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Preface

Organic light-emitting diodes (OLED) are playing a major role in information technol-
ogy (IT) by providing the promise of further expanding the use of digital displays
through making display fabrication technology lower in cost and higher in perfor-
mance to replace liquid crystal displays (LCD). Due to various attractive features such
as high contrast, high brightness, large color gamut and thin structure, various sized
OLED displays from small-sized mobile phone display to large-sized TV display have
already begun to be mass-produced.

This book is a collection of state-of-the-art works intended to cover theoretical and ex-
perimental aspects of OLED from material synthesis and characterization (Chapter 1-
6) to actual process development and devices applications (Chapter 7-12). Each chap-
ter features remarkable breakthrough on OLED and provides latest scientific
knowledge and leading-edge technology. They offer research agenda and accelerate
the research, development and distribution of OLED. I expect that this book will be
useful to encourage further experimental and theoretical research in OLED.

In closing, I wish to express my sincere gratitude to the contributing authors of each
chapter, publishing process manager Ms. Iva Lipovic, and the publishing staffs. In par-
ticular, I am deeply grateful to Prof. Costas P. Grigoropoulos (UC Berkeley), Dr. Hee
K. Park (AppliFlex), Dr. Ming-Tsang Lee (Lawrence Berkeley National Laboratory),
Dr. Heng Pan (Applied Materials. Inc) for valuable suggestions. I dedicate this book to
my parents and my wife, Ms. Hyun Jung Kim.

Dr. Seung Hwan Ko

Applied Nano Technology and Science (ANTS) Lab

Korea Advanced Institute of Science and Technology (KAIST),
Daejeon, Korea
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Synthesis, and Photo- and Electro-Luminescent
Properties of Phosphorescent Iridium- and
Platinum-Containing Polymers

Yuji Koga and Kouki Matsubara
Department of Chemistry, Faculty of Science, Fukuoka University

Japan

1. Introduction

Development of polymer light-emitting diode (PLED) has been attracted considerable
attentions,! because polymeric materials could be applied to low-cost production of electro-
luminescent (EL) devices exhibiting efficient luminescence for flat-panel displays. As
polymeric property of the materials enables the solution processes, such as spin-coating,
screen printing, and ink-jet printing (Figure 1), large-area and fine-pixel displays could be
easily developed in comparison with the vapor deposition process. In addition to such easy
preparation, it is of significant that it requires a fewer number of layers in PLED devices,
which enables low driving voltage, even though PLED still has a drawback in lower
luminescence efficiency than that of the organic light-emitting diode (OLED) in general.

Vapor deposition

substrate . . . At
Spin-coating Ink-jet printing
esassosscsssessssscssssse D nozzle
nozzle
source eocee
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Fig. 1. Vapor deposition process, spin-coating, and ink-jet printing

In contrast to widely developed fluorescent n-conjugated polymers, such as polyfluorenes
and polyphenylene vinylenes (PPVs), as polymeric EL materials (Figure 2),2 researches for
phosphorescent polymers are still now in progress, because it follows the development of
the phosphorescent metal complexes, which are also in progress. Two types of
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phosphorescent PLED materials are known: (1) host polymers such as poly(vinylcarbazole)
(PVK) and poly(9,9-di-n-octyl-2,7-fluorene) (PFO), into which phosphorescent small
molecules are doped,’af and (2) polymers having phosphorescent pendant units in the side
chain. In the former polymer, phase separation and crystallization of the small molecules in
the polymer matrix may reduce the luminescence efficiency due to self-quenching
mechanism and prevent uniform emission all over the films. Thus, several studies were
focused on the latter phosphorescent polymer. Lee et al.> and Tokito et al.4 independently
developed mnon-conjugative copolymers in which monomers having luminescent
cyclometalated iridium pendant units copolymerized (Figure 3), whereas Chen et al.
reported preparation of a conjugative fluorene copolymer from a cyclometalated iridium-
suspended co-monomer (Figure 4).5

CnHan+1 CnHans1

ook 40

\
n
polyfluorene PPV

Fig. 2. Structure of polyfluorene and PPV

Tokito et al.

Fig. 3. Structure of non-conjugated copolymers with luminescent cyclometalated iridium
pendant units

Scheme 1 depicts the general synthetic methodologies for the metallopolymers including the
metal complex side chain. Almost all of the luminescent metallopolymers ((D) in Scheme 1)
have been synthesized via monomers containing metal-complex pendant units (B) (Scheme
1, Method A).6 However, polymerization of these metal-containing monomers led to the
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Chen et al.

Fig. 4. Structure of conjugated fluorene copolymer with luminescent cyclometallated
iridium pendant units

elimination of metal fragments to some extent or failure of polymer weight control.
Alternatively, the polymer (D) can be synthesized by polymerization of a ligand-containing
monomer followed by the reaction of the copolymer ligand (C) with a metal pendant unit
(Scheme 1, Method B). Method B is seemed to be favored against Method A in the preparation
of phosphorescent metallopolymers, because various kinds of ligand monomers can be
easily copolymerized in desirable content with previously developed radical
copolymerization processes in metal-containing polymer chemistry.”? However, in the early
reports, synthesis of luminescent metallopolymers via Method B was conducted only under
severe conditions, such as Lee, Schulz or Fréchet reported (Scheme 2, 3, 4).3.7¢

Furthermore, there are few examples that the alpha and/or omega ends of the polmers are
capped eith phosphorescent units for EL materials that can be provided by the final
combination of the ligand unid units in the polymer ends with metal precursors.

X X
Complexation
(A) Monomer Ligand (B) Metal-containing Monomer
Methodﬂ
Polymerization Polymerization
&h_/fthod B
L

UL LKL

(C) Polymer Ligand (D) Metal-containing Polymer

Scheme 1. Synthetic methodology of metal-containing polymer.
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We previously developed metallopolymers produced from methyl methacrylate (MMA)
and 4-styryldiphenylphosphine copolymers with an iridium precursor. The iridium
polymers performed both photo- and electroluminescence, and showed characteristic
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features depending upon the content ratios of the iridium and phosphorus in the
copolymers.8 However, the devices containing these polymers exhibited rather low
luminescent efficiency, because of its low charge-transporting ability caused by the
nonconductive polyolefin backbone.

Here, we developed several series of iridium or platinum-containing metallopolymers
under mild conditions in Method B, where pyridine was used as a linker module between
the polymer main chain and the luminescent metal unit. Metal-incorporation effects of the
metallopolymers on their luminescent properties were investigated in order to develop
devices with high luminescent efficiency. Two independent types of the metallopolymers
are shown in the following chapters: one is that composed of polyolefin main chain and
metal units in its side chain, and the other is m-conjugated polymers, which has the
luminescent metal groups in the chain ends.

2. Preparation of metallopolymers containing polyolefin main chain

In the previous paper, we have reported that luminescent polymers can be easily prepared
by the reaction of the phosphorus ligand copolymers derived from MMA and 4-
styryldiphenylphosphine with the iridium precursor under mild conditions.8 Unfortunately,
we found that the phosphorus side chain was easily oxidized to form oxide, probably
leading to desorption of metal species from the metallopolymer. Alternatively, to improve
the luminescent polymers, we used 4-vinylpyridine (Vp) as a linker module comonomer. It
has been generally used as a ligand in metallopolymers.® In this chapter, we have reported
preparation of a series of new luminescent metallopolymers. First, pyridine-containing
polymers were produced as ligands for metal modules. Then, some amount of iridium
complex precursor, [IrCl(piq)z]2 (3), where piq is 1-phenylisoquinoline, was added to the
ligand polymer.

Scheme 6 depicts the synthetic procedure for the ligand copolymer 1 and the iridium-
containing polymer 5. MMA and Vp were copolymerized in the presence of benzoylperoxide
(BPO) at 80 °C for 10 h to form the random copolymer 1.10 The number-averaged molecular
weight of 1 was 963000 g/mol, determined by size-exclusion chromatography (SEC) which
was calibrated using polystyrene standards. The 1H NMR spectroscopy of 1 revealed that the
content of Vp was 23 mol%. These copolymers reacted with [IrCl(piq)]> (3) in CH2Cl»
efficiently to form 5, as a red compound. The expected quantity of the vinylpyridine iridium
unit, [IrCl(piq)(Vp)], in metallopolymer 5 was 49 wt%, which was calculated by the feed ratios
of 3 and Vp in 1. The luminescent polymer of platinum analog 6 was also prepared efficiently
by the reaction of 1 with a platinum precursor, [PtCl(piq)]2 (4), in CHxCl.

In these luminescent polymers, MMA were used as a comonomer in order to reveal the
properties of luminescent modules. However, as noted below, the EL efficiencies of the
devices including such metallopolymers were extremely low, because of the poor
conductivity of MMA copolymer. Therefore, we used N-vinylcarbazole (Vc) as an
alternative comonomer instead of MMA to improve the conductivity and luminescence
property. Poly(N-vinylcarbazole) (PVK) has been known as a host material for OLED
component, performing high conductivity due to closely arranged n conjugated sites which
hang from the polyolefin backbone as a pendant group.!! Scheme 7 depicts the synthetic
procedure for the iridium-containing polymers 7a and 7b from ligand copolymers 2a and
2b, which have different Vp contents, 4.7 and 15 mol%, respectively. The content of Vp was
determined by absorption coefficient ratio for PVK at 345 nm in CHCl; (Table 1). The ligand
copolymers 2a and 2b were prepared in the presence of AIBN.12 The reaction of these
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copolymers with [IrCl(piq)2] (3) in CH»Cl, gave red solutions, similar to the prior
experimental result forming 5 (Table 2). The quantities of the iridium unit,

[IrCl(piq)2(Vp)ly2, content in the metallopolymers 7a and 7b were 8.4 and 25 wt%, which
were determined by the feed ratios of 3 and Vp in 2a-b -

N
i'\"e BPO
+ =
o7 ome I\, I soc, 10n

CH,Cl,

1+ [MCl(pig)],

MeO~ ~O

reflux, overnight

3:M=Ir,n=2
4:M=Pt,n=1

5:M=Ir,n=2
6:M=Pt,n=1

Scheme 6. Preparation of 1, 5, and 6.

AIBN

\ AN
N . p
N 65°C, 3 h

CH,Cl,
2 0+ 3 — -,

reflux, 16 h

7

Scheme 7. Synthesis of copolymers 2a-b, and metallopolymers 7a-b.
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The MMA-copolymerized metallopolymers 5 and 6 were readily soluble in several organic
solvents, such as CH,Cly, and CHCl3, whereas the Vc-copolymerized metallopolymers 7 had
poor solubility toward these solvents. Figure 5 shows the 'H NMR spectra for the
monomeric complex 14, 1, and 5. Broadened signals due to the aromatic protons of 1
appeared from & 8.5 to 8.2 and from 6 7.1 to 6.6 (Figure 5 (b)), whereas new broad
resonances were observed from & 10.1 to 6.1 (c), assigned as aromatic protons of the
incorporated iridium unit in 5, which provided the similar set of signals to those
corresponding to 14 (a). The result suggested that the iridium unit in 5 has the same
chemical structure as that of 14. The spectra for 6 were similarly observed. Several
broadened signals assigned as aromatic groups of the iridium unit in 7 were also observed
as shown in Figure 6 (b) and (d). These signals were shifted to the higher field when these
signals were compared with those due to the monomeric analog 14 (Figure 6 (e)), probably
due to the shielding effect of the surrounding aromatic groups of the carbazole side chain.

Ligand Comonomer Initiator Yield Vp Content Mn
Polymer VP Other (mmol) (%) (mol%) (104~ PDI
(mmol) (mmol) g/mol)
1 093 MMA 93 BPO  0.050 100 23 96 27
2a 1.0 Ve 20 AIBN  0.10 82 4.7 5.0 2.1
2b 2.0 Ve 20 AIBN 010 20 15 3.8 35
Table 1. Preparation of Ligand Polymers
Polymer Feed quymer Ligand Feed Precursor Yield [IrCl(piqa(Vp)ly2
Complex (Pyridine Content / Complex (%) Content (wt%)
mmol) (Metal Content / mmol)
5 1 0.40 3 0.10 94 49
6 1 0.041 4 0.010 94 41
7a 2a 0.20 3 0.049 95 8.4
7b 2b 0.20 3 0.050 92 25

Table 2. Preparation of Metallopolymers

3. Preparation of metallopolymers containing conjugated polymer main chain

EL materials containing small molecules as doping luminescent compounds and
conjugated polymers, such as PPV and PFO, have been developed as EL materials. Those
performing more efficient luminescence have also been developed directly binding
chromophores in the side chain of the conjugated polymers (Figure 4 and Scheme 3). 57t7¢
However, it is unknown that the luminescent iridium or platinum unit directory combines
to the end of the conjugated polymers without breaking the n-conjugation, except one
example.13 The conjugated binding between the host polymer and the guest chromophore
is expected that intramolecular electron transfer occurs easily. Here we developed new
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Fig. 5. IH NMR spectra in CD,Cl; for (a) 14, (b) ligand polymer 1, and (c) metallopolymer 5
in the aromatic region.
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Fig. 6. IH NMR spectra in CD,Cl; for (a) 2a, (b) 7a, (c) 2b, (d) 7b and (e) 14 in the aromatic
region.
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series of conjugated ligand polymers where a pyridyl group was introduced in the both
ends of the polymers. As the previous preparation for the polyolefin metallopolymers, the
luminescent 1-phenylisoquinoline iridium module was efficiently combined to the ligand
polymers after polymerization. The procedures of the ligand polymers 8 and 9 and
metallopolymers 10-13 are shown in Schemes 8 and 9. The conjugated polymer was
prepared by the polycondensation reaction of two comonomers, 9,9-dioctylfluorene
dibromide and bisboronic ester, mediated by a the catalyst system using palladium
acetate, tri(o-methoxyphenyl)phosphine, and sodium carbonate. Subsequent reaction of
the obtained mixture with pyridylboronic acid pinacol ester or pyridylboronic acid
formed the end-capped ligand polymers 8a and 8b in 34 or 53% yield. The content of the
pyridyl group was 2.9 or 2.0 mol%, which was determined by 'H NMR spectrum. On the
other hand, a comonomer, 4-sec-butylphenyl-N,N-bis(4-bromophenyl)amine, was added
to the polycondensation, resulted in the formation of triarylamine-containing ligand
copolymers 9a and 9b. The yields, averaged moleculer weights, and pyridyl-group
contents are listed in Table 3. The reactions of the ligand polymers 8a and 9a with the
iridium precursor 3 efficiently formed the metallopolymers 10 and 12. The theoretical
ratios of the iridium unit, [IrCl(piq)2(py)] in 10 and 12 were 1.7 and 1.7 wt%.
The platinum analogs 11, 13 were similarly synthesized from 8b, 9b and the platinum
precursor 5. The yields and the content ratios of iridium and platinum are listed in
Table 4.

2)
[O:BBioj + Br O Br + Br@ OBr + NC/}BR
o 0

CgHyz  CgHyy CgHi7  CgHy7

Pd(OAc),
Ny /
_ P(oMeOCeHs):

Al|quat 336 CgHyz  CgHyz
Toluene / Na,CO3 aq.
1)105°C, 3 h

2)105°C, 21 h 8:y/z=1.0/0.0

9:y/z=09/01
Scheme 8. Preparation of the conjugated ligand polymers 8 and 9.

The metallopolymers 12 and 13, in which the 4-sec-butylphenyl-diphenyleneamine group
was included in the main chain, were readily soluble in several organic solvents, such as
CH,Cl,, and CHCl;, whereas the metallopolymers 10, 11 had poor solubility toward these
solvents. The TH NMR spectra for 10 and 12 demonstrated no existence of the precursor 3
but small amount of the iridium unit binding to the terminal as shown in Figure 7. In
addition to the signals around & 8.7 and from 7.0 to 8.5, small new signals, most of which
agreed with those due to the monomeric iridium analog 14, appeared, suggesting that the
iridium unit in 10 and 12 has the similar structure to 14. The appearance of the signal at 5 8.7
in the spectra for the products indicated that the free pyridyl group at the end of the
polymers still remained in part, even after combination of the iridium module. The spectra
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for the analogous polymers 11 and 13 containing platinum unit also showed the successful
formation of the metallopolymers, in which the platinum unit has the similar structure to 15.

@@M

\‘n

CHQC|2
8 +  [MCl(pig)n]>
reflux, overnlght

3:M=Ir,n=2 CgHi7 CgHir
5:M=Ptn=1 10:M=1
rn=2
:M=Pt,n=1
CHZCIZ
IR T Ve Vm Vs ay @
reflux overnight . 0.9
3:M=Ir,n=2
; CgHy; CgH
5:M=Pt,n=1 e e
12:M=1Ir,n=2
13:M=Pt,n=1

Scheme 9. Preparation of the conjugated metallopolymers 10-13.

Comonomer Pyridine Mn

Ligand Yield
5 FIBO  FIBr  PABr  PyBO o Content  (x104  PDI
Polymer (%) 0
(mmol) (mmol) (mmol) (mmol) (mol%)  g/mol)
8as 5.1 6.2 0.0 1.8 34 29 29 14
8b 5.2 6.2 0.0 1.8 53 2.0 3.4 1.6
9ar 5.2 5.0 1.2 1.8 28 3.5 3.1 1.3
9b 5.4 5.0 1.2 1.8 52 2.6 3.9 1.4

= Pinacol ester instead of boronic acid was used as a coupling reagent in the synthesis of 8a
and 9a.

Table 3. Preparation of the conjugated ligand copolymers.

Ligand Copolymer Metal Precursor IrCl(piq)a(py)]
Polymer Pyridine Metal Content Yield Content
Complex Content (%) 0
(mmol) (mmol) (wt)

10 8a 0.029 3 0.0051 80 1.7

11 8b 0.032 5 0.0056 76 1.1

12 9a 0.016 3 0.0030 68 1.7

13 9b 0.029 5 0.0055 34 1.0

Table 4. Preparation of the conjugated metallopolymers.
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4. PL behavior of metallopolymers

The corresponding pyridine-substituted monomeric complexes of iridium and platinum
(Figure 8 (a)) were also prepared for the first time in order to estimate the luminescent
behavior of the metallopolymers containing the similar metal units,4 because polymer
backbone sometimes influences luminescence of the metal units significantly both in the
solid and solution states.8 15 The structures of these complexes were well defined and the PL
behaviors were compared with those of the metallopolymers.14 All the iridium and platinum
complexes and polymers were irradiated at 462 and 433 nm, respectively, to observe the
luminescence. As shown in Figure 8 (b), both the luminescent bands for the iridium and
platinum complexes 14 and 15 were observed in almost the same area from 570 to 850 nm,
although the low-energy absorption bands appeared in the different area (c).

(a)
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Fig. 7. 1H NMR spectra in CD,Cl; for (a) 12, (b) 10 and (c) 14 in the aromatic region.

Figure 9 (a) and (b) show the PL spectra of the metallopolymers 5, 6, 7a and 7b in the CH,Cl,
solutions. Similar photoluminescent properties of the metallopolymers in the solutions to
those of the monomeric metal analogs were observed when the concentrations of the metal
units in the solutions were comparable. For example, red luminescence from 5 was observed
and the wavelength at the maximum intensity was 620 nm. The PL spectra for 7 showed the
emissions at ~620 nm from the incorporated [IrCl(piq)2] unit. The intensity of the spectrum
for the iridium polymer 5 was more than four times stronger than that for the platinum
analog 6. Lower intensity for 7a than 7b was coincident with the content ratios of the
iridium unit in the metallopolymers (Table 2).

The PL spectra for the conjugated metallopolymers were shown in Figure 10. The spectra
indicated that each structure of the metal unit was almost the same as that of the monomeric
metal complex. The iridium-containing polymers 10 and 12 exhibited the similar
luminescent spectra to that for the monomeric analog 14, whereas the spectra for the
platinum polymers 11 and 13 showed a characteristic strong band due to the conjugated
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14

main chain under 570 nm in addition to the luminescence emitted by the platinum unit. The
result of the latter suggested that the low-energy absorption band of the conjugated main
chain, which was irradiated simultaneously, lies on almost the same wavelength area as that
of the platinum unit. It was confirmed by the electronic spectra for these compounds.
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Fig. 8. (a) Structures, (b) PL and (c) UV-vis spectra of the monomeric complexes of iridium
and platinum. (concentrations of the both complexes were 1 x 10-5 M.)
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Fig. 10. PL spectra for (a) 10, 11, (b) 12 and 13 in CH,Cl,. Iridium polymers 10 and 12 and
platinum polymers 11 and 13 were irradiated at 462 and 433 nm, respectively (at 0.5 g/L).

5. EL behavior of the metallopolymers

EL behavior of devices containing the metallopolymers and the monomeric metal complexes
was investigated. The metallopolymers composed of the conductive conjugated main chain
exhibited the best performance among them, indicating that the structures of the polymer
backbone closely affect the luminescence behavior, compared with those in the PL
measurements.

We prepared several EL devices containing the luminescence layer of the metallopolymers
as shown in Table 5. The first device A in entry 1 has only the iridium polymer 5 made from
MMA / Vp copolymer, as the luminescence layer. The device performed 7.4 V of threshold
voltage at 1 cd/m?2 and 0.026 cd/A (at 17.4 V) of maximum current efficiency, better than
those of the previously reported iridium polymer made from 4-styryldiphenylphosphine
copolymer, 13.2 V of threshold voltage at 1 cd/m? and 0.06 cd/A (at 20.0 V) of maximum
current efficiency.8 The better performance in device A than the phosphine-based
copolymer is probably derived from improved conductivity of the pyridine-based
copolymer.

When a host polymer 16 was added to the luminescent layer of 5 to make devices B-D, the
threshold voltage and maximum current efficiency were improved to some extent. The
threshold voltage decreased particularly to the comparable level to the devices Q and R,
which were based on the monomeric iridium analog 14. However, the dominant
luminescence in these devices was from the host polymer 16 at 435 nm, indicating that
energy transfer from the host to the guest polymer may be disrupted by the non-conductive
polyolefin main chain and methacrylate side chain. The device E did not emit at least up to
20 V, whereas the emission was slightly observed from the platinum unit but mainly from
the host polymer 16 in device F. The behavior was different from the devices T and U, in
which the luminescence from the doped platinum complex (605 and 650 nm) into 16 was
detected. These results strongly suggest the presence of non-conductive copolymers
involved in the metallopolymers lead to poor EL performance.

The devices G and J, in which the Vc copolymer was involved instead of MMA copolymer,
showed unexpected high threshold voltage, despite PVK was known as conductive host
polymer in EL devices.!! The device S, containing the monomeric 14-doped PVK, also
performed high threshold voltage, suggesting that PVK does not perform enough
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conductivity in the absence of conductive polymers. This high voltage was improved, when
the conductive host polymer 16 was added to the luminescent layer. However, the
maximum current efficiencies were not so different among devices H, I and K, L, in spite of
the different iridium unit content ratios in these metallopolymers 7a and 7b (7a < 7b, see
Tables 1-3). Although the total performances of these devices based on the Vc copolymer
were still not satisfactory, the energy transfer from the host polymer 16 to the
metallopolymers occurred smoothly, leading to decrease of luminescence at 435 nm from
the host 16, in comparison with copolyMMA-based devices.

Emitting Layer Mggﬂtgﬂt y.e J 1
entry  Device* - h 17e max ax
Host'  Guest Feed Ratio (Wt%) A (cd/A, V) (nm)
(Host / Guest)
1 A — 5 0/100 Ir 49 7.4 0.026,17.4 635
2 B 16 5 80/20 Ir 9.8 5.0 0.063, 7.4 430
3 C 16 5 90/10 Ir 4.9 5.6 0.15,8.2 435
4 D 16 5 95/5 Ir 25 4.8 0.091, 12.6 435
5 E — 6 0/100 Pt 41 — — —
6 F 16 6 95/5 Pt 2.1 5.6 0.096, 9.6 435
7 G — Ta 0/100 Ir 8.4 19.2 0.026, 20.0 625
8 H 16 7a 60/40 Ir 34 4.2 0.13,6.8 430
9 I 16 7a 80/20 Ir 1.7 4.6 0.14,7.6 430
10 J — 7b 0/100 Ir 25 11.0 0.082,20.0 630
11 K 16 7b 60/40 Ir 10 4.4 0.12,6.4 430
12 L 16 7b 80/20 Ir 5 4.0 0.097, 5.8 430
13 M — 10 0/100 Ir 1.7 4.0 1.14,4.0 625
14 N — 1 0/100 Pt 1.1 5.4 0.14,7.6 605, 650
15 (0] — 12 0/100 Ir 1.7 34 0.47,3.6 620
16 P — 13 0/100 Pt 1.0 5.8 0.36,10.0 605, 650
17 Q 16 14 90/10 Ir 10 6.4 0.31,9.2 625
18 R 16 14 95/5 Ir 5.0 5.0 0.30,8.2 615
19 S PVK 14 95/5 Ir 5.0 8.0 0.014,19.8 630
20 T 16 15 90/10 Pt 10 10.0 0.024,16.2 605, 650
21 U 16 15 95/5 Pt 5.0 6.8 0.048, 9.8 435

2Device structure: ITO/PEDOT:PSS/Emitting layer/Ba/ Al

®Metal unit is [MCl(piq)n(Py-)] (n = 2, Ir; n =1, Pt) or the monomeric complex in the emitting layer.
¢Threshold voltage at 1 cd/m?.

dMaximum current efficiency.

¢The Amax values correspond to the highest intensity peak in the EL spectrum at maximum current
efficiency.

f16:jéj}%

CgH17  CgHy7

Table 5. EL properties of the devices containing the metallopolymers
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The devices M, N, O, and P containing metal end-capped conjugated polymers provided
satisfactory luminescence performances, compared with the other devices. As shown in
Figure 11, negligible luminescence around 435 nm derived from the conjugated main chain
was observed in the devices M and O containing iridium-capped polymers 10 and 12,
whereas considerable luminescence from the conjugated main chain appeared in the
platinum-based devices N and P. We can conclude that iridium-based devices are superior
to platinum-based ones in energy-transfer ability in this EL device system. The device O
showed the highest performance as a red EL device among all the devices. It is of interest
that the performances of the devices M, O, N, P excelled those of the devices Q, R, T, U,
which contained the layer of the monomeric complex 14- or 15-doped copolymer 16. We
found that these devices M, O, N, P showed more than 1 V lower threshold voltages than
those of the devices Q, R, T, U. These devices have the same structure except whether the
metal chromophore is bound to the end of the host polymer (M, O, N, P) or exists
independently (Q, R, T, U). We considered that direct combination of the conductive
polymer and the metal unit led to facile electron transfer to the metal unit, resulting in low
threshold voltages and high current efficiency of these devices. As for the iridium unit-
containing devices, additional easy energy transfer from the host polymer to iridium caused
the highest performance.
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Fig. 11. EL spectra for (a) devices M, O and R, (b) devices N, P and U, of which the
structures are shown in Table 5. (at 4.0, 4.0, 8.0, 8.0, 10.0, and 10.0 V, respectively) The origin
of the small luminescnet bands from 480 to 570 nm in (b) is not identified.

6. Conclusion

One of the most important factors to design new devices that contain complicated
organic/inorganic/polymeric compounds is how to prepare the compounds easily and
efficiently. Here we described the successful preparation of several luminescent polymer
materials in a few steps, that contained the simple coordination of the metal module precursor
to the pyridine-bound ligand polymers under mild conditions. After several attempts to
investigate the EL behavior of the devices containing the obtained metallopolymers, we found
that structure of backbone host polymer is quite important for efficient luminescence and low
driving voltage in these devices. We also demonstrated that the good EL performance was
provided when the guest unit directly bound to the host polymer.
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7. Experimental details

7.1 Synthesis of pyridine-capped conjugated copolymers

As a typical example, into a 200-mL three-necked flask equipped with a condenser, 2.77 g
(5.2 mmol) of 9,9-dioctylfluorene-2,7-bis(boronic acid ethylene glycol ester), 2.72 g (5.0
mmol) of 9,9-dioctyl-2,7-dibromofluorene, 0.551 g (1.2 mmol) of 4-(1-methylpropyl)-N,N-
bis(4-bromophenyl)aniline, 0.79 g of methyltrioctylammonium chloride (Aliquat 336, made
by Sigma-Aldrich Corporation), and 60 mL of toluene were placed. Under a nitrogen
atmosphere, 2.2 mg of palladium diacetate and 12.9 mg of tris(2-methoxyphenyl)phosphine
were added to the solution, and the solution was heated to 95°C. While a 17.5 wt% sodium
carbonate aqueous solution (16.5 mL) was dropped to the obtained solution over 30
minutes, the solution was heated to 105°C, and subsequently stirred at 105°C for 3 hours.
Then, 369 mg of 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine dissolved in toluene
(30 mL) was added, and the mixture was stirred at 105°C for 21 hours. After the aqueous
layer was removed, 3.65 g of sodium N,N-diethyldithiocarbamate trihydrate and 36 mL of
water were added, and the solution was stirred at 85°C for 2 hours. An organic layer was
separated and washed with water (78 mL, twice), a 3 wt% aqueous acetic acid (78 mL,
twice), and then water (78 mL, twice). The organic layer was dropped to methanol to form
precipitates, which were filtrated and dried to obtain a solid. The residual solid was
dissolved in toluene (186 mL), and the solution was passed through a silica gel / alumina
column, where toluene was passed in advance. The filtrate was concentrated under reduced
pressure and dropped into methanol, and a precipitate was filtered to obtain ligand polymer
9a (1.26 g). The number-averaged molecular weight M, was 3.1 x 10¢ g/mol, which was
determined by SEC calibrated with polystyrene standards.

7.2 Synthesis of conjugated iridium polymers

As a typical example, under an inert-gas atmosphere, a mixture of [IrCl(piq)2]> (3) (0.0038 g,
0.0030 mmol) and pyridine-capped copolymer 9a (0.243 g, containing 0.016 mmol of
pyridine) in CH>Cl, (6 mL) was refluxed for 16 h. After cooling to room temperature, the
resulting solution was poured into hexane to afford a precipitate, which was filtered and
washed with hexane and dried under reduced pressure to obtain light orange powder 10 in
80 % yield (M, = 3.3x104 g/mol).
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9. Abbreviations

PL: photo-luminescent

EL: electro-luminescent

PLED: polymer light-emitting diode
OLED: organic light-emitting diode
PPV: polyphenylene vinylene

PVK: poly(vinylcarbazole)

PFO: poly(9,9-di-n-octyl-2,7-fluorene)
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MMA: methyl methacrylate

Vp: 4-vinylpyridine

piq: 1-phenylisoquinoline

SEC: size-exclusion chromatography

Ve: N-vinylcarbazole

AIBN: azobisisobutylonitrile

BPO: benzoylperoxide

FIBO: 9,9-dioctylfluorene-2,7-bis(boronic acid ethylene glycol ester)
FIBr: 9,9-dioctyl-2,7-dibromofluorene

PABr: 4-sec-butylphenyl-N,N-bis(4-bromophenyl)amine

PyBO: 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine boronic acid
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1. Introduction

Since the pioneering works on the first double-layer thin-film Organic electroluminescence
(EL) devices (OLEDs) by C. W. Tang and co-workers in the Kodak Company in 1987 (Tang &
Vanslyke, 1987), OLEDs have attracted enormous attentions in the scientific community due to
their high technological potential toward the next generation of full-color-flat-panel displays
(Hung & Chen, 2002; Wu et al., 2005; Geffroy et al., 2006) and lighting applications (Duggal et
al., 2007; So et al., 2008). In today’s developments of OLED technologies, the trends of organic
EL devices are mainly focusing both on optimizations of EL structures and on developing new
optoelectronic emitting materials. Obviously the key point of OLEDs development for full-
color-flat display is to find out materials emitting pure colors of red, green and blue (RGB)
with excellent emission efficiency and high stability. Numerous materials with brightness RGB
emission have been designed and developed to meet the requirements toward the full-color
displays. Among them, organic small molecules containing polycyclic aromatic hydrocarbons
(PAHs) (e. g. naphthalene, anthracene, perylene, fluorene, carbazole, pyrene, etc.) are well
known and are suitable for applications in OLEDs. Recently, naphthalene, anthracene,
perylene, fluorene, carbazole, pyrene and their derivatives have been widely used as efficient
electron-/hole-transporting materials or host emitting materials in OLED applications. In this
chapter an overview is presented of the synthesis and photophysical properties of pyrene-
based, multiply conjugated shaped, fluorescent light-emitting materials that have been
disclosed in recent literatures, in which several pyrenes have been successfully used as
efficient hole-/ electron-transporting materials or host emitters or emitters in OLEDs, by which
a series of pyrene-based, cruciform-shaped n-conjugated blue-light-emitting architectures can
be prepared with an emphasis on how synthetic design can contribute to the meeting of
promising potential in OLEDs applications.

2. Pyrene and pyrene derivatives

Pyrene is an alternant polycyclic aromatic hydrocarbon (PAH) and consists of four fused
benzene rings, resulting in a large, flat aromatic system. Pyrene is a colorless or pale yellow
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solid, and pyrene forms during incomplete combustion of organic materials and therefore
can be isolated from coal tar together with a broad range of related compounds. Pyrene has
been the subject of tremendous investigation. In the last four decades, a number of research
works have been reported on both the theoretical and experimental investigation of pyrene
concerning on its electronic structure, UV-vis absorption and fluorescence emission
spectrum. Indeed, this polycyclic aromatic hydrocarbon exhibits a set of many interesting
electrochemical and photophysical attributes, which have results in its utilization in a
variety of scientific areas. Some recent advanced applications of pyrene include fluorescent
labelling of oligonucleotides for DNA assay (Yamana et al, 2002), electrochemically
generated luminescence (Daub et al., 1996), carbon nanotube functionallization (Martin et
al., 2004), fluorescence chemosensory (Strauss & Daub, 2002; Benniston et al., 2003), design
of luminescence liquid crystals (de Halleux et al, 2004), supermolecular self-assembly
(Barboiu et al., 2004), etc.. On the other hand, as mentioned above, PAHS (e. g. naphthalene,
anthracene, perylene, fluorene, carbazole, etc.) and their derivatives have been developed as
RGB emitters in OLEDs because of their promising fluorescent properties (Jiang et al., 2001;
Balaganesan et al., 2003; Shibano et al,, 2007; Liao et al,, 2007; Thomas et al., 2001). In
particular, these compounds have a strong n-electron delocalization character and they can
be substituted with a range of functional groups, which could be used for OLEDs materials
with tuneable wavelength. Similarly, pyrene has strong UV-vis absorption spectra between
310 and 340 nm and emission spectra between 360 and 380 nm (Clar & Schmidt, 1976),
especially its expanded n-electron delocalization, high thermal stability, electron accepted
nature as well as good performance in solution. From its excellent properties, it seems that
pyrene is suitable for developing emitters to OLEDs applications; however, the use of
pyrene molecules is limited, because pyrene molecules easily formed n-aggregates/excimers
and the formation of n-aggregates/excimers leads to an additional emission band in long
wavelength and the quenching of fluorescence, resulting in low solid-state fluorescence
quantum yields. Recently, this problem is mainly solved by both the introduction of long or
big branched side chains into pyrene molecules and co-polymerization with a suitable bulky
co-monomer. Very recently, it was reported that pyrene derivatives are useful in OLEDs
applications (Otsubo et al., 2002; Thomas et al., 2005; Ohshita et al., 2003; Jia et al., 2004; Tang et
al., 2006; Moorthy et al., 2007) as hole-transporting materials (Thomas et al., 2005; Tang et al.,
2006) or host blue-emitting materials (Otsubo et al., 2002; Ohshita et al., 2003; Jia et al., 2004;
Moorthy et al, 2007). To date, various pyrene-based light-emitting materials have been
disclosed in recent literatures, which can be roughly categorized into three types of materials:
(1) Functionalized pyrene-based light-emitting monomers; (2) Functionalized pyrene-based light-
emitting dendrimers; and (3) Functionalized pyrene-based light-emitting oligomers and polymers.

3. Functionalized pyrene-based light-emitting monomers

Because of its extensive n-electron delocalization and electron-accepted nature, pyrene is a
fascinating core for developing fluorescent z-conjugation light-emitting monomers. In those
compounds, pyrene was used as a conjugation centre core substituted by some
functionalized groups or as function substituents introduced into others PAHs rings. In this
section, the synthesis and photophysical properties of two types of functionalized pyrene-
based light-emitting monomers, namely, pyrene-cored organic light-emitting monomers and
pyrene-functionalized PAHs-cored organic light-emitting monomers were fully presented. In
particular, the use of these light-emitting monomers as efficient emitters in OLEDs will be
discussed in detail.
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3.1 Pyrene-cored organic light-emitting monomers

Although pyrene and its derivatives have been widely used as fluorescence probes in many
applications, there are two major drawbacks using pyrene as a fluorescence probe: One is
the absorption and emission wavelengths of the pyrene monomer are confined to the UV
region of 310-380 nm, and the other is pyrene can easily forms an excimer above
concentrations of 0.1 mM. In order to probe biological membranes using fluorescence
techniques it is desirable to have a fluorophore probe that absorbs and emits in the long
wavelength region, preferably in the visible region of the electromagnetic spectrum in order
to minimize the spectral overlap of the intrinsic fluorescence of the bio-molecules that occur
in the UV region. Furthermore, molecular systems that are light emitters in the visible
region are potentially useful in the fabrication of organic light emitting diodes (OLEDs).
Therefore, it is desirable to design molecules that have emission in the visible region.
Consequently, the most common method to bathochromically shift the absorption and
emission characteristics of a fluorophore is to extend the m-conjugation by introducing
unsaturated functional groups (e. g. acetylenic group) or rigid, bulky PAHs moieties (e. g.
phenylene, thiophene, bithiophene, thienothiophene, benzothiadiazole-thiophene, pridine,
etc.) to the core of the fluorophore. In recent papers, using pyrene as a conjugation centre
core, the synthesis, absorption and fluorescence-emission properties of the 1,3,6,8-
tetraethynylpyrenes and its derivatives have been reported (Venkataramana &
Sankararaman 2005, 2006; Fujimoto et al., 2009), and monomers of 1-mono, 1,6-bis-, 1,8-bis-,
1,3,6-tris-, and 1,3,6,8-tetrakis-(alkynyl)pyrenes have also been prepared (Maeda et al., 2006;
Kim et al., 2008; Oh et al., 2009). On the other hand, 1,3,6,8-tetraarylpyrenes as fluorescent
liquid-crystalline columns (de Halleux et al., 2004; Sienkowska et al., 2004) or organic
semiconductors for organic field effect transistors (OFETs) (Zhang et al., 2006) or efficient
host blue emitters (Moorthy et al., 2007; Sonar et al., 2010) or electron transport material (Oh
et al., 2009) have recently been reported. The starting point for the above-mentioned
synthesis was 1-mono (2a), 1,6-di-(2b), 1,8-di-(2c), 1,3,6-tris-(2d), and 1,3,6,8-
tetrabromopyrenes (2e), which is readily prepared by electrophinic bromination of pyrene
(1) with one to excess equivalents of bromine under the corresponding reaction conditions,
respectively (Grimshaw et al., 1972; Vollmann et al., 1937) (Scheme 1). These materials were
consequently converted to the corresponding alkynylpyrenes (pyrene-C=C-R) or
arylpyrenes (pyrene-R) by Sonogashira cross-coupling reaction or Suzuki cross-coupling
reaction, respectively.

2a:X1=Br,X2=X3=X4=H

X1 Xz
O O 2b:X1=X3=Br,X2=X4=H
Bromination
> 201X1:X4:BT,X2:X3:H
O O 2d:X1=X2=X3=Br,X4=H
X, X3

2e:X1=X2=X3=X4=Br

1 2

Scheme 1. Electrophilic bromination of pyrene (1)
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3.1.1 Alkynyl-functionalized pyrene-cored light-emitting monomers

Acetylene has been widely applied for linking m-conjugated units and for effectively
extending the n-conjugation length. The progress of such n-conjugated materials by means
of acetylene chemistry has strongly dependent on the development of Sonogashira coupling
reaction. Thereby, many attractive acetylene-linked molecules have emerged such as for
semiconducting polymers (Swager et al, 2005; Swager & Zheng, 2005), macrocyclic
molecules (Kawase, 2007; Hoger et al., 2005), helical polymers (Yamashita & Maeda, 2008)
and energy transfer cassettes (Loudet et al., 2008; Han et al., 2007; Jiao et al., 2006;
Bandichhor et al, 2006). Accordingly, the use of acetylene group for extending the
conjugation of the pyrene chromophore is one of the most common methods. Sankararaman
et al. (Venkataramana & Sankararaman, 2005) reported the synthesis, absorption and
fluorescence-emission of 1,3,6,8-tetraethynylpyrene derivatives 3a-f, which were prepared
by the Sonogashira coupling of tetrabromomide (2e) with various terminal acetylenes
yielded the corresponding tetraethynylpyrenes. Significant bathochromic shifts of
absorptions band were observed in the region of 350-450 nm for 3a-d, 375-474 nm for 3e-f,
respectively, compare with that of pyrene (1) in dilute THF solutions due to the extended
conjugation of the pyrene chromophore with the acetylenic units. Similarly, the fluorescence
emission bands of 3a-f are also bathochromically shifted in region of 420-550 nm in
comparison of pyrene in THF. The quantum efficiency of fluorescence emission for 3a-d was
in the rang of 0.4-0.7; these values are comparable to that of pyrene, while 3e and 3f are low
due to the deactivation of the excited state resulting from the free rotation of the phenyl
groups. The results suggest these derivatives are potentially useful as emitters in the
fabrication of organic light emitting diodes (OLEDs). A pyrene octaaldehyde derivative 4
and its aggregations through n-r and C-H---O interactions in solution and in the solid state
probed by its fluorescence emission and other spectroscopic methods are also prepared by
Sankararaman et al. (Venkataramana & Sankararaman, 2006) In view of its solid-state
fluorescence, this octaaldehyde 4 and its derivatives might find applications in the field of
molecular optoelectronics. Similarly, Fujimoto and co-workers (Maeda et al., 2006) have
synthesized a variety of alkynylpyrene derivatives 5a-d from mono- to tetrabromo-pyrenes
(2a-2e) and arylacetylenes using the Sonogashira coupling, and comprehensively examined
their photophysical properties. The alkynylpyrenes 5a-h thus prepared showed not only
long absorption (365-434 nm, 1.0 x 10> M, in EtOH) and fluorescence emission (386-438 nm,
1.6-2.5 x 107 M, in EtOH) wavelengths but also high fluorescence quantum yields (0.55-0.99,
standards used were 9,10-diphenylanthracene) as compared with pyrene itself.
Additionally, the alkynylpyrene skeletons could be applied to practically useful
fluorescence probes for proteins and DNAs. Fujimoto et al. (Fujimoto et al., 2009) recently
also prepared a series of 1,3,6,8-tetrakis(arylethynyl)pyrenes 6a-e bearing electron-donating
or electron-withdrawing groups. Their photophysical properties analysis demonstrated that
the donor-modified tetrakis(arylethynyl)pyrene 6a-c showed fluorescence solvatochromism
on the basis of intramolecular charge transfer (ICT) mechanism, while the acceptor-modified
ones 6d-e never did. Furthermore, the donor-modified tetrakis(arylethynyl)pyrene 6a-c
were found to be stable under laboratory weathering as compared with that of coumarin.
Thus, the tetrakis(arylethynyl)pyrenes 6 are expected to be applicable to bioprobes for
hydrophobic pockets in various biomolecules and photomaterials.

More recently, Kim et al. prepared a series of alkynylpyrenes 7a-e that bear peripheral [4-
(N,N-dimethylamino)phenylethynyl] (DMA-ethynyl) units using pyrene as the n-center and
their two-photon absorption properties (Kim et al, 2008) and electrogenerated
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chemiluminescence (ECL) properties (Oh et al, 2009) were investigated in detail,
respectively. These alkynylpyrenes 7a-e showed unique patterns in photophysical and
electrochemical properties. For example, compound 7e, which has four peripheral DMA-
ethynyl moieties, exhibits a marked enhancement in ECL intensity compared to the other
compounds 7a-7d; this is attributable to its highly conjugated network that gives an
extraordinary stability of cation and anion radicals in oxidation and reduction process,
respectively. The result is a promising step in the development of highly efficient light-
emitting materials for applications such as organic light-emitting diodes (OLEDs).
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Fig. 1. Alkynyl-functionalized pyrene-cored light-emitting monomers (3-9).

Despite various alkynyl-functionalized pyrene-based light-emitting monomers with
excellent efficiency and stability have been designed and studied by many research groups,
there are very few examples of alkynylpyrenes-based OLED materials. Xing et al. (Xing et
al., 2005) synthesized two ethynyl-linked carbazole-pyrene-based organic emitters (8 and 9,
Figure 1) for electroluminescent devices. Both 8 and 9 show extremely high fluorescence
quantum yield of nearly 100% because of the inserting of pyrene as electron-acceptor. Due
to its higher solubility and easier fabrication than those of 8, they fabricated a single-layer
electroluminescence device by doping 9 into PVK. The single-layer device (ITO/PVK: 9 (10:
1, w/w)/Al) showed turn-on voltage at 8 V, the maximum Iuminance of 60 cd/m2 at 17 V,
and the luminous efficiency of 0.023 Im/W at 20 V. the poor performance of the device is
probably due to the unbalance of electrons and holes in PVK. To improve the device
performance, an  additional  electron-transporting  layer  (1,3,5-tri(phenyl-2-
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benzimidazole)benzene (TPBI) was deposited by vacuum thermal evaporation in the
structure of device: ITO/PVK:9 (10 : 1, w/w) (60 nm)/TPBI (30 nm)/Al (100 nm). Physical
performance of the device appeared to be improved: turn-on voltage 11 V, maximum
luminance reached 1000 cd/m?, external quantum efficiency was found to 0.85% at 15.5V,
and luminous efficiency was 1.1 Im/W at 15.5 V. The molecular structures of these alkynyl-
functionalized pyrene-cored light-emitting monomers (3-9) are shown in Figure. 1.

3.1.2 Aryl-functionalized pyrene-cored light-emitting monomers

Recently, due to their extended delocalized mn-electron, discotic shaped, high
photoluminescence efficiency, and good hole-injection/transport properties, 1,3,6,8-
tetrafunctional pyrene-based materials (i. e. 1,3,6,8-tetra-alkynylpyrenes and 1,3,6,8-
tetraarylpyrenes) have the potential to be very interesting class of materials for opto-
electronic applications. All the tetraarylpyrenes were mainly synthesized starting from the
1,3,6,8-tetrabromopyrene (2e). Suzuki coupling reaction between the tetrabromopyrene 2e
and the corresponding arylboronic acids or esters under Pd-catalyzed conditions afforded
the corresponding tetraarylpyrenes. The first example of tetraarylpyrenes is 1,3,6,8-
tetraphenylpyrene (TPPy, 10). TPPy is a highly efficient fluorophore showing strong blue
luminescence in solution (quantum yield ® = 0.9 in cyclohexane) (Berlamn, 1970), and the
organic light emitting field-effect transistor devices (OLEFET) based on TPPy have been
shown to exhibit electroluminescence (EL) with an external quantum efficiency of only 0.5%
due to aggregation (Oyamada et al., 2005). In view of its high fluorescence quantum yield in
solution and ease of substitution by flexible later side chains, TPPy has recently been
selected as a discotic core to promote liquid-crystalline fluorescent columns. Greets and co-
workers synthesized and studied several new derivatives of pyrenes (11) (de Halleux et al.,
2004); the pyrene core has been substituted at the 1,3,6,8-positions by phenylene rings
bearing alkoxy, ester, thioether, or tris(alkoxy)benzoate groups on the para positions. In
order to generate liquid-crystalline phases, they varied the nature, number, and size of the
side chains as well as the degree of polarity around the TTPy core, however, the desired
liquid-crystalline behavior has not been observed. Kaszynski et al. (Sienkowska et al., 2007)
also prepared and investigated series 1,3,6,8-tetraarylpyrenes 12 on their liquid crystalline
behavior by using thermal, optical, spectroscopic, and powder XRD analysis. No mesogenic
properties for these tetraarylpyrenes exhibited. Zhang and co-workers (Zhang et al., 2006)
recently reported the synthesis and characterization of the first examples of novel butterfly
pyrene derivatives 13 and 14, in which thienyl and trifluoromethylphenyl aromatic groups
were introduced in the 1-, 3-, 6- and 8-positions of pyrene cores through Suzuki coupling
reactions of 2-thiopheneboronic acid and 4-trifluoromethylphenylboronic acid with 1,3,6,8-
tetrabromopyrene (2e) in refluxing dioxane under a nitrogen atmosphere in good yields,
respectively. The physical properties of 13 and 14 were investigated. The absorption
maximum of 13, containing electron-donating thienyl units has double absorption
maximum at 314 nm and 406 nm, while 14, with electron-withdrawing groups of
trifluoromethylphenyl is located at 381 nm. The optical band gaps obtained from the
absorption edges are 2.58 eV for 13 and 2.84 eV for 14. The lower band gap for 13 is probably
attributable to intramolecular charge transfer from thienyl ring to the pyrene core.
Furthermore, compounds 13 and 14 exhibit strong green (Amax = 545 nm) and blue (Amax =
452 nm) fluorescence emission at longer wavelengths in the solid state than in solution (Amax
= 467 nm for 13; Amax = 425 nm for 14; 27-78 nm red shift), indicating strong intermolecular
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interaction in the solid state. The field effect transistors (FETs) device based on 14 did not
show any FET performance, while the FET device using 13 as active material exhibited p-
type performance. The mobility was 3.7 x 103 cm2V-1s1 with an on/off ratio of 104, and the
threshold voltage was -21 V. This is the first example of a p-type FET using a butterfly
pyrene-type moleculae (13) as the active material. More recently, a typical example of
piezochromic luminescence material 15 based on TPPy was designed and prepared by Araki et
al. (Sagara et al., 2007), in which to the para position of the phenyl groups of this parent
molecule TPPy, four hexyl amide units were introduced as the multiple hydrogen-bonding
sites. The addition of methanol to a chloroform solution of 15 resulted in precipitation of a
white powder (B-form), interestingly; this blue-emitting white solid (B-form) was converted to
a yellowish solid showing a strong greenish luminescence (G-form) simply by pressing it with
a spatula. The absorption and fluorescence bands of 15 in chloroform solution showed
structureless features at 392 and 439 nm (® = 0.7, life time t = 1.3 ns), respectively, which are
not much different form those of TPPy (Raytchev et al., 2003). In the solid state, the emission
band of the B-form (® = 0.3, © = 3.1 ns) appeared at a position similar to that in solution, but
the G-Form solid showed considerable red-shifted emission at 472 nm (® = 0.3, t = 3.2 ns). To
clarify the different spectroscopic properties of these two solids, their solid-state structures
were studied by IR spectra analysis and powder X-ray diffraction (XRD), respectively.
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Fig. 2. Aryl-functionalized pyrene-cored light-emitting monomers (10-20).

Although the IR spectra of 15 in the B- and G-form were essentially the same, and the lower-
shifted peak of the amide NH stretching at 3282 cm-! indicated the formation of strong
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hydrogen bonds, however, closer examination of the spectra revealed that the NH stretching
peak of the G-form solid was apparently broader and extended to the higher wave-number
side, indicating the presence of weakly hydrogen-bonded amide units. The powder X-ray
diffraction pattern of the B-form solid showed clear reflection peaks, indicating that 15
molecules in the B-form were packed in a relatively well-defined microcrystalline-like
structure. On the other hand, the G-form solid did not show any noticeable diffraction in the
XRD profile. The results indicated that the crystalline-like ordered structure of the B-form
was disrupted in the G-form solid, agreeing well with the IR results. Therefore, the design
principle in the studies could be widely applicable to other molecular systems.

As described above, numerous aryl-functionalized pyrene-cored light emitting materials
have been developed, but very few of these offer OLED devices. Quite recently, several
1,3,6,8-tetraaryl-functionlized pyrenes as efficient emitters in organic light emitting diodes
(OLEDs) have been reported. Moorthy et al. (Moorthy et al., 2007) prepared three sterically
congested tetraarylpyrenes 16-18, which can be readily accessed by Suzuki coupling
between the 1,3,6,8-tetrabromopyrene (2e) and the corresponding arylboronic acids in
isolated yields. The UV-vis absorption spectra of these arylpyrenes revealed a vibronic
feature that is characteristics of unsubstituted parent pyrene with short wavelength
absorption maximum at ca. 289 nm. The long wavelength absorption maximum for 16, 17,
and 18 occurred at 363, 364, and 367 nm, respectively, which points to only a marginal
difference. The photoluminescence (PL) spectra for 16-18 show that their emission
maximum lie in the region between 400 and 450 nm with maximum bands at 411 nm for 16,
412 nm for 17, 411 nm for 18 in solutions, and at 435 nm for 16, 434 nm for 17, 442 nm for 18
in the solid-state, respectively. The absence of palpable red-shifted emission in all 16-18
attests to the fact that the molecules do not aggregate in the solid state to form excimers,
which is also evidenced from X-ray crystal structure determination of 16. The PL quantum
yields of 16-18 in cyclohexane solution and vacuum-deposited films were found to be in the
range of 0.28-0.38 and 0.24-0.44, respectively. The HOMOs and LUMOs for 16-18 vary from
5.75 10 5.80 eV and 2.56 to 2.62 eV, respectively. Thermal properties of 16-18 were gauged by
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC), which were
found to exhibit decomposition temperatures (T4q) above 300 °C and a broad endothermic
melting transition (Tm) above 240 °C, respectively. The functional behavior of 16-18 as pure
blue host emitting materials in OLEDs was investigated by fabricating devices for capturing
electroluminescence (EL) as following: ITO/NPB (40 nm)/16-18 (10 nm)/TPBI (40 nm)/LiF
(1 nm)/Al (150 nm), where ITO (indium tin oxide) was the anode, NPB (N,N’-bis-
(naphthlen-1-yl)-N,N’-bis(phenyl)benzidine) served as a hole-transporting layer, 16/17/18
as an emitting layer, TPBI (1,3,5-tri(phenyl-2-benzimidazole)-benzene) as an electron-
transporting layer, and LiF:Al as the composite cathode. The luminance and external
quantum efficiencies of the devices constructed for 16 were 1.85 cd/A and 2.2%,
respectively, at a current density of 20 mA /cm? (9.48 V). The maximum luminance achieved
was 3106 cd/m? with CIE of (0.15, 0.10). In contrast, the device constructed for 18 exhibited
much better performance yielding a maximum external quantum efficiency of ca. 3.3% at 6.5
V. The maximum luminance efficiency achieved was 2.7 cd/A at a current density of 5.25
mA/cm? (6.5) with a maximum luminance of 4730 cd/m?2 with CIE of (0.14, 0.09). Thus, the
maximum external efficiency achieved for the non-doped blue emitting device fabricated for
18 is 3.3%; this value is comparable to commonly used blue emitting materials based on
spirofluorene (3.2 cd/A) (Kim et al., 2001), diarylanthracences (2.6-3.0 cd/A) (Kim et al,,
2005; Tao et al, 2004), diphenylvinylbiphenyls (1.78 cd/A) (Xie et al., 2003), biaryls



Synthesis and Photophysical Properties of Pyrene-Based Multiply Conjugated
Shaped Light-Emitting Architectures: Toward Efficient Organic-Light-Emitting Diodes 29

(4.0cd/ A) (Shih et al., 2002), etc. The maximum luminance efficiency of 2.7 cd/ A achieved in
18 underscores the fact that the attachment of sterically hindered substituents to the pyrene
does indeed lead to suppression of face-to-face aggregation.

Small molecules advantageous because they can be i) purified by column techniques such as
recrystalliztion, chromatography, and sublimation and ii) vacuum-deposited in multilayer
stack both important for device lifetime and efficiency (Anthony et al., 2008). However,
vacuum-deposition techniques require costly processes that are limited to practical substrate
size and relatively low yields in the manufacture of high volume products using masking
technologies (Shtein et al., 2004). On the other hand, polymers are generally of lower purity
than small molecules but can be used to achieve larger display sizes at much lower costs
using technologies such as inkjet and screen printing (Krebs, 2009; Loo & McCulloch, 2008;
Sirringhaus & Ando, 2008). By combining the advantages of both small molecules and
polymers, specially, 1,3,6,8-tetraarylpyrenes (19) with high purity and solution
processability for application in organic electronics was recently reported by Sellinger and
co-workers (Sonar et al., 2010), which were synthesized by both Stille and Suzuki-Miyaura
cross coupling, respectively. All compounds 19a-d are readily soluble in common organic
solvents such as CHCl;, CH>Cl,, THF and toluene, which allows for purification by column
chromatography and solution processing. The photophysical properties of 19 were
measured by UV-vis absorption and photoluminescence (PL) spectroscopy in chloroform
and in thin films. Compounds 19a and 19d show red-shifted wavelength absorption
maximum (Amax) at 451 and 452 nm in comparison to 19b and 19¢ (Amax = 394 and 429 nm,
respectively) due to their slightly more extended conjugation lengths. In thin film
absorption, compounds 19a, 19¢, and 19d show red shifts of ca. 13-19 nm, while 19b shows
similar absorbance compared to their respective dilute solutions. Solution PL spectra of 19b
and 19¢ show deep blue and sky blue emission, respectively, at 433 and 490 nm, whereas
19a and 19d exhibit green and orange emission at 530 and 541 nm, respectively. In thin film
PL, all compounds 19 are red-shifted 29-95 nm compared their corresponding solutions due
to aggregation in the solid state. The calculated HOMO values for 19 are in range of 5.15 to
5.33 eV, these energy levels match quite with commonly used hole injection/transport layer
and anodes such as PEDOT: PSS (5.1 eV) and ITO (4.9 eV), indicating the materials are
suitable for application in OLEDs. The strong PL emission, tunable energy levels, excellent
solubility, enhanced thermal properties, and good film-forming properties make these
materials promising candidates for application in solution-processed devices. Using 19b as a
potential deep blue emitting material, a structure of the OLED is fabricated as following:
indium tin oxide (ITO)/PEDOT: PSS (50 nm)/19b (50 nm)/1,3,5-tris(phenyl-
20benzimidazolyl)-benzene (TPBI) (20 nm)/Ca (20 nm)/Ag (100 nm) where PEDOT/PSS
and TPBI act as hole-injecting/transport and electron-injecting/transport layers,
respectively. The maximum brightness and luminance efficiency are 5015 cd/m?2 (at 11 V)
and 2.56 cd/A (at 10 cd/m?) with CIE coordinates (0,15, 0.18), respectively. The efficiency
numbers are quite promising for unoptimized small molecule solution processed blue
OLEDs (Zhang et al., 2010; Wang et al., 2009). The turn-on voltage for the device of around 3
V is quite low, suggesting that the barrier for hole injection from PEDOT: PSS is low, which
is expected from the measured HOMO level of 19b.

For OLEDs, to achieve maximum device efficiency is highly depended on the balance of
carrier recombination, because the hole mobility is usually much higher than the electron
mobility under the same electric field (Chen et al., 1999; Chu et al., 2007). And thus, emitting
and charge-transporting materials with a high ionization potential values such as oxadiazole



30 Organic Light Emitting Diode - Material, Process and Devices

(Tokito et al., 1997), benzimidazole (Shi et al., 1997), diarylsilole group materials (Uchida et
al., 2001) and electron transport materials (ETMs) (Kulkarni et al., 2004; Strohriegl &
Grazulevicius, 2002) were synthesized and applied to OLEDs. On the other hand, the
polycyclic aromatic hydrocarbons such as naphthalenes, anthracenes, and pyrenes,
compared with hetero-aromatic compounds, are known to be not suitable for ETMs due to
their high reduction potentials, but they have good thermal stability and no absorption at
longer wavelengths than 430 nm (Tonzola et al., 2003). Among them, pyrene has relatively
high electron affinity values and better thermal stability. Lee an co-workers (Oh et al., 2009)
synthesized new kinds of pyrene-based electron transport materials (ETMs): 1,6-di(pyridin-
3-yl)-3,8-di-(naphthlen-1-yl)pyrene  (20a) and 1,6-di(pyridin-3-yl)-3,8-di(naphthlen-2-
yl)pyrene (20b) via Suzuki coupling reaction starting from 1,6-dibromopyrene (2b).
Three blue OLEDs (1-3) were fabricated by high-vacuum thermal evaporation of OLED
materials on to ITO-coated glass as following: ITO/DNTPD (60 nm)/NPB (30 nm)/AND:
TBP 3wt% (25 nm)/Alqgz (device 1) or 20a (device 2) or 20b (device 3) (25 nm)/LiF (0.5
nm)/Al (100 nm), where 4,4’-bis[N-[4-{N,N-bis(3-methylphenyl)amino}-phenyl]-N-
phenylamino]biphenyl (DNTPD) and 4,4’-bis[N-(1-naphthyl)-N-phenylamino] biphenyl
(NPB) act as hole-injecting/transport layers (HTL), AND : TBP 3wt% act as emitting layers
(EML), and Alqs or 20a or 20b act as electron-injecting/transport layers (ETL), respectively.
The external quantum efficiencies of the devices 2-3 with the newly-developed pyrene-
based molecules 20a/20b as electron transport materials increase by more than 50% at 1 mA
cm-2 compared with those of the device 1 with representative Alqz as an electron transport
material. The enhanced quantum efficiencies are due to the balanced charge recombination
in an emissive layer. Electron mobilities in 20a and 20b films are 3.7 x 10> cm? (Vs)-1 and 4.3
x 105 em? (Vs)-, respectively. These values are three times higher than that of Algs. Highly
enhanced power efficiency is achieved at 1.4 Im/W for device 1 with Algs, 2.0 Im/W for
device 2 with 20a, and 2.1 Im/W for device 3 with 20b at 2000 cd/m?2 due to a low electron
injection barrier and high electron mobility. All structures for these 1,3,6,8-tetraaryl-
functionalized pyrene-cored light-emitting monomers (10-20) are shown in Figure. 2.

3.2 Pyrenyl-functionalized PAHs-cored light-emitting monomers

Due to the most attractive features of its excimer formation, delayed fluorescence, rather
fluorescence lifetimes, etc., pyrene is also a fascinating subchromophores for constructing
highly efficient fluorescent light-emitting monomers for OLEDs applications. Recent
literatures survey revealed that there are many number of investigations concerning the
attachment of pyrene to other aromatic fluorophores such as benzene, fluorene, and
carbazole, etc. as highly efficient emitters in OLEDs. In this section, the synthesis and
photophysical properties of three types of pyrenyl-functionalized PAHs-cored light-
emitting monomers were summarized. Especially, several these light-emitting monomers as
emitters in efficient OLEDs will be fully discussed.

3.2.1 Pyrenyl-functionalized benzene-cored light-emitting monomers

Hexaarylbenzenes have received much attention in material science in recent years (Rathore
et al., 2001; Rathore et al., 2004; Sun et al., 2005) for application as light emitting and charge-
transport layer in OLEDs (Jia et al., 2005). Lambet et al. (Rausch & Lambert, 2006) designed a
synthetic route to the first hexapyrenylbenzene 21 starting from 4,5,9,10-tetrahydropyrene,
in which six pyrenyl substituents are arranged in a regular manner and held together by a
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central benzene core. The absorption spectrum of 21 in dichloromethane shows the typical
allowed bands at 465 and 398 nm, and the much weaker forbidden bands at 347 and 280 nm,
respectively, which display vibronic structure and are distinctly shifted to lower energy
region. The emission spectrum of 21, peaked at 415 nm, also shows a vibronic fine structure
but is much less resolved than that of the parent pyrene. At the low-energy side, there is a
broad and unresolved shoulder at 483 nm, which is more intense in polar solvents than in
moderately or apolar solvents. The emission spectrum is independent of the concentration
such that excimer formation between two molecules of 21 could be excluded, which is both
from locally excited pyrene states and from the excitonic states of the aggregate. The others
pyrenyl-functionalized benzenes such as 1,3,5-tripyrenyl-functionalized benzenes (22) and
dipyrenylbenzens (23), as organic luminescence (EL) lighting materials are recently
disclosed by many patents (Charles et al.,, 2005; Cheng & Lin, 2009). For example, 1,3,5-
tripyrenylbenzene 22, this arrangement results in a good blue emissive material with a peak
emission at 450 nm. However, the compound still has a minor aggregation problem in its
solid state, resulting in a shoulder emission at 482 nm and reduced blue color purity. More
recently, Sun and co-workers (Yang et al., 2007) reported the synthesis of dipyrenylbenzenes
(24 and 25) as the light emissive layer for highly efficient organic electroluminescence (EL)
diodes. The UV-vis absorption of 24 and 25, in chloroform, shows the characteristic
vibration pattern of the pyrene group at 280, 330 and 349 nm for 24, 281 and 352 nm for 25,
respectively. Upon excitation, the PL spectra with Amax = 430, 426 nm are observed and the
full-widths at half-maximum (FWHM) of 24 and 25 are 63 and 64 nm, respectively. To study
the EL properties of 24 and 25, multilayer devices with the configuration of ITO/NPB (50
nm)/24 or 25 (30 nm)/BCP (10 nm)/Algz (30 nm)/LiF (1 nm)/ Al were fabricated. For device
with 24, the maximum intensity is located at 488 nm with the CIE coordinates of (0.21, 0.35).
The color of the emission is bluish green, covering the visible region of 420-600 nm, which
probably due to the injected charge carriers are recombined at NPB layer, results in
broadening the EL spectrum for this device. For device with 25, EL emission is centered at
468 nm and the CIE coordinates are (0.19, 0.25). The best power efficiency obtained for the
24 device and the 25 device was 4.09 Im/W at a voltage, current density, and luminance of
5.6 V, 20 mA/cm?, and 1459 c¢d/m?, and 5.18 Im/W at a voltage, current density, and
luminance of 5.2 V, 20 mA/cm?, and 1714 cd/m? respectively. Another examples of
dipyrenylbenzene derivatives, 1-(4-(1-pyrenyl)phenyl)pyrene (PPP, 26a), 1-(2,5-dimethoxy-
4-(1-pyrenyl)-phenyl)pyrene (DOPPP, 26b), and 1-(2,5-dimethyl-4-(1-
pyrenyl)phenyl)pyrene (DMPPP, 26¢) have been recently reported by Cheng ef al. (Wu et al.,
2008), which was synthesized by the Suzuki coupling reaction of aryl dibromides with
pyreneboronic acid. These compounds exhibit high glass-transition temperatures (Tg) at 97
oC for PPP, 135 °C for DOPPP, and 137 °C for DMPPP, respectively. The lower T of PPP is
probably because of the low rotations barrier of the central phenylene group in PPP
compared with that of substituted phenylene group in DOPPP and DMPPP. Single-crystal
X-ray analysis revealed that these dipyrenylbenzenes adopt a twisted conformation with
inter-ring torsion angles of 44.5°-63.2° in the solid state. Thus, The twisted structure is
responsible for the low degree of aggregation in the films that leads to fluorescence emission
of the neat films at 446-463 nm, which is shorten than that of the typical pyrene excimer
emission, and also conductive for the observed high fluorescence quantum yields of 63-75
%. The absorption spectra for PPP, DOPPP and DMPPP in dilute dichloromethane
solutions (< 104 M) showed vibronic structures typical for the pyrene moiety at 300-350 nm.
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The PL spectra of PPP and DOPPP have lost vibronic structure and red-shifted to 428-433
nm with respect to the pyrene monomer emission, while the DMPPP emission centered at
394 nm still maintains a weak vibronic feature. On the other hand, the absorption spectra of
these thin-film samples show a broad band at 354-361 nm, which is red-shifted by approx.
10 nm relative to those in solution. The PL spectra of PPP, DOPPP, and DMPPP are red-
shifted by 18-52 nm to 463, 451, and 446 nm, respectively and become broader with a
FWHM of 68-78 nm from dichloromethane solution to the thin-film state. Such red-shifts
could be attributed to i) the aggregation of pyrene groups and ii) the extension of -
delocalization caused by the more coplanar configuration (An et al., 2002) of these
dipyrenylbenzenes (26) in the neat film. A bilayer device using PPP as the hole transporter
and Algs as the emitter emits green light at 513 nm from the Alqs; emitter, which can
comparable to the common Alqs-based devices using NPB as the hole transporter, indicating
PPP is an excellent hole transporter. Furthermore, three devices consists of [ITO/CuPc (10
nm)/NPB (50 nm)/PPP or DOPPP or DMPP (30 nm)/TPBI (40 nm)/ Mg:Ag/Ag] were
fabricated, where CuPc act as a hole injecter, TPBI act as a hole blocker and electron
transporter, respectively. PPP-based device emits blue light at 474 nm efficiently with a
maximum 7t of 4.5 % and CIE coordinates of (0.14, 0.20); at a current density of 20
mA/cm?, the luminance and the 7ex are 1300 cd m?2 and 4.2 %, respectively. In particular,
DOPPP-based device emits blue light at 455 nm efficiently with a maximum 7 of 4.3 %
and CIE coordinates of (0.15, 0.16); at a current density of 20 mA/cm?, the luminance and
the 7ext are 980 cd m2 and 3.7 %, respectively. DMPPP-based device emits deep-blue light at
446 nm with CIE coordinates of (0.15, 0.11), the maximum 7 and luminance reach as high
as 5.2 % and 40400 cd m2 (14 V), respectively, at 20 mA cm2, the luminance and 7y are 902
cd m? and 4.4 %, respectively. All chemical structures of these pyrenyl-functionalized
benzenes are show in Figure. 3.

(]

25 26 aR=H
24 b: R = OMe
c:R=Me

Fig. 3. Pyrenyl-functionalized benzene-cored light-emitting monomers (21-26).



Synthesis and Photophysical Properties of Pyrene-Based Multiply Conjugated
Shaped Light-Emitting Architectures: Toward Efficient Organic-Light-Emitting Diodes 33

3.2.2 Pyrenyl-functionalized fluorene-cored light-emitting monomers

Because of their high photoluminescence (PL) efficiency, much research into blue-emitting
materials has focused on conjugated fluorene derivatives (Yu et al., 2000; Wong et al., 2002;
Kim et al., 2001), and further the introduction of aryl groups at C9 position of fluorene could
improve the stability of the materials. On the other hand, as a large conjugated aromatic
ring, pyrene has the advantages of high PL efficiency, high carrier mobility, and the much
improved hole-injection ability than oligofluorenes or polyfluorene (Tao et al., 2005). Thus,
the combination of the high thermal stability of diarylfluorene with the high efficiency and
hole-injection ability of pyrene is expected to develop new blue-light-emitting materials for
OLEDs applications. Recently, some fluorene derivatives that functionalized by pyrenyl
groups at 2-, and 7-positions have been used in OLEDs. Tao et al. (Tao et al., 2005) reported
the synthesis and characterization of a series of fluorene detivatives, 2,7-dipyrene-9,9'-
dimethylfluorene (27, DPF), 2,7-dipyrene-9,9’-diphenylfluorene (28, DPhDPF), and 2,7-
dipyrene-9,9’-spirobifluorene (29, SDPF), in which pyrenyl groups are introduced because
they are highly emissive, bulky, and rigid, and thus expected to improve the fluorescence
quantum yields and thermal stability of the fluorene derivatives. The fluorene derivatives
(27-29) have high fluorenscence yields (0.68-0.78, in CH,Cl, solution), good thermal stability
(stable up to 450 °C in air), and high glass-transition temperatures in the range of 145-193 °C.
All UV-vis absorption spectra of DPF, DPhDPF, and SDPF in dilute CH,Cl, solution
exhibits the characteristic vibration pattern of the isolated pyrene groups with maximum
peaks at 360 nm for DPF, 362 nm for DPhDPF, and 364 nm for SDPF, respectively. The PL
spectrum of the DPF, DPhDPF, and SDPF and films shows blue emission peaks at 421, 422,
and 422 nm in solution, and 460, 465, and 465 nm in films, respectively. The shifts are
probably due to the difference in dielectric constant of the environment (Salbeck et al., 1997).
Using the three derivatives as host emitters, Blue-light-emitting OLEDs were fabricated in
the configuration of ITO/CuPc ( 15 nm)/NPB ( 50 nm)/DPF or DPhDPF or SDPF (30
nm)/Algs (50 nm)/Mg:Ag (200 nm). Among them, the turn-on voltage of the DPF-based
device is 5.8 V and the device achieves a maximum brightness of 14300 cd/m? at a voltage of
16 V and a current density of 390 mA/cm? with CIE coordinates of (0.17, 0.24). The
maximum current efficiency of the blue OLEDs made with DPF, DPhDPF, and SDPF host
layers is 4.8, 5.0, and 4.9 cd/A, respectively. To confine and enhance electron-hole
recombination in the EML and thus to increase device efficiency, a hole-blocking layer, such
as a layer of 2,2',2”-(benzen-1,3,5-triyl)tris(1-phenyl-1H-benzimidazole) (TPBI) is commonly
used between the EML and ETL. Thus, a modified device with a configuration: ITO/CuPc
(15 nm)/NPB (50 nm)/DPF ( nm)/TPBI (50 nm)/Mg:Ag was fabricated Compared to the
Alqs-based device, the TPBI-based device indeed shows a higher efficiency of 5.3 cd/A and
3.0 Im/W, and better CIE coordinates of (0.16, 0.22) with a lower turn-on voltage of 5.2 V.
Along this line, Huang and co-workers (Tang et al., 2006) also designed and synthesized two
highly efficient blue-emitting fluorene derivatives, 2-pyrenyl-9-phenyl-9-pyrenylfluorene
(30a, P1) and 2,7-dipyrenyl-9-phenyl-9-pyrenyl-fluorene (30b, P2). They fabricated devices of
ITO/TCTA (8 nm)/P; or P; (30 nm)/BCP (40 nm)/Mg: Ag, where the TCTA (4,4’ ,4”,-tri(N-
carbazolyl)triphenylamine) was used as both the buffer layer and hole-transporting layer,
and BCP (2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline) as both the buffer layer and
electron-transporting layer. The devices have low turn-on voltages of 4 and 3.5 V, with high
current efficiencies of 2.56 (9.5 V) and 3.08 cd/A (9 V), high power efficiencies of 0.85 and
1.17 Im/W (7.5 V), and high brightness of 16664 (15 V) and 19885 cd/m?2 (13 V) for P;-based
device and P»-based device, respectively. The peaks of the blue EL spectra were all at 454



34 Organic Light Emitting Diode - Material, Process and Devices

nm with CIE coordinates of (0.17, 0.17) and (0.17, 0.19) for P;-based device and P,-based
device, respectively. In order to obtain a better solubility and a low tendency to crystallize in
devices, a long chain alkyloxy group was introduced into C9 phenyl at para-position, two
new efficient blue-light-emitting materials, 2-pyrenyl-9-alkyloxyphenyl-9-pyrenylfluorene
(31a) and 2,7-dipyrenyl-9- alkyloxyphenyl-9-pyrenylfluorene (31b) have also been reported
by Huang’s group (Tang et al., 2006). A preliminary simple three layer blue-light-emitting
diodes with a configuration of ITO/TCTA (8 nm)/31a (30 nm)/BCP (45 nm)/Mg:Ag, was
fabricated and obtained without the need for a hole-injection layer, with high luminance of
11620 cd/m? (14.6 V), turn-on voltage of 4.0 V, current efficiency of 3.04 cd/A (8.8 V) and
CIE coordinates of (0.18, 0.23). More recently, two solution-processable, pyrenyl-
functionalized, fluorene-based light emitting materials, 2-(1-ethynylpyrenyl)-9-
alkyloxyphenyl-9-pyrenylfluorene (32a) and 2,7-di(1-ethynyl-pyrenyl)-9- alkyloxyphenyl-9-
pyrenylfluorene (32b) were reported by Huang’s group (Liu et al., 2009). They emit blue
light in solution and green light in film at 412, 439 nm and 514, 495 nm, respectively.
Because of the good thermal stability and excellent film-forming ability, 32a was chosen as
the active material in solution processed devices. Two single layered devices with the
configurations of [ITO/PEDOT: PSS (40 nm)/32a (80 nm)/Ba (4 nm)/Al (120 nm)] (Device
1) and [ITO/PEDOT: PSS (40 nm)/32a (80 nm)/CsF (4 nm)/Al (120 nm)] (Device 2) were
fabricated. For device 1, it showed bright green emission with peak at 522 nm with CIE
coordinate of (0.36, 0.54). The turn-on voltage was 4.2 V, the maximum brightness was 3544
cd/m? and the maximum current efficiency reached 0.9 cd/A. For device 2, it showed bright
green emission with peak at 528 nm with CIE coordinate of (0.39, 0.54). The turn-on voltage
was 3.2 V, the maximum brightness was 8325 cd/m?2 and the maximum current efficiency
reached 2.55 cd/A. The results suggest that for pyrene-based materials, CsF was a more
efficient cathode than barium in electron injection. This was because the Ba was still an
injection limited cathode for 32a, While the presence of Al capping cathode, free low work
function alkali metal would be generated at the 32a/CsF interface and the CsF layer
produced an interfacial dipole. Another solution processable, pyrenyl-functionalized

27 (DPF)

30

a:R=H(Py) a: Ry = 2-ethylhethoxyl; R, = H. a
b: R =Pyrenyl (P;) b: Ry = 2-ethylhethoxyl; R, = Pyrenyl. b:

Fig. 4. Pyrenyl-functionalized fluorene-based light-emitting monomers (27-33).
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fluorene-based light-emitting material (33) was reported by Adachi and co-worker
(Mikroyannidis et al., 2006), which was carried out by the Heck coupling reaction of 9,9-
dihexyl-2,7-divinylfluorene with 1-bromopyrene (2a). However, very poor EL efficiency of
neL ~ 10°% at 30 V was observed in the OLED device with 33, which might due to both
unbalanced hole and electron injection, and the interior film quality of the 33 layer. The
structures of the pyrenyl-functionalised fluorene-based light-emitting monomers are shown
in Figure 4.

3.2.3 Carbazole/arylamine/fluorene/pyrene-composed hybrids light-emitting
monomers

Performance of the Organic EL device significantly affects by the charge balance between
electrons and holes from opposite electrodes. One useful and simple approach of balancing
the rates of injection of electrons and holes employs a bilayer structure comprising a hole-
transport layer and an electron-transport layer, with one or both being luminescent (Chen et
al., 1998). Another extremely important issue of organic EL materials is their durability (i.e.
thermal and morphological stability). It is well demonstrated that the thermal stability or
glass-state durability of organic compounds could be greatly improved upon incorporation
of a carbazole or fused aromatic moiety in the core structure (Kuwabara et al., 1994; Koene
et al, 1998; O'Brien et al., 1998). Furthermore, the carbazole moiety can be easily
functionalized at its 3-, 6-, or 9-positions and covalently linked to other molecular moieties
(Joule, 1984), such as alkyl, phenyl, diarylamine, pyrenyl, etc. Similarly, the fluorene
molecule can also be easily functionalized at its 2-, 7-, and 9-positions (Lee et al., 2001; Zhao
et al., 2006). Therefore, thermally and morphologically stable hybrids possessing dual
functions, high light emitting and hole transporting, should be available by composing the
carbazole, fluorene, and pyrene, etc. Thomas and co-workers (Thomas et al., 2000) firstly
reported the synthesis of the carbazole/arylamine/pyrene-composed hybrids (34-36, Figure.
5) by palladium-catalyzed amination of 3,6-di-bromocarbazole, and the use of the resulting
hybrids in OLEDs fabrication. As expected, for these compounds 34-36, both high
decomposition temperatures (Tq > 450 °C) and rather high glass transition temperatures
(T, = 180-184 °C) were obtained, which may offer improved lifetime in devices. Double-
layer EL devices of ITO/34 (40 nm)/TPBI (40 nm)/Mg: Ag were fabricated using compound
34 as the hole-transport layer as well as the emitting layer and TPBI as the electron-transport
layer. Green light emission at 530 nm was observed and the physical performance appears
to be promising: turn-on voltage 5 V, maximum luminescence (38000 cd/m?) at 13.5 V,
external quantum efficiency of 1.5 % at 5 V, and luminous efficiency of 2.5 Im/W at 5V,
which are in general better than those of typical green-light-emitting devices of
ITO/diamine/Alqs/Mg: Ag (Kido et al, 1997). Similar results were also obtained in
preliminary studies of the devices with 35 and 36. Another series of
carbazole/arylamine/pyrene-composed hybrids (37a-c, Figure 5) were also prepared and
reported by Thomas et al. in their follow-up works (Thomas et al., 2001). The UV-vis
absorption spectra of 37 display bands resulting from the combination of carbazole and
pyrene chromophores and cover the entire UV-vis region (250-450 nm). All the compounds
emit green light at 548 nm for 37a, 515 nm for 37b, and 537 nm for 37c¢ in CH,Cl, solution,
while a significant blue-shift (25 nm for 37a, 6 nm for 37b, and 26 nm for 37c) in the
corresponding film states and bandwidth narrowing were observed, indicating the sterically
demanding bulky pyrenyl substituents prevent the close packing in the solid state. Using
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these compounds as both hole-transport and emitting materials, two types of double-
layered EL devices were fabricated: (I) ITO/37/TPBI/Mg: Ag; (I) ITO/37/Algs/Mg: Ag. In
the type I devices with TPBI as ETL, emissions from the hybrids 37 were observed at 516 nm
for 37a, 500 nm for 37b, and 500, 526 nm for 37c, respectively, as suggested from a close
resemblance of the EL and the PL of the corresponding compounds 37. In the type II devices
with Alqs as ETL, again the emission from the compounds 37 layer was found at 516 nm fro
37a, 500 nm for 37b, and 502, 528 for 37c¢, respectively. While the devices are not optimized,
the physical performance appears to be promising: maximum luminescence (37a, 41973
cd/m? at 14.0 V; 37b, 48853 cd/m? at 13.5 V; 37¢, 33783 cd/m? at 14.5 V), maximum external
quantum efficiency (37a, 1.66 % at 6.0 V; 37b, 2.19 % at 4.0 V; 37c, 1.74% at 4.0 V), and
maximum luminous efficiency (37a, 3.88 Im/W at 4.0 V; 37b, 4.77 Im/W at 3.5 V; 37¢c, 5.68
Im/W at 3.0 V). Thus, the EL devices based on the compounds 37 are also better than those
of typical green-light-emitting devices of ITO/diamine/Alqs/Mg: Ag (Kido & Lizumi,
1997). Very recently, Pu and co-workers (Pu et al, 2008) reported a
fluorene/arylamine/pyrene-composed fluorescent hybrid (38, Figure 5) as solution
processable light-emitting dye in organic EL device, which was synthesized by palladium-
catalysed cross-coupling reaction between 2-(2’-bromo-9’,9’-diethylfluoren-7"-yl)- 9,9-
diethylfluorene and 1-aminopyrene. Light emitting devices with the configuration of
ITO/PEDOT: PSS (40 nm)/38 (50 nm)/BAlq (50 nm)/LiF (0.5 nm)/Al (100 nm) were
fabricated. PEDOT: PSS and the emitting layer (38) were deposited by spin-coating in open
atmosphere. BAlq (4-phenylphenolato)aluminium(IIl)) was deposited by evaporation under
vacuum act as a hole blocking layer. The device emits a yellow light at 572 nm, the turn-on
voltage, current efficiency, luminance efficiency, and 7 are 6.07 V, 1.42 Im/W, 2.75 cd/ A,
and 0.93% at 100 cd/m?2, respectively; the turn-on voltage, current efficiency, luminance
efficiency, and 7y are 8.65 'V, 0.75 Im/W, 2.07 cd/ A, and 0.71% at 1000 cd/m?, respectively.
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Fig. 5. Carbazole/arylamine/fluorene/pyrene-composed hybrids light-emitting monomers
(34-39).
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Quite recently, Tao ef al. (Tao et al., 2010) reported the synthesis and characterization of a
new carbazole/fluorene/pyrene-composed organic light emitting hybrids, 9,9-bis-(3-9-
phenyl-carbazoyl)-2,7-dipyrenylfluorene (39). Using 39 as a emitter, a nondoped device with
typical three-layer structure of ITO/NPB (50 nm)/39 (20 nm)/TPBI (30 nm)/LiF (0.5
nm)/MgAg (100 nm) was fabricated. The device exhibits deep-blue emission with a peak
centered at 458 nm and CIE coordinates of (0.15, 0.15). The devices shows a turn-on voltage
(at1cd/m?) of <3.5V and achieves a maximum brightness of 7332 cd/m?2at a voltage of 9 V
and a current density of 175 mA/cm?, the maximum current efficiency of 4.4 cd/A (at 3.1
Im/W). The results indicate that introduction of carbazole units at the 9-position of fluorene
is an efficient means for reducing red shift of the emission from molecular aggregation.
Furthermore, the chemical structures for the carbazole/arylamine/ fluorene/pyrene-
composed hybrids light-emitting monomers are show in Figure. 5.

4. Functionalized pyrene-based light-emitting dendrimers

Dendrimers are hyperbranched macromolecules that consist of a core, dendrons and surface
groups (Newkome et al., 1996). Generally light-emitting dendrimers consist of a fluorescent
light-emitting core to which one or more branched dendrons are attached. Furthermore,
light-emitting dendrimers possess many potential advantages over conjugated polymers
and small molecule materials. First, their key electronic properties, such as light emission,
can be finely tuned by the selection of the core drawing from a wide range of luminescent
chromophores, including fluorescent groups and phosphorescent groups. Second, by
selecting the appropriate surface groups, solubility of the molecule can be adjusted. Finally,
the level of intermolecular interactions of the dendrimers can be controlled by the type and
generations of the dendrons employed, that are vital element to OLEDs performance.
Recently, several types of fluorescent light-emitting dendrimers (Wang et al., 1996; Halim et
al., 1999; Freeman et al., 2000; Adronov et al., 2000; Lupton et al., 2001; Kwok & Wong, 2001)
and phosphorescent light-emitting dendrimers (Lo et al., 2002, 2003; Markham et al., 2004;
Ding et al., 2006) have been disclosed in recent literatures that successfully used in the
fabrication of OLEDs by means of solution process. For example, Ding and co-workers have
developed a class of phosphorescent iridium dendrimers based on carbazole dendrons
(Ding et al, 2006), with a device structure of ITO/PEDOT: PSS/neat
dendrimers/TPBI/LiF/Al, a maximum external quantum efficiency (EQE) of 10.3 % and a
maximum luminous efficiency of 34.7 cd A-! are realized. By doping these dendrimers into
carbazole-based host, the maximum EQE can be further improved to 16.6%.

On the other hand, substitution in the pyrene core at the most active centers (i.e. 1-, 3-, 6-,
and 8-positions) exclusively by the dendrons can lead to interesting dendritic architectures
with a well-defined number of chromophores in a confined volume. Thus, pyrene is a
fascinating core for constructing fluorescent-conjugated

light emitting dendrimers. In addition, several types of chromophoric dendrimers backbone
such as polyphenylene (Gong et al, 2001, Xu et al, 2002; Kimura et al., 2001),
poly(phenylacetylene) (Xu & Moore, 1993; Meliger et al.,, 2002), and poly(benzyl ether)
(Jiang & Aida, 1997; Harth et al., 2002) have been widely used as light absorbers, and the
energy was efficiently funnelled to the core accepter. In this section, we presented the
synthesis and photophysical properties of pyrene-cored light-emitting dendrimers that have
been investigated for the preparation of optoelectronically active solution-processable light
emitting dendritic materials and concentrate on the potential applications in OLEDs, in
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Fig. 6. Polyphenylene-functionalized pyrene-cored light emitting dendrimers (40-43).
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which some light emitting dendrimers have been used. Due to its highly stiff, rigid, and
shaped-persistent dendritic backbone (Wind et al., 2001; Rosenfeldt et al., 2003, 2004), recently,
Mullen and co-workers (Bernhardt et al., 2006) successfully prepared a series of encapsulation
(40-43, Figure 6) in a rigid polyphenylene shell using pyrene as chromophore and electrophore
core. Around the fluorescent pyrene core, a first-generation (40), a second-generation (41), a
third-generation (42), and a fourth-generation (43) polyphenylene dendritic environment
consisting pyrene building blocks are constructed starting from the fourfold ethynyl-
substituted chromophore, 1,3,6,8-tetraethynylpyrene by combining divergent and convergent
growth methods. All UV-vis absorption spectra of the first- to fourth-generation dendrimers
40, 41a, 42,and 43 in CHCl; showed two distinct bands, one in the visible region at ca. 395 nm
and the other in the UV region at ca. 280-350 nm. The absorption in the visible region is due to
the n-n* transition of the pyrene core and showed a red shift of up to 55 nm compared with
unsubstituted parent pyrene (337 nm). Additionally, the fine structure of the pyrene
absorption spectrum was lost due to substitution with the phenyl rings. The absorption band
in the UV region can be predominantly attributed to the polyphenylene dendrons (Liu et al.,
2003), as indicated by the linear increase in theextinction coefficients &4) with increasing
number of attached phenylene moieties. The emission spectra of 40, 41a, 42, and 43 displayed a
broad emission band at 425 nm upon excited the pyrene core at 390 nm. No change was
observed in emission maximum or fluorescence intensity of the pyrene core with the changes
of the dendrimers generation. Excitation of the polyphenylene dendrons at 310 nm resulted in
strong emission of the pyrene core at 425 nm, which indicates efficient energy transfer from
the polyphenylene dendrons to the pyrene core. By using 9,10-diphenylanthracene as
reference chromophore, the fluorenscence quantum yields®r of 40, 41a, 42, and 43 in CHCl;
were determined at 0.92-0.97. Furthermore, the Stern-Volmer quenching experiments and
temperature-dependent fluorescence spectroscopy indicated that a second-generation
dendrimers shell (41) is sufficient for efficiently shielding the pyrene core and thereby
suppressing aggregation. In order to investigate the solid-state photophysics of
polyphenylene-dendronized pyrenes (40-43), the absorption and emission spectra of alkyl-
chain-decorated second-generation dendromers 41b were recorded. Films of good optical
quality were obtained by Simple drop casting and spin coating from toluene solution onto
quartz substrates. Thin-film of the second-generation 41b displayed an absorption maximum
of at 393 nm, almost unshifted compared with solution spectra. The absorption band in the UV
region (ca. 260 nm) should be assigned to the polyphenylene dendrons. The emission spectra
of 41b occurred at 449 nm, that is, a bathochromic shift of only 20 nm compared with solution
spectra. Thus, these pyrene-cored dendrimers (40-43) are exciting new light-emitting materials
that combine excellent optical features and good film-forming ability, which make them
promising candidates for several applications in electronic devices such as OLEDs.

The synthesis and characterization of a new class of dendrimers (44 (PyG0), 45 (PyGl1), and
45 (PyG2), Figure 7) consisting of a polysulfurated pyrene core, namely, 1,3,6,8-tetra-
(arylthio)pyrene moiety, with appended thiophenylene units, recently, reported by Gingras
et al. (Gingras et al., 2008). The UV-vis absorption spectra of the compounds 44 (PyG0), 45
(PyG1), and 45 (PyG2) in CHCl, solutions showed broad absorption band in the visible
region with a maximum at 435 nm, which is essentially the identical for the three
dendrimers, can be straightforwardly assigned to the pyrene core strongly perturbed by the
four sulfur substituents. The band with a maximum around 260 nm can be assigned to the
dendrons of thiophenylene units, which increase in intensity with the dendrimers
generation. The emission bands for these three dendrimers in CHCl; solutions



40 Organic Light Emitting Diode - Material, Process and Devices

HaC, CH3

" Q0
o e P

S
S

Hac@\stf@s S SQSQS Oy

QS@

X o ae

s S\E;/S@\CHS HaC st\gs S\ES;(SQO CHg

45 (PyG1) \CL% 30 HSCQS\Q; S}SO\ B
@ Q CHs

HyC CH,

s O S
ch’©/ \©\CH3

44 (PyG0)

HSC\@S
Q0" 0
o
H3C©/ S

46 (PyG2)

Fig. 7. Polythiophenylene-functionalized pyrene-cored light emitting dendrimers (44-46).

strongly red-shifted with maximum at 448 nm for 44, 452 nm for 45, and 457 nm for 46,
respectively, compared to that of pyrene (375 nm). Compared to pyrene (277 ns), a
remarkable difference is that the excited state lifetime is so short at 1.4-2.4 ns that it is
unaffected by the presence of oxygen. The strong fluorescence is also present in the solid
state (powder) as a broader band at lower energy with the same lifetime. The fluorescence
anisotropy and redox properties for the three dendrimers 44-46 were also investigated in
cyclohexane solution at 293 K and in CH)Cl, solutions, respectively. Thus, these newly
developed dendrimers with unique photophysical properties might be exploited for
optoelectronic and electrochromic applications.

Examples of light emitting dendrimers including pyrene both at the core and periphery are
very rare (Mondrakowski et al., 2001), and multichromophoric dendrimers consisting
exclusively of pyrene units have recently been reported by Mullen group (Figueira-Duarte
et al., 2008). They designed and characterized a new type of light emitting dendrimers,
polypyrene dendrimers, represented by the first-generation dendrimer (49, Py(5)) and the
second-generation dendrimers (50, Py(17)), consisting of five and seventeen pyrene units,
respectively, as well two model compounds, 47 (Py(2)), and 48 (Py(3)), comprising two and
three pyrene chromophores, respectively (Figure 8). The UV-vis absorption and fluorescence
spectra of the polypyrene dendrimers Py(n) (n = 2, 3, 5, and 17) were recorded in toluene at
25 °C. In the absorption spectra, from 47 (Py(2) to 50 (Py(17), the broad red sifted from the
structural part of the spectrum increases in relative intensity. This broad band reflects the
intramolecular interaction between the pyrene units in the Py(n) compounds, which
becomes stronger from 47 to 50. The fluorescence spectra of Py(2) consists of a single band,
with some vibrational structure. The fluorescence band shifts to red from 23300 cm?! for 47
(Py(2)) to 20660 cm for 50 (Py(17)), with a simultaneous loss of structure. The fluorescence
quantum yields (@) are 0.72 for 47, 0.72 for 48, 0.70 for 49, and 0.69 for 50, respectively. The
fluorescence decay times of 47 (Py(2)), 48 (Py(3)), and 49 (Py(5)) are 1.76, 1.86, and 1.51 ns,
respectively, while, for 50 (Py(17)), a triple-exponential decay is found, with t; = 1.75 ns as
the major component. The results indicates that the intermolecular excimer formation in the
polypyrene dendrimers 47-50 can be excluded due to their small concentrations (< 10-5 mol
L1) and the short monomer-fluorescence lifetime 11 of around 2 ns. In addition, the
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computed structures (AM1) analysis of 49 (Py(5)) and 50 (Py(17)) revealed that the
calculated dihedral angle between the core and the first branch is 65-660 for Py(5) and 71-73°
for Py(17), with the angle between the first and the second branch in Py(17) around 84-89°.
Thus, the rigid and strongly twisted 3D structure allows a precise spatial arrangement in
which each unit is a chromophore. Furthermore, the results on photophysical properties and
molecular structure design make these dendrimers model compounds or attractive
candidates for use as fluorescence labels or optoelectronics applications.

47 (Py(2)) 48 (Py(3))

49 (Py(8))

50 (Py(17))

Fig. 8. Polypyrene light emitting dendrimers (47-50).

In recent years, one-dimensional self-assembly of functional materials has received
considerable interest in the fabrication of nanoscale optoelectronic devices (Lehn, 1995).
Research reports (Hill et al., 2004; Kastler et al., 2004; Balakrishnan et al., 2006) suggest that
the aromatic organic molecules and large macromolecules are prone to one-dimensional
self-assembly through strong n-n interactions. For example, the self-assembly of stiff
polyphenylene dendrimers with pentafluorophenyl units has reported by Mullen group
(Bauer et al., 2007), in which the driving force for nanofiber formation is attribute to the
increase in intermolecular n-n stacking and van der Waals interactions among dendrons by
pentafluorophenyl units. On the other hand, for the acetylene-linked dendrimers, their
stretched and planar structures may enable facial n-n stacking, resulting in efficient
intermolecular electronic coupling. More recently, Lu and co-workers (Zhao et al., 2008)
reported two new solution-processable, fluorinated acetylene-linked light emitting
dendrimers (51a (TP1) and 51b (TP2), Figure 9) composed of a pyrene core and
carbazole/fluorene dendrons. The strong electron-withdrawing groups of tetrafluorophenyl
are introduced at the peripheries of the dendrimers may enhanced electron transportation
(Sakamoto et al., 2000), thus balancing the number of holes and electrons in LEDs devices.
Both dendrimers are highly soluble in common organic solvents. Their thermal stability is
investigated by differential scanning calorimetry (DSC) and thermogravimetric analysis
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(TGA) in Ny at a heating rate of 20 °C/min. dendrimers TP1 and TP2 exhibit high glass-
transition temperatures (Ty's) at 142 and 130 °C, respectively, and decomposition
temperatures (T4's, corresponding to a 5 % weight loss) at 456 and 444 °C, respectively. The
UV-vis absorption spectra of the dendrimers in CH>Cl, solutions exhibit two prominent
absorption bands: the first band is attributed to the n-n* transition of the core (pyrene with a
certain extension) with a maximum peak at ca. 501 nm, which reveals that the dendrimers
are highly conjugated; the second bands is should assigned to the dendrions with a
maximum peaks at ~390 nm for TP1 and ~399 nm for TP2. In the case of thin neat films,
similar absorption spectra for both dendrimers are observed except for a slight red shift and
a loss of fine structures. Upon excitations, both dendrimers TP1 and TP2 exhibit emission
peaks located at 522 nm with a shoulder at ~558 nm, which is attributed to the emission of
the core. There is only a trace emission from the dendrons in the range of 400~450 nm,
which indicates efficient photon harvesting and energy transfer from dendrons to the core.

51a:n=1(TP1)
b:n=2(TP2)

Fig. 9. Fluorinated acetylene-linked pyrene-cored light emitting dendrimers (51).
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54:n=1(T3)
55:n =2 (T4)

Fig. 10. Aacetylene-linked pyrene-cored light emitting dendrimers (52-56, T1-T5).

In the thin films, TP1 and TP2 exhibit strong yellow emission with peaks at 532 nm and 530
nm and relatively peak at 568 nm, respectively, which are ascribed to aggregate formation in
the solid states. A nanofibrous suspension was obtained in CH>Cl; solution of TP1 due to its
facile one-dimensional self-assembly property. Interestingly, the nanofiber suspension
exhibits a green emission with a peak at 498 nm, which is blue-shifted by 34 nm with
respective to that of thin neat film. This blue-shifted emission is somewhat abnormal
because, generally, aggregations of molecules through intermolecular n-n interaction should
result in a red-shifted emission (Balakrishnan et al., 2005; Hoeben et al., 2005). Thus, these
finding suggests that the self-assembly process occurs in a nonhomocentric way. Atomic
force microscopy (AFM) detected that compounds TP1 and TP2 exhibited good film-
forming ability despite its rigid and hyperbranched structures. The EL properties of TP1 and
TP2 were fabricated with the configuration of ITO/PEDOT (25 nm)/TP1 or TP2/Cs,COs (1
nm)/Al (100 nm) by spin-coating with 1500 rpm from their 2% (wt%) p-xylene solutions.
Two dendrimers exhibit yellowish green with main peaks at 532 nm and shoulder peaks at
568 nm and CIE coordinates of (0.38, 0.61) for TP1 and (0.36, 0.62) for TP2, respectively. The
devices exhibits a maximum efficiency of 2.7 cd/A at 5.8 V for TP2, 1.2 cd/A at 6.4 V for
TP1, and a maximum brightness of 5300 cd/m? at 11 V for TP2, 2530 cd/m?2 at 9 V for TP1,
respectively. These obtained results indicated that the dendrimers with fluorinated terminal
groups are promising candidates for optoelectronic materials. Quite recently, Lu and co-
workers (Zhao et al., 2009) reported another series of acetylene-linked,solution-processable
stiff dendrimers (52-56, T1-T5, Figure 10) consisting of a pyrene core, fluorene/carbazole-
composed dendrons. The dendrimers 52-56 show good thermal stability, strong
fluorescence, efficient photo-harvesting, and excellent film-forming properties. The single-
layer devices with a configuration of ITO (120 nm)/PEDOT (25 nm/dedrimer/Cs,CO; (1
nm)/ Al (100 nm) are fabricated and fully investigated. The dendrimer films are fabricated
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by a spin-coating speed ranging from 800 to 3500 rpm from their p-xylene solutions. For
example, at a speed of 1500 rpm, the T3-based LED exhibits yellow EL (CIE: 0.49, 0.50) with
a maximum brightness of 5590 cd/m? at 16 V, a high current efficiency of 2.67 cd/A at8.6 V,
and a best external quantum efficiency of 0.86%. These results indicate the constructive one
offsets the distinctive effect of intermolecular interaction.

5. Functionalized pyrene-based light-emitting oligomers and polymers

In recent years, organic materials with m-conjugated systems, such as conjugated polymers
(Kraft et al., 1998) and monodisperse conjugated oligomers (Mullen & Wenger, 1998) have
been intensively studied due to their potential applications in photonics and optoelectonics,
such as field-effect transistors (FETs) (Tsumura et al., 1986), OLEDs (Burroughes et al., 1990),
solar cells (Brabec et al., 2001), and solid-state laser (McGehee & Heeger, 2000), and the
academic interest on the structure-property relationship of molecules. To date, many -
conjugated oligomers and polymers possessing benzene, naphthalene, thiophene, and
porphyrin as a conventional core. Although pyrene is a fascinating core in fluorescent -
conjugated light-emitting monomers and dendrimers, the use of pyrene as central core for
the construction of oligomers or polymers is quite race.

Purified by precipitated, conjugated polymers are typically characterized by chemical
composition and distribution in chain length. However, the polydispersity in chain length
leads to complex structural characteristics of the thin films, and make it very difficult for
researchers to establish a proper structure-property relationship. In contrast, monodisperse
conjugated oligomers are strucrally uniform with superior chemical purity accomplished by
recrystallization and column chromatography. Thus, oligomers generally possess more
predictable and reproducible properties, facilitating systematic investigation of structure-
property relationship and optimization. Recently, some pyrene-based conjugated light-
emitting oligomers and polymers have been reported. For instance, pyrene-cored crystalline
oligopyrene nanowires (57, Figure 11) exhibiting multi-colored emission have been reported
by Shi et al. (Qu & Shi, 2004). Inoue and co-workers reported the synthesis and
photophysical properties of two types of acetylene-linked n-conjugated oligomers based on
alkynylpyrene skeletons (Shimizu et al, 2007). The chemical structures of these
alkynylpyrene oligomers 58 and 59 are also show in Figure 11, and the structural difference
between 58 and 59 is only the linkage position of terminal acetylene groups on the benzene
rings, i.e., para for 58 and meta for 59. The optical properties of the oligomers 58 and 59 were
investigated by using CHCI3 as a solvent at dilute concentrations (1.0 x 106 M) under
degassed conditions, respectively. Both absorption maximum and its corresponding
coefficient (log €) of the para-linked oligomers 58 are varied from 436 nm to 454 nm, and 4.84
M1 cm? to 5.58 M1 cml, with increasing of oligomer length. In the case of meta-linked
oligomers 59 only a slight bathochromic shift was observed that varied from 440 nm to 444
nm with increasing of oligomer length, which probably because of partial insulation of the
n-conjugation on these oligomers. The fluorescence spectra of the oligomers were also
measured in degassed CHCl3 solutions. Two strong emission bands were observed in the
visible region in all spectra. The emission maxima for the para-linked oligomers 58 shifted to
longer wavelength from 448 nm to 473 nm, in a manner similar to their absorption
maximum. On the other hand, for the mefa-linked oligomers 59, the fluorescence spectra
varied from 455 nm to 461 nm in agreement with the electronic absorption spectra. The
fluorescence quantum yields (@) were found in the range of 0.35-0.74 in CHCl; and 0.44-0.79
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in THF, respectively. Thus, the newly developed m-conjugated oligomers will facilitate the
synthesis of alkynylpyrene polymers and the useful to optical devices.

More recently, Lu and co-workers reported (Zhao et al., 2007) a series of highly fluorescent,
pyrene-modified light-emitting oligomers, namely, pyrene-end-capped oligo(2,7-fluorene
ethynylenes)s (60-62) and pyrene-centered oligo(2,7-fluorene ethynylenes)s (63-65) (Figure
11). The absorption spectra of the oligomers were investigated in both dilute CH>Cl,
solutions and in thin neat films. For the pyrene-end-capped oligomers 60, 61, and 62,
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Fig. 11. Functionalized pyrene-based light-emitting oligomers (57-65).

the maximum absorption peaks were located at 426, 421, and 418 nm, respectively, which
could be attributed to the n-n* transition of the molecular backbone. A interesting blue-shift
was observed as the molecular chain length increased, which might be due to the
complicated intramolecular conformation such as the two pyrene units might not conjugate
to the whole molecular backbone efficiently at one time, thus lead to a weak influence.
Compared to that of pyrene-end-capped oligomer Py2F5 (62), the pyrene-centered 1,6-PyF6
(63) and 1,6-Py3F4 (65) show red-shifted by ~33 nm located at ~451 nm. 1,8-PyF6 (64)
exhibited a similar maximum absorption peak in comparison to that of 1,6-PyF6, but the
relative absorption intensity changed, which might be due to the interruption of
delocalization of the m-electrons along the oligomer backbone by the 1,8-pyrene linkage. All
absorption spectra in solid-state for these oligomers were almost identical, but had a slightly
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bathochromic shift (2-10 nm) compared to the corresponding solutions, which indicated that
these oligomers exhibited very similar conformations in both states (Chen et al., 2005). In
CH>Cl; solutions, the PL spectra of the pyrene-end-capped oligomers 60, 61, and 62 showed
a main emission peak at 436, 430, and 429 nm, respectively, with a shoulder peak at 464, 456,
and 455 nm, respectively. The blue-shift emissions were attributed to the same reason for
blue-shifted absorption spectra of them. On the other hand, the PL spectra of the pyrene-
centered oligomers 63-65 exhibited quite similar main emission peaks at ~465 nm with
shoulder peaks at ~495 nm, actually emanating from disubstituted pyrene. In thin neat
films, the disappearance of the fine structures of spectra were observed with main peaks at
492 nm for 60, 489 nm for 61, and 476 nm for 62, respectively. Emission of Py2F (60) was
strongly red-shifted by 56 nm compared to the emission in solution which should be due to
the facile formation of excimers between pyrene units. All the oligomers were highly
fluorescent. The PL quantum yields of these oligomers were in the range of 0.78-0.98 in
degassed cyclohexane solutions using 9,10-diphenylanthracence (DPA, ® = 0.95) as a
standard (Melhuish, 1961). Moreover, Py2F5 (62) exhibitedhigher quantum yields than the
pyrene-centered oligomers 63-65 with similar chain length, which might be that excitons
were well confined to the whole backbone of Py2F5 (62). By using these oligomers as
emitters, the devices with the same configurations of ITO/PEDOT: PSS (30 nm)/ oligomers
(50 nm)/TPBI (20 nm)/ Al (100 nm) were fabricated. For the pyrene-end-capped oligomers
60-62, the EL emissions were observed from green (532 nm) to blue (468 nm) with the
increment of the fluorene moieties. The EL emission of 60 (Py2F) was significantly red-
shifted (40 nm) comparison with that of PL emission in film, while the EL emission of 62
(Py2F5) was slightly blue-shifted (8 nm). Since 60 (Py2F) had the shortest chain length
among the pyrene-end-capped oligomers, the highest chain mobility was suggested. Results
have pointed out that materials with repeating fluorene units should be underwent a
process of alignment in an electric field, and molecules with the high chain mobility more
easily formed excimers than molecules with low chain mobility (Weinfurtner et al., 2000).
Due to the higher chain mobility of 60 compared to that of 61 and 62, it is was more possible
for 60 molecules to align under the electric field. Thus, the pyrene groups on one Py2F (60)
molecule could be close to the pyrene groups on the neighbouring molecules, and when the
distance between the two fluorophores was appropriate, excimers were formed under the
electric excitations. On the other hand, for the pyrene centered oligomers 63-65, the EL
spectra showed green emissions from 472 to 504 nm, which similar to their corresponding
PL emission in films except for slight red shifts. The results indicate that both PL and EL
emission originated from the same radiative decay process of singlet excitons. The turn-on
voltages of the oligomers-based devices were in the range of 4.3-5.4 V. the Py2F-based
device exhibited maximum brightness at 2869 cd/cm? at 10.5 V and a highest external
quantum efficiency of 0.64%. While with the increase of the fluorene moiety, the device
based on Py2F3 and Py2F5 exhibited a substantial decrease of maximum brightness from
918 cd/cm? at 9.0 V to 207 cd/cm? at 8.0 V as well as the external quantum efficiency of
0.41% for Py2F3 and 0.15% for Py2F5. The pyrene-end-capped-based devices exhibited
comparable brightness, 493 cd/cm?2 at 8.5 V for 63, 520 cd/cm? at 8.5 V for 64, and 340
cd/cm? at 6.5 V for 65, respectively, as well as an external quantum efficiency, 0.22% (63),
0.22% (64) and 0.14% (65), respectively. Obviously, as chain length elongated, the
performance of the devices was decreased. One possible explanation for this phenomenon
was that the oligomrs with more fluorene moieties were more easily crystallized than the
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oligomers with fewer fluorene units. It was well known that crystallization was
disadvantageous to the electroluminescence properties of organic materials. As a result, the
good performance of the pyrene-modified oligomers-based devices indicated that they were
promising light-emitting materials for efficient OLEDs.

In comparison of small molecules, conjugated polymers have the advantageous of being
applicable in larger display sizes and lighting devices at much lower manufacturing costs
via solution-based deposition techniques. Conjugated polymers such as polyphenylvinylene
(PPV) and its derivatives are known as visible light emitters and have been widely used in
the fabrication of organic light-emitting diodes (OLEDs) (Son et al., 1995). Only a few
numbers of investigations concerning on the attachment of pyrene to the polymeric chain
(Rivera et al., 2002) or the use of pyrene along the polymeric backbone (Ohshita et al., 2003;
Mikroyannidis et al., 2005; Kawano et al., 2008; Figueira-Duarte et al., 2010) were reported as
model systems or new materials for molecular electronics.

Giasson and co-workers reported (Rivera et al., 2002) the synthesis and photoproperties of
four different polymers (66 (PEP), 67 (PTMSEP), 68 (PBDP), and 69 (PTMSBDP), Figure 12)
by the W and Ta-catalyzed polymerization of 1-ethynylpyrene, 1-(trimethylsilylethynyl)-
pyrene, 1-(buta-1,3-diynyl)pyrene, and 1-(4-trimethylsilylethynyl)pyrene, respectively, in
which pyrene as functional group attached in the polymeric chain. For comparison, the
dimmer of 1-ethynylpyrene (DEP) was prepared. The absorption spectra of the polymers
and DEP are recorded in THF. For DEP, three peaks were observed, the peak at 336 nm can
be attributed to the pyrene moieties, and the peak at 346 nm and shoulder peak at 390 nm
should have their origin in intramolecular interactions (complexation) between the pyrene
units present in the dimer. The absorption spectrum of PEP is significantly different from
that of DEP. The shoulder peak around 390 nm in DEP disappeared in the absorption
spectra of PEP. This suggests that the intramolecular interactions between adjacent pyrene
units in the polymer are weaker than those in DEP. Moreover, a broad band is observed
around 580 nm in the absorption of PEP, which should be caused by the polyacetylene
chain. The result indicates that the effective electronic conjugation is relatively long for this
polymer. The absorption spectra of PTMSEP, PBDP, and PTMSBDP are relatively similar
to each other. However, the bands of PTMSBDP and PBDP are broader than that of
PTMSEP suggesting that stronger interactions between pyrene units are present in the
former polymers. Thus, two facts can be demonstrated that the distortion of the polymer
backbone caused by the presence of a trimethylsilyl group significantly weakens the
electronic interactions between pyrene moieties and the incorporation of triple bond into the
polymeric chain permits better interactions between the pyrene units. On the other hand,
the band around 580 nm observed in PEP is not observed for these polymers, which
indicates that the effective conjugation is much shorter. In the fluorescence spectra of DEP
and PEP in THF, both compounds show a band in the range of 360-465 nm arising from
non-associated pyrene moieties. DEP also shows a broad band around 480 nm, which
should due to the molecular interactions between pyrene units present in this molecule.
Surprisingly, such a distinct band is not observed in the case of PEP that might be caused by
an inner-filter effect involving the main chain. However, the fluorescence intensity of PEP
near 480 nm is significant. This strongly suggests that a complex between pyrene units is
also formed in the polymer. The fluorescence spectra of PTMSBDP and PBDP show two
distinct bands similar to the ones observed in the fluorescence spectra of DEP. These results
are consistent with the absorption spectra of these two polymers showing that strong
interactions exist between pyrene moieties in the conjugated chain. However, the
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fluorescence intensity around 480 nm is much reduced in the case of PTMSEP, further
confirming the above results that the incorporation of trimethylsilyl groups into the
polymeric backbone decreases the interactions between the pyrene units. On the other hand,
the band around 580 nm observed in PEP is not observed for these polymers, which
indicates that the effective conjugation is much shorter. In the fluorescence spectra of DEP
and PEP in THF, both compounds show a band in the range of 360-465 nm arising from
non-associated pyrene moieties. DEP also shows a broad band around 480 nm, which
should due to the molecular interactions between pyrene units present in this molecule.
Surprisingly, such a distinct band is not observed in the case of PEP that might be caused by
an inner-filter effect involving the main chain. However, the fluorescence intensity of PEP
near 480 nm is significant. This strongly suggests that a complex between pyrene units is
also formed in the polymer. The fluorescence spectra of PTMSBDP and PBDP show two
distinct bands similar to the ones observed in the fluorescence spectra of DEP. These results
are consistent with the absorption spectra of these two polymers showing that strong
interactions exist between pyrene moieties in the conjugated chain. However, the
fluorescence intensity around 480 nm is much reduced in the case of PTMSEP, further
confirming the above results that the incorporation of trimethylsilyl groups into the
polymeric backbone decreases the interactions between pyrene units. On the other hand, by
using pyrene as the polymeric backbone, pyrene-based polymers have been studied by
several research groups. For example, Ohshita et al. prepared (Ohshita et al., 2003) two
organosilanylene-diethynylpyrene polymers 70 and 71 (Figure 12) by the reactions of 1,6-
di(lithioethynyl)pyrene and the corresponding dichloroorganosilanes. The hole-transporting
properties of the polymers were evaluated by the performance of electroluminescent (EL)
devices with the configuration of ITO/polymer 70 or 71 (70-80 nm)/ Algs (60 nm)/Mg-Ag, in
comparison with those of an organosilanylene-9,10-diethynyl-anthracene alternating
polymer, reported previously (Adachi et al., 1997; Manhart et al., 1999). Among them, the
device with polymer 70 (device I) exhibited the best performance with a maximum
luminescence of 6000 cd/cm2. This is presumably due to the favored inter- and intra-
molecular n-m interactions in the solid states by reducing the volume of the
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Fig. 12. Functionalized pyrene-based light-emitting polymers (66-69 and 70-75).
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silicon units. Further improvement of the performance of the device with polymer 70 was
realized by introducing a TPD (N,N’-diphenyl-N,N’-di(m-tolyl)-1,1-biphenyl-4,4’-diamine)
layer as electron-block with the structure of ITO/70 (40 nm)/TPD (10 nm)/Alqgs (60
nm)/Mg-Ag (device II). The optimized device emitted a maximum brightness of 16000
cd/cm? at the bias voltage of 14-16 V. when compared with that of the device of ITO/TPD
(50 nm)/ Algs (60 nm)/Mg-Ag (device III), the device II showed lower turn-on voltage (4-5 V
for device Il and 6 V for device III) and higher current density. These results clearly indicate
the excellent hole-transporting properties of polymer 70 films. Mikroyannidis and co-
workers recently reported (Mikroyannidis et al., 2005) the synthesis, characterization and
optical properties of two new series of soluble random copolymer 72 (PF-Pyr) and 73 (PP-
Pyr) (Figure 12) that contain pyrenyltriazine moieties along the main chain by Suzuki
coupling. The photophysical properties of these polymers were fully investigated in both
solutions and thin films. For the copolymer PF-Pyr (72), blue emissions in solutions with PL
maximum at 414-444 nm (PL quantum yields 0.42-0.56) and green emissions in the thin films
with PL maximum around 520 nm were observed, respectively. The green emission in solid
state of these random copolymers 72 was a result of the energy transfer from the fluorene to
the pyrenyltriazine moieties. For the copolymer PP-Pyr (73), blue light both in solution and
in thin film with PL maximum at 385-450 nm were observed, respectively. More specially,
the copolymers PF-Pyr (73) showed outstanding color stability since their PL trace in thin
film remained unchanged with respect to the PL maximum and the spectrum pattern even
following annealing at 130 °C for 60 h. The color stability of the polymer PF-Pyr is an
attractive feature regarding the high temperature developed during the device operation.
More recently, Mullen group described (Kawano et al, 2008) the synthesis and
photophysical properties of the first 2,7-linked conjugated polypyrenlene, 74 (Figure 12),
tethering four aryl groups by Yamamoto polycondensation (Yamamoto, 2003). Although
composed of large n-units, the polymer 74 is readily soluble in common organic solvent due
to the unique substitution with bulky alkylaryl groups at the 4-, 5, 9-, and 10-positions in
pyrene ring. The polymer 74 shows a blue fluorescence emission with a maximum band at
429 nm in solution, fulfilling the requirements for a blue-emitting organic semiconductor.
However, the fluorescence spectra of 74 exhibit a remarkable long-wavelength tailing as
well as additional emission bands with maximum at 493 and 530 nm. To recognize and
verify the most probable explanation for the substantially red-shifted band in the case of 74,
concentration dependence of the fluorescence, solvatochromic shifts of the emission
maximum (Jurczok et al., 2000; Fogel et al., 2007), and time-resolved measurements of the
fluorescence are investigated. These facts together indicated that the red-shifted broad
emission bands are not caused by aggregation, but by intramolecular energy
redistribution between the vibrational manifold of the single polymer chain (VandenBout
et al., 1997; Becker et al., 2006). Furthermore, the additional red-shifted emission (green
color) of the polymer 74 in the solid state could be strongly reduced by blending with a
non-conjugated polymer such as the polystyrene. Thus, these properties of the polymer 74
could have application in materials processing, for example, as a surrounding media
sensor or optoelectronics.

Quite recently, Mullen research group reported (Figueira-Duarte et al.,, 2010) the
suppression of aggregation in polypyrene 75 (Figure 12) with a highly twisted structure of
the polymeric chain. The use of tert-butyl groups was crucial for selectively affording
substitution at the 1,3-positions in the monomer synthesis, and also for both attaining
sufficient solubility and avoiding the use of long alkyl chains. The UV-vis absorption and
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PL spectra of the polypyrene 75 exhibit very similar spectra in the diluted THF solution
and the thin film. The absorption spectra show a m-n* transition at ca. 357 nm and a higher
energy absorption band at ca. 280 nm. In contrast, the emission in both solution and thin
film showed a broad unstructured band with a maximum at 441 nm in solution and a
slight bathochromic shift to 454 nm in the solid state, respectively. Both a classical
concentration dependence analysis (in toluene at different concentration ranging from 0.1
to 1000 mg/L) and the calculated molecular structure of a linear 1,3-pentamer model
compound (AM1) for the polypyrene 75 provided good evidence for the absence of
excimer and aggregation emission. It is well known that the morphological stability at
high temperature is a critical point for device performance. Thermal characterization of
the polypyrene 75 was made using differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA), and the influence of thermal treatment on its optical
properties was investigated. The high morphological stability and glass transition
temperature, T,, could be attributed to the presence of the rigid pyrene unit in the main
chain of the polymer. Thus, the device with structure of ITO/PEDOT: PSS/polypyrene
75/ CsF/ Al was fabricated. The device showed bright blue-turquoise electroluminescence
with a maximum at 465 nm and a profile very similar to the PL in the solid state.
Brightness values at 300 cd/m? were obtained at 8 V with CIE coordinates of (0.15, 0.32).
The devices show remarkable spectral stability over time with only minor changes in the
spectra as a consequence of a thermal annealing under device operation. The OLEDs
display a detectable onset of electroluminescence at approximately 3.5 V and maximum
efficiencies of ca. 0.3 cd/A. The performance of the presented devices is comparable to
devices fabricated without evaporated transport layers from similar poly(para-phenylene)-
type based materials with respect to the overall devices efficiency and brightness
(Pogantsch et al., 2002; Jacob et al., 2004; Tu et al., 2004). Thus, the simple chemical route
and the exciting optical features render this polypyrene a promising material toward
high-performance polymer blue light-emitting diodes.

6. Pyrene-based cruciform-shaped n-conjugated blue light-emitting
architectures: promising potential electroluminescent materials

In recent years, carbon-rich organic compounds with a high degree of n-conjugation have
attracted much attention due to their unique properties as ideal materials for modern
electronic and photonic applications, such as organic light-emitting diodes (OLEDs), liquid-
crystal displays, thin-film transistors, solar cells and optical storage devices (Meijere, 1998,
1999; Haley & Tykwinski, 2006; Mullen & Weger, 1998; Mullen & Scherf, 2006; Kang et al.,
2006; Seminario, 2005; Van der Auweraer & De Schryer 2004). Among them, functionalized,
cruciform-shaped, conjugated fluorophores are well-known because they exhibit interesting
optoelectronic properties due to their special, multi-conjugated-pathway structures.
Examples of cruciform-shaped phores are the 1,2,4,5-tetrasubstituted(phenylethynyl)
benzenes of Haley ef al. (Marsden et al., 2005), the X-shaped 1,2,4,5-tetravinyl-benzenes of
Marks et al. (Hu et al., 2004), the 1,4-bis(arylethynyl)-2,5-distyrylbenzenes of Bunz et al.
(Wilson & Bunz, 2005), and other cross-shaped fluorophores developed by Nuckolls et al.
(Miao et al., 2006) and Scherf et al. (Zen et al., 2006). Therefore, their seminal studies on the
structure-property relationships for those materials provided valuable information for the
molecular design of material as model systems or promising candidates toward high-
performance optoelectronic devices.
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Accordingly, our previous report (Yamato et al., 1993; Yamato et al., 1997) on the synthesis
of 4,5,9,10-tetrabromo-2,7-di-tert-butylpyrene prompted wus to explore 4,5,9,10-
tetrakis(phenylethynyl)pyrenes as emissive materials. We surmised that i) The presence of
the sterically bulky tBu groups in pyrene rings at the 2- and 7-positions would play
important roles for both inhibiting undesirable face-to-face n stacking in solution and the
solid state (Bennistom et al., 2007) and attaining sufficient solubility; ii) The ready synthetic
accessibility by the Sonogashira coupling, the phenylacetylenicgroups were a priori
anticipated to facilitate the construction of the cruciform-shaped structure and further
extend the conjugation length of the pyrene chromophore, resulting in a shift of the
wavelength of absorption and fluorescence emission into the visible region of the
electromagnetic spectrum. Along this lines, as our efforts on the construction of extended -
conjugation compounds based on pyrene (Hu et al, 2009; Hu et al., 2010), we recently
succeed to prepare a new series of pyrene-based, cruciform-shaped, n-conjugated, blue-
light-emitting monomers (79) with a low degree of aggregations in the solid state and pure-
blue emission by various spectroscopic techniques (Hu et al., 2010).

The simple chemical route to the cruciform-shaped conjugated pyrenes 79 is shown in
scheme 2. The Lewis-acid-catalyzed bromination of 2,7-di-tert-butylpyrene (76) (Yamato et
al., 1993; Yamato et al., 1997) readily afforded the 4,5,9,10-tetrabromo-2,7-di-tert-butylpyrene
77 in high yiled of 90%. The modified Sonogashira coupling of the tetrabromide 77 with
various phenylacetylenes 78 produced the corresponding 2,7-di-tert-butyl-4,5,9,10-tetrakis(p-
R-phenylethynylOpyrenes 79 in excellent yields. As a comparison, 1,3,6,8-tetrakis(4-
methoxyphenylethynyl)pyrene 80 is prepared according to literature procedure
(Venkataramana & Sankararaman, 2005). The chemical structures of these new pyrenes 79
and 80 were fully confirmed by their 'H/13C NMR spectra, FT-IR spectroscopy, mass
spectroscopy as well as elemental analysis. All results were consistent with the proposed
cruciform-shaped structures.

9 o« Lo
() — ()
—_
O Br

76 77
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Scheme 2. Synthesis of 4,5,9,10-tetraksi(phenylethynyl)pyrene derivatives 79a-c. Reagents
and conditions: (a) Bro, Fe powder, CH,Cly, 1. t., for 4 h, 90%; (b) [PdCl>(PPhs),], Cul, PPhs,
Et;/DMF (1:1), 24-48 h, 100 °C.

The performance of the organic compounds in optoelectronic devices strongly relies on the
intermolecular order in the active layer. Small single crystals of 79¢ are suitable for X-ray
structural determination under the synchrotron. Both the X-ray crystal-structures diagram
and packing diagram of 79c are shown in Figure 13, respectively. As revealed from this
analysis, there is a herringbone pattern between stacked columns, but the n-n stacking
average distance of adjacent pyrene units was not especially short at ca. 5.82 A in this crystal
lattice. The results strongly indicate that the two bulky tBu groups attached to the pyrene
rings at the 2- and 7-positions play an important role in suppressing the aggregations
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Fig. 13. X-ray crystal-structure diagram of 79¢ (i) top view; (ii) side view. down); Packing
diagram of 79c¢ (i) view parallel to b, highlighting the n-r stacking; (ii) view parallel to c,
showing the herringbone packing motif.

in the solid state. Hence, the newly developed cruciform-shaped pyrenes with both the
unique intermolecular order of stacked column and low degree of n stacking suggest that
they might be advantageous to high charge-carrier transport and robust blue-light emitting
materials in optoelectronic devices (Naraso et al., 2005; Wu et al., 2007; Gao et al., 2008).

The UV-vis absorption spectra of 79 are shown in Figure 14, that together with those of
pyrenes 76 and 80. Compared with that of pyrene 76, the absorption spectra of both 79 and
80 were broad and less well-resolved, and the longest-wavelength, n-n* transition
absorption maximum of 79 and 80 occurred at ca. 410-415 nm and 477 nm, respectively, due
to the extended conjugation length of the pyrene chromophore with the four
phenylethynylenic units. Interestingly, although the vibronic features of 79a-c were more
similar to those of 80 than to those of 76 (Figure 14), the spectra of 79 were less red-shifted
than that of 80, despite the presence of the two electron-donating tBu groups in 79. A
reasonable explanation for these different shifts between 79 and 80 is their quite different
conjugation pathway. For 79, the four phenylacetylenic units are connected with the central
pyrene moieties at the nearby 4-, 5-, 9-, and 10-positions to afford a short, cruciform, n-
conjugated molecular structure, hence, short, cruciform n-conjugation occurs; for 80,
however, these four phenylacetylenic units are connected with pyrene rings at the more
distant 1-, 3-, 6-, and 8-positions, resulting in a longer cruciform, m-conjugated structure.
Hence, the conjugation length of 80 is larger than that of 79, which leads to a larger red shift
to ~ 500 nm. Upon excitation, a dilute solution of 79 and 80 in CH»Cl, showed pure-blue and
green emission (Figure 14) with a maximum band at 441 nm for 79a, 448 nm for 79b, 453 nm
for 79¢, and 496 nm for 80, respectively, which are systematically varied in agreement with
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the electronic absorption spectra. High quantum yields of 79 in solution were found to in the
range of 0.66-0.98.
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Fig. 14. Normalized absorption (A) and fluorescence emission spectra (B) of 79 and 80
recorded in CH,Clp; down) Normalized absorption (C) and fluorescence emission spectra
(D) of 79¢c recorded in (a) cyclohexane, (b) THF, (c) CH2Cly, and (d) DMF.

In order to obtain more insight into the photophysical properties of these new cruciform-
shaped, conjugated pyrenes, both concentration dependence of the fluorescence and
solvatochromic shifts of the absorption and emission spectra of 79c¢ are investigated,
respectively. By increasing the concentration from 1.0 x 108 M to 1.0 x 104 M, the intensity of
this emission band to gradually increase, only the monomer emission at 453 nm was
observed. The result further indicate that the two sterically bulky tBu groups at the 2- and 7-
positions can prevent two molecules of 79 from getting close enough to result in excimer
emission at high concentrations. For 79¢, a change of solvent from nonpolar cyclohexane to
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polar DMF caused only a very slight, positive, batnochromic shift in the n-n* absorption
band from 413 to 417 nm. However, in the case of the emission of 79¢, a substantial positive
bathochromism with a maximum peak from 425 nm to 464 nm was observed
fromcyclohexane to DMF (Figure 14). The results suggest that these new pyrenes 79 are
more solvated in the excited state than in the ground state (Chew et al., 2007). Thus, these
molecules emit very bright, pure-blue fluorescence and have good solubility in common
organic solvents and high stability, which make them potential candidates as blue organic
light-emitting materials for the fabrication of OLED devices, and further exploration into
this area is underway.

7. Conclusions

In this Chapter, we have given an overview of the recent work on the synthesis and
photophysical properties of pyrene-based light-emitting architectures and their application
to molecular optoelectronic devices. We have demonstrated here some concrete examples
that pyrene can be appropriately modified with electro- or photo-active chromosphores
such as phenyl, phenylethynyl, fluorene, carbazole, and pyrene, and the resulting functional
pyrenes can be successfully applied to the fabrication of EL devices. Thus, we expect that
further research work on the functional pyrenes will promote a basic understanding of
molecular design and optoelectronic properties, and their potential applications to
molecular devices such as organic light-emitting diodes (OLEDs).
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1. Introduction

Electroluminescent devices, solar energy conversion technologies and light-emitting
electrochemical cells represent a promising branch of modern optoelectronic industry
based on organic dyes and polymers as the main working materials. Elementary processes
like energy flow through an organic-inorganic interface and voltage control at a molecular
level with peculiar electronic properties are now well understood and used in fabrication
of new efficient and sophisticated optoelectronic devices. Today, organic light emitting
diodes (OLEDs) are used commercially in displays and various lighting applications
providing high external quantum efficiency (up to 19%) and low power consumption
(Nazeeruddin et al. 2009).

Electroluminescence of organic materials was observed for the first time by Martin Pope et
al. (Pope et al. 1963) a half of a century ago. Twenty-four years later the pioneering work of
Eastman Kodak Company (Tang & VanSylke 1987) provided the use of 8-hydroxyquinoline
aluminum (Alqgz) as electron-transporting and emissive material (Scheme 1) in an OLED
device. Since then a growing progress has been witnessed in the field of organic
optoelectronics through incorporation of various combinations of organic polymers, dyes
and organometallic complexes (Yersin & Finkenzeller 2008, Kohler & Bassler 2009).

Organic conjugated polymers, like poly(para-phenylene vinylene) (PPV) doped by various
chromophores, are now used in OLEDs as they lend the possibility to create charge carrier
recombination and formation of excitons with high efficiency of light emission. Typical
OLEDs are fabricated by spin-coating, inkjet printing or by vacuum deposition of organic
materials on an indium-tin-oxide (ITO)-coated glass and with a multilayer structure of the
device including NPB (N,N’-Bis(naphthalene-1-yl)-N,N’-bis(phenyl)-benzidine) and Algs as
the hole transport layer (HTL) and electron transport layer (ETL), respectively. These
materials are presented here as typical examples. In between there is a doped emission layer
(EML). Usually some additional layers which protect the ETL from reactions with the
cathode material, or reduce the injection barrier and electron-hole quenching, are
incorporated into the device architecture. These OLEDs are thin, flexible, stable, and energy
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conserving devices; they have prompt response times (ps), high color purity and are suitable
for large screen displays and even for illuminating wallpapers in the near future.

In this review we will mostly discuss a new OLED generation with triplet emitters based on
cyclometalated transition metal complexes which have attracted extensive attention in the
past decade since their external quantum efficiency exceeds that of usual organic materials.
In purely organic EML polymers, like PPV or PPP, the energy stored in triplet states cannot
be utilized in order to increase the emissive efficiency of OLEDs, since the transition from
the lowest triplet (T;) to the singlet ground (Sp) state is strictly forbidden; this energy thus is
mostly spread non-radiatively into backbone phonons and heating of the sample. It has been
proposed that that the use of the triplet states may improve an efficiency of solar cells to a
large extent (Kohler & Bassler, 2009; Wong, 2008). Singlet state emitters, like Algs (Scheme
1), as a key electron transporter in ETL and new nonmetallic complexes will also be
analyzed in this review.

Introducing Ir(ppy)s in doped EMLs provided a new revolution in modern OLED
optoelectronics (Baldo et al. 1999). With the Ir(Ill) complexes as dopants the
electroluminescence is enhanced by harnessing both singlet and triplet excitons after the
initial charge recombination, since spin-orbit coupling (SOC), being much stronger in heavy
elements like iridium, removes the spin-forbidden character of the singlet-triplet (S-T)
transitions. The search for OLED materials was initiated by the classic example Ru(bpy)s2*,
which was used as a photocatalyst in solar-driven photoconversion processes. The task was
to alter the excited state redox potential of similar metal complexes by several modifications;
changing the central transition metal, replacing some of the ligands and modifying the
ligands by adding suitable functional groups. For example, changing the metal center in
Ru(bpy)s?* to Ir(Ill) produces a complex, Ir(bpy)s3+, with excellent photo-oxidizing power.
The neutral bpy ligand was changed by the negatively charged ppy. These changes provide
a crucial improvement of the chromophore stability and finally became a lucky choice for
implementation in modern OLEDs.

Similar problems of the dye optimization are present for the dye-sensitized solar cells
(DSSC) based on TiO; nanocrystals. They have become of considerable interest as
renewable power sources because of the ability to provide a high coefficient of light
conversion to electricity (up to 10.4 percent). DSSCs commonly use sensitizers based on
complexes of ruthenium with bipyridine (bpy) and other ligands. The most successful
example of DSSCs is a Gratzel cell in which the ruthenium(ll) bis(4,4'-dicarboxy-2,2'-
bipyridyl)-bis(isothiocyanate), denoted by the N3 dye, is used as sensitizer (Gritzel, 1990);
other similar dyes have also served for this purpose. All these organometallic dyes absorb
visible light and, being in the excited state, provide electron transfer to TiO, crystals on
the surface of which they are adsorbed. After that, the oxidized chromophore is reduced
by the electrolyte and the cycle is repeated. The requirements to a sensitizing
chromophore are universal: high light absorption coefficient in the entire intense solar
spectrum, ability to inject an electron into the conduction band of TiO,, and fast reduction
by the electrolyte. The choice and optimization of the chromophore are highly important
for the DSSC technology.

To make systematic choices, it is necessary to know the relationship between structures and
optical properties of dye molecules. For this purpose, a number of quantum-chemical
calculations of electron absorption spectra of the most important sensitizers based on
complexes of ruthenium(Il) and iridium(IIl) with polypyridines have been carried out in
recent years. Theoretical studies of phosphorescent dopants for OLEDs are of similar
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importance. Nowadays, almost all new dyes for DSSCs and OLEDs become subjects for
comprehensive photophysical, electrochemical and quantum-chemical density functional
theory investigations. The aim of the present review is to describe new synthesis of
organometallic complexes based on Ir, Ru, Pt and other ions which are prospects for
effective OLEDs and solar cell fabrication and to present the theoretical background that is
important for these dyes.

Ir(ppy)s Ir(bpy)s>* Ir(ppy)2(pic)

Scheme 1.

We will discuss Ir-complexes of the type shown in Scheme 1, our own synthesized dyes and
a number of those which are known from the literature. The main subject of this Review is a
theoretical analysis of the structural factors which determine high efficiency of new OLED
materials, which we have provided by calculations of various CICs and other dyes. Our
unique ab initio calculations of spin-orbit coupling effects and phosphorescent lifetimes in
these heavy metal compounds permit us to derive some general ideas about the synthesis of
the best phosphorescent sensitizing chromophores for OLEDs and DSSCs.

2. Principles of optoelectronics based on organic materials

2.1 Electroluminescence with low power consumption

OLEDs are based on polymers multi-layer structures. Inside each layer the electronic
excitations in the repeating molecular units, being linked by covalent bonds, represent
rather complicated excitons. Such excitations in a polymer chain are extended over several
molecular links and are associated with the distortion of the polymer. The exciton energy
decreases when the size of the excited area increases, but the Coulomb attraction in the
electron-hole pair (EHP) can confine the exciton. Principles of electro-luminescence in
organic polymers are described in a number of references (e.g. Pope & Swenberg, 1999;
Yersin & Finkenzeller, 2008, Kohler & Bissler, 2009). In this review we concentrate our
attention on the theoretical description of molecular states at the microscopic level; thus the
macroscopic picture of the structural elements of OLEDs and photovoltaic devices will be
shortly presented in the form of main concepts of their architecture, connected with organic
and inorganic materials in different aggregate states.

Organic materials used in modern optoelectronics can occur in the form of polymer layers,
molecular crystals or supramolecular assemblies. Optical characteristics of these materials
are intrinsically determined by their molecular properties, which we here will generalize in
a simplified manner (Fig. 1). Their conductivity and charge carrier properties are also
determined by molecular orbital (MO) properties, but mainly by external perturbations;
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injection from the electrodes in the OLED devices or through the dissociation of EHPs
created by the incident light in the solar cells, which also require some simple model
descriptions. In organic molecular crystals weak van der Waals interaction provides very
narrow (0.5 eV) valence and conduction bands; in polymers these bands are wider.

In Fig. 1 we present a scheme that illustrates the creation and propagation of excitons in a
conjugated polymer chain, which is simulated by four molecular blocks. In real polymers
there are thousands of blocks; furthermore, in OLEDs there are few different polymer layers,
where the molecular blocks have different MO energy levels. We omit these details for
simplicity in Fig. 1.

Anode Cathode Anode Cathode
d-——+T + =
Tew v o |° |y

O—O—O>—D - DD—D—D— D
@Ol A A A Ao ol A& A A Ao
Injection of electrons and holes Migration of charge carriers

(a) (b)

Anode Cathode Anode hv Cathode

_+’/\__ _AT/__
+ + 4 4 %iir%%

ol A A A A | @l A A A Ao
Electron-hole recombination Phosphorescent emission

(c) (d)
Fig. 1. Scheme of triplet exciton injection and phosphorescent emission in polymer OLEDs

Each molecular block is presented by only two molecular orbitals (MO): the highest
occupied MO and the lowest unoccupied MO. Fig. 1 represents the corresponding HOMO
and LUMO energy levels in the absence of an electrical bias. Upon voltage application
across the electrodes injection of electrons and holes occurs at the cathode and anode,
respectively (Fig. 1, a). The molecule A; donates an electron to the anode and creates a hole
in the polymer, while the molecule A4 accepts an electron from the cathode. Electrons and
holes migrate through the polymer chain in the opposite directions because of the applied
voltage; getting closer they start to attract each other until they occur at the neighboring
blocks Az and As (Fig. 1, b).

The critical radius R ¢ for the mutual interaction inside the EHP is defined as the distance at
which the Coulomb attraction is equal to the thermal energy:
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kT = ¢?[4zes,Re Q)

where g,g, represent the dielectric constants of the polymer material and the vacuum
(Kohler & Bassler, 2009). The low dielectric constant for a typical organic polymer (e=23)
provides at room temperature quite a big Coulomb capture radius of about 19 nm. In
organic polymer films the repeating molecular units (A,) are linked through covalent
chemical bonds and electrons and holes are not strictly localized; in some polymers the
charge carrier wave function can extend over several molecular blocks. If we return back to
the simple picture in Fig. 1, it is clear that electrons and holes localized at the neighboring
blocks A; and Az have overlapping wave functions. This means a high probability of an
electron “jump” from Aj; to Ay, or electrons-hole recombination. After their recombination
an electronically excited molecule A; is obtained (Fig. 1, c), which can emit light (Fig. 1, d).
In Fig. 1 the triplet state of the electron-hole pair (EHP) is shown, but it can be created in the
singlet state as well. Annihilation of the singlet EHP leads to the singlet excited state S; of
molecule A which can emit light in the spin allowed singlet-singlet transition to the ground
state Sy (Fig. 2). Spontaneous emission S; — Sy is usually characterized by a short lifetime
(ns) because of the large electric dipole transition moment for the spin allowed singlet-
singlet transition. This is a typical mechanism of electroluminescence in pure organic light
emitting diodes. Radiative rate constants of photofluorescence (ks) in such polymers is
usually a million times larger than those of phosphorescence (ks), which cannot compete
with nonradiative quenching (ks) in pure organic polymers at room temperature.

— S,
— —+
S, +
7 ISC -
-+
+
4 1 2 3
5 4
—u
i
So i

Fig. 2. Main photoprocesses following light absorption by an organic molecule (1).
Wavelines - nonradiative quenching; ISC - intersystem crossing; 3 - fluorescence (rate
constant ks ~109 s-1, radiative lifetime 13 =1/k; ~ns); 4 - phosphorescence (k4 is in the range
0.01-10¢ s1); 7 - triplet-triplet absorption.

In organic solids solvents, excited state levels are shifted with respect to free molecules in
gas phase due to inhomogeneous broadening. In an amorphous film or glass, each molecule
has its own particular environment with different orientations and distances to its
neighbors. This random variation of electronic polarization of the neighborhood leads to a
particular shift of the excited state energy for each molecule (inhomogeneous broadening of
spectral lines). For the triplet excited state this broadening is smaller than for the singlets,
because electron correlation is stronger for the former (Pope& Swenberg, 1999).

Modern OLEDs often contain an organic polymer in the emission layer doped by a
transition-metal complex with heavy iridium or platinum ions, which provide a strong SOC
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that makes the T1 — Sy transition to be effectively allowed (k4 ~ 106 s1). In this case the triplet
excitons also produce useful work in the OLED (Fig. 1, d). Dopants in EMLs not only collect
the S and T excitons by the EHP recombination, but can also be used for regulation of the
OLED color. In particular, iridium complexes, containing large sm-conjugated ligands
(Scheme 1), such as 2-phenylpyridine anions (ppy-) and neutral 2,2’-bipyridines (bpy), have
the advantage that their emission wavelength can be tuned from blue to red by peripheral
substitution in the rings by electron-withdrawing and electron-donating substituents or by
replacement of chelating ligands. The S;-T; splitting (Fig. 2) is determined by the double
exchange integral, 2Ki.,,, for ¢; and ¢, orbitals (typically HOMO and LUMO)

Ki = ”(01' (1)%(1)(32/71,2)(01'(2)%(2)5101‘102 ’ 2

which is large for the 7-7* states of conjugated molecules (about 1 eV); for the o-7* or n-7* and
charge-transfer states the exchange integral is rather small (about 0.1 eV); numbers in brackets
(1) and (2) denote coordinates of two electrons in Eq. (2), 1 , is the interelectron distance.

The rate of intersystem crossing in most conjugated molecules and polymers is apparently
very low with some exceptions like fullerene and anthracene. Deuteration of organic
molecules often suppresses the ks rate; the C-H vibrational frequency is much higher than
that of the C-D bond vibration and higher overtones should be excited in the deuterated
species in order to accept the excess energy E(T1)-E(Sp) and transfer it into vibrational
relaxation. From this example one can realize that the nonradiative energy transfer is
determined by electron-vibrational (vibronic) interaction to a large extent. This notion can
also be applied to the electron-hole injection, migration and recombination processes, and
electron transfer in DSSCs (Minaev et al, 2009Db).

Since ISC is a spin-forbidden T-S quantum transition, its rate constant also depends on SOC,
and on the relative positions of nearby electronic and vibronic states of different symmetry
and spin-vibronic interactions (Minaev & Agren, 2006). Calculations of SOC and radiative
rate constants are very important for understanding the function of modern OLEDs. This
will be considered in next chapter with explanation of the left part in Fig. 2, where the
splitting of spin sublevels of the T; state is exaggerated.

Here we need to elucidate some principles of electron-hole migration in more detail.
Organic semiconductors have low conductance due to disorder in the amorphous or
polycrystalline body; electron and hole mobilities are typically 108 - 103 ¢cm?2/V s. In
contrast, the perfect molecular single crystal of pentacene has a hole mobility as large as 1.5
cm?/V s at room temperature (Kohler & Béssler, 2009). All these organic materials have very
narrow conduction and valence bands (CVBs), since the molecules are weakly bound by van
der Waals interactions. Narrow CVBs imply a mean scattering length of charge carriers to be
comparable with intermolecular distances (0.4 nm). Photoexcitation creates predominantly
the excited state on an individual molecule (Fig. 2) in such a crystal. Because of translational
invariance this excited state may likely reside on any neighboring molecular block in the
crystal. It can move through the crystal and is treated as a quasiparticle (exciton). In
polymers the exciton wave function can extend over two molecules depending on geometry
distortion of the excited state in the chain (charge-transfer exciton). In sm-conjugated
polymers, like PPV, the electron-hole distance is about 1 nm in the singlet state and about
0.7 nm in the triplet state (Kohler & Béssler, 2009). The difference is determined by exchange
interaction of the type presented in Eq. (2). The notations of molecular orbitals (i, u) can refer
to HOMO and LUMO inside one molecule, or to different molecules (even to different
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polymer chains in the case of an inter-chain exciton). The total wave function may be
presented in a general form which includes charge-transfer and local molecular excitations:

Y=, W(AB")+,¥(A'B ) +c;¥(A*B)+c,¥(ABY), 3)

where A and B refer to different polymer blocks, A* indicates the excited A molecule. If the
ionic terms dominate (c;,c, >>c5c4) the wave function in Eq. (3) describes a charge-transfer
exciton. The opposite case (c;,c, <<cscy) corresponds to an exciplex or an excimer. For an
excimer the two molecules are the same (A=B) and this is a model for a Frenkel exciton in
molecular crystals. In OLEDs the excited states are formed by recombination of two injected
charges in EHP (¢, =0.99 in Eq. (3) and A* = Ay, B-= A3z in Fig. 1, b). If the positive and
negative charges on two molecules are bound by Coulombic interaction one can speak about
a geminate polaron pair. For real polymers all coefficients in Eq. (3) are nonzero and their
ratio depends on the the A-B distance.

2.2 Solar energy conversion

The mechanism of electric power generation in solar cells is opposite to the mechanism of
OLED operation, presented in Fig. 1. The incident light produces an electronic excitation of a
dye unit or of a polymer/inorganic crystal followed by charge separation with the
subsequent need for the EHP to reach some heterojunction. In solar cells based on crystalline
silicon an exciton is created by photoexcitation in one material and the singlet (or triplet)
excited state diffuses to the interface with the other material, where dissociation to an
electron and a hole takes place. If the energy gained exceeds the exciton binding energy, and
if the percolation path for the separated charges affords them to reach the respective
electrodes, a voltage occurs. Similar principles of bulk heterojunctions are used in organic
semiconductors, when two solutions of polymers with different electronegativity are mixed
and spinned on a film (Kohler et al, 1994). The morphology of the film can be optimized by
the annealing conditions and the choice of solvent. Solar cells operating both with the singlet
and triplet excited states (like in Fig. 1, d) are known. The triplet excitons have longer
diffusion length compared to the singlets and this could be used as advantage for such
organic solar cells. Despite of the slow Dexter mechanism for the triplet exciton transfer
(Forrest, 2004), the large lifetime provides a triplet diffusion length ranging to 140 nm in
amorphose organic films, while for singlet excitons it is typically in the range 10-20 nm
(Kohler et al, 1994). Polymer-based solar cells operating by triplet excitons also have some
advantages, like the triplet emitters in OLEDs, but with completely different physical origin.
Inorganic semiconductors, like crystalline silicon, have wider valence and conductive bands
than organic solids and also larger dielectric constants &, (in silicon & =12, in anthracene &
=3). A wide band implies that the mean scattering length of the charge carriers is much
larger than the lattice site and exceeds the capture radius Rc of Coulombic attraction for an
electron-hole pair (EHP). When an incident light creates an EHP, both charge carriers are
delocalized in their wide bands and are not bound by Coulomb attraction. Any scattering
event occurs at some distance outside the Coulomb capture radius, Rc, thus the created
charge carriers are free in the valence and conduction bands (Kohler & Bissler, 2009). As
they are independent of each other, the mutual orientation of their spins is arbitrary; the
singlet and triplet states in such EHPs are degenerate, since there is no overlap between the
electron and hole wave functions and their exchange energy is zero. This situation for the
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spin dynamics is similar to that earlier considered in organic chemical reactions of radicals
in solvents. At room temperature the excitons in crystallin silicon are similar to separating
radical pairs in the solvent cage. At low temperature, the capture radius R. in Eq. (1)
increases and the EHP bound by Coulomb attraction can exist as a Wannier-type exciton.
The binding energy of Wannier excitons in silicon is only 1.42 k] /mol and the electron-hole
separation is about 50 A (Kohler & Bissler, 2009). The exchange integral, Eq. (2), at this
distance is of the order 0.1 k]/mol, so the S-T splitting of Wannier excitons is marginal. In
silicon crystals the exciton wave function, Eq. (3), is presented by the first term ¢, ~0.99
and the Si atoms are bound by o-bonds inside the A and B moieties. The direct SOC matrix
element between such S and T excitons is equal to zero, since their spatial wave functions
are identical; but one-center SOC integrals can contribute in the second order through SOC
mixing with the intermediate oo* states. Since the S-T mixing of excitons is an important
problem for both OLEDs and solar cells we will consider here spin-dependent exciton
recombination, light emission and other photophysical phenomena starting with spin
statistics of a geminate radical pair.

2.3 Spin dynamics in organic solvents and its relation to OLED excitons

Interest in spin-statistics problems in organic chemistry was initiated during studies of
radical recombination reactions and chemically induced dynamic nuclear polarization
(CIDNP) (Salikhov et al, 1984). CIDNP was detected as a non-equilibrium absorption
intensity and emission in NMR spectra of radical recombination products in organic
chemical reactions in solvents. It was recognized that the radical pair in the triplet spin state
cannot recombine and that it dissociates after the first collision in the cage of a solvent. Only
the singlet state pair can recombine and produce a product. After the first collision the
triplet radical pair (RP) has a large probability for a new reencounter in the solvent cage.
Between the two collisions the separated radical pair can provide a triplet-singlet (T-S)
transition and then produce a product of recombination, which is enriched by the nuclei
with a particular nuclear spin orientation. The T-S transition is induced by hyperfine
interactions (HFI) between the magnetic moment of an unpaired electron in the radical and
the particular magnetic moment of the nearby nucleus. The HFI provides a “torque” that
promotes the electron spin flip in one radical, which means that a T-S transition takes place
in the RP. This, the most popular RP mechanism of CIDNP, has also been applied to
chemically induced dynamic electron polarization (CIDEP) in EPR spectra of radical
products in photochemistry as well as to magnetic field effects (MFE) in chemistry (Salikhov
et al, 1984; Hayashi & Sakaguchi, 2005). In non-geminate radical pairs, produced from
different precursors, all possible spin states are equally probable. There are three triplet sub-
states and one singlet for each RP; by statistics the number of non-reactive triplet collisions
is three times larger than the number of reactive singlets. Thus the T-S transitions in the
separated RP between reencounter sequences can increase the rate and the yield of the
radical recombination reaction in the solvent. The splitting of triplet sublevels and the rate
of the T-S transitions depends on the external magnetic field and this is the reason for MFE
in radical reactions. The radical-triplet pair mechanism was later developed for explaining
the MFE in radical-triplet interactions. It takes into account MFE for the quartet and doublet
states mixing in such interactions. This mechanism has to be used for the treatment of the
polaron-triplet annihilation, which is now considered as a reason for triplet state quenching
by charge carriers in OLEDs (Kohler & Béssler, 2009).
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Similar ideas have to be applied for electron-hole recombination in OLEDs in order to
compel the triplet excitons to do useful work in electroluminescent devices. The Wannier
excitons are quite similar to the separated radical pairs in the solvent cage if comparison
with the CIDNP theory is relevant. Unfortunately CIDEP and MFE theories were not
utilized in OLED technology during long time until the first application of the triplet
emitters in doped polymers (Baldo et al, 1999), and magnetic field effects are still not used in
electroluminescent applications for electron-hole recombination, though it could have some
technological applications in organic polymers. The T; sublevels are usually depopulated
with different rates (k;, i = xy,z Fig. 2). In 1979, Steiner reported MFE due to the
depopulation type triplet mechanism (d-type TM) on the radical yield of electron transfer
reactions between a triplet-excited cationic dye (*A**) and Br-substituted anilines (D) in
methanol at 300 K (Hayashi & Sakaguchi, 2005). Steiner proposed that a triplet exciplex
3(A*D*) is generated by charge transfer in this reaction and that the sublevel-selective
depopulation is induced by strong SOC at a heavy Br atom during decomposition 3(A*D+*) =
A¢ + De+. Similar reactions with triplet exciplexes were found to produce CIDEP and MFE
due to d-type TM. The corresponding theory of magnetic field effects due to spin-orbit
coupling in transient intermediates and d-type TM has been proposed (Hayashi &
Sakaguchi, 2005; Serebrennikov & Minaev, 1987). Its application for charge-transfer excitons
in phosphorescent OLEDs is ongoing. First we need to consider the main elementary
processes, which occur within the close vicinity of the emitting center in the polymer layer,
but general principles of the charge carrier migration and their spin statistics are also
discussed.

2.4 Spin statistics of excitons in OLEDs and spin-dependent optoelectronics

As shown in Fig. 1, organic-conjugated polymers are used in OLEDs as they lend the
possibility to create charge carrier recombination and formation of excitons with high
efficiency of light emission. The typical OLED device consists of a layer of a luminescent
organic polymer sandwiched between two metal electrodes. Electrons and holes are first
injected from the electrodes into the polymer layer. These charge carriers migrate through
the organic layer and form excitons when non-geminate pairs of oppositely charged
polarons capture each other. The colliding charge pairs origin from different sources, so they
have random spin orientation. Thus the singlet and triplet colliding pairs are equally
probable. According to statistical arguments the excitons are created in an approximate 1:3
ratio of singlet to triplet. Fluorescence occurs from the singlet states, whereas the triplets are
non-emissive in typical organic polymers, which do not contain heavy metal ions. The
triplet-singlet (T1 - Sp) transitions in organic polymers are six to eight orders of magnitude
weaker than the spin-allowed singlet-singlet (S; - Sp) fluorescence. The phosphorescence
gains the dipole activity through spin-orbit coupling (SOC) perturbation. SOC is very weak
in organic polymers because the orbital angular momentum between the 7-7* states of
conjugated chromophores is almost quenched. The other reason is that the SOC integrals
inside the valence shell of the light atoms are relatively small (for carbon, nitrogen and
oxygen atoms they are 30, 73 and 158 cm-, respectively). These integrals determine the fine-
structure splitting of the 3P; term into sublevels with different total angular momentum (J).
In light atoms such splitting obeys the Lande interval law and can be described in the
framework of the Russell-Saunders scheme for the angular momentum summation.

Thus the emission from triplet states of organic chromophores has very low rate constant
and cannot compete with non-radiative quenching at room temperature. Consequently, it
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has been assumed that the quantum yield has an upper statistical limit of 25 per cent in
OLEDs based on pure organic polymers. In order to compel the triplet excitons to emit light
and to do useful work in OLEDs one needs to incorporate special organometallic dyes
containing heavy transition-metals into the organic polymers, which will participate in the
charge carrier recombination and provide strong SOC in order to overcome spin prohibition of
the Ty - Sp transition. Incorporation of Ir(ppy)s into a polymer leads to an attractive OLED
material by two reasons: the high rate of electron-hole recombination on the Ir(ppy)s dye and
relatively strong SOC at the transition-metal center induces a highly competitive T; - So
transition probability and quantum efficiency of the OLED. The cyclometalated photocatalytic
complexes of the Ir(Ill) ion fit these conditions quite well. Involvement of such a heavy atom
into metal-to-ligand charge transfer (MLCT) states of different symmetries increases
configuration interaction between them and the 7-n* states of the ligands, which finally leads
to a strong singlet-triplet SOC mixing in the cyclometalated Ir complexes.

While the ppy ligands are structurally similar to bipyridines, it has been earlier recognized
that the metal-carbon bonds which they form with transition-metal ions provide a specific
influence on their complex properties that are quite distinct from those of the N-coordinated
bpy analogues. Replacing bpy in Ir(bpy)s3* by 2-phenylpyridine produces a very strong
photoreductant, Ir(ppy)s. The enhanced photo-reducing potential of such complexes is
attributed to the increase in electron density around the metal due to the stronger donor
character of the coordinating carbon atoms. Species containing both bpy and ppy ligands,
such as [Ir(ppy)2bpy]*, have intermediate photoredox properties and can operate as either
photo-oxidants or photoreductants. Use of cationic complexes in OLEDs provides some
advantages since they do not require complicated fabrication of multilayer structure for
charge injection and recombination, which is promising for large-area lighting applications
(De Angelis et al. 2007). The presence of mobile cations and negative counter-anions (PFg)
makes the ionic complexes more efficient than the neutral cyclometalated iridium complexes
(CIC). The ions create high electric fields at the electrode interfaces, which enhances the
electron and hole injection into the polymer and also the exciton formation at the dopant
metal complexes. Electrons and holes are injected at a voltage just exceeding the potential to
overcome the HOMO-LUMO energy gap in the active material of the OLED, irrespective of
the energy levels of the electrodes.

The SOC effects on the Ti - Sy transition in the [Ir(ppy)2(bpy)]* (PFs) and other ionic and
neutral iridium complexes have been theoretically studied in order to interpret the high
efficiency of the corresponding OLED materials (Minaev et al. 2006; Jansson et al, 2007;
Minaev et al. 2009; Baranoff et al. 2010). This affords to foresee new structure-property
relations that can guide an improved design of organic light-emitting diodes based on
phosphorescence. Modern density functional theory (DFT) permits to calculate the optical
phosphorescence properties of such complexes because of their fundamental significance for
OLED applications. First principle theoretical analysis of phosphorescence of organometallic
compounds has recently become a realistic task with the use of the quadratic response (QR)
technique in the framework of the time-dependent density functional theory (TD DEFT)
approach. These DFT calculations with quadratic response explain a large increase in
radiative phosphorescence lifetime when going from the neutral Ir(ppy)3 to cationic
[Ir(bpy)s]*+ compounds and other trends in the spectra of tris-iridium(Ill) complexes.
Calculations show the reason that some mixed cationic dyes consecutively improve their T -
So transition probabilities and unravel the balance of factors governing the quantum
emission efficiency in the corresponding organic light-emitting devices.
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In order to present connections between main features of electronic structures and photo-
physical properties including phosphorescence efficiency and energy transfer mechanisms
we have to consider spin properties and the SOC effect in atoms and molecules in detail.
Since the SOC description in atoms and the multiplet splitting in the framework of the
Russell-Saunders scheme is a crucial subject for the new OLED generation of triplet-type
emitters, we will pay proper attention to atomic and molecular SOC with special attention to
the Ir atom and CIC spectra.

2.5 Spin-orbit coupling

The electron spin wave function ¥ satisfies the equation for the spin square operator of:
§?W=s(s+1)h*¥, where s=1/2 is a spin quantum number, 7i=(h/2)n is the Planck
constant. Two types of spin wave functions ¥ which satisfy this requirement (a, ) and all
components of the spin operator are:

1 0 n(0 1 in( 0 1 (1l O
“:(OJ’B:(J’%:E& oj’sy:E[—l OJ'SZ:E(O -1] @)

Spin was first postulated in order to explain the fine structure of atomic spectra and
formulated by Pauli in matrix form, Eq. (4); then it was derived by Dirac in the relativistic
quantum theory. In many-electron systems - atoms, molecules, polymers - the electron
spins are added by quantum rules into the total spin S= Zs , which plays an important
role as a fundamental conservation law

S2¥ =5(S+1)n*¥ ()

For the even number of electrons the total spin quantum number can be equal S =0 (singlet
state), S=1 (triplet state), S=2 (quintet state), which are the most important states in
organic chemistry and quantum theory of OLEDs. For odd number of electrons (holes,
radicals) the total spin quantum number is usually equal S=1/2 as for one electron, but
excited states could have high spin quartet (S=3/2) and sextet (S =5/2 ) spin. Multiplicity
in general is equal to2S+1, which determines a number of spin sublevels in an external
magnetic field.

Before calculation of efficiency of triplet emitters in OLEDs one has to analyze quantization
of the orbital angular momentum L in atoms, which is determined by quantum number L,
it needs to be added to spin in order to determine the total angular momentum of atom / :

PY=LL+1)n*¥ J*¥=]J+1)h’¥Y,where J=L+S§ (6)

In relativistic theory all atomic states with L # 0 acquire additional correction to the total
energy which is equal to the expectation value of the SOC operator; thus a splitting of
atomic terms with different ] occurs. Calculation of fine structure is easy to illustrate for a
one-electron atom. The SOC operator for the hydrogen-like atom with nuclear charge Z is
obtained by Dirac:

H, = 205 %)
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The operators [§ here are given in 7 units. The scalar product of two operators IS can easily
be calculated by the definition J*=(L+5)*=[*+2L5+5> with account of Egs. (5) - (6),
which applies also to the single electron case:

H

LS==[J]+1)-L{L+1)-S(S+1)] ®)

N

A simple generalization of the SOC operator for a many-electron atom can be summarized
in the forms:

H —CZT§—7I.§ where /1—+£ Cop = e’ <Z> )
50 - Vi 4 ZS’ np 2m2 2\.3 -

In Eq. (9) Z is a semi-empirical parameter; the “plus” sign corresponds to the open shell,
which is “less-than-half” occupied, “minus” - to the “more-than-half” occupied open shell.
Using this semi-empirical constant one can calculate SOC in organic molecules. The Ir(IIl)
ion has a (5d)¢ configuration: thus its ground state is a quintet 5D which is split in five
sublevels. According to the third Hund’s rule the lowest one is 5Dy since the open shell (5d)¢
is “more-than-half” occupied and the “minus” sign is used in Eq. (9); thus \ is negative in
this case. The maximum J=4 provides SOC energy 4\, next levels with J=3 has zero
correction, and J=2,1 and 0 have positive SOC corrections -3\, -5\ and -6\, respectively. The
Ir(Ill) ion is a rather difficult example of SOC treatment in atoms (Koseki at el. 2001). In the
neutral Ir atom the ground state 14F (5d)7(6s)? splitting is more complicated because of non-
diagonal SOC mixing with the excited configuration 24F (5d)8(6s)!. In our SOC calculations
of iridium complexes we use effective core potential (ECP) and basis set for the Ir atom,
augmented with a set of f polarization functions, proposed in Refs. (Cundari & Stevens,
1993; Koseki at el. 2001). The valence orbitals of this ECP are already adjusted for relativistic
contractions and expansions, but 5d AOs are nodeless (even though they should have two
inner nodes). Instead of the full Breit-Pauli operator (Agren et al. 1996) we use for the CIC
and Pt compounds an effective one-electron SOC operator with effective nuclear charge for
each atom A (Koseki at el. 1998)

_ 62h2 ZLff(A)-' -
H.= 2m?c? Z; 1, S, (10)

This operator was widely used for SOC calculations in molecules and charge-transfer
complexes with semi-empirical self-consistent field (SCF) configuration interaction (CI)
methods (Minaev & Terpugova, 1969; Minaev, 1972; Minaev, 1978) and also in ab initio
approaches (Koseki at el. 1998). For the ECP basis set in heavy elements the effective nuclear
charge in Eq. (10) loses its physical meaning and becomes a rather large fitted parameter,
since the 5d AO is nodeless. Koseki at el. have obtained Zes(Ir) =1150.38, Zg(Pt) =1176.24.
For the first row transition metals and for the lighter elements these parameters have the
usual meaning and are close to the values found earlier (Minaev & Terpugova, 1969), since
the 3d and 2p functions lack nodes. Multiconfiguration (MC) SCF method with account of
second order CI and SOC (Koseki at el. 1998) provides moderate agreement with the
observed spectra of Ir and Pt atoms. For the ground state of the Pt atom 3D (5d)9(6s)! the MC
SCF + SOCI calculations predict negative excitation energy to the excited 1S (5d)10
configuration which leads to disagreement with experiment when SOC is included in the CI
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matrix (Minaev & Agren, 1999). A multi-reference (MR) CI + SOC calculation improves the
results (Table 1). The SOC-induced splitting of the 3Dy sub-levels deviates rather much from
the Lande interval rule but is semiquantitatively reproduced by MRCI+SOC calculations
(Table 1) with the parameter Ze(Pt) =1312 (Minaev & Agren, 1999). One needs to stress that
the experimental S-T energy gap between the 3Dz and 1Sy states (6140 cm! =0.76 eV) is very
far from non-relativistic CI results (0.03 eV) and is determined mostly by SOC. That is why
many attempts to reproduce this S-T gap in non-relativistic CI methods have failed (Minaev
& Agren, 1999). This is in a large contrast to the Pd atom with the 1S (5d)10 ground state,
where the S-T energy gap is well reproduced in simple CI calculations.

Account of 3F, (5d)8(6s)2 state does not influence the old results (Minaev & Agren, 1999)
because the 3F state energy is rather large in MRCI calculations. But the 1D, singlet state
strongly interacts with the 3D, and 3F, triplets, which leads to a low-lying level with J=2.
A study of the Pt complexes used in OLEDs indicates that ligand fields strongly influence
the S-T energy gap and SOC splitting of the multiplets. The orbital angular momentum of
the Pt atom is almost quenched by ligands such as porphine and acetylides (Minaev at el.
2006/a,b) and the zero-field splitting (ZFS) is strongly reduced. ZFS can be reliably
estimated by second order perturbation theory, and depends on the square of the SOC
matrix elements. The S-T mixing is determined by first order perturbation theory and it is
still large in Pt complexes used in OLED; thus the SOC-induced by the Pt atom strongly
influences the T; — Sy emission (phosphorescence) rate in platinum acetylides (Minaev at el.
2006.a) and platinum porphyrines (Minaev at el. 2006.b).

State MRCI MRCI+SOC | Expim. Degener.
(configurat.) a.u. cm-l cm-!

3D3 (5d)9(6s)! -0.823370 0.00 0.00 7

3D, (5d)?(6s)! -0.823370 2066.54 775.9 5

1S (5d)10 -0.822295 4646.12 6140.0 1

3Dy (5d)%(6s)? -0.823370 11025.067 10132.0 3

1Dy (5d)%(6s)? -0.807364 12471.36 13496.3 5

3F4 (5d)3(6s)? -0.791214 945.32 823.7 9

Table 1. Splitting of the low-lying states in the Pt atom; from Ref. (Minaev & Agren, 1999)
with some additions; -118.0 a.u. should be added to MRCI column.

The treatment of SOC in the iridium atom is also complicated (Koseki at el. 2001). Account
of all electrons with the Breit-Pauli SOC operator definitely improves the SOC splitting of
the two low-lying 4F states (Koseki at el. 2001), but the ECP basis set with an effective single-
electron operator, Eq. (10), and the Z(Ir) value also give reliable results (Koseki at el., 1998).
Our calculations with this approximation of SOC and phosphorescence lifetime in
cyclometalated iridium complexes, used in OLED emissive layer, provide good agreement
with experimental measurements for radiative characteristics. This is important for a
comprehensive understanding of the electronic mechanisms in order to formulate chemical
requirements for OLED materials.

2.6 Triplet-singlet transitions and zero-field splitting of the triplet state
Spin-orbit coupling can mix the triplet (T) and singlet (S) states in atoms, molecules and
solids. Before studying SOC mixing between excitons one has to analyze the electric dipole
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operator (i1 =e 21’71) and its transition moment T; — Sy for a typical molecule or
cyclometalated complex with a ground Sy state (Fig. 2). Let us consider first order
perturbation theory for the T1 and S states:

Foo 101+2<5n|Hso|T1m>511 - Z<Tka|HSO|SO>Tk°‘
E(Ty) - E(S,) r E(So) - E(Ty)

n

(1)

The perturbed wave function of the first excited triplet state is denoted here as T, ; it is
mixed with all singlet states S,, wave functions, including the ground state, n=0. In a similar
way the ground state perturbed wave function S,has admixtures of all triplet states,
including k=1. The triplet state wave function T,“ can be represented as a product of the
spatial part 3‘Pk:Z3Ai_u,k3(Di_u and the spin part t*. In the TD DFT method the
*®, , configurationg—are presented as two-component matrices, which include single
excitations above the closed shell of the type: O, =%[¢i(1)¢u(2)+¢i(2)¢u(l)]. Spin
functions of the ZFS sub-levels have a general form (Vahtras et al. 2002):

= LIADAQR)-aDa@)];t = FIADHAQR)+aDa(2)];* = Fla1)B2)+x(2)A1)] (12)

In organic 7-conjugated molecules the i - u orbitals, HOMO - LUMO, are of 7-type. Zero-
field splitting in the T; state of such molecules and in organic s-conjugated polymers is
determined by weak spin-spin coupling, which usually does not exceed 0.1 cm. The SOC
contribution to ZFS in these cases is negligible; it occurs in the second order of perturbation
theory:

|Haﬁ -ES,,

=0, aB=xyz (13)
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where

1 2
H,5=HS)+HG) = (17| H,,
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T1ﬂ>+ N <T1" |H T1ﬂ>/(3E1 —E,) (14)
k ap
Here A =25+1means multiplicity of the perturbing state. Summation in Eq. (14) includes
S=0, 1, 2, that is SOC mixing of the lowest triplet T; with all singlet, triplet and quintet states
in the spectrum. If the SOC mixing with the triplet state *¥, produces down-shift of the
T,* and T,Y spin-sublevels, then the corresponding singlet state *¥, produces a similar
shift of the *T; sub-level. If the T state is of 7-7* nature, the perturbing states are of o-7* (or
7-0%) nature. In this case the S-T splitting °E,, - 'E,,, and T-T splitting °E, , - °E,,, are
almost the same. The corresponding SOC integrals between T-T and S-T states are also very
similar. Thus the SOC contribution to ZFS from the analogous singlet and triplet
counterparts is negligible. It is less than 10-5 cm-! in the benzene and naphthalene molecules,
thus the ZFS is completely determined by weak spin-spin coupling. One can see that the
SOC contribution to ZFS strongly depends on the S-T splitting of the perturbing states. If the
lowest triplet is of n-r nature, like in pyrazine or benzoquinone, the perturbing S and T
states are of 7-1* type. The exchange integral, Eq. (2), for 7-7* orbitals is usually rather large,
thus one can expect an appreciable SOC contribution, Eq. (14), to ZFS of the Ti(n-7*) state.
Similar analysis has been presented for the Ir(ppy)s complex (Jansson et al. 2006; Yersin &
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Finkenzeller, 2008), which shows that the SOC splitting of the SMLCT state can be relatively
large.
Let us use the perturbed states, Eq. (11), in order to calculate the triplet-singlet transition:

7<Sn‘HSO‘Tla>*<S [m, ]Sy >+ Z—<Tka‘ﬁso|so><
n 11y

<D m 15 >= 2 F ) ks, < E(So) — E(Ty)

n

T1a|my|Tka >
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and (1mo,0 - 37”1,1) is the difference of the permanent dipole moments of the ground singlet
state and the lowest triplet state; its contribution to the phosphorescence k4 rate constant
requires special attention and will be analyzed later.

3. Iridium(lll) complexes in OLED materials

Iridium as heavy metal center can provide large SOC and therefore allows the spin-
forbidden Sp-T; transition which facilitates the utilization of triplet emission energy in OLED
materials. The first prototype of iridium-containing dyes used in OLED was tris(2-
phenylpyridine)iridium, i.e. the Ir(ppy)s complex, which was found to improve OLED
devices. Nowadays iridium complexes constitute an important class of dopants for organic
polymers used in OLEDs in order to increase the efficiency of electroluminescence. Iridium
complexes have advantages such as strong phosphorescence in the visible region and
tunable emission wavelengths through peripheral functionalization of the ligands.
Heteroleptic iridium complexes have advantage that functions of different groups can be
integrated into one molecule. Such complexes usually consist of two cyclometalating ligands
(CAN) and one ancillary ligand. By changing the functional groups in the ancillary ligand or
introducing a novel ancillary ligand, the photophysical properties of the complex can be
tuned. For example, fluorine substitutions are often introduced into the ligand in order to
lower the HOMO energy level and to obtain a blue-shifted emission wavelength.
Interestingly, some iridium complexes containing switching units can respond to external
electric or photo stimuli, leading to controllable and modulatable phosphorescence
emission.

3.1 Spin-orbit coupling in cyclometalated iridium complexes

Modification of a CIC by modulating ligands for enhancement of their phosphorescence and
tuning of its wavelength from blue to green and red colors is an important task for both
theoretical and applied research. A theoretical background for the chemical and
photophysical properties of transition metal complexes with polypyridyl ligands was
developed a long time ago in the framework of crystal field theory and ligand field theory
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using quasi-octahedral symmetry (Nazeeruddin at el. 2009). High symmetry of the
coordination sphere and relatively weak perturbation of d-AOs of the metal center by a
ligand field implies that the orbital angular momentum of the metal ion is not completely
quenched in the complex. Though an expectation value of L is zero in polyatomic systems,
and Eq. (8) provides zero SOC correction to the nonrelativistic energy, non-diagonal terms
of the SOC operators in Eq. (9) and (10) can generate large coefficients Gy, in Eq. (15) and
even corrections to the expectation value of L (Minaev, 1978). The Ir atom is in the group
VIII B, and lies below Co and Rh. The splitting of d-orbitals is rather specific in this series.
The Ir(Ill) ion is characterized by relatively strong ligand field splitting between the
occupied tz; MO group and the unoccupied e; pair of the 3d orbitals compared to other ions,
thus it is easier to tune CIC emission by ligand modulation. Because of the larger nuclear
charge of Ir, the SOC splitting and multiplet mixing is much stronger in CIC than in cobalt
and rhodium complexes, thus enhanced S-T transitions and ISC is expected in CIC
compounds. That is why the efficient quantum yield of the T; states and intense
phosphorescence distinguish the photophysics of heavy metal complexes from those of
organic and light metal compounds.

The photophysics of polypyridyl iridium complexes can be understood accounting for three
types of excited state configurations: metal-centered (MC) excited dd* states of the ty; - e
type, ligand-centered (LC) excited m-n* states, and metal-to-ligand charge transfer (MLCT)
states. The TD DFT calculations indicate that the lowest triplet T; state is a mixture of the
MLCT and LC excited state configurations (Minaev et al. 2006, Minaev et al. 2009, Nozaki
2007). In Ir(ppy)s the HOMO is a mixture of 5d-AO (tzg) and the phenyl ring s-orbitals, in
contrast the LUMO is a pure n*-orbital of the pyridine moiety. In this case the Gy value (Eq.
17) is negligible because the SOC integral includes a HOMO-LUMO angular momentum
matrix element which does not contain one-center integrals at the metal. With this as
background one can explain the low rate constant (ks, Fig. 2) for the T1 ~— Sp non-radiative
quenching of the phosphorescent emission. This is in a general agreement with a high
phosphorescence quantum yield (¢p) of CIC compounds. Some variations in ¢, are
explained by SOC calculations of the Gy coefficient, Eq. (15) (Li et al. 2011).

Analysis of Eq. (15) in the framework of TD DFT quadratic response calculations reveals
general reasons for the high radiative rate constant (ks Fig. 2) for the T; — Sp
phosphorescent emission. Intensity borrowing from the T; — T\ electric dipole transitions
(last sum in Eq. (15)) provides the largest contribution to the phosphorescence intensity. The
metal-centered (MC) excited triplet 3dd* states of the t; — e, type represent the higher
triplets, Ty, which have strong SO coupling with the ground singlet state, So, and
simultaneously - a large T1 — Tx electric dipole transition moments (last sum in Eq. (15)).
The reason is obvious; the <Ti | Hs, | So> matrix elements include one-center SOC integrals at
the metal, which are determined by a relatively large Cs,(Ir) value. The T; — Tx electric
dipole transition moments do not depend on SOC and include transitions between LUMO
(pyridine 5* MO) and e (5d 242 and 5d,2) orbitals, which are allowed, though they are not
intense. Besides, there are LUMO+1 contributions which provide more efficient overlap
with 5d-AOs and higher dipole moments. Substitution of ligands can influence HOMO and
LUMO energies and their mixing with metal 5d-AOs, thus modulating the phosphorescence
lifetime and tuning of its wavelength. A series of TD DFT calculations with SOC treatment
by quadratic response provide a very good explanation of emission tuning in various CIC
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compounds and illustrate the physical reasons for OLED architecture and design (Li et al.,
2011, Minaev et al., 2009, Janson et al., 2007, Nozaki 2007).

3.2 Cationic Ir(lll) complexes

It is known that ionic cyclometalated complexes of the type [Ru(bpy)s]?*(PFs")2 do not need
complicated fabrication of multilayer devices for charge injection and recombination
(Nazeeruddin et al, 2009). These systems are used now in electrochemical devices, which are
promising for large-area lighting. Only a single-layer of such ionic complexes operates at a
low voltage and these devices are shown to be rather insensitive to the choice of electrode
material, allowing the use of air-stable anodes and cathodes. The presence of mobile ions,
which carry two net positive and negative charges makes such ionic materials quite
different from the neutral organic semiconductors typically used in OLEDs. Upon
application of a voltage the anions and cations move toward the anode and cathode,
respectively, creating high electric fields at the electrode interfaces, which enhances
charge injection into the polymer layer and exciton formation at the metal complexes
(Nazeeruddin et al, 2009).

Unfortunately, the ionic systems provide a low quantum yield compared to the neutral
complexes; the reason was established by the recent SOC calculation of ionic CIC (Minaev
et al. 2009). Until recently, the majority of ionic chromophores used in the single-layer
devices have been Ru-based complexes (Nazeeruddin et al, 2009). They emit light in the
orange-red region, while for OLED displays white light is usually needed, which can be
obtained by mixing blue with red and green colors. Such systems were synthesized in a
form of mixed ligand cationic iridium complexes: the green-blue emitting [Ir(2-
phenylpyridine)2(4,4’-dimethyl amino-2,2"-bipyridine](PF6-) complex, labeled as N926,
and the [Ir(24-difluorophenylpyridine)2 (4,4’-dimethyl amino-2,2’-bipyridine](PF6-)
complex, labeled as N969. Both show bright emission with high phosphorescence
quantum yield (80-85%) at room temperature in an argon-degassed solution of
CH:Cl>(Nazeeruddin et al, 2009). TD DFT calculations of these systems together with the
pure ionic [Ir(bpy)s]3* complex (Scheme 1) reveal the nature of the Ty — Sy transition
efficiency of the corresponding CICs (Minaev et al. 2009).

The spin density distribution and hyperfine constants in the optimized T, excited state of the
[Ir(bpy)s]** complex indicates the biradical “quinoid” structure in one ligand. In this
particular bpy ligand the ring bonds, being parallel to the C-C bridge, are getting shorter
and the other bonds are elongated upon Sy — T; excitation. Thus the lowest T, state in the
pure ionic [Ir(bpy)s]** complex is a local 7—s* excitation in one bipyridine moiety. Because
of this the T1 — Sy transition is not intense and the calculated phosphorescence lifetime, Ty, is
relatively large (0.1 ms), in agreement with experiment (0.054 ms). In mixed cationic Ir(III)
systems the lifetime is much lower and close to the neutral fac-Ir(ppy)s complex: for the
latter dye our theory and measurements provide the same value 1, = 2 ps (Jansson et al.
2007). Our TD DFT calculations of 1, include SOC between thousands of S,T states and are
rather complicated. Thus a good agreement for both 1, values seems to be a miracle. But it is
not, since for the mixed [Ir(ppy)2(bpy)]* complex the calculation (Minaev et al. 2009)
provides T, = 4.83 ps in a perfect agreement with T, measurements in solid glass (4.4-5.2 ps).
For N926 complex the calculated and experimental 1, values are equal to 2.94 and 3.04 ps,
respectively. The DFT method also provides an explanation for the high phosphorescence
quantum yield; a direct SOC between Sy and T; states is negligible in these systems, which
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explains the low rate constant (ks, Fig. 2) for the T; state quenching. This SOC integral enters
the last term in Eq. (15). It is not important for the radiative Ty — Sp transition dipole
moment, Eq. (15), since there are other big contributions at n=4-6. Tuning of the colors in
cationic CICs is explained by the energy shifts of the 7*(bpy) LUMO in N926 and by strong
HOMO stabilization (Ir-ppy) in the N969 complex upon fluorine introduction (Nazeeruddin
et al, 2009).

De Angelis et al. (2007) have reported a combined experimental and theoretical study on
cationic Ir(Ill) complexes for OLED applications. The authors also described a strategy to
tune the phosphorescent emission wavelength and to improve the quantum yields by
modulating the electronic structures the iridium complexes through selective ligand
functionalization. = The newly synthesized cationic Ir(Ill) complex, [Ir(24-
difluorophenylpyridine)»(4,4'-dimethylamino-2,2'-bipyridine)](PF6) or N969 is observed to
exhibit blue-green emission at 463 nm with a high quantum yield of 85% in acetonitrile
solution at ambient temperature. DFT and TD DFT calculations with solvent effects taken
into account were carried out to characterize the electronic structures of the ground state
and the excited states. This work shows the possibility of tuning the electronic structures
and the excited-state properties as useful for the design of new iridium(Ill) emitters with
specific characteristics.

Ladouceur et al. (2010) have synthesized a family of other cationic iridium(III) complexes
containing 4'-functionalized 5,5'-diaryl-2,2'-bipyridines ligands as triplet emitters for
OLEDs. Most of the complexes show intense and long-lived phosphorescent emission in
both 2-MeTHF and acetonitrile at 77 K and at ambient temperature. Quantum chemical
calculations suggest that the emission arises from an admixture of the SLLCT (z(ppy) -->
m*(bpy*)) and the SMLCT (dx(Ir) --> n*(bpy*)) states. TD DFT calculations also provide
insight into the origin of the electronic transitions. Moreover, the introduction of the
peripheral aryl groups in the bpy* ligand is expected to enhance the shielding of the iridium
center and therefore to increase the stability of the device.

Cationic bis-cyclometalated iridium(Ill) phenanthroline complexes with pendant fluorenyl
substituents have been described by Zeng et al. (2009). These complexes consist of two 2-
phenylpyridine ligands and one substituted phenanthroline ligand, which provides
extended s-conjugation. Single-crystal X-ray diffraction measurements reveal that the
iridium center adopts an octahedral coordination structure. Two of the complexes display
reversible cyclic voltammetric waves which are assigned to the Ir(Ill)/Ir(IV) couple. Broad
bands are observed in the photoluminescence spectra of all the complexes, corresponding to
the mixed 3SMLCT and 37-7* states. The lifetimes in the microsecond time-scale indicate the
phosphorescent character of the luminescence, and it is found that larger conjugation length
in the ligand leads to longer lifetime. DFT calculations show that the HOMOs are localized
on the iridium center and the benzene rings of the phenylpyridine ligand, while the LUMOs
are mainly located on the phenanthroline ligand. The light-emitting cells fabricated through
the spin-coating approach exhibit maximal brightness efficiency of 9 cd A-l and show very
good stability in air.

3.3 Fluorine substitution in the ligands

Fluorine substitution is usually introduced into CIC to obtain intense blue emission. In
the TD DFT study carried out by Li et al. (2011), linear and quadratic response approaches
are employed to investigate the absorption and luminescence spectra of several facial and
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meridional iridium complexes with fluorine-substituted phenylpyridine (F,ppy) ligands,
as shown in Fig. 3. Similar to other Ir(Ill) complexes, the HOMOs are mainly localized on
the metal center and the phenyl ring of the ppy ligands while the LUMOs are delocalized
mostly on the pyridine part of the ppy ligands. The computations also suggest that the
presence of the fluorine atoms in the ppy ligand will enlarge the HOMO-LUMO energy
gap and result in blue-shifted emission. Moreover, the SOC strength and the radiative rate
constant are diminished by the introduction of fluorine substitutions. Linear response
calculations reveal that the Sp-T; SOC matrix element is smaller in the fac-isomer than in
mer-complexes, which means that the nonradiative quenching of the T; state is faster in
the latter complexes. Therefore in the meridional isomer the SOC matrix element together
with the difference between the permanent dipole moments of the T; and Sy states,
Eq.(15), provide destructive contribution to the total Sy—T; transition moment. This study
has shown the effects of the fluorine substitutions and the facial to meridional
isomerization to the photophysical properties of the iridium complexes.

Avilov et al. (2007) have studied a series of Ir(Ill)-based heteroleptic complexes with
phenylpyridine (ppy) and 2-(5-phenyl-4H-[1,2,4]triazol-3-yl)-pyridine (ptpy) derivatives as
coordinating ligands through a number of experimental and theoretical approaches. The
presence of the fluorine and trifluoromethyl substituents is found to affect both the emission
energy and the localization of the lowest excited triplet states, which are characterized as
local excitations of the chromophoric ligands (ppy or ptpy) by DFT calculations. The
admixture between metal-to-ligand charge-transfer (MLCT) and ligand-to-ligand charge-
transfer (LLCT) is small and their contributions are strongly dependent on the energy gaps
between the relevant molecular orbitals.

The sky-blue emitting phosphorescent compound Ir(4,6-dFppy)2(acac) has been doped into
matrices and studied under ambient conditions as well as at low temperatures by Rausch et
al. (2009). The emitting triplet state is found to be of MLCT character, and the polycrystalline
and amorphous hosts are found to show distinct influence on the emissive properties. A
clear difference is found through comparison with the similar Ir(4,6-dFppy)2(pic) complex,
which could be explained by the different effects of acac and pic ligands on the iridium d-
orbitals, leading to different zero-field splittings, radiative emission rates and
phosphorescence quantum yields. Highly resolved spectra reveal the importance of the
spin-orbit coupling effect related to the emission from individual triplet sub-states. The
authors emphasized that the complex symmetry and matrix effects are important factors
that affect the performance of OLED devices.

Byun et al. (2007) have synthesized a number of bis-cyclometalated iridium(IIl) complexes
with a common ancillary ligand ZN (3,5-dimethylpyrazole-N-carboxamide), which emit in
the sky blue region. DFT calculations show that the cyclometalating ligands contribute
negligibly to the HOMO while the ZN ligand is the main contributor together with the
iridium d-orbitals. Moreover, it is found that the Ir(MeOFppy)2ZN complex possesses the
largest phosphorescence quantum efficiency and the lowest nonradiative emission rate. The
solution-synthesized organic light emitting device (OLED) of Ir(F2ppy)2ZN doped in a blend
of polystyrene and m-bis(N-carbazolylbenzene) has shown an efficiency of 7.8 cd A1 (Byun
et al. 2007).

Takizawa et al. (2007) have prepared and systematically studied a series of new blue-
phosphorescent iridium(Ill) complexes containing 2-phenylimidazo[1,2-a]pyridine (pip)
derivatives as ligands. Electron-withdrawing substituents on the pip ligands are found to
lower the HOMO energy level and lead to blue-shifted emission wavelengths. Based on
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experimental data it is found that the HOMO of the iridium complex with pip ligands is
mixed Ir-d, phenyl-r and pip-r in character. The pip ligand is able to shift the emission
wavelengths into the blue region and the polymer light-emitting devices (PLEDs) suggest
that the pip-based iridium complexes are good phosphorescent materials for OLED
applications.

Fig. 3. Structures (top), HOMOs (middle) and LUMOs (bottom) of fac-Ir(F4ppy)s (left) and
mer-Ir(F4ppy)s (right).

3.4 Introduction of novel ligands

The introduction of novel ligands other than conventional ppy ligands provides the
possibility of fine-tuning the spectra of the iridium complexes. For instance, imidazole-based
ligands could lead to more delocalized frontier molecular orbitals. Baranoff et al. (2011) have
studied two series of heteroleptic bis-cyclometalated Ir(Ill) complexes with phenyl-
imidazole-based ligands, with phosphorescence emission ranging from greenish-blue to
orange. The systematic study on these complexes shows that the photophysical and
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electrochemical properties could be tuned by changing the substitution pattern on the
ligands. DFT calculations suggest that the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) are more delocalized in complexes with
phenyl-imidazole as ligands. Interestingly, the presence of chlorine substitution leads to an
unexpected red shift in the emission energy, which could be explained by significant
geometrical and electronic relaxation as confirmed by theoretical calculations.

Chang et al. (2007) reported the preparation of a series of new heteroleptic Ir(III) complexes
chelated by two cyclometalated 1-(2,4-difluorophenyl)pyrazole ligands (dfpz)H and a third
ancillary bidentate ligand (L*X). The cyclometalated dfpz ligands give rise to a larger m-m*
gap in the iridium complexes, and the lowest one-electron excitation are expected to
accommodate the 7* orbital of the ancillary L"X ligands, which could be modified to fine-
tune the phosphorescent emission. The reduction and oxidation reactions are found to occur
mainly at the ancillary L"X ligands and the iridium metal site, respectively. The authors
have shown a simple and straightforward approach to tune the color by varying the
ancillary ligands only (Chang et al. 2007).

Volpi et al. (2009) have studied the cationic heteroleptic cyclometalated iridium complexes
with 1-pyridylimidazo[1,5-alpha]pyridine (pip) ligands in order to provide exploitation of
an efficient intersystem crossing in OLEDs. Blue luminescence is observed upon excitation
of [Ir(ppy)2(pip)]* with lifetimes between 0.6 and 1.3 ps. TD DFT calculations with solvent
effect taken into account reveal that the iridium center contributes significantly to most
transitions. Furthermore, a photochemical reaction has been observed to give rise to a new
class of cyclometalated iridium complexes with dipyridylketone and deprotonated amide
as ligands.

Chou et al. have presented general concepts that have guided important developments in
the recent research progress of room-temperature phosphorescent dyes. The authors
elaborate on both the theoretical background for emissive metal complexes and the
strategic design of the 2-pyridylazolate ligands, aiming to fine-tune the chemical and
photophysical properties. The 2-pyridylazolate ligands are incorporated to give rise to the
highly emissive transition-metal complexes, which show potential usefulness in the
application as OLED dyes. Based on this family of metal complexes, the possibility of
tuning the emission toward the near-IR region with for future applications in solar cell
and near-IR imaging has been proposed.

Yang et al. (2008) studied neutral mixed-ligand Ir(N=C=N)(N=C)X complexes which are
not emissive at room temperature but exhibit strong phosphorescence at 77 K. The 0-0
transition energies are located at around 450 nm with lifetimes of 3-14 ps. Through
temperature-dependent lifetime measurements and unrestricted density functional theory
calculations, the mechanism and pathway of thermal deactivation are analyzed in detail.
The calculated activation energies of approximately 1800 cm™! are in excellent agreement
with the observed values.

Liu et al. (2007a) have presented calculations on geometries, electronic structures, and
spectroscopic properties of a series of cationic iridium(Ill) complexes with C*"N and PHj;
ligands. The geometries at the ground state and the excited state are optimized at the
B3LYP/LANL2DZ and CIS levels of theory, respectively. The HOMOs are found to localize
on the iridium atom and the C*N ligands, while the LUMOs are dominantly localized on
the CAN ligand. TD DFT calculations with solvent effects taken into account by the
polarized continuum model provide absorption and phosphorescence wavelengths in
acetonitrile solution, and the low-lying absorptions are assigned as the dy.(Ir) + 7(C*N)] —
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m*(CAN) transition. The computations also suggest that the phosphorescent emission
wavelengths could be blue-shifted by introducing 7 electron-withdrawing groups and by
suppressing the r-conjugation in the C*N ligand.

Liu et al. (2008) also investigated the photophysical properties of heteroleptic iridium
complexes containing carbazole-functionalized f-diketonates. The authors have studied the
influence of the triplet energy level of the ancillary carbazole-containing ligand on the
photophysical and electrochemical behavior, and found that the superposition of the state
density map of the triplet energy levels between the f-diketonate and the Ir(C”N), fragment
is the key factor to obtain strong 3LC or 3MLCT-based phosphorescence and high
photophysical performance. DFT calculations reveal that the lowest excited state is mainly
determined by the C"N ligand but not by p-diketonate when there is large difference
between the triplet energy levels of the two parts, providing satisfactory explanation for
experimental results.

The photophysical properties of facial and meridional tris-cyclometalated iridium(III)
complexes containing 2-phenylpyridine and 1-phenylisoquinoline ligands have been reported
by Deaton et al. (2010). The facial isomers show similar photophysical properties in 2-MeTHF
solutions, indicating that the emission occurs based on the pig ligand(s). By comparing the
photophysical properties between fac-Ir(pig)s and fac-Ir(pig)(ppy)2 the effect of the pig ligand is
revealed; it is found that the quantum yield is higher in fac-Ir(pig)s than that in fac-Ir(piq)(ppy)2,
suggesting a larger nonradiative rate in the latter compound. The meridional complexes have
much lower quantum yields in solution comparing with their facial counterparts, and the
difference between mer-Ir(piq)(ppy)2 and fac-Ir(piq)(ppy)2 is interpreted by more s-m* character
and less MLCT character in the former compound. The authors have shown that the
phosphorescent decay is very efficient and may be used in OLEDs.

3.5 External modulation of Ir(lll) phosphorescence

Considering the development of molecular switches that respond to external electric or
photonic stimuli, it is interesting to introduce such a switching unit into the iridium
complexes to realize a controllable phosphorescent emission. Zapata et al. (2009) have
studied a heterobimetallic Ir(III) complex with a ferrocenyl azaheterocycle as ancillary
ligand, which acts as a redox-fluorescent molecular switch. The ancillary ligand consists
of a redox-acitve ferrocene unit and a 1,10-phenanthroline chelator coordinating with the
iridium center. By tuning the oxidation state of the ferrocene through electrochemical
stimuli, the emission intensity of the iridium complex can be modulated. This is an
interesting example of the effective control of emission in iridium compounds. Besides,
Tan et al. (2009) reported the photochromic iridium(Ill) complex (Py-BTE).lr(acac) in
containing two bis-thienylethene (BTE) switching units and one iridium(IIl) center. This
molecule has shown distinct photo-reactivity and photo-controllable phosphorescence
due to the combination of the photochromic BTE switch and the highly luminescent
iridium(IIl) complex into one molecule. Through photo-induced isomerization, the
phosphorescence is almost completely quenched by the closed-ring form of the BTE unit.
Through DFT calculations, Li et al. (2010) have shown a monotonic relationship between
the metal character of phosphorescence and the radiative deactivation rate constant
function and rationalized the non-radiative deactivation rate using the energy gap law,
leading to a theoretical interpretation of photochromic modulation of the iridium(III)
phosphorescence.



Organometallic Materials for Electroluminescent and Photovoltaic Devices 83

4. Other new OLED materials

In the following we will consider our own experimental design of new materials for
molecular electronics, electroluminescent and solar energy conversion devices. First we
consider improvements of light-emitting and ETL materials, which do not include
transition-metal complexes.

4.1 Modification of hole transport and electron transport layers

In Ref. (Xie et al, 2005) a new soluble 5-carbazolium-8-hydroxyquinoline Al(III) complex was
synthesized and used in OLEDs as a dipolar luminescent material instead of Alqgs (Scheme
1), which was the milestone emitting ETL material during two decades. An excellent
capacity of electron transportation of Alq3 is determined by effective LUMO overlap
between neighboring molecules (A4 and As in Fig. 1b). But the overlap of HOMOs, which
governs the hole-transport (overlap between HOMO of molecules A; and A; in Fig. 1b) is
very low. That is why we need to use an extra HTL material like NPB in order to obtain an
effective OLED function. Carbazole derivatives are also widely used as hole-transport
materials between the emitting layer and the anode. The idea to combine ETL and HTL
properties and unite carbazole and Alqs moieties in a new luminescent material has been
realized (Xie et al, 2005). The new soluble synthesized complex includes carbazolium
substituted in a para-position to the oxygen in Alqs. The highest spin density is at the
HOMO of the ionized hole at this C-5 carbon atom position in the Alqs quinolate moiety.
The electron-donating carbazolium substituent in the C-5 position causes a red-shift in the
emission and absorption spectra of a new aluminum complex. The photoluminescence
spectrum indicates an effective intramolecular singlet energy transfer from the carbazole
groups to Alqs (no carbazole emission). The half oxidation potential of the new complex
provides the HOMO energy (-5.51 eV) which is higher than that of Algs (-5.9 eV). This
significant improvement of the hole transport property is determined by the fact that the
HOMO is mostly localized on the carbazole groups (Xie et al, 2005). The new complex being
soluble is much better than Alq3, which must be vacuum deposited in fabrication of OLEDs.
The main interest in soluble luminescent materials with high ETL and HTL properties lies in
the scope for low-cost manufacturing, like spin coating, which is in line with the current
trend to fabricate OLEDs from solutions.

4.2 Functionalization of nonmetallic photoluminescent complexes for red-emititng
OLEDs

For full color displays red-emitting materials are required (besides green and blue emitters
discussed above). Materials with red emission are usually achieved by doping red dyes (e.g.,
porphyrins) into a host matrix with a large band gap (Li et al. 2007). Because typical organic
red dyes are large nm-conjugated planar systems, they are prone to aggregate and quench
their luminescence. Such organic dyes being highly emissive in dilute solutions become non-
luminescent in the solid state. Many functional groups like oligo-fluorenes, truxene, indoles,
which act as light-harvesting antenna and prevent aggregation, have been attached to
porphyrins to obtain novel red-emitting materials for OLEDs. Bisindolylmaleimides provide
wide luminescence bands in the range 550-650 nm and have also been found useful in
fabrication of white color OLEDs (Ning et al. 2007a). In Ref. (Li et al. 2007) the
bisindolylmaleimide (BIM) group, conjugated with tetraphenylporphin (TPP) in the form of
dyad (PM-1) and pentamer (PM-2), have been sensitized and found to serve as good
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candidates of red-light emitting materials for OLEDs. These dendrimers have been prepared
through imidization of bisindolylmaleic anhydride with aminoporphyrins. The long hexyl
chains on the BIM groups improve solubility and suppress the aggregation in the solid state
(Li et al. 2007). The new sensitized porphyrin dendrimers, PM-1 and PM-2, exhibit an
intense Soret band (420 nm) and week Q-bands (500-650 nm) in the absorption spectra in
dilute THF, which are typical for the TPP itself. The Soret band is slightly red shifted and
broadened (compared with TPP) and new UV absorption occurs at 290 nm. The latter
coincides with the BIM band and increases when the numbers of BIM groups increase in the
dendrimers. Week additional BIM absorption occurs at 480 nm, which corresponds to
charge transfer from the indolyl to the maleimide moiety. The luminescence spectra of all
dendrimers exhibit characteristic emission of porphyrin, which consists of two vibronic Qx
bands: the strong 0-0 and week 0-1 peaks at 660 and 750 nm, respectively (Minaev et al.
2005). The dendrimer emission is much more intense than that of TPP, especially for the 0-0
band. This indicates an efficient singlet energy transfer from the BIM-antenna groups to the
porphyrin ring. The through-bond energy transfer by the Forster intramolecular mechanism
provides efficient fluorescence of the porphyrin moiety with the quantum yield in PM-2
being twice as large in comparison with TPP. The porphyrin dendrimer PM-2 with four BIM
groups exhibits much stronger emission comparing to the PM-1 dye with only one BIM
group due to enhanced antennae harvesting effects.

OLEDs made with solid film PM-2 spin-coated on quartz plate (ITO/PEDOT/PVK/PFO
+PBD: PM-2 (5%)/Ba/ Al) show pure red emission. The external quantum efficiency (0.13%)
demonstrates effective EHP recombination and energy transfer in this EML. Another OLED
device with 2.5% PM-2 doped within the PFO+PBD emissive layer exhibits higher external
quantum efficiency (0.2%) and luminance maximum (101 cd m?), but the chromaticity is not
so pure (Li et al. 2007).

BIM derivatives themselves have also been used as non-doped red light-emitting materials
(Ning et al. 2007a). Their solid state fluorescence quantum yield can be dramatically
changed by introduction of different substituents on the non-conjugated linkage to the BIM
skeleton. The OLED configuration (ITO/NPB/maleimide/TPBI/LiF:Al) with BIM
derivative (1S) of 2,3-bis(N-benzyl-2'methyl-3’-indolyl)-N-methylmaleimide reaches the
brightness 393 cd m-2 at 100 mA cm-2. Though the performance of such non-doped red
organic light-emitting materials is not as good as the conventional doped ones, they are
more promising for mass production (Ning et al. 2007a). OLEDs based on non-doped host
EML can simplify the manufacturing significantly.

As indicated earlier, iridium(Ill) complexes are promising materials for applications in
OLEDs, due to their strong spin-orbit coupling, intense phosphorescence, high quantum
efficiency and tunable emission wavelengths. In most iridium complexes the HOMOs are
found to locate on the metal center and on s-orbital of the ligands, and the LUMOs are
delocalized on the m*-orbital of the ligands. Electron-hole recombination in the doped
emitting layer results in a mixed MLCT and ILCT triplet state, leading to efficient
phosphorescence. By utilizing the triplet emission energy in OLED devices, iridium
complexes are able to significantly enhance the efficiency of electroluminescence. However,
cheaper organic molecules and supramolecular aggregates which utilize only singlet excited
states for charge carrier recombination and energy transfer are still useful for low-cost
OLED applications and for solar energy conversion. The position of HOMO and LUMO of
the dye and their redox electrochemical parameters with respect to the electrode materials
are crucial not only in OLEDs but also for photovoltaic devices. We shall in the coming
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section consider two promising types of such devices; dye-sensitized solar cells (DSSC) and
organic semiconductor devices with triplet excitons.

5. Metal complexes for dye-sensitized solar cells

In order to see some common features in light emitters (OLED) and absorbers (DSSC) let us
consider first a typical solar cell. DSSCs of the Grétzel type mainly consist of an optically
transparent photoanode (lower Fluorine-doped tin oxide (FTO) glass sintered with TiO,
nanocrystals), dyes adsorbed on mesoporous nanocrystalline TiO,, electrolyte, and a cathode
which consists of a platinum thin film layer sputtered on the upper FTO layer (Fig.4).

Fig. 5 shows the main carrier transport channels. At first, the incident light (hv) is absorbed
by the sensitizer dye, the electrons of which are excited from the HOMO to the LUMO.
Consecutively, the photogenerated electrons are injected from the LUMO of the dye to the
conduction band (CB) of the TiO; (channel (a) in Fig. 5). The oxidized dye will later be
reduced by the redox couple, channel (b), that recieves electrons from the counter electrode
(cathode). Apart from these normal electron transfer channels, there are some other
undesirable carrier transport channels, such as charge recombination of electrons from TiO»-
CB to the dye cations (c) and to the redox couples (d), and excited dye quenching by direct
decay from LUMO to HOMO (e).
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Fig. 4. Schematic structure diagram of DSSCs.
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Fig. 5. Energy band structure and major electron transfer processes in DSCs.
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Among all the constituent components in DSSCs (Fig. 4), the sensitizer, being charged with
the task of the light absorption and electron injection, is generally regarded as the most
crucial one for the overall efficiency. Since the first report by Gritzel and coworkers, the
metal complex dyes are generally considered as the best sensitizers for DSSCs (O’Regan et
al. 1991). During the development of DSSCs, a benchmark is given by the introduction of
dye N3 (cis-dithiocyanato bis(2,2"-bipyridine-4,4’-dicarboxylate)ruthenium-(II)), which
achieves efficiency over 10 % (Nazeeruddin et al. 1993. The other famous dye N719 is similar
to N3, differing by the number of protons). A great deal of efforts were made to optimize the
performance of metal complex dyes by molecular modification, meanwhile, the relationship
between the sensitizer structure and performance has been extensively studied. In this
section, we mainly focus on the development of metal complex sensitizers, which are similar
to chromophores developed for OLEDs.

5.1 Extension of the absorption spectra

Although the efficiency of N3 is as high as 10 %, its absorption spectrum is mainly located in
the visible region, and is quite weak in the near-infrared region of the Sun radiation. To
improve the efficiency of DSSCs based on Ru complexes further, the absorption spectrum
must be extended (Ning et al. 2009). For this purpose a number of new dyes have been
sensitized.

5.1.1 Introduction of additional substitute on one of the bipyridine ligand in N3

The group of Wu and the Wang's group have reported a new kind of ruthenium complexes
such as C101 (Scheme 2) (Gao et al. 2008), with high molar extinction coefficients by the
addition of alkyl-substituted thiophene on the spectator ligands, with a motivation to
enhance the optical absorptivity of the sensitizer. Along with the acetonitrile-based
electrolyte, the C101 sensitizer achieved a strikingly high efficiency of 11.0-11.3%. The cells
based on a low-volatility 3-methoxypropionitrile electrolyte and a solvent-free ionic liquid
electrolyte, show conversion efficiency over 9.0%. In addition, this DSSC is highly stable
under full sunlight soaking at 60°C during 42 days. It was speculated that alkyl chains
(C¢His) can create a hydrophobic environment to improve the stability of the cells.
Another possible reason might be that alky chains facilitate formation of a more compact
sensitizer layer to prevent the approach of the electrolyte to the TiO, surface. Substitution
of sulfur by selen in the dye C101 produces an effective sensitizer (C105) (Gao et al. 2009).
TD DFT calculations of these dyes (Baryshnikov et al. 2010) indicate much more intense
absorption of C105 with respect to the N3 dye and explain the negative solvatochromic
effect, which is a sequence of the selenophene conjugation with the bpy ligand. Strong
changes of the Ru-N and C-C bond lengths in the substituted bpy ligand also indicate the
m-conjugation effect with selenophene. Besides, it supports the planar structure of the
ligands (Baryshnikov et al. 2010). An intense absorption band of C105 at 746 nm is
determined by two transitions: from HOMO to LUMO+2 with small admixtures of other
excitations and from HOMO to LUMO+3. The highest occupied MOs in the C101 and
C105 dyes are localized on the 3d orbitals of the Ru ion and on the N=C=S groups. Four
quasi-degenerate vacant MOs in C105 are localized on the bpy ligands with some
admixture from the metal. Thus the sun light induces the MLCT and NCS—bpy charge-
transfer transitions. All types of bpy ligands are involved, something that provides an
efficient electron injection through the carboxyl-groups.
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Wu et.al have introduced ethylene-dioxythiophene groups on the bipyridine ligand, which
further extended the absorption spectra compared with the thiophene ligand (Chen et al.
2007). The sensitizer SJW-E1 (Scheme 2) shows higher efficiency than N3 under the same
conditions due to the extension of the electron donor ligand, which can uplift the HOMO
energy edge and reduce the energy waste between the HOMO energy of the sensitizer and
the redox couple. Based on the thiophen-substituted complex, Wu et. al further developed a
new ruthenium-based dye (CYC-B6S, Scheme 2) in which alkyl-substituted carbazole
moieties were incorporated in the thiophene-substituted bipyridine ligand (Chen et al.
2008). Compared with the N3 dye, the unique ancillary ligand in CYC-B6S is well-designed
to enhance the light-harvesting capacity with the thiophene unit to further enrich the
spectral response. Wang et.al developed a new Ru complex sensitizer K19 (Scheme 2) with a
styryl unit attached to the bipyridly ligand (Kuang et al. 2006). The addition of this styryl
ligand significantly enhanced the light absorbing capability. In addition, the DSS cells based
on the K19 sensitizer also show an excellent photochemical stability. After 1000 h of light
soaking at 60 °C, no drop in efficiency was observed for the cells covered with an ultraviolet
absorbing polymer film.

CYC-B6S

Scheme 2.

5.1.2 Modification of the ligand

A series of panchromatic ruthenium(ll) sensitizers (black dye, Scheme 3) derived from
carboxylated terpyridyl complexes of tris-thiocyanato Ru(Il) has been developed by
Gritzel's team (Nazeeruddin et al. 2001). Due to the presence of three thiocyanate ligands,
the absorption spectrum is obviously red-shifted compared with complexes which have two
thiocyanate ligands. The black dye, when anchored to nanocrystalline TiO; films, achieves
very efficient sensitization over the whole visible range extending into the near-IR region up
to 920 nm, yielding over 80% incident photon-to-current efficiencies (IPCE). Employing this
dye the highest record conversion efficiency up to now, 11%, was achieved.
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Jin et.al synthesized a novel kind of Ru complex sensitizer with a triarylamine-ligand (Jin et
al. 2009). Under standard global AM 1.5 solar conditions, the J13 (Scheme 3)-sensitized solar
cells demonstrate short circuit photocurrent densities of 15.6 mA/cm?, open circuit voltages
of 700 mV, fill factors of 0.71, and overall conversion efficiencies of 7.8%, which is
comparable to the N719 dye under which identical measurement conditions gives 7.91%.
DFT/TDDEFT calculations indicate that the triarylamine ligand acts as an electron donor in a
manner similar to the thiocyanato ligands and Ru metal. However, no obvious
bathochromic shift of the absorption spectrum was observed.

Gritzel and coworkers developed a novel thiocyanate-free cyclometalleted ruthenium
sensitizer (Ru-F, Scheme 3) with electron acceptor fluorine atoms substituted on one ligand
(Bessho et al. 2009). Density functional theory (DFT) and time-dependent DFT (TDDFT)
calculations show that the HOMO is located mostly on ruthenium and the cyclometalated
ligands. Molecular orbital analysis confirms the experimental assignment of the redox
potentials, and TDDEFT calculations allow an assignment of the visible absorption bands.
The DSSC based on Ru-F exhibits a remarkable IPSE value of 83%.

Scheme 3.

A ruthenium complex N886 (Scheme 3) with quarterpyridine as a ligand has been
developed by Gritzel's group (Barolo et al. 2006). The absorption spectrum of the N886
complex shows metal-to-ligand charge-transfer transitions in the entire visible region. The
TD DFT method qualitatively reproduces the experimental absorption spectra. The
absorption bands were assigned to the mixed Ru/SCN-to-quaterpyridine charge-transfer
transitions, which extend from the near-IR to the UV regions. Dramatic red shift of the
absorption spectrum compared with N3 is observed. A DSSC the based on panchromatic
sensitizer N886 complex shows an overall conversion efficiency of 5.85%.

5.2 Molecular modification of the Ru complex in order to reduce charge
recombination

The charge recombination between the injected electrons in TiO2 and oxidized sensitizer or
redox couple can significantly decrease the conversion efficiency of the DSSCs (Ning et al.
2010). Much efforts have been devoted to reduce these processes.
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5.2.1 The task to reduce charge recombination between the oxidized sensitizer

and TiO;

In recent years, it was reported that the introduction of a triarylamine unit can increase the
distance between the TiO; surface and the sensitizer electron-donor unit where the charge
recombination normally occurs, and thus to reduce the charge recombination between
sensitizer and TiO,. Durrant et al. developed the sensitizer Ru-1 (Scheme 4) with a
triphenylamine unit connected to the Ru complex, which showed higher efficiency than the
sensitizer without the triphenylamine (Hirata et al. 2004). The observed suppression of the
carriers recombination is attributed to an increase in the physical separation between the
dye cation and the metal oxide surface. Bonhodte and coworkers have studied the charge
recombination process in a series of Ru dyes connected with triphenylamine (Bonhote et
al. 1999). The lifetime of injected electrons in TiO; is enhanced by a significant factor of
100 times after the incorporation of those units in their model system (without I-/I5-
redox couples so that the carrier recombination mostly occurs between the oxidized dye
and the injected electrons). In the model system, the sensitized nanocrystalline TiO; film
employing the Ru-4 dye (Scheme 4) achieves a remarkably long lifetime of 4 s for injected
electrons in TiOx.

Scheme 4.

5.2.2 The task to reduce the charge recombination between oxidized sensitizer and
redox couple

Except the charge recombination between TiO, and the oxidized sensitizer, the electron
transfer from TiO; to the electrolyte will decrease the efficiency as well. It was reported that
the starburst structure is also suitable for Ru dyes to reduce the charge recombination
between TiO, and electrolyte. Haque and coworkers reported significantly reduced charge
recombination between TiO; and redox couple by the connection of triphenylamine on the
ligand (Haque 2005). Thelakkat and coworkers developed Ru dyes (Ru-TPD-NCS, Ru-TPA-
NCS) with triarylamine substituents and applied them in solid state dye-sensitized solar
cells (SDSCs) (Scheme 5) (Karthikeyan et al. 2007). The exterior starburst triarylamine can
effectively reduce the carrier recombination between the injected electrons and redox
couples, leading to higher V.. and efficiency than N719. Kroeze and coworkers found that
for Ru-complex-sensitizer-based DSCs, charge recombination can be reduced by connecting
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long alkyl chains (Fig. 4) (Schmidt-Mende et al. 2005). Snaith and coworkers obtained a
much prolonged carrier lifetime by linking oxyethylene and/or diblock ethylene-
oxide:alkane pendent groups to the Ru sensitizers (Snaith et al. 2007). By suppressing the
carrier recombination, Vo. of SDSCs based on K68 reach as high as 0.93 V, and the total
energy efficiency is 5.1% under AM 1.5 irradiation.
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In addition to the blocking effect of the sensitizer, O’'Reagan and coworkers recently found
another potential factor that is crucial to determine the charge recombination, namely that
the dye molecules can form complexes with the redox couple, and thus enhance the
recombination reaction between electrons in TiO, and the electrolyte (O'Regan et al. 2009).
They observed that the presence of an amine AR24 (Scheme 6) group in the sensitizer can
significantly aggravate the charge recombination because of its strong iodide binding
capability (Reynal et al. 2008). In addition, they found that the charge recombination of the
sensitizer with an lkoxy group (K19) was clearly more serious than for the alky sulfide
substitute (TG6) (O'Regan et al. 2009a). The difference was attributed to the different
complexation capability with iodide of the sensitizer. However, up to now, the detailed
mechanism of the complex is not clear.

5.3 The task to increase the electron injection efficiency

To increase the electron injection efficiency of DSSCs, it is critical to decrease the distance
between the sensitizer acceptor and the TiO,. An effective strategy might be the adoption of
multi-anchor units. Tian et al. investigated a series of iridium sensitizers with one or two
carboxyl anchor groups. It was found that the efficiency of a sensitizer with two carboxyl
units (Ir3, Scheme 7) is pronouncedly higher than for a sensitizer with a single carboxyl unit
(Ir1, Scheme 7) (Ning et al. 2009a).

Another factor that affects the electron injection efficiency is the non-radiative decay of the
sensitizer, which results in energy loss. Tian et. al investigated the relationship between the
emission quantum yield and the electron injection efficiency of sensitizers (Ning et al.
2009a). It was found that the electron injection efficiency is consistent with the luminescence
quantum yield of the sensitizer. Since less non-radiative decay guarantees high
luminescence quantum yield to enhance the electron injection efficiency, it is important to
reduce the non-radiative decay which arises mainly from the molecular vibrations. The
ethylene linkage is susceptible to isomerization upon irradiation, which leads to vibrational
energy loss. For sensitizers with several ethylene units, the efficiencies are generally low
(Ning et al. 2009).

The Irl complex (Scheme 7) synthesized recently for DSSC devices (Ning et al. 2009a) is very
similar to Ir(ppy)2(pic) species (Scheme 1), used for OLEDs (Nazeeruddin et al. 2009, Minaev
et al. 2009). The only difference is the presence of the COOH group in the 2-
pyridinecarboxylate (picolinate) moiety, which is necessary for adsorption on the TiO;
surface in DSSCs. The LUMO in both complexes is localized entirely on the picolinate
ligand; in the Ir1 species the LUMO has a large contribution from the carboxyl group (Ning
et al. 2009a). This is important for the LUMO overlap with the surface of the semiconductor
and for the electron injection efficiency of the DSSC. The photocurrent action spectrum of
the TiO; electrode sensitized by Irl dye indicates that the weak absorption at 490 nm (first
HOMO—LUMO transition) produces electron injection, which is increased up to 80% IPCE
at 440 nm (Sp — S; absorption). The S; state has no admixture of the carboxyl group, which
means that injection occurs after the fast S, — S; relaxation.

Introduction of the N,N-dimethylamino group into the para-position of the picolinate ligand
provides a quite efficient CIC dopant (N984) for the emissive layer in OLEDs (Nazeeruddin
et al. 2009). This is explained by SOC calculations and the large change in the T; state wave
function (Minaev et al. 2009) of the Ir(ppy)(pic) complex. In the absence of the
dimethylamino group the antibonding 7 MO of picolinate ligand shifts down and becomes
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the LUMO which gets lower by 0.38 eV in comparison with the N984 complex. This is in
agreement with the cyclic voltammogram of the N984 complex, which shows a reversible
couple at 0.61 V versus ferrocene Cp.Fe/Cp.Fe* redox couple due to the Ir(III/IV)
reduction-oxidation cycle. Such a reduction potential of N984 demonstrates that the LUMO
is located on the 2-phenylpyridine ligand rather than on the aminopicolinate ancillary
ligand, the lowest unoccupied MO of which is destabilized by the presence of the N,N-
dimethylamino group. The changes of MO energy levels determine the differences in UV-vis
absorption and phosphorescence spectra induced by the insertion of the N,N-
dymethylamino group in the 4-position of the picolinate ancillary ligand (Minaev et al.
2009). One can thus see that common quantum-chemical studies of the similar
chromophores used in OLED and DSSC devices (Minaev et al. 2009, Ning et al. 2009a) can
help to understand the most essential electronic structure features responsible for emissive
and electron injection properties of cyclometalated iridium complexes.

6. Organic solar cells based on a bulk heterojunction architecture

Organic solar cells (OSC) based on a bulk heterojunction architectures can be realized by
mixing of two solutions of organic semiconductors with different electronegativities and
subsequently spinning a film (Kohler & Béssler 2009). The photoexcited state in one material
diffuses to the interface of the other where dissociation occurs. The size of the phase
separation between the two materials should be on the same length scale as the exciton
diffusion length. This also requires a percolation path for separated charges to be sufficient
to reach the corresponding electrodes. Fabrication of the film can be optimized by proper
annealing, solvent mixture, and by spin-coating a blend. In this way a solar cell based on a
bulk heterojunction (fullerene/low-bandgap polymer) has been obtained recently with a
PCE of 5.5% (Kohler & Béssler 2009). The triplet excitons have longer diffusion length
compared to singlets and this could be used as advantage for such OSCs. Despite the slow
Dexter mechanism for the triplet exciton transfer, the large lifetime provides a triplet
diffusion length ranging from 20 to 140 nm in amorphous organic films, while for singlet
excitons it is typically in the range 10-20 nm (Koéhler & Bassler 2009, Kohler at el. 1994).

From the energetic point of view OSCs based on triplet excitons are less favorable than
usual polymer solar cells based on singlets (Kohler et al. 1994). Triplet excitons are more
tightly bound than singlet excitons (by two exchange integrals, 2Kj) and this increases the
barrier for exciton dissociation. It can be overcome by suitable LUMO energy level
matching. Anyway, this leads to waste of a fraction of the absorbed solar energy. The
maximum possible PCE is predicted to be about 11% for OSCs based on singlets and is
likely to be somewhat lower for triplet solar cells (Kohler & Béssler 2009). In the first
produced triplet OSC the material used was a conjugated platinum(Il)-containing polymer
(Kohler et al. 1994) of the form trans-[-Pt(PBus)2C=CRC=C-], , where R= phenylene. The
efficiency of single-material OSCs based on such Pt-polymers with triplet excitons are
comparable to that of analogously built solar cells with singlet excited states (Kohler et al.
1994). When the Pt-polymers with triplet excitons were incorporated in OSCs based on a
bulk heterojunction architecture with fullerene the PCE increased up to 0.3% (Kohler et al.
1996). These Pt-polymers have blue absorption (Minaev et al. 2006; Lindgren et al. 2007),
while solar light peaks in the red. Thus for practical applications other Pt- and Pd-
containing polymers have been synthesized with conjugated spacers R which have strong
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electron-acceptor character and various such heterojunction devices have been fabricated
using this concept (Kohler & Béssler 2009).

7. Conclusions

In this review we have discussed the understanding and design of optimal organometallic
chromophores for light-emitting layers in OLEDs and for light-absorbing dyes and charge
separation in DSSC interfaces. As an illustrating example, electro-luminescence OLED
devices based on cyclometalated Ir(III) complexes (CICs) are discussed in some detail with
special attention to spin-orbit coupling effects and triplet state emission. In pure organic
polymers, like PPV or PPP, the energy stored in triplet states cannot be utilized in order to
increase the emissive efficiency of OLEDs. With CICs as dopants the electroluminescence is
enhanced by harnessing both singlet and triplet excitons after the initial charge
recombination. Because the internal phosphorescence quantum efficiency is high - as high as
100% can theoretically be achieved - these heavy metal containing emitters will be superior
to their fluorescent counterparts in future OLED applications. That has spurred quantum
theory research on internal magnetic perturbations in such heavy transition metal
complexes. The spin conservation rule as well as its violation in modern phosphorescent
OLED:s is of principal importance in optoelectronics and spintronics applications. Synthesis
of new materials for OLEDs can be rationalized if proper understanding of spin
quantization and spin-orbit coupling is taken into account. Moreover, since the
manufacturing of a full color display requires the use of emitters with all three primary
colors, i.e. blue, green and red, the rational tuning of emission color over the entire visible
range has emerged as an important task. Similar tasks are met in dye optimization for
DSSCs. We discussed in this review issues on DSSCs on the basis of electronic structure and
excited states calculations. The main reason for strong phosphorescence in the studied Pt
and Ir complexes is connected with the fact that the Sy - S; transition moments are relatively
low, but the “spin-forbidden” T; - Sp transition “borrows” large intensity from the higher
lying excited states. This is introduced by SOC at the metal ion, whose electrons are
involved in relevant excitations through the metal to ligand charge transfer (MLCT)
admixtures. Site-selective phosphorescence in solid matrices at low temperature has
revealed that zero-field splitting and spin-sublevel activity can be changed in different sites
of the matrix, which shows that the MLCT character of the T; state is rather sensitive to the
intermolecular environment of the dye. This is an important message; electron-hole
recombination also depends on similar factors and all of them should be taken into account
in proper simulations of OLEDs.
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1. Introduction

After the first report of electroluminescence in anthracene organic materials in monolayer
devices in 1963 by Pope et al. (Pope et al., 1963) and by Helfrich and Schneider in 1965
(Helfrich & Schneider, 1965), this phenomenon remained of pure academic interest for the
next two decades owing to the difficulty of growing large-size single crystals and the
requirement of a very high voltage (~ 1000 V) to produce the luminance. The evolution of
OLED devices is summarized in Fig. 1. Tang and his group demonstrated that the poor
performance of the monolayer early device was dramatically improved in two layers device
by the addition of a hole transport layer (HTL) with the thin amorphous film stacking in the
device structure (VanSlyke & Tang, 1985; Tang et al.,, 1988). Organic electroluminescent
devices having improved power conversion efficiencies by doping the emitting layer were
also realized around the same time by the Kodak group. Subsequently, heterostructure
configurations to improve the device performance were implemented by inserting several
layers like buffer layer between anode and hole transport layer (HTL) (VanSlyke et al., 1996;
Shirota et al., 1994; Deng et al., 1999) electron transport layer (ETL), hole blocking layer
(HBL) (Adamovich et al., 2003) or interlayer between cathode and ETL (Hung et al., 1997;
Kido and Lizumi, 1998) in the device structure. Such multilayer device structure often
enhances the drive voltages of OLEDs. Usually, the operating voltage for higher
brightness was much higher than the thermodynamic limit which is 2.4 eV for a green
device. Chemical doping with either electron donors (for electron transport materials) or
electron acceptors (for hole transport materials) can significantly reduce the voltage drop
across these films. These devices with either HTL or ETL doped layer show improved
performance; but the operating voltages were still rather higher than the thermodynamic
limit. Subsequently, Leo and his group proposed the concept of p-type doped HTL and n-
type doped ETL (J. Huang et al.,, 2002). These p-i-n structure devices show high
luminance and efficiency at extremely low operating voltages. Indeed all these devices
have multilayer structure with high current- and power-efficiencies, but thin emitting
layer. Nevertheless, narrow thickness of emitting layer in p-i-n OLEDs and complex
design architecture of phosphorescent OLEDs are not desirable from the manufacturing
perspective.
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In recent years, white phosphorescent OLEDs (PHOLEDs) have received a great deal of
attention owing to their potential use in high performance and brightness displays, solid
state lighting, and back lighting for Liquid Crystal Displays. White emission can be achieved
by mixing three primary colors (red, green, and blue) (D’Andrade et al., 2004; Holmes et al.
2003) or two complementary colors from different emitters (Li et al., 2003; J. Liu et al., 2006;
Al Attar et al, 2005). Issues of undesired chromaticity as well as poor batch-to-batch
reproducibility resulting in low image quality displays in three colors mixing white OLEDs,
are minimized in two colors mixing involving an orange emitter complemented with a
blue emitter to produce a white light using a combination of fluorescent/phosphorescent
or phosphorescent/phosphorescent emitters in doped OLEDs. Consequently, the demand
for the efficient true red bright color for multiple color display and lighting purposes has
been significantly enhanced. Indeed, interest in employing red emitters in combination
with blue emitters to achieve a white light emission with the simpler OLED architecture is
spurred in recent days (Li et al., 2003; J. Liu et al., 2006; Al Attar et al., 2005; Seo et al,,
2007; Ho et al., 2008a, 2008b; Chen et al., 2008; Shoustikov et al., 1997).
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Fig. 1. Evolution of OLED devices (HIL: hole injection layer, HTL: hole transport layer, EML:
emissive layer, HBL: hole blocking layer, ETL: electron transport layer)

In this chapter, we discuss efficient red phosphorescent organic light-emitting diodes
implemented using multiple quantum well structure, two layers, single layer structures, and
ideal host and guest system configurations. The importance of the topic is discussed in this
section. The current status of phosphorescent red OLEDs, multiple quantum well, two
layers, and single layer configurations for red PHOLEDs are discussed in sections 2, 3, 4,
and 5, respectively. Ideal host and guest system for the optimum performance of the red
PHOLED:s is presented in section 6. Finally, the conclusion of the present study is illustrated
in the section 7 of this chapter.
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2. Phosphorescent OLED devices

In recent years, phosphorescent organic light-emitting devices (PHOLEDs) are acquiring the
mainstream position in the field of organic displays owing to their potential use in high
brightness applications. Schematic of phosphorescence OLEDs and emission mechanism are
displaced in Fig. 2. An upper limit on the external quantum efficiency of 5 % in fluorescent
small molecule organic devices has been overcome in PHOLEDs by harvesting the singlet
and triplet excitons to emission of photons (Baldo et al.,, 1998, Adachi et al,, 2001a). A
PHOLED with an internal quantum efficiency of nearly 100% has been demonstrated due to
the harvest of both singlet and triplet excitons, leading to devices with high efficiencies
(Adachi et al., 2001b; Ikai et al., 2001; Fukase and Kido, 2002; Williams et al., 2007). To achieve
the high quantum efficiency in phosphorescent OLEDs, the excited energy of the
phosphorescent emitter has to be confined within the emitter itself using wide-energy-gap
host materials and carrier-transporting materials, which have higher triplet excited energy
levels than that of the emitter and multilayer architecture comprising electron/hole injection
and transport layers as shown in Fig. 2. Such multilayer structure often enhances the drive
voltages of PHOLEDs. The turn-on voltage of conventional PHOLED:s is relatively high about
1 ~ 2 V compared to that of fluorescent OLEDs as the device designed has multilayer
structures for good charge balance and excitons confinement within an emitting material layer
(EML), limiting their use in display industries (Wakimoto et al., 1997; Endo et al., 2002).
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Fig. 2. (a) Schematic of small molecule based phosphorescence OLED, (b) Phosphorescence
emission mechanism in phosphorescent OLEDs.

Usually, wide energy gap 4,4"-bis(N-carbazolyl)-1,1"-biphenyl (CBP) is used as a host material
for red (~ 2.0 eV) or green (~ 2.3 - 2.4 eV) phosphorescent guests. Iridium (III) and platinum (II)
phosphorescent emitters are widely used as triplet dopants molecule. Various red emitting
Ir(Il) phosphorescent complexes are summarized in Table 1 (Lamansky et al, 2001;
Tsuboyama et al., 2003; Duan et al., 2003; H.-K. Kim et al., 2007; Ohmori et al., 2007; J. Huang
et al., 2007; Tsuzuki and Tokito, 2008; Mi et al., 2009; T.-C. Lee et al., 2009; Pode et al., 2010; K.-
K. Kim et al., 2010; Tsujimoto et al., 2010). The wide band gap host and narrow band gap (E)
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guest red light emitting system has a significant difference in HOMO (highest occupied
molecular orbital) and/or LUMO (lowest unoccupied molecular orbital) levels between the
guest and host materials. Thus, the guest molecules are thought to act as deep traps for electrons
and holes in the emitting layer, causing an increase in the drive voltage of the PHOLED. Further,
the dopant concentration in such a host-guest system is usually as high as about 6 ~ 10 percent
by weight (wt%) because injected charges move through dopant molecules in the emitting
layer. Therefore, self-quenching or triplet-triplet annihilation by dopant molecules is an
inevitable problem in host-guest systems with high doping concentrations. Table 2 shows the
material performance of red emitting small molecule and polymer PHOLEDs. Table 3
illustrates the suppliers of various materials used in PHOLED:s fabrication.

Sr. | Ir complex Soluble in Emission Ref.
No. wavelength
(nm)
1) Ir(btp)z(acac) 2- 612 (PL) Lamansky
methyltetrahydrofur et al., 2001
-an
2) Ir(piq)s toluene 620 Tsuboyama
et al., 2003
3) Ir(DBQ)2(acac) CH)Cl» 618 (PL) Duan et al.,
Ir(MDQ)>(acac) 608 (PL) 2003
4) Ir(piq)s 1,2-dichlorobenzene | 620 H-K. Kim
et al.,, 2007
5) Ir(piq)s 1,2-dichlorobenzene | 630 Ohmori et
al., 2007
6) Ir(C8piq)3 p-xylene 621 J. Huang et
Ir(4F5mpiq)s 608 al., 2007
[F = Fluorine, M = methyl
7) Ir(C4-piq)s 1,2-dichlorobenzene | 619 or 617 Tsuzuki
and Tokito,
2008
8) Ir(BPPa)3 CHxCl> 625 (PL) Mi et al,
2009
9) (piq)2Ir(PO) CH:Cl» 652 (PL) T.-C. Lee et
(nazo),lr(PO) 657 (PL) al., 2009
(piq)Ir(PO)2 591, 620 (PL)
(nazo)Ir(PO), 690 (PL)
10 | i) (Et-Cvz-PhQ).lr(pic) 1,2-dichlorobenzene | 600 Pode et al,,
ii) (EO-Cvz-PhQ).Ir(picN-O) 2010
iii) (EO-Cvz-PhQ),lr(pic)
11 | (Ir(phg)zacac) 1,2-dichlorobenzene | 596 and 597 | K.-K. Kim
Ir(piq).acac et al., 2010
12 | Ir(dbfiq)2(bdbp) Toluene 640 (PL) Tsujimoto
Device 636 to 642 etal., 2010

PL : Photoluminescence

Table 1. Red emitting phosphorescent Ir complexes
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Device Lifetime (t50) (h) | Efficacy (cd/A) | Source

Small molecule (Ph) 120 - 500K 22-28 Universal Display
@1000 cd/m?

Polymer 200 - 350K 11-31 CDT

@1000 cd/m?

Table 2. Red materials performance, 2009

Light Emitting Hosts and Dopants

Injectors/Transporters

e  Cambridge Display Technology -
Polymers

¢ DuPont - Solution Based
Phosphorescent small Molecule

¢ Idemitsu Kosan - Fluorescent and
Phosphorescent Small Molecule

e  Merck - Polymers, Small Molecule

e  Universal Display -
Phosphorescent Small Molecule

¢  Dow Chemical - Fluorescent and
Phosphorescent Small Molecule

¢  Sunfine Chem - Fluorescent and
Phosphorescent Small Molecule

¢ LG Chemical - Fluorescent Small
Molecule

e DS Himetal Dow Chemical
e H.C. Starck Group

e LG Chemical

e  Cheil Industries Inc.

e Toray

e  Merck

e Nippon Steel Chemical Co., Ltd.

e  Nissan Chemical Industries
¢ Novaled - P/N Doping

e  Plextronics

e BASF

Table 3. Organic Materials Suppliers

Although PHOLEDs are becoming increasingly important for high brightness displays and
lighting applications, there are several issues which need to be addressed sooner or later

such as:

¢  Complex architecture ( Multilayer Structure)

e  High driving voltage
e  Low power efficiency

e Interfacial barrier and charge built-up at interfaces
e Poor performance at driving current densities exceeding 1 mA /cm?

¢ Doping concentration about 6 ~ 10 wt%

e  Cost competitiveness.

Earlier, Kawamura et al. had reported that the phosphorescence photoluminescence
quantum efficiency of Ir(ppy)s could be decreased by ~5% with an increasing in doping
concentration from 2 to 6% (Kawamura et al., 2006). Consequently, the selection of suitable
host candidates is a critical issue in fabricating high efficiency PHOLEDs. More recently in
order to address device performance and manufacturing constraints, an ideal host-guest
system to produce a high efficiency phosphorescent device using a narrow band gap
fluorescent host to prevent the hole/or electron trapping has been presented (Jeon et al.,
2008a, 2008b; Jeon et al., 2009; Pode et al., 2009). A class of narrow band gap fluorescent
material utilizing beryllium complexes as host and ETL for efficient red phosphorescent
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devices has been proposed. Characteristics of narrow band-gap phosphorescent hosts are:
(1) Small energy band gap, (2) Small energy gap between singlet state and triplet state, and (3) Good
electron transport characteristic. Simple structure red PHOLED, using narrow band gap
fluorescent host materials has demonstrated a high device performance and low manufacturing
cost.

3. Multiple quantum well structure

3.1 Introduction

Organic light emitting diodes (OLEDs) have attracted considerable attention because of their
potential applicability to flat-panel displays (FPDs) (Sheats et al., 1996; Shen et al., 1997;
Friend et al., 1999), backlighting, and candidates for the next generation lighting (Destruel et
al.,, 1999; D’ Andrade and Forrest, 2004), owing to wide viewing angle, low driving voltage,
thin, light-weight, and possibly also flexible displays. Indispensable requirement for these
applications is the high efficiency of OLEDs devices. In order to achieve the high efficiency
in OLEDs, various approaches such as use of highly efficient (high luminescence quantum
efficiency) organic materials, insertion of the excition blocking layer and/or hole and
electron blocking layers, and optimization of the doping concentration of OLEDs to reduce
self-quenching have been reported (Baldo et al., 1998; Bulovic et al., 1998; Baldo et al., 1999).
Among these approaches, especially exciton confinement approach by introducing a carrier
and/ or exciton blocking layer(s) is the most effective and mainly used until now.

Quantum confinement approach using a multiple quantum well (MQW) structure or multi-
quantum barrier is widely used in inorganic LED as it leads to a higher efficiency compared to
the double hetero- structure or single quantum well (QW) structure. While in OLEDs, only few
reports about the MQW structure with good carrier confinement ability were presented till to
date. Qiu et al. (Qiu et al., 2002a; 2002b) and Huang et al. (J. Huang et al., 2000) have reported
the organic MQW structure by using copper phthalocyanine (CuPc) and N,N’-bis(1-naphthyl)-
N,N’-diphenyl-1,1"-biphenyl-4,4’-diamine (NPB) or rubrene. In these articles, the MQW effect
has been reported in the fluorescent devices, wherein real device efficiency is not so high
besides the poor emission color stability. Recently, the triplet quantum well structure has been
reported by Kim et al. using a 4,4'-bis(N-carbazolyl)-1,10-biphenyl (CBP) and PH1 host (S. H.
Kim et al., 2007). Since Ir(ppy)s was doped in all quantum well layers, charge carriers couldn’t
be effectively confined in this device as carriers move via dopant molecules. Consequently,
stable high efficiency results in such a MQW structure couldn’t be realized.

In this section, we report the real MQW device structure having various triplet quantum
well devices from a single to five quantum wells. Owing to confinement of the triplet energy
at the emitting layers in the fabricated MQW device, the highest phosphorescent efficiency
is obtained among reported tris(1-phenylisoquinoline)iridium (Ir(piq)s) dopant OLEDs (H.
Kim et al., 2008) with a very good color emission stability. The MQW structure is realized
using a wide band-gap hole and electron transporting layers, narrow band-gap host and
dopant materials, and charge control layers (CCL). Bis(10-hydroxybenzo[h]
quinolinato)beryllium complex (Bebq) and bis[2-(2-hydroxyphenyl)-pyridine] beryllium
(Beppz) are used as a narrow band-gap host material and a CCL material, respectively.

3.2 Experimental
Figure 3(a) shows the configuration of fabricated red PHOLEDs, having a MQW structure.
Here, n consists of [Bebq:Ir(piq)s/ CCL] (red electroluminescence (R-EL) unit) varying from
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1 to 5. The 40 nm thick 4, 4’, 4”-tri(N-carbazolyl)triphenylamine (TCTA) hole transport layer
(HTL) doped with WO; (doping concentration 30 %) is deposited on an indium tin oxide
(ITO) coated glass substrate. To prevent the non-radiative quenching of triplet excitons
generated at the heavily doped HTL, an electron blocking buffer layer of 12 nm thick TCTA
was deposited. Subsequently, emissive layers (EMLs) with quantum-well structures were
deposited. The emission layer structures of PHOLEDs were increased by adding the R-EL
unit. In order to confine and control a hole and electron in the EML, the CCL layer with a
thickness of 5 nm was deposited inside of EML. Later, Bepp> hole and exciton blocking
buffer layer was deposited and followed by a 10 % Cs2COs-doped Bepp: electron
transport layer (ETL). The triplet energies of TCTA, Beppz, Bebqy, and Ir(piq)s are 2.7,2.7,
2.2, and 2.0 eV, respectively (Jeon et al., 2009; S. Y. Kim et al., 2009; Tsuboi et al., 2009). As
triplet energies of charge carrier layers and CCL are higher than the host molecule (Fig.
3(b)), all triplet energies are confined in the emitting layers. Finally, Al cathode was
deposited in another deposition chamber without breaking the vacuum. Deposition rate
of Al was 5~10 A/sec. The devices were fabricated on ITO coated glass with a sheet
resistance of 20 Q/Y. The substrates were cleaned with acetone and isopropyl alcohol
sequentially, rinsed in de-ionized water, and then treated in UV-ozone immediately
before loading into the high vacuum chamber (~ 2 x 107 Torr). The current density-
voltage (J-V) and luminance-voltage (L-V) data of red PHOLEDs were measured by
Keithley 2635 A and Minolta CS-1000A, respectively. The red PHOLED emitting area was
2 mm? for all the samples studied in the present work.

3.3 Results & discussion

In order to select the best CCL, we fabricated red PHOLEDs (n=2) with different CCL
materials (CBP; device B, TCTA; device C, Beppy; device D) at the fixed CCL thickness of 5 nm.
Device A was made without any CCL. In J-V-L results (not reproduced here), all three devices
were measured until 10,000 cd/m?2 brightness value. The driving voltages (at 1000 cd/m?) of
these devices A, B, C and D are 3.8, 5.6, 6.0 and 4.2 V, respectively. As expected, the driving
voltage increases by inserting the CCL. The external quantum efficiency (EQE) characteristics
are shown in Fig. 4(a). At a given constant luminance of 1000 cd/m?, the EQE values are 10.8,
5.1, 5.2, and 13.8 % for the devices A, B, C, and D, respectively. The EQE of the device D with
Beppz CCL is significantly higher than those of devices A~C. The HOMO energy levels of
Ir(piq)s, Bebqs, CBP, TCTA and Bepp: were at 5.1 eV, 55 eV, 59 eV, 5.8 eV, and 5.7 eV,
respectively. While the LUMO energy levels of Ir(piq)s, Bebq,, CBP, TCTA and Bepp, were at
31eV,28¢eV,26eV, 24 eV, and 2.6 eV respectively. With the TCTA and CBP CCL layers
devices, the deep HOMO and high LUMO levels of TCTA and CBP block the movement of
holes and electrons at the Bebqy:Ir(piq)s/ CCL interface. Therefore, holes and electrons cannot
be easily transported through the CCL, resulting in the rise of driving voltage and efficiency
decrease. However, the suitable HOMO and LUMO energy levels in Bepp, CCL can control
the carrier movement at ease. As a result, Bepp, CCL partially confines holes and electrons at
the first EML and some of holes and electrons arrive at the second EML after transporting
through the Bepp, CCL. The CCL thickness is varied to optimize device characteristics from
3~10nm. The 5nm thickness of Bepp> CCL shows reasonable efficiency and voltage increase
values.

In our double QW devices, hole barriers by CCLs are probably a dominant factor to control
the current flow as hole barriers between HOMO levels of dopant and CCL are relatively
high compared with electron barriers. Usually electrons easily overcome its barriers.
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Fig. 3. (a) Energy band diagrams of fabricated red PHOLEDs with multiple quantum well
structures. (b)Triplet energies of materials used in the present study.
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In order to estimate the carrier confinement percentage in each EMLs with different CCL in
double QW structure, the current density values are compared with the hole barriers
obtained between HOMO levels of each CCL and Ir(piq)s. According to the thermionic
emission barrier model (Hong et al., 2005), In(J) has a good linear relationship with the
potential barrier (O).

Figure 4(b) shows a good agreement between Aln(J) and A® at 5V, indicating that the hole
barrier is the main factor to determine the current flow in our devices. Here Aln(J) was
calculated from the current density differences of single QW and double QW devices at 5 V
and A® is the HOMO energy levels difference between the dopant and CCL. Almost similar
behaviors are noticed at various voltages. Due to lower hole barrier with Bepp, compared
with other CCL materials, the current flow is much easier with no hindrance. Hole carriers
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can over-flow in the Bepp, CCL, creating more excitons in the double QW structure.
Therefore, the device D with the Bepp, CCL improves the recombination efficiency of the
electron-hole pairs.

Indeed, the efficiency with two quantum well device structure with Bepp> CCL is
significantly improved. Further to investigate the influence of the quantum wells on the
device performance, if any, we have fabricated PHOLEDs with MQW from 1 to 5 wells.
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Fig. 4. (a) EQE characteristics of fabricated red PHOLEDs with and without CCL. (b) The
current density difference between single quantum well device and double quantum well
devices with different CCL
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Figure 5 shows the J-V-L characteristics of fabricated red PHOLEDs with the increasing
number of R-EL units from 1 to 5. The turn on voltages of MQW red PHOLEDs are 2.4 V for
n=1 (device A), 2.5 V for n=2 (device D), 2.6 V for n=3, 2.8 V for n=4, and 3.2 V for n=5,
respectively. The driving voltage to reach 1000 cd/m?2 is 3.8 V for n=1, 4.2 V for n=2, 4.8 V
for n=3, 6.0 V for the n=4, and 7.4 V for n=5. The operating voltages in the MQW structure
were increased by increasing the number of R-EL units because any addition of QW units
offers additional resistance to the conduction of current. From Aln (J) data between single
QW and double QW, we have calculated that 29% hole carriers can go the second EML
through a Bepp, CCL.
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Fig. 5. J-V-L characteristics of fabricated red PHOLEDs with increasing R-EL unit from 1 to 5.

Figure 6 shows the maximum EQE characteristics of fabricated five red PHOLEDs while
various electrical parameters of these devices are summarized in Table 4. The maximum
EQE characteristics are 11.8 % for n=1, 14.8 % for n=2, 13.6 % for n=3, 12.8 % for n=4, and 8.6
% for n=5, respectively. The best EL performances are obtained with n=2 among the five red
PHOLEDs. The over-flowing ratio of hole carriers with repeating additional QW and Bepp:
CCL are shown in the inset of Fig. 6. From the J-V characteristics as displayed in Fig. 5, the
over-flowing ratio of hole is estimated as [J(n=2)/](n=1)] x 100% at 5 V (i.e. (90.40 mA/cm?
/ 26.39 mA/cm?) x 100% = 29%). Only 29% of hole carriers can reach to the second EML
through a Bepp, CCL. The simple calculation results for n=3 and 4 were obtained by
assuming 29% hole carrier overflow result for n=2. Real experimental data obtained from
the J-V characteristics at 5V well agree with the calculated results, indicating our carrier
overflow assumption is reasonable. The excitons can be confined upto 71% in the first QW
existing adjacent to the TCTA buffer layer and 21% excitons in to the next second QW. The
most excitons can be confined in first and second QWs. Therefore, the best EL performances
seem to be obtained with n=2. By increasing the number of quantum wells to n=3 and n=4,
the efficiency drop is not significant (over 12%) because electrons can reach to first and
second QWs due to the negligible barrier to electron transport. However, the driving
voltage is enhanced with increasing the number of QW structures and eventually 5 QW
structure does not work properly. In our MQW devices, all devices show excellent color
stability with the same CIE coordinate as (0.66, 0.33) as shown Table 4. Our results reveal
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that the MQW structure improves the external quantum efficiency with no change in the
CIE coordinate of red emitting PHOLEDs.

3.4 Conclusions

In summary, the maximum external quantum efficiency of 14.8 % with a two quantum well
device structure is obtained, which is the highest value among the reported Ir(piq); dopant
red phosphorescent OLEDs.
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Fig. 6. Maximum EQE characteristics of fabricated five red PHOLEDs with increasing R-EL
unit from 1 to 5. Inset: Overflowing ratios of hole carriers with increasing R-EL units.
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Parameters n=1 n=2 n=3 n=4 n=

Turn on voltage

(@1cd/m?) 24V 25V 26V 28V 32V
Operating voltage
(@ 1000 cd/m?) 38V 42V 48V 6.0V 74V
Maximum

current efficiency 99cd/A | 124cd/A | 115cd/A | 08cd/A 72cd/A

Maximum External
Quantum Efficiency 11.8 % 14.8 % 13.6 % 12.8 % 8.6 %

CIE (x, y)
(@1000 cd/m?2) 0.66,0.33 | 0.66,0.33 | 0.66,033 | 0.66,0.33 | 0.66,0.33

Table 4. Summary of performances of multiple quantum well red PHOLED:s in this study
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4. Two layers structure

4.1 Introduction

Performance and efficiencies of red PHOLEDs devices have been improved in recent days,
particularly in p-i-n type OLEDs (J. Huang et al., 2002; Pfeiffer et al., 2002). Good charge
balance in emitting layers and low barrier to charge carriers injection in p-i-n devices
demonstrate a low operating voltage and high efficiency. CBP is the most widely used host
material in red and green emitting PHOLEDs (Chin et al., 2005; Tsuzuki, and Tokito , 2007).
Other host materials such as 4,4’,4”-tris(N-carbazolyl)-triphenylamine (TCTA), 3-phenyl-4-
(I’-naphthyl)-5-phenyl-1,2,4-triazole (TAZ), 1,3,5-tris(N-phenylbenzimidizol-2yl)benzene
(TPBI) and aluminum (III) bis(2-methyl-8-quinolinato)-4-phenylphenolate (BAlq) for
PHOLEDs are also commercially available and used as a matter of convenience for many
guest-host applications (Zhou et al., 2003; Che et al., 2006; J. H. Kim et al., 2003). HOMO ,
LUMO and triplet energy of these host materials are listed in Table 5. The HOMO and
LUMO energy levels of bis(10-hydroxybenzo [h] quinolinato)beryllium complex (Bebqy) are
reported at 5.5 and 2.8 eV, respectively (S. W. Liu et al. 2004). High luminance in OLEDs
with Bebqp as an emitter was reported by Hamada et al. (Hamada et al., 1993). Since Bebq:
and beryllium complexes have very good electron transporting characteristics with high
electron mobility of ~104 cm2/Vs (Y. Liu et al., 2001; Vanslyke et al., 1991; J.-H. Lee et al,,
2005) and narrow band gap, Bebgz can make a suitable candidate for the host of red emitting
PHOLED:s (Jeon et al., 2008a, 2008b; Jeon et al., 2009; Pode et al., 2009).

Compounds HOMO (eV) LUMO (eV) | Reported Triplet | Calculated Triplet
Energy (eV) Energy (eV)
CBP 5.8 25 2.6 2.8
TCTA 5.9 2.7 2.8 2.7
TPBI 6.3 2.8 2.8
BAlg 5.9 3.0 22 2.6
TAZ 6.6 2.6 3.3
Bebq» 55 2.8 e 25

Table 5. HOMO, LUMO and triplet energy levels of some fluorescent host materials for
PHOLEDs

In this section, we report a narrow band gap electron transporting host material, Bebqp, for
red light-emitting PHOLEDs. The triplet energy of Bebq, host was estimated using density
functional theory (DFT). Simple bi-layered PHOLEDs, tris(1-phenylisoquinoline)iridium
(Ir(piq)s) doped in Bebqs host, were fabricated and studied.

4.2 Experimental

Beryllium compound has been reported to have a strong fluorescence characteristic. Although
long-lived phosphorescence, caused by spin-forbidden decay from the first triplet state (T1), is
a ubiquitous property of organic molecules, no report about the estimation of triplet energy of
Bebqy host and its role on the device performance has been available to date. Therefore to
estimate the triplet state energy, the phosphorescent spectrum of Bebq, was investigated at
low temperature. However, no signature of phosphorescent peak in Bebq> complex is
observed at 77 K. It only exhibits a strong fluorescence emission at 466 nm. Therefore, the
molecular simulation method was employed to deduce the triplet energy of Bebqy.
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The triplet energy state, estimated by molecular modeling and DFT using DMoL3 program
(version 4.2), was found to be about 3.0 eV (Park et al., 2008). Usually in phosphorescent host
materials, singlet and triplet exchange energy value is about 0.5 eV. However, Bebg, host
shows a very small exchange energy value of 0.2 eV and is a signature of strong electron-
electron correlation. Triplet phosphorescent dopants such as Ir(piq)s and bis(2-
phenylquinoline)(acetylacetonate)iridium (Ir(phq).acac), used in red light-emitting PHOLEDs,
have triplet energy states (actual LUMO level) at 2.8 and 3.1 eV, respectively (Chin et al., 2005;
T.-H. Kim et al., 2006). This triplet energy of dopant is very close to the triplet energy of the
Bebqp host material, thus facilitating the electron movement in emitting layer.

Furthermore, corroboration of triplet energy state of Bebqz host and possible energy transfer
from the host to dopant were confirmed by fluorescent and phosphorescent quenching
experiments using iridium dopants and Bebq> host in tetrahydrofuran solution. The Bebq:
fluorescence peak is efficiently quenched by Ir(piq)s dopant, transferring all its singlet
energy directly to the dopant triplet state. As a consequence, we conclude that the triplet
energy level of Bebqp is lower than that of the Ir(piq); dopant and exchange energy of host
material between singlet and triplet must be very small. However, the reported triplet
energy value of (Ir(piq)s) in Ref 63 is 2.8 eV which is lower than that of the Bebq host (3.0
eV). So, the LUMO energy level (i.e. triplet state) of Ir(piq)s dopant was confirmed by the
optical band-gap and cyclic voltametry measurements and was found to be 3.1 eV. Both host
and dopant molecules seem to have almost same value of triplet energy.

4.3 Results & discussion

Figure 7 shows the structures of three red PHOLEDs devices fabricated for the present study.
Devices A and B have a conventional multilayer structure containing hole and electron
transport and injection, and hole blocking layers with CBP and Bebqg, host materials,
respectively. Device A with a CBP host material is used as a control device, while the
fabricated device C with Bebq, host has a simple bilayered structure. Red phosphorescent
OLEDs were fabricated as follows:

Devices A & B: ITO / a-NPB (40 nm) / HOST : Dopant (10 wt%, 30 nm) / Balq (5 nm) / Alqs
(20 nm) / LiF(0.5 nm) / Al(100 nm), and Device C: ITO/a-NPB (40 nm) / HOST : Dopant
(10 wt%, 50 nm)/ LiF(0.5 nm) / Al(100 nm)

¢ N"" ¥
— 1 cathode (LiIF/Al) —fCathode (LiF/Al ‘—?O 0-- )
ETL (Algs) ETL (Algs) EEB‘L
- HEL (Balq) -4 HEL {Balg) Cathode (LiFFAIL,
HTL (NFB) HTL {NPB) T HTL {NPB)
ITO substrate ITO substrate ITO substrate
Device A Device B Device C

Fig. 7. Structures of fabricated three PHOLEDs: device A - CBP: Ir(piq)s, device B - Bebqy:
Ir(piq)s, device C - Bebqy: Ir(piq)s without HBL and ETL.
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Figure 8 shows the I-V-L characteristics of fabricated red phosphorescent devices. At a given
constant voltage of 5 V, current density values of 0.82, 2.83, and 18.99 mA/cm? in the
fabricated devices A, B, and C are noticed as displayed in Fig. 8, respectively. The driving
voltage for the device A to reach 1000 cd/m?is 8.8 V, 6.8 V for the device B, and 4.5 V for the
device C. A low turn-on voltage of 4.5 V in device C with a simple bi-layered structure
compared to control device A with CBP host (8.8 V), is observed. The resistance to current
conduction in bilayered device C is significantly reduced. As the HOMO energy of Bebq,
host is at 5.5 eV, holes injected from the hole transport layer (HTL) trap directly at the
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Fig. 8. I-V-L characteristics of fabricated three PHOLED:s ; (a) current-voltage characteristics

(b) luminance-voltage characteristics (c) current efficiency-luminance (d) power efficiency
luminance.

HOMO level (5.1 eV) of dopant. Barrier to hole injection in the device C is almost negligible.
Also, electrons injected from the cathode move freely in the emitting layer as the LUMO
(triplet) of dopant and triplet of host are at the same energy and finally captured at the
trapped hole sites giving rise to phosphorescent emission. Multilayer structure as displayed
in devices A and B introduces heterobarriers to electron and hole injection into emitting
layers, thus enhancing the turn-on voltages, although some reduction of driving voltage in
device B due to narrow band gap Bebgq, host materials is noticed. Moreover in CBP based
PHOLED:s, severe charge trapping at NPB interface has been reported by several researchers
[63, 64]. Figure 9 shows the energy band diagram of device C. The current and power
efficiency characteristics of fabricated devices are shown in Fig. 8 (c) & (d). At a given
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constant luminance of 1000 cd/m?, the current and power efficiencies are 9.66 cd/ A and 6.90
Im/W for the device C, 8.67 cd/A and 4.00 Im/W for the device B, and 5.05 cd/A and 1.80
Im/W for the device A, respectively. These values of device C are improved by a factor of
1.9 and 3.8 times compared with those of device A, respectively. In device reliability tests,
device A and C show very different behaviors. Device A shows about 120 h lifetime at 1000
nit, while lifetime of 150-160 h is noticed in Bebq, device. Relatively small initial decrease of
brightness value and gradual decay curve is observed in device C, which indicates Bebqy
device reliability is relatively very good. However, material stability of Bebq, seems not to
be good. Figure 10 shows the electroluminescence spectra at a brightness of 1000 cd/m? of
different fabricated phosphorescent red-emitting devices. Clean red light emission at 632 nm
observed in device C indicates the complete energy transfer from a novel narrow band gap
Bebqy host material to Ir(piq)s dopant. The CIE coordinate of three red devices show the
same coordinate as CIE (0.67, 0.33).

2.2eV
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—29eV
3 0eV (LiF/LiF)
Ir(piq)s
486V — phaey
(IT0) 2.5eV 55eV

(NPB) (Host)

Fig. 9. Energy diagram of red organic bi-layered PHOLEDs with Bebqy:Ir(piq)s host (Device C).

Anyway, interesting and intriguing results on the performance of bi-layered device C have
been obtained. The LUMO level of Bebq> material (2.8 eV), very close to LUMO values of
Balg, Algqs and LiF cathode, offers almost no barrier to electron injection between the
emitting layer and LiF cathode. Furthermore, excellent electron transporting property of
Bebq> material favors to mobility of electrons which provides a good charge balance in the
emitting layer. HOMO levels of Bebqz host and NPB hole transport layer in the fabricated
device C are very close while LUMO energy levels of host and dopant are almost same.
Therefore, the emission process in PHOLEDs device C via electron trapping at LUMO and
hole trapping at HOMO seems to be minimized, giving to low driving voltage value. In this
device C, the emission of red light may be originated from the direct electron capturing from
the host and recombining at holes trapped at the HOMO of the dopant in the emitting layer.
Indeed, the hole trapping in bilayered device C is not a serious issue. To investigate the
influence of recombination zone position on the emission and hole trapping, three PHOLEDs
with emitting zone at X = 0, 10, and 20 nm from the HTL/EML interface were fabricated and
studied as displayed in Table 6 and Fig. 11. Results reveal excellent emission of red light in all
devices, except some contribution to the emission from the Bebqz host material in devices with
X =10 and 20 nm. These results demonstrate that the emission zone in simple bilayered
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PHOLED:s is very broad and hole trapping is not so severe. The EL emission spectra of devices
D, E, and F are shown in Fig. 12(a) and CIE coordinates in Fig. 12(b).
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Fig. 10. Normalized electroluminescent spectra of devices A, B, and C at the luminance of
1000 cd/ma2.

Thickness (A) Device D Device E Device F
X (nm) 0 10 20
Bebqu:Ir(piq)s 100 100 100
Bebqa 400 300 200

Table 6. Recombination zone position in Device C from the HTL/EML interface
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Fig. 11. Recombination zone position in Device C
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Fig. 12. (a) EL emission spectra, and (b) CIE coordinates of devices D, E, and F.

4.2 Conclusions

A narrow band-gap host material, Bebqp, for red PHOLEDs with a very small exchange
energy value of 0.2 eV between singlet and triplet states has been demonstrated. It shows
almost no barrier to injection of charge carriers and charge trapping issue in PHOLEDs is
minimized. High current and power efficiency values of 9.66 cd/A and 6.90 Im/W in bi-
layered simple structure PHOLEDs are obtained, respectively. The operating voltage of bi-
layered PHOLED:s at a luminance of 1000 cd/m? was 4.5 V. In conclusion, simple bilayerd
red emitting device with Bebq, host could be a promising way to achieve efficient,
economical, and ease manufacturing process, important for display and lighting production.

5. Single layer structure

5.1 Introduction

Organic light emitting devices (OLEDs) have made significant stride (Pfeiffer et al., 2002)
and the technology has already been commercialized to mobile flat panel display
applications. Thermal evaporation technique and complicated fabrication process consisting
of multiple layers for charge carriers balancing and exciton confinement (Baldo and Forrest,
2002; Coushi et al, 2004; Tanaka et al, 2007) are employed in highly efficient
phosphorescent OLEDs. In order to overcome such complex device architecture, many good
approaches are enduring until now. High efficiency devices with pure organic bilayered
OLEDs have been reported by several researchers (Jeon et al., 2008b; Pode et al., 2009; Park
et al., 2008; Meyer et al,, 2007; Z. W. Liu et al,, 2009). Furthermore, bilayered devices
consisting of an organic single layer with a buffer layer on the electrode have also been
reported without any significant improvement of the device performances (Q. Huang et al.,
2002; Gao et al.,, 2003, Wang et al., 2006; Tse et al., 2007). However, truly organic single
layered approach is almost rare. To date, only an exclusive article on the red emitting
PHOLED single layer device with a tris[1-phenylisoqunolinato-C2,Nliridium (III) (Ir(piq)s)
(21 wt%) doped in TPBi (100 nm) with low values of current and power efficiencies under
3.7cd/A and 3.2 Im/W at 1 cd/m? have been reported, respectively (Z. Liu et al., 2009).

In this section, we have presented efficient and simple red PHOLEDs with only single
organic layer using thermal evaporation technique. The key to the simplification is the direct
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injection of holes and electrons into the mixed host materials through electrodes. In
conventional OLEDs, usually the Fermi energy gap between cathode (~ 2.9 eV) and surface
treated anode (~ 5.1 eV) is about 2.0~2.2 eV which is close to the red light emission energy
(1.9 ~2.0 eV). As a consequence, red devices do not at all require any charge injection and
transporter layer if the host material has proper HOMO and LUMO energy levels. However,
such host materials are very rare. The most suitable option to address such issues is to
employ the mixed host system to adequately match the energy levels between emitting host
and electrodes. Mixed host system of electron and hole transporting materials to inject
electrons and holes from electrodes into the organic layer without any barrier has been
studied, respectively and employed for the charge balance. Thus, hole type host materials are
required to have HOMO energy levels at 5.1~5.4 eV to match with the Fermi energy of surface
treated ITO (5.1 eV). While 2.8~3.0 eV LUMO energy levels of electron transporting host
materials are necessary to match the Fermi level of cathode. 4,4’ ,4”-Tris(N-3-methylphenyl-N-
phenyl-amino)triphenylamine(m-MTDATA) and N,N’-diphenyl-N,N’-bis(1,1"-biphenyl)-4,4 -
diamine (a-NPB) were wused as the hole transporting host materials. Bis(10-
hydroxybenzo[h]quinolinato)beryllium (Bebqz) with 2.8 eV LUMO energy was used as the
electron transport host material and Ir(piq)s was employed as a red phosphorescent guest.

5.2 Experimental

m-MTDATA and a-NPB as hole transporting host materials, Bebq, as an electron
transporting host material, and Ir(piq); as a red dopant were obtained from Gracel
Corporation. Details of the fabrication process have been discussed section 3. The emitting
area of PHOLED was 2 mm? for all the samples studied in the present work.

5.3 Results & discussion

Figure 13 shows the energy band-diagram of the single layer red PHOLEDs used in the
present work. For the evaluation of single layer with different mixed host systems, the
following devices were fabricated:

Device A: ITO/m-MTDATA:Bebqy: Ir(piq)s [1~4 wt%, 100 nm]/LiF (0.5 nm)/Al (100 nm),
and Device B: ITO/a-NPB:Bebqy: Ir(piq)s [1~4 wt%, 100 nm]/LiF (0.5 nm)/Al (100 nm).
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Fig. 13. Energy band-diagram of the single layer red PHOLEDs.



High Efficiency Red Phosphorescent Organic Light-Emitting Diodes with Simple Structure 119

The ratio of the hole and electron transporting hosts was fixed to 1:1. The doping
concentrations were varied from 1% to 4% to optimize the device performance. Table 7 shows
the performance of red PHOLEDs devices comprising a single emitting layer. The current and
power efficiencies values of 7.44 cd/A, and 3.43 Im/W at 1000 cd/m?2 brightness value are
reported in 4wt% doped device A, respectively. The driving voltage (to reach 1000 cd/m?) is
6.9 V. Very similar device performances are obtained in 2 wt% doped device A. The optimum
doping condition for Device A seems to be 4 wt% as the highest efficiency is observed at an
acceptable brightness value (1000 cd/m?). Whereas, the driving voltage, current and power
efficiencies values of 5.4 V, 9.02 cd/A, and 5.25 Im/W at brightness value of 1000 cd/m? are
reported in device B with 1 wt% of optimum doping condition, respectively. Maximum
current efficiency values for devices A and B were appeared in 4 and 1 wt% of Ir(piq)s doped
mixed hosts, respectively. The color coordinates are (0.66, 0.33) or (0.67, 0.32) for all devices.
Even in 1% doped device, a good red emission color is observed.

Device A Device B
1% 2% 4% Doping | 1% 2% Doping | 4% Doping
Doping Doping Doping
Turn on voltage
(@1cd/m?) 25V 24V 23V 24V 24V 24V
Operating
voltage 72V 71V 69V 54V 54V 53V

(@ 1000 cd/m?)

Maximum 812cd/A | 819cd/A | 8.04cd/A | 944cd/A | 836cd/A 7.04cd/A

current and 7.84 9.86 10.96 10.62 9.821Im/W | 8.111m/W
power Im/W Im/W Im/W Im/W
efficiency

current and 728 cd/A | 734cd/A | 744cd/A | 9.02cd/A | 826cd/A 7.04cd/A

power 3.18 3.29 343 Im/W 525 480 Im/W | 4101Im/W
efficiency Im/W Im/W Im/W
(@1000 cd/m?)
CIE (x, y)

(@1000 cd/m?) | (0.66,033) | (0.67,0.32) | (0.67,0.32) | (0.66,033) | (0.67,0.32) | (0.67,0.32)

Table 7. Device performances of various single red devices with different doping
concentration

The results of device B (1wt %) is significantly superior to Ir(piq)s doped multi-layer red
PHOLEDs [73]. Device B shows that the doping concentration in PHOLEDs can be reduced
until 1~2% range with higher efficiency provided HOMO-HOMO and LUMO-LUMO
differences between host and dopant molecules are within ~0.3 eV and emission zone is within
50nm. Device B displays exactly similar behavior although the HOMO-HOMO gap is
relatively higher as compared to that in device A. However, unlike device B, similar device
properties in device A regardless of doping condition from 1 to 4% are obtained. The self
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quenching by dopants seems to be not so serious in this device A. This indicates that the
emission zone of device A is very broad and the charge balance is also relatively poor. The
efficiency of device A is low compared to device B, but 4% doped condition in device A has a
little better charge balance.

The J-V-L curve and efficiency characteristics of devices A and B are shown in Fig. 14. The
best efficiency yields of 9.44 cd/A (EQE 14.6%) and 10.62 Im/W are noticed in the device B
as shown in Fig 14(b). As seen from the results of Fig. 14(a), the driving voltage in device A
with m-MTDATA:BebqxIr(piq)s [4 wt%] is 6.9 V at the brightness of 1,000 cd/m2. The
device B with a-NPB:Bebqy:Ir(piq)s [1 wt%] shows a driving voltage of 5.4 V at 1000 cd/ma2.
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Fig. 14. Current density (J)-Voltage(V)-Luminance (L) and Efficiency characteristics of single
layer red PHOLEDs. (a) J-V-L characteristics, (b) L vs. current and power efficiencies
characteristics. Device A(4%) and Device B(1%) fully doped.
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In m-MTDATA, no barrier for hole injection from the surface treated ITO (5.1 eV) to the
HOMO (5.1 eV) of the m-MTDATA exists. Further, this energy level matches with the
HOMO (5.1 eV) of the Ir(piq)s. While, electrons injected from the cathode move freely on
the LUMO energy of Bebqy. In case of the device B, the HOMO energy in the a-NPB
material at 5.4 eV as against 5.1 eV in the surface treated ITO (HOMO difference ~ 0.3 eV)
offers some barrier to the hole injection into the emitting layer. While electrons injected
from cathode move freely over the LUMO energy of Bebqa. To understand the injection
barrier situation in m-MTDATA and a-NPB, |-V of hole only devices were investigated. An ideal
Ohmic contact (Giebeler et al., 1998) at ITO and m-MTDATA interface was reported.
Whereas, the NPB hole only device had reported to have the injection limited current
behavior. When a buffer layer like PEDOT:PSS (poly(3,4-ethylenedioxythiophene)-poly(4-
stylenesurfonate) or C60 was introduced at ITO interface, the Ohmic characteristic was
observed in this device (Tse et al., 2006; Koo et al., 2008). Form these previously reported
results, a high value of driving voltage in the a-NPB mixed device B due to the high
barrier to hole injection into the emitting layer was expected. However in reality, the
device B with a-NPB hole transporting host shows a lower driving voltage implying a low
resistance to the current flow. Here, devices A and B were realized using two different
hole transporting host materials having different charge carriers transport abilities,
particularly the hole mobility. a-NPB has an ambipolar transporting ability with the hole
mobility faster than that of m-MTDATA (S. W. Liu et al., 2007). Thus, mobilities of hole
carriers in these mixed host single layer systems rather than hole injection barrier at the
ITO/mixed host interface seems to be crucial in deciding the driving voltage. In order to
elucidate the conduction and emission processes in single layer devices, we have
fabricated following several devices and investigated.

We have made devices C and D without Ir(piq)s dopant and results were compared with
those of devices A and B, respectively. Fig. 15 shows J-V characteristics of devices
A,B,C,D. Results on bi-layered ITO/a-NPB (40 nm) / Bebqy : Ir(piq)s (10 wt%, 50 nm) /LiF
(0.5 nm) /Al(100 nm) red emitting PHOLEDs [73], reproduced here for better comparison,
show a low driving voltage value of 4.5 V to reach a luminance of 1000 cd/m2. As
displayed in Fig. 15, both devices C and D (undoped) show ]J-V characteristics similar to
Ir(piq)s doped devices A and B, respectively. Furthermore in our devices A and B, hole
and electron injection barriers by dopant molecules are negligible due to no barrier at ITO
and cathode interfaces, respectively. Doping in the device may affect carrier mobility due
to carrier trapping by dopant molecules. Usually, J-V characteristics of PHOLEDs are
changed significantly by adding dopant molecules when HOMO-HOMO and LUMO-
LUMO differences between host and dopant molecules are high over 0.3 eV. In device C
and D, these energy differences are within 0.3 eV. In this case, the ]J-V characteristic does
not change because trapped charges in dopant molecules easily overcome to host energy
level by thermal energy. Described results demonstrate that the conduction of current in a
hole and electron transporting mixed host layer is almost independent of (i) the charge
trapping at dopant molecules and (ii) hole injection barrier at the ITO/mixed host
interface. Further, all mixed single layer devices offer a high resistance to current flow
than bi-layered red device with hetero junction (see Fig. 15). The interesting and
intriguing results on J-V in mixed host single layer devices may be explained on the basis
of existing knowledge on carrier mobilities in organic materials. a-NPB exhibits an
ambipolar transporting ability with electron and hole mobility values of 9x104 and 6x10-4
cm?/ Vs, respectively (S. W. Liu et al., 2007), while the hole mobility value in m-MTDATA
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is 3x10-5 cm?/Vs. Earlier, it was shown that the charge transport behaviors in mixed thin
films of a-NPB and Alqs are sensitive to (i) compositional fraction, and (ii) charge carriers
mobilities of neat compounds (S. W. Liu et al., 2007). The 1:1 mixed layer of a-NPB and
Alqs appeared to give lower charge carrier mobility of 102~10-3 order than neat films (S.
W. Liu et al., 2007). As a consequence, the fast current flow in the device B despite the
large hole injection barrier is attributed to the high hole mobility value and ambipolar
nature of a-NPB. Higher driving voltage of single layer devices compared to the bilayer
device is also well understood by the decrease in carrier mobility in the mixed host
system.
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Bilayered device: ITO/o-NPB (40 nm) / Bebqq : Ir(piq)s (10 wt%, 50 nm) /LiF (0.5 nm)/ Al(100 nm);
Device A: ITO/m-MTDATA:Bebqp: Ir(piq)s [4 wt%, 100 nm]/LiF (0.5 nm)/ Al (100 nm); Device B:
ITO/ a-NPB:Bebqy: Ir(piq)s [1 wt%, 100 nm]/LiF (0.5 nm)/ Al (100 nm); Device C: ITO/m-
MTDATA:Bebq. [100 nm]/LiF (0.5 nm)/ Al (100 nm); Device D: ITO/a-NPB:Bebqz [100 nm]/LiF (0.5
nm)/ Al (100 nm)

Fig. 15. J-V characteristics of bi-layered and A~D red emitting PHOLEDs devices.

Since the charge transport behaviors in mixed hosts are sensitive to the composition and

intrinsic mobilities in neat films, the location of the recombination region may be important

to understand the device efficiency. To investigate the recombination zone position, we have

evaluated three devices with doped emissive layer located at different positions as:

1. Device A-(L) : ITO/m-MTDATA:Bebq2:Ir(piq)s [4 wt%, 30 nm]/m-MTDATA:Bebq; [70
nm]/LiF (0.5 nm)/ Al (100 nm);

2. Device A-(C) : ITO/m-MTDATA:Bebqs [35 nm]/m-MTDATA:Bebqy:Ir(piq)s [4 wt%, 30
nm]/m-MTDATA:Bebq; [35 nm]/LiF (0.5 nm)/Al (100 nm);

3. Device A-(R) : ITO/m-MTDATA:Bebq; [30 nm]/m-MTDATA:Bebqy:Ir(piq)s [4 wt%, 70
nm]/LiF (0.5 nm)/ Al (100 nm).

Similarly, Devices B-(L), (C) and (R) were fabricated using o-NPB instead of m-MTDATA

and 1 wt% of Ir(piq)s. The doping region was fixed to 30 nm in all devices. The anode side

doped devices show the best current efficiency performance as displayed in Fig. 16

(Devices A-(L) and B-(L) ), indicating that the recombination zone is around the

ITO/mixed host interface. Further, the emission efficiency performance deteriorates as the
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doped region is moved toward the cathode side. High current efficiency in a-NPB/Bebq>
mixed host system is the consequences of the better charge balance in the recombination
zone. Figure 17 shows electroluminescence (EL) spectra dependence on the emission zone
location in doped and undoped devices. Broad and clean EL peak at 620 nm in undoped
mixed m-MTDATA /Bebq, host organic device C is due to exciplex emissions. While the
strong and asymmetric EL emission peak at 620 in devices A- (L) to A- (R) due to
emissions of exciplex and Ir(piq)s red phosphorescent dopant are noticed. In these
devices, exciplexes are formed as the energy difference between HOMO of m-MTDATA
and LUMO of Bebq, is about 2.3 eV. Whereas in case of fully doped (device B) and
undoped (device D) a-NPB/Bebq, mixed devices, clean peaks at 510 and 620 nm due to
strong emission of Bebq> and Ir(piq)s dopant are appeared, respectively. Upon moving the
doped region toward the anode side, EL spectra show both emission peaks at 510 and 620
nm due to Bebqy host and Ir(piq)s dopant, respectively, but with the reduced intensity of
510 nm emission peak of Bebq,. The electron charge carriers are transported over the
LUMO of Bebq, through the doped region and reach the anode side, resulting in the
emission due to Bebq host.
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Fig. 16. Luminance-current Efficiency characteristics of various single layer devices
fabricated with different locations of doped regions. Device A - Fully doped, Device B-
Fully doped.

Device A: ITO/m-MTDATA:Bebqy: Ir(piq)s [4 wt%, 100 nm]/LiF (0.5 nm)/Al (100 nm) -
Fully doped; Device C: undoped mixed m-MTDATA /Bebq organic host device

Device B: ITO/a-NPB:Bebqa: Ir(piq)s [1 wt%, 100 nm]/LiF (0.5 nm)/Al (100 nm)- Fully
doped; Device D: undoped mixed a-NPB:Bebq; organic host device

Although holes are easily injected into the m-MTDATA/Bebq, organic layer (device A),
they are slowly transported due to low hole mobility in m-MTDATA which is further
reduced in the mixed host system. While transport behavior in a-NPB/Bebq, mixed host
system is relatively better due to the high hole mobility in a-NPB. Whereas, electrons in
both doped devices A and B are transported freely over the LUMO of the Bebqy. These
results corroborate that the recombination zone in devices A and B are located between the
anode and the center of the emitting layer.
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Fig. 17. Electroluminescence (EL) spectra of various single layer devices fabricated with
different locations of doped regions at the brightness of 1000 cd/m?2.
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5.4 Conclusions

In conclusion, we have demonstrated high efficiency red PHOLEDs comprising only single
emitting layer. The key to the simplification is the direct injection of holes and electrons into
the mixed host materials through electrodes. The driving voltage of 5.4 V to reach the 1000
cd/m? and maximum current and power efficiency values of 9.44 cd/A and 10.62 Im/W,
respectively, in the a-NPB/ Bebq, mixed single layer structure PHOLEDs with the Ir(piq)s
dopant as low as 1 wt% are obtained. We found that carrier mobility is significantly
important parameter to simplify the device architecture. The obtained characteristics of red
PHOLEDs pave the way to simplify the device structure with reasonable reduction in the
manufacturing cost of passive and active matrix OLEDs.

6. Ideal host and guest system

6.1 Introduction
In phosphorescent devices, theoretically 100% internal quantum efficiency (IQE) is achieved
by harvesting both singlet and triplet excitons generated by electrical injection which is four
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times that of fluorescent organic light-emitting devices (OLEDs) (Gong et al., 2002; Tsuzuki
et al., 2003; Adachi et al., 2000). Forster and/or Dexter energy transfer processes (Tanaka
and Tokito, 2008) between host and guest molecules play an important role in confining the
triplet energy excitons in the phosphorescent guest. This determines the triplet state
emission efficiency in PHOLEDs. Forster energy transfer (Forster, 1959) is a long range
process (up to ~ 10 nm) due to dipole-dipole coupling of donor host and acceptor guest
molecules, while Dexter energy transfer (Dexter, 1953) is a short range process (typically ~ 1
to 3 nm) which requires overlapping of the molecular orbital of adjacent molecules
(intermolecular electron exchange).

The phosphorescence emission in the conventional host-guest phosphorescent system
occurs either with Forster transfer from the excited triplet S; state of the host to the excited
triplet Sy state of the guest and Dexter transfer from the excited triplet T; state of the host to
the excited triplet T; state of the guest or direct exciton formation on the phosphorescent
guest molecules, resulting in a reasonable good efficiency. However, emission mechanism in
phosphorescent OLEDs whether due to charge trapping by guest molecules and/or energy
transfer from the host to the guest, is not clearly understood. Till date, several researchers
have reported that the charge trapping at guest molecules is the main cause for the emission
of PHOLEDs.

Amongst well-known iridium (IIl) and platinum (II) phosphorescent emitters, Iridium (III)
complexes have been shown to be the most efficient triplet dopants employed in highly
efficient PHOLEDs (Adachi et al., 2001b; Baldo et al., 1999). Usually, wide energy gap 4,4'-
bis(N-carbazolyl)-1,1"-biphenyl (CBP) is used as a host material for red (~ 2.0 eV) or green (~
2.3 - 2.4 eV) phosphorescent guests [63, 64]. Such a wide energy gap host has the advantage
of high T; energy of 2.6 eV (Baldo & Forrest, 2000) or 2.55 eV (Tanaka et al., 2004) and long
triplet lifetime > 1 s (Baldo & Forrest, 2000), while the optical band gap value (Eg) is 3.1 eV
(Baldo et al., 1999).

Fig. 18(a) shows both the energy level diagram of fac-tris(2-phenyl-pyridinato)iridium(III)
(Ir(ppy)s) green and the tris(1-phenylisoquinoline)iridium (Ir(piq)s) red phosphorescent
complexes used in doping the CPB host. However, the wide band gap host and narrow
band gap (E;) guest system often causes an increase in driving voltage due to the difference
in HOMO and/or LUMO levels between the guest and host materials (Tsuzuki & Tokito,
2007). Thus, the guest molecules are thought to act as deep trapping centers for electrons
and holes in the emitting layer, causing an increase in the drive voltage of the PHOLED
(Gong et al., 2003). The dopant concentration in such a host-guest system is usually as high
as about 6 ~ 10 percent by weight (wt%) because injected charges move through dopant
molecules in the emitting layer. Therefore, self-quenching or triplet-triplet annihilation by
dopant molecules is an inevitable problem in host-guest systems with high doping
concentrations. Earlier, Kawamura et al. had reported that the phosphorescence
photoluminescence quantum efficiency of Ir(ppy)s could be decreased by ~5% with an
increasing in doping concentration from 2 to 6% (Kawamura et al., 2005). Consequently, the
selection of suitable host candidates is a critical issue in fabricating high efficiency
PHOLEDs.

In this section, the minimized charge trapped host-dopant system is investigated by using a
narrow band-gap fluorescent host material in order to address device performance and
manufacturing constraints. Here, we report an ideal host-guest system that requires only 1%
guest doping condition for good energy transfer and provides ideal quantum efficiency in
PHOLEDs. We also report that strong fluorescent host materials function very well in
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phosphorescent OLEDs due to efficient Forster energy transfers from the host singlet state to
the guest singlet and triplet mixing state which appears to be the key mechanism.

6.2 Experimental

N,N’-di(4-(N,N’-diphenyl-amino)phenyl)-N,N’-diphenylbenzidine (DNTPD) as a hole
transporting layer, CBP and bis(10-hydroxybenzo [h] quinolinato)beryllium complex
(Bebq2) as host materials, bis(2-phenylquinoline)(acetylacetonate)iridium (Ir(phq)2acac),
tris(1-phenylisoquinoline)iridium (Ir(piq)3) as red dopants, aluminum (III) bis(2-methyl-8-
quinolinato)-4-phenylphenolate (BAlq) as a hole blocking layer and Tris-(8-
hydroxyquinoline)aluminum (Alqs) as an electron transporting layer were purchased from
Gracel and Chemipro Corporation and were used. The fabricated devices are characterized as
described in the section 3. The OLED area was 2 mm? for all the samples studied in this work.
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Fig. 18. (a) Energy level diagram of the Ir(ppy)s green and Ir(piq)s red phosphorescent
complex doped by the CPB host. (b) Energy level diagram of the Bebq, fluorescent host and
(Ir(phq)zacac) and Ir(piq)s red phosphorescent dopant materials.

6.3 Results & discussion

Fig. 18(b) shows an energy band diagram of the fluorescent host and orange-red
phosphorescent dopant materials used in the device fabrication. The simple bilayer
PHOLED comprises a DNTPD hole transport layer (HTL), a Bebq, narrow band gap
fluorescent host and an electron transport layer (ETL) plus Ir(phq).acac dopant. In the
present investigation, the fabricated PHOLED was:

ITO/DNTPD (40 nm) / Bebq: : Ir(phq)2acac (50 nm, 1%)/ LiF(0.5 nm) / Al(100 nm).

Fig. 19 (a) & (b) and Table 8 (Device B) illustrate the electrical performance of the fabricated
phosphorescent device. A luminance of 1000 cd/m? was obtained with a driving voltage of
3.7V, and current and power efficiency values of 20.53 cd/A and 23.14 Im/W, respectively.
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Furthermore, the maximum current and power efficiencies were 26.53 cd/A and 29.58
Im/W, respectively. The external quantum efficiency (EQE) value of 21% in the fabricated
PHOLED slightly exceeded the theoretical limit of about 20% derived from simple classical
optics. Moreover, this can be further improved by optimizing the output coupling. These
remarkable results brought some pleasant surprises.

Ir(phq)2acac concentration Device A Device B Device C Device D
(wt%) 0.5) (1.0) (1.5) (2.0)
Turn-on voltage (V) 2.1 21 21 21
(at1cd/m?)
Operating voltage (V) 3.7 3.7 3.6 3.6
(1000 cd/m2)

Efficiency (at 1000 cd/m?)

Current (cd/A) 20.96 20.53 22.61 21.45
Power (Im/W) 18.29 23.14 19.73 18.72
Maximum Efficiency
Current (cd/A) 21.25 26.53 23.46 22.73
Power (Im/W) 24.62 29.58 29.94 27.94
CIE (x,y) (1000 cd/m?) (0.61,0.38) (0.62,0.37) (0.62,0.37) (0.62,0.37)
EQE (%)(maximum) 16.6 21.0 18.9 18.6

Table 8. Key parameters from Bebqy:Ir(phq)acac (0.5 - 2 wt%) orange-red emitting
ITO/DNTPD (40nm) / Bebq: : Ir(phq)2acac (50 nm, 0.5 to 2%)/ LiF(0.5 nm) / Al(100 nm)
PHOLED devices.

Indeed, because of the extraordinarily low doping concentration (~ 1%) by contrast with
most phosphorescent devices (6 ~ 10 wt%), the enhancement of the performance of
Bebqa:Ir(phqg).acac PHOLEDs was never expected. In order to investigate the origin for the
enhanced performance, we fabricated several PHOLEDs by varying the doping
concentration from 0.5 to 2% in the host-guest system. Current and luminance as a function
of voltage are presented in Fig. 19(a), while current and power efficiencies as a function of
luminance are presented in Fig. 19(b). This data provides evidence for: (1) complete energy
transfer from the fluorescent host to phosphorescent guest, except at extremely low doping
concentrations (~0.5%); (2) no significant difference between measured I-V characteristics
for identical devices but with different dopant concentrations lying between 0.5 and 2 wt%;
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and, (3) the quenching of both luminance, and current and power efficiencies with higher
doping concentrations (~ 2 wt%). A summary of the key electrical and optical parameters
(Table 8) reveals the excellent device performance for doping concentration as low as 0.5 -
2%, in contrast with conventional PHOLEDs which require a guest concentration typically
in the range of 6 to 10 wt%. Therefore, a highly efficient simple bilayer PHOLED structure
with a Ir(phq)zacac guest doping concentration as low as 1% in the narrow band gap Bebq:
fluorescent host is demonstrated here. Previously, (ppy)2lr(acac):Ir(piq)s (0.3 - 1wt %) red
(Tsuzuki & Tokito, 2007) and CBP:Ir(phq).acac (6 wt%) orange-red PHOLEDs (Kwong et al.
2002) demonstrated an EQE of 9.2% with a power efficiency of 11.0 Im/W and a power
efficiency of 17.6 cd/ A with an EQE of 10.3% at 600 nit, respectively.
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Fig. 19. (a) A J-V-L plot and (b) Current and power efficiencies as a function of luminance
from red PHOLEDs doped with different concentrations (0.5 - 2 %) of Ir(phq).acac.

Figure 20 provides an evidence of energy transfer from the Bebq fluorescent host to the
Ir(phq).acac phosphorescent guest by comparing the electroluminescence (EL) spectra of
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PHOLED:s as a function of Ir(phq)acac doping concentration from 0.5 to 2%. The strong red
light emission peak at 605 nm for all EL curves at 1000 nit is attributed to the
phosphorescence of Ir(phq).acac. The Commission Internationale de I'Eclairage (CIE) color
emission coordinates are (0.61, 0.38), (0.62, 0.37), (0.62, 0.37), (0.62, 0.37) for doping
concentrations of 0.5, 1.0, 1.5, and 2.0 wt% of Ir(phq).acac, respectively (as seen in Fig. 21). A
slight emission at 500 nm due to the Bebq> host plus a dominant doping peak at 605 nm
when the doping concentration is extremely low (~ 0.5%), suggests an incomplete energy
transfer from the Bebq, host to the Ir(phq)zacac guest. Furthermore, it indicates that the
recombination of injected holes and electrons occurs at host molecule sites and then the
excited energy is rapidly transferred from the host to the guest. The presence of a clean EL
peak (no emissions at 500 nm) in other devices with doping concentrations of Ir(phq);acac >
0.5% indