100°C for 10 minutes. We characterized these samples using XPS and Fluorine 1s (F
1s) peak can be detected on all samples treated with fluorinated alcohol (see Figure 6.9).
The Fls signal is rather weak because prior to running the XPS measurement the
samples were loaded in a load-lock chamber for almost 8-10 hours at about 1.3 x10™ Pa.
During measurement, the sample was transferred to the analysis chamber under Ultra
High Vacuum (UHV) condition with pressure below 2.7 x 10® Pa. This UHV condition
could remove some of the F on the polymer film surface. Nevertheless, this suggests
that the interface dipole induced by the fluorinated alcohol is strongly pinned on the

EML surface and only can be partially removed under UHV condition.
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Figure 6.9: XPS spectra of the SY-PPV thin samples. Inset is the expanded view of the
spectra in the region of 680 eV to 698 eV. The F 1s can be detected for the samples
treated with fluorinated alcohol.
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6.6 Optical characterizations

Absorption and PL measurements were carried on the SY-PPV films spin coated
on glass substrate. The absorption and PL spectra are shown in Figure 6.10. The
absorption and PL spectra peak at 445 nm and 560 nm respectively which is the typical
characteristics of SY-PPV film (Kohnen et al., 2010). There are no significant changes
on the absorption and emission properties after the SY-PPV treated with alcohol
solvents. Therefore the fluorinated alcohol and ethanol treatment did not change the

optical properties of the SY-PPV film.

1.0 - —s=— Control (PL)
—— Ethanol treated (PL)
+— Fluorinated alcohol
& treated (PL
0.8 - el
= ¥ —— Control (Abs)
- 064 # —— Ethanol treated (Abs)
= j —— Fluorinated alcohol
8 ¢ treated (Abs)
[0 V4
0.2- :
0-0 | 1 T T :
400 500 600 700 800

Wavelength (nm)

Figure 6.10: Absorption (hollow symbol) and PL (filled symbol) of the SY-PPV thin
film.
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6.7 Surface morphology
The surface morphology of the pristine and treated SY-PPV films was inspected using
AFM as shown in Figure 6.11. We did not observe any morphology changes nor pin-

holes formation on the SY-PPV films upon alcohol treatment.
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Figure 6.11: AFM images of the (a) pristine, (b) ethanol treated and (c) fluorinated
alcohol treated SY-PPV thin film.
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6.8 Summary

In summary, high efficiency yellow fluorescent device with efficiency 19.2
Im/W (20.9 cd/A) at brightness 1000 cd/m® was demonstrated by treating the SY-
PPV/cathode interface with fluorinated alcohol. A comparison was made between
ethanol, a widely used polar solvent and fluorinated alcohol in enhancing the device
efficiency. It is shown that the intrinsic dipole of the polar solvent plays a crucial role
in improving the device efficiency. Our studies show that the device efficiency
enhancement is attributed to the (i) cathode barrier lowering induced by the solvents
intrinsic dipole and (ii) the ability of the solvents to passivate traps on the film surface.
This simple approach may be extended to the fabrication of high efficiency white

OLED for flat panel display and energy saving lighting applications.
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CHAPTER 7: High efficiency double emissive solution processed blue PHOLED

7.1 Introduction

High performance PHOLED required multiple stacking of electron/hole
transport layers, emissive layers and carrier blocking layers to confine excitons in the
emissive layer, balance the electron /hole injection and prevent excitons quenching at
the electrodes. Nevertheless, multilayer PHOLED are very difficult to achieve using
wet process because solvent that used to deposit the top layer will dissolve the

underlying layer resulting in intermixing (Duan et al., 2010a).

Thermally or UV crosslinkable HTL has shown to be an interesting approach to
fabricate multilayer OLED. For example Jen’s group has synthesize a series of
thermally cross-linkable HTL i.e. 4,4',4"-tris(N-carbazolyl)triphenylamine (TCTA) by
incorporating phenyl trifluorovinyl ether (TFV) which act as crosslinker (M. S. Liu et
al., 2008). Very recently Kido’s group has demonstrated that commercially available
hole transport OLED material 4,4’-bis(carbazol-9-yl)biphenyl (CBP) can be thermally
crosslinked by adding vinylbenzyl ether group as crosslinking agent (Aizawa, Pu,
Sasabe, & Kido, 2013). Another interesting work is the thermal assisted UV
crosslinkable 1-Bis[4-[ N, N -di(4-tolyl)amino]phenyl]-cyclohexane (TAPC), a widely
used hole transport material which reported by Meerholz’s group (Liaptsis & Meerholz,
2013). Crosslinking is achieved by: (a) incorporating oxetane units into the TAPC
molecular structure and (b) blending photoinitiator into the oxetane modified TAPC
solution. Other examples of crosslinkable materials are reported in (Choulis, Choong,

Patwardhan, Mathai, & So, 2006; Yook & Lee, 2012; Zuniga et al., 2013).

Another approach is to use orthogonal solvent where the solvent used to dilute

the material for the top layer will not dissolve the underneath layer. One fine example
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is the use of phosphine oxide (PO) base material (S. O. Jeon & Lee, 2012; Yook, Jang,
et al.,, 2010; Yook, Jeon, Kim, & Lee, 2010). This material can be dissolved into
alcohol thanks to the polar nature of P-O group. In addition to that, most host
transporting OLED material is alcohol insoluble, rendering PO based material an
excellent candidate as ETL in multilayer solution processed OLED. It is also worth
mentioning that blade coating method has been successfully demonstrated to be able to
coat polymer (Syu et al., 2010; Tseng et al., 2008) and small molecule (Chao et al.,
2011; Ko et al., 2010; Z. Y. Liu et al., 2011) film for multi layer OLED as discussed in

section 2.5.2.3.

Recently some research groups have developed high efficiency solution
processed blue PHOLED using multilayer structure which is highly desirable for
lighting application. However, these devices usually consist of a layer of solution
processed emissive layer followed by a layer of ETL deposited using vacuum
deposition method (Doh et al., 2012; Fu et al., 2012; Jou, Wang, et al., 2010). Research
works on fully solution processed multilayer PHOLED are not widely reported. Some
of the notable works on fully solution process multilayer PHOLED are reported in
(Ahmed et al., 2011; Earmme et al., 2010; Earmme & Jenekhe, 2012a; Earmme &
Jenekhe, 2013; Yook, Jang, et al., 2010). For example, Lee’s group reported double
emissive solution processed blue PHOLED with efficiency 19.3 c¢d/A at 1000cd/m’
using alcohol soluble phosphine oxide based material in the second emissive layer
(Yook, Jang, et al., 2010). By blending 4,7-diphenyl-1,10-phenanthroline (BPhen )
with Cs,COs in the mixture of formic acid and water as ETL, Jenekhe’s group has
reported blue device with efficiency up to 14.5 Im/W at 1000 cd/m® (Earmme &
Jenekhe, 2012b). Figure 7.1 shows the recent works done by other research groups

compared to our work on fully solution processed multi layer blue PHOLED.
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Figure 7.1: Efficiencies of fully solution processed multi layer blue PHOLED reported
to date. The efficiencies are benchmarked at 1000 cd/m?.

In this chapter, we demonstrate an effective method in enhancing the power
efficiency of a double emissive solution processed blue PHOLED. The first emissive
layer consists of PVK and Flrpic mixed with either TCTA or OXD-7. The second layer
consists of alcohol soluble 2,7-bis(diphenylphosphoryl)-9,9'-spirobi(fluorine) (SPPO13)
and Flrpic blend. The efficiency improvement for OXD-7 based device is attributed to

the reduction of carrier accumulation at the hetero-junction thus widening the
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recombination zone. For TCTA based device, the efficiency improvement was due to
the reduction of barrier height for hole injection. The device with 40 wt% TCTA
showed power efficiency of 11 Im/W, which correspond to 37.5% increment compared
to the control device at brightness of 1000 cd/m’ comparable to the best solution
processed blue PHOLED reported to date at the same brightness (Earmme & Jenekhe,
2012b; Yook, Jang, et al., 2010). These results could pave way for the realization of
large panel OLED lighting since lighting sources are typically benchmark by their

power efficiency (B. H. Zhang et al., 2012).

7.2 Experimental

All materials were purchased and used as received without further purification.
PVK (average Mw = 1 100 000) were purchased from Sigma-Aldrich. OXD-7, TCTA,
SPPO13 and Flrpic were purchased from Luminescence Technology Corp. Figure 7.2
shows the device structure, energy level diagram of the devices and the chemical
structures of the materials used in this work. Pre-patterned ITOs were cleaned
sequentially using deionized water, acetone, isopropyl alcohol and deionized water
again followed by oxygen plasma treatment for 5 minutes. To fabricate OLED, 40 nm
of PEDOT:PSS (AI4083) was spin coated on to the ITO and immediately baked at 150
°C for 10 minutes in N; environment. Then chlorobenzene diluted PVK:M (100:20 or
40 wt/wt):Flrpic 10 wt% (where M is OXD-7 or TCTA) was spin coated on top of the
PEDOT:PSS to form 40 nm polymer film. The substrates were baked at 100 °C for 10
minutes. Following that, 50 nm of ETL was obtained by spin-coating SPPO13:FIrpic
(100:10 wt/wt) in isopropyl alcohol on to the samples. The samples were annealed and
at 100°C for 10 minutes again. Finally LiF (0.8 nm) and Al (100 nm) was vacuum
deposited at base pressure of 2.5x10° mbar. All the devices were encapsulated using

UV curable epoxy and glass lid. The devices current density (J) — brightness (L) —
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voltage (V) characteristics were measured using Konica Minolta chroma-meter CS-200.
Films thickness was measured by P-6 profilometer (KLA-Tencor). Photocurrents of
PHOLED were measured under illumination of a simulated AM1.5 light source at 100
mW/cm® (Newport 67005). The absorption spectra were measured by Perkin Elmer
PE750 UV-Vis. PL measurement was carried out using Perkin Elmer LS50B

spectrometer.
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Figure 7.2: Schematic diagram of (a) device architecture (b) energy level diagram and
(c) molecular structure of the materials used.

7.3 J-V-L characteristicsand efficiencies of the TCTA doped devices

The first emissive layer is PVK:FIrpic blended with either TCTA or OXD-7 of
different concentrations.  Specifically, we choose TCTA and OXD-7 in our study.
Each of these materials has different carrier transport behaviour: TCTA is a hole

transport compound and OXD-7 is an electron transport compound. Common to these
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materials are all of them have sufficiently high triplet energy to prevent back energy
transfer from high triplet Flrpic. The triplet energies of the materials used in this study

are 2.7 eV for OXD-7 and TCTA (J. Lee et al., 2008; J. J. Park et al., 2009).

Figure 7.3 shows the J-L-V characteristics of the blue devices doped with
different concentrations of TCTA. The current densities increase substantially when the
TCTA concentration increased to 40 wt%. It is interesting to note that the turn on
voltage (defined at 1 cd/m?) reduces as the concentration of TCTA increased to 40 wt%.
Therefore it is reasonable to suggest that the barrier for hole injection has reduced upon

the addition of TCTA into the first emissive layer.
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Figure 7.3: J-L-V characteristics of the blue devices doped with different
concentrations of TCTA.

The reduction of barrier height is benificial to the device efficiency as shown in Figure
7.4. The control device without any TCTA in the first emissive layer shows 8 Im/W
power efficiency and 20.6 cd/A current efficiency at 1000 cd/m®. These efficiencies

are increased to 11 Im/W and 25 cd/A at the same brightness when 40 wt% TCTA is
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added into the first emissive layer. The device performance enhancement can be
explained by the favourable energy level alignment of TCTA with respect to
PEDOT:PSS and PVK. The HOMO level of TCTA lies between PEDOT:PSS and
PVK HOMO level. This effectively reduces the barrier height for hole injection. The

blue OLED device performance is summarized in Table 7.1.
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Figure 7.4: (a) Power efficiency and (b) current efficiency vs brightness of blue
PHOLED with different concentrations of TCTA.
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Table 7.1: Blue PHOLEDs performances with different concentrations of TCTA.

conzng;l:tion Von 2 1VON PE 'CE 2VON “PE "CE
(lcd/m”) (Im/W) (cd/A) (Im/W) (cd/A)
(Wt%)
0 44 6.2 5.1 10.2 8.0 8.0 20.6
20 44 6.4 6.1 12.3 8.2 8.0 21.5
40 4.0 5.7 6.6 12.3 7.1 11.0 25.0

'At brightness of 100 cd/m*
At brightness of 1000 cd/m?

It is worth mentioning that in contrast to 40 wt% TCTA, the 20 wt% TCTA device
show an interesting trend where the turn-on voltage (at 1 cd/m®) does not show any
changes compared to control device. In fact, the Voy for efficiency at 100 cd/m” and
1000 cd/m? increases compared to the control device. As of now it is not clear why the
20 wt% TCTA device shows a different trend. Our initial explainations are as follows:
TCTA acts as trap due to its HOMO level is 0.2 eV lower compared to PVK. At 20
wt% TCTA doping, injected holes are trapped in the TCTA, therefore causing the Vox
higher or same as the control device. Increasing the TCTA to 40 wt% causes the spatial
separation of the TCTA induced trap states become closer, thus easing the hole hopping

in TCTA.

7.4 J-V -L characteristics and efficiencies of the OXD-7 doped devices.

Figure 7.5 shows the J-V-L characteristics of the multilayer blue devices with
OXD-7 varied from 0 wt% to 40 wt%. The J-V results indicate that the current
injection is enhanced with the addition to OXD-7. Following the same trend as the
TCTA devices, the turn on voltage (defined at 1 cd/m?) of the devices reduces from 4.4

V to 3.4 V when the OXD-7 concentration reaches 40 wt%.
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Figure 7.5: J-L-V characteristics of the blue devices doped with different
concentrations of OXD-7.

The efficiency of the blue devices with different concentrations of OXD-7 is presented
in Figure 7.6. It is apparent that the addition of OXD-7 into the first emissive layer
helps to improve the power efficiency. For example, the power efficiency of the
devices are increased from 5.1 Im/W and 8 Im/W to 10.7 Im/W and 10 Im/W at 100
cd/m* and 1000 cd/m® respectively with the addition of 40 wt% OXD-7. The power
efficiency improvement is attributed to the blurring effects which will be discussed in

the following section. The blue PHOLEDs performance are summarized in Table 7.2
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Table 7.2: Blue PHOLEDs performances with different concentrations of OXD-7.

conC;ZilIt)raZion Vo 2 1VON PE 'CE 2VON “PE “CE
(lcd/m”) (Im/W) (cd/A) (Im/W) (cd/A)
(Wt%)
0 4.4 6.2 5.1 10.2 8.0 8.0 20.6
20 3.6 5.0 7.0 11.3 6.4 9.1 18.6
40 34 4.7 10.7 16.0 6.2 10 19.3

'At brightness of 100 cd/m’
2At brightness of 1000 c¢d/m’

7.5 Blurring effectsand reduction of holeinjection barrier

The HOMO level alignment of TCTA with respect to PEDOT:PSS and PVK
clearly favors hole injection as shown in Figure 7.7b. The TCTA HOMO level is
between the PEDOT:PSS work function and the HOMO level of PVK, thus providing a
lower energetic path for hole injection. On the other hand, the addition of OXD-7
reduces electron accumulation in heterojunction formed by the first and second emissive
layer. Considering the LUMO level of OXD-7 and SPPO13 are very close to each
other, the inclusion of OXD-7 provides additional path for the electron to leak from the
SPPO13 to the first emissive layer as shown in Figure 7.7c. With this electron leakage
path, less electron will be accumulated at the device heterojunction. This effect is
known as blurring effect which was pointed out by (C. H. Hsiao, Tseng, & Lee, 2006; J.
H. Lee, Wu, Liu, Huang, & Chang, 2005). In this case, the addition of OXD-7 into
PVK blurs the interface between the two emissive layers and widens the recombination
zone. This effect improves the efficiency of the OXD-7 device. Therefore the driving
voltage was reduced. This effect can be directly observed from the J-V-L plot in Figure

7.5.
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Figure 7.7: Energy level diagram (a) of the control devices, (b) device with 40 wt%
TCTA doped into the first emissive layer. The effective hole barrier height is reduced
due to the favourable HOMO level alignment. (c¢) The addition of 40 wt% of OXD-7
provides an additional path for electron to hop into the first emissive layer. Black
dotted line in (b) and (c) indicate HOMO/LUMO level of TCTA and OXD-7
respectively. The HOMO/LUMO of Flrpic is denoted by blue dotted line.
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From Figure 7.6a, it can be seen that the current efficiency of the OXD-7 doped devices
starts to drop below the control device at brightness beyond 300 cd/m” - 700 cd/m®. The
blurring effect at the heterojunction could provide an explanation on this observation.
Although blurring effect can improve the device efficiency by widening the
recombination zone, it also enhances the electron current leakage through the anode as
the applied bias increases. Consequently, the effcieny of the device drops. On the other
hand, at low applied bias the efficiency of OXD-7 devices are relatively good. It is
because the leakage of electron current is less severe and a better charge balance
between electron and hole can be achieved. This is confirmed by single carrier device

as illustrated in Figure 7.9.

7.6 Photovoltaic measurement and single carrier devices

Photovoltaic measurement of the devices was measured to determine the Voc by
illuminating the devices with simulated AM1.5 light source at 100 mW/cm” (Guo et al.,
2006; Zhao et al., 2012). The photovoltaic characteristics are shown in Figure 7.8. The
Voc for control device is 0.25 V whereas with 40 wt% doping of TCTA into the first
emissive layer, the Voc increased to 0.47 V. The increment of Voc indicates that the
hole injection barrier has decreased (Choulis et al., 2006; Fu et al., 2012) since the
TCTA HOMO level is in between PEDOT:PSS than PVK HOMO level. This suggest
that the addition of TCTA assists hole injection from the PEDOT:PSS into the first
emissive layer. Following the same trend, the Voc for device with 40 wt% of OXD-7
increased to 0.8 V when TCTA was replaced by OXD-7. It is unlikely that OXD-7
helps hole injection since its HOMO level (-6.5 eV) is much deeper than PVK (-5.9
eV). The high Vocof the OXD-7 device could be to the role of OXD-7 in blurring the
heterojunction. This blurring effects decrease the barrier for electron injection into the

first emissive layer.
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Figure 7.8: Photovoltaic response of the blue devices.
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To gain insight to the charge balance of the devices, hole-dominated and

electron-dominated devices were fabricated. The hole-dominated device consists of

ITO/PEDOT:PSS/first EML/second EML/Au. Au has large function and it is expected

it will block the electron injection. For electron-dominated device, following device

structure was fabricated: ITO/LiF/first EML/second EML/LiF/Al. Similarly ITO/LiF

has relatively small work function compared to the HOMO level of the first EML. This

can shield off hole injection.

characteristics are shown in Figure 7.9.

The hole and electron- dominated current densities
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Figure 7.9: Current density characteristics of the hole-dominated (empty symbols)

ITO/PEDOT:PSS/first EML/second EML/Au and electron-dominated ITO/LiF/first
EML/second EML/LiF/Al (filled symbols) devices.

In the control device there is a significant imbalance in the charge transport.
The hole current density is 1 to 2 order higher than the electron current over a wide
range of voltage. The charge balance further improved when TCTA or OXD-7 was
added to form trinary blend in the first emissive layer. The charge balance
improvement could explain the improvement of TCTA and OXD-7 device performance
compared to the control device. The electron-dominated current density is the highest
in OXD-7 device due to the incorporation of OXD-7 into the PVK:FIrpic layer which
assists electron current flow from SPPO13:FIrpic into the first emissive layer, consistent

with the J-V characteristics in Figure 7.5.
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7.7 Validation of orthogonal film formation

As discussed in section 7.1, the blue devices presented in this chapter consists of
two layers. The first layer consists of either PVK:Flrpic, PVK:TCTA:FlIrpic or
PVK:OXD-7:FIrpic whereas SPPO13:FIrpic was used as the second layer. In order to
form a double layer structure, the solvent that is used to dissolve the second layer
should not dissolve the first layer. In our case, PVK, OXD-7, TCTA and Flrpic are
soluble in aromatic solvent such as chlorobenzene or chloroform. On the other hand,
SPPO13 can be easily dissolved in alcohol e.g. IPA thanks to the high polar nature of
phosphine oxide group in SPPO13. The Flrpic dopant also can be dissolved using IPA
due to the high electronegativity of F in the ligand structure. It is expected that IPA will
not washed off the first layer of our devices. In order to validate this, we spin coated the
first layer on the quartz substrates and baked the samples at 100°C for 10 minutes. The
films thickness and absorbance were measured. Next the samples were washed with
IPA and dried at 100°C for 10 minutes. The film thickness and absorbance were
measured again. We did not observed any significant changes in the films thickness

after we washed them using IPA (see Table 7.3 and Figure 7.10).

Table 7.3: Comparison of the first layer film thickness after being washed by IPA

Before wash After wash
First layer
Thickness (nm)
PVK:FIrpic (100:10 wt/wt) 30.4 28.98
PVK: TCTA: Flrpic (100:40:10 wt/wt/wt) 30.95 30.58
PVK: OXD-7: Flrpic (100:40:10 wt/wt/wt) 30.32 29.24

Similarly no significant changes were observed on the thin films absorbance
spectra after we washed the films with IPA as evident from Figure 7.10. Therefore, we
expect that the combination of SPPO13:FIrpic (100:10 wt/wt) can form a orthogonal

layer with the first layer which consists of either PVK:FlIrpic (100:10 wt/wt),
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PVK:TCTA:FIrpic (100:40:10 wt/wt/wt) or PVK:OXD-7:FlIrpic (100:40:10 wt/wt/wt)
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Figure 7.10: Comparison of the thin films absorbance and thickness after being washed
with IPA. The film consists of (a) PVK:FIrpic (100:10 wt/wt) (b) PVK:TCTA:FIrpic
(100:40:10 wt/wt/wt) and (c) PVK:OXD-7:FIrpic (100:40:10 wt/wt/wt).

7.8 Optical characterizations

The absorption and PL spectra of control device, OXD-7 and TCTA blue
PHOLEDs are shown in Figure 7.11. All the absorption peaks are below 350 nm. The
emission is centred at 479 nm with vibrational peak at 500 nm which are the typical
characteristics of Flrpic emission. Also the addition of 40 wt% OXD-7 or TCTA into

the first emissive layer does not change the EML emission spectra.
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Figure 7.11: Absorption (hollow symbols) and PL (filled symbols) spectra of control,
40 wt% TCTA and 40 wt% blue PHOLEDs.

7.9 Summary

In summary, high efficiency Flrpic based double emissive solution processed
blue PHOLED were fabricated by controlling the charge transport in the emissive layer
and heterojunction. By introducing OXD-7 into the first emissive layer, power
efficiency of 10 Im/W at 1000 cd/m® has been achieved. This is due to the widening of
recombination zone induced by blurring effect. On the other hand, the incorporation of
TCTA ease hole injection from PEDOT:PSS to the first emissive layer. Using this
approach, the efficiency was found to be 11 Im/W at 1000 cd/m*. Our results could
contribute to the realization and optimization of solution processed high efficiency

multilayer blue PHOLED which is highly needed in lighting application.
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CHAPTER 8: Summary and futureworks

8.1 Summary

In this thesis several methods have been investigated and developed in enhancing
the efficiency of solution processed OLED. The mechanisms of the device efficiency
enhancement were systematically studied and implemented. Our main findings are

summarized in the following.

In Chapter 4, it was demonstrated that Triton X-100 can improve the efficiency
of a solution processed blue PVK based PHOLED. PVK has been extensively used as
host in solution processed PHOLED because it is cheap and can easily form high
quality thin film using solution processed method. However when PVK is used as host
in blue PHOLED, it quenches the excitons in the blue phosphor guest due to the back
energy transfer from the high triplet energy of blue dopant to the lower triplet energy of
PVK. Our findings showed that Triton X-100 can provide spatial separation between
PVK (host) and the blue dopant Flrpic (guest), thus reducing the excitons quenching
brought by the exothermic energy transfer from guest to host. It was further
demonstrated that Triton X-100 can increase the roughness of the EML surface. A
rough EML surface is beneficial for electron injection at the OLED cathode because it
can enhance electric field localization and increase the surface area for electron
injection from the cathode. By using this method, blue OLED with efficiency 8.5 Im/W
(at 1000 cd/m”) was achieved. This efficiency is comparable to the best reported single

layer solution process blue PHOLED reported to date at the brightness of 1000 cd/m*.

In Chapter 5, the interplay between the PFI doped PEDOT:PSS work function

and conductivity in enhancing the efficiency of solution processed blued PHOLED was
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systematically studied. It is widely known that the work function of PEDOT:PSS can
be enhanced by increasing the amount of PFI in PEDOT:PSS. However the excess of
PFI doping can degrade the device power efficiency. This phenomenon was attributed
to the high power loss in the device induced by high resistivity of PFI, which in turn
reduced the device efficiency. Moreover, PFI can enhance the transmittance of the
PEDOT:PSS thin film from 93% to nearly 100%. The high transparency of PFI doped
PEDOT:PSS thin film can reduce light loss from the operating device. As a result, the

device efficiency can be further improved.

In Chapter 6, solvent treatment between fluorinated alcohol (2,2,3,3.4,4,5,5-
octafluoro-1-pentanol) and ethanol in improving the efficiency of a yellow fluorescent
SY-PPV OLED was compared. The efficiency improvement is due to the interface
dipole formed on the EML/cathode interface which induced by the solvent intrinsic
dipole. In this case, fluorinated alcohol with higher dipole moment (2.27D) was shown
to be a better solvent in enhancing the device performance compared to ethanol which
has a lower dipole moment (1.67D). The presence of the surface dipole at the
EML/cathode interface lifts the vacuum level and lowered the cathode barrier for
electron injection. It was further demonstrated that solvent with higher dipole moment
is better in passivating traps on the EML surface. This could be another reason for the
high efficiency yellow OLED achieved using fluorinated alcohol treatment. The solvent
treatment by fluorinated alcohol on the SY-PPV based OLED results in efficiency
reaching as high as 19.2 Im/W at brightness of 1000 cd/m”. To the best our knowledge,
this efficiency is one of the best efficiency for fluorescent yellow OLED reported to

date.

Finally in Chapter 7, high efficiency fully solution processed double layer blue
PHOLEDs were demonstrated. The essence of the proposed design concept was to

reduced the barrier height for hole injection at the first emissive layer. This was
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achieved by incorporating embedded ladder type energy level concept into the first
emissive layer. Another key feature in the device design was blurring the device
heterojunction which effectively reduced carrier accumulations thus widening the
recombination zone. Our best device yielded efficiency of 11 Im/W (1000 cd/m?) which
is comparable to the best fully solution processed blue PHOLED reported to date at the

same brightness.

The efficiency enhancement methods carried out in this research work are

summarized in Table 8.1.

Table 8.1: Summary of the OLED devices performance and optmization techniques
carried out in this research work. The efficiency are benchmarked at 1000 cd/m®.

Initial Optimized
Device | efficiency efficiency Optimization technique
(Im/w) (Im/W)
Using Triton X-100 to reduce back
I 49 2.5 energy transfer of excitons from
' ' guest to host and enhancing the
electron injection at the cathode
Using PFI in reducing the barrier
height for hole injection, reducing
II 59 7.9 excitons quenching and improving
the transmittance of PEDOT:PSS
film
Reduction of cathodic barrier height
III 11 19.2 and traps passivation by using
fluorinated alcohol
Blurring the heterojunction by using
v 8 10 OXD-7,
Introducing embedded ladder energy
A% 8 11 level at the first emissive layer by
incorporating TCTA.

Device I: ITO/PEDOT:PSS/PVK:OXD-7:Firpic:Triton X-100/Cs,CO5/Al
Device II: ITO/PEDOT:PSS:PFI/PVK:OXD-7:FIrpic/CsF/Al

Device III: ITO/PEDOT:PSS/SY-PPV/Fluorinated alcohol/LiF/Al
Device IV: ITO/PEDOT:PSS/PVK:OXD-7:FIrpic/SPPO13:Flrpic/LiF/Al

Device V: ITO/PEDOT:PSS/PVK:TCTA:FIrpic/SPPO13:FIrpic/LiF/Al
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8.2 Futureworks
Based on the understanding acquired in these studies, following are worth

investigating in the future for OLED development:

1. Fluorinated alcohol treatment reported in this thesis can be extended to
blue OLED since OLED lighting applications are currently bottlenecked at
blue emission.

2. Our research works showed that the ability of alcohol solvent in
passivating surface traps is depending on its intrinsic dipole moment. It is
worth investigating the mechanisms and effects of solvent dipole moment
in passivating surface traps of organic semiconductor thin film.

3. Throughout our studies, PEDOT:PSS was HIL for all the devices. It is
widely known that PEDOT:PSS can reduce the OLED lifetime due to its
acidic and hygroscopic nature. Recently TMO has shown to be a better
alternative to PEDOT:PSS. However, TMO is usually vacuum deposited.
Although there are several research groups that successfully demonstrated
solution processed TMO, it coating process usually required high
temperature annealing and the applications are limited to photovoltaic
applications. Reports on room temperature solution process TMO and its
application in OLED are not widely reported. Future works could be done
in synthesizing room temperature TMO to replace PEDOT:PSS as HIL in
OLED.

4. Most of the reported fully solution processed PHOLED incorporated PVK
as host. As discussed in Chapter 4, PVK has low triplet which limit its use
in blue PHOLED. Moreover, PVK is polymer, making it difficult to
purify compared to small molecule. To date, not many research groups

are investigating fully solution processed all small molecule PHOLED.
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Further study is needed in the development of fully solution processed all
small molecule multi layer PHOLED.

. Future works could be done on blue devices commbining various
optimization methods discussed in this work. For example, it is worth
investigating the efficiency of the following device stack:
ITO/PEDOT:PSS:PFI/PVK:TCTA:FIrpic: Triton X-100/SPPO13:FIrpic/

fluorinated alcohol/LiF/Al.
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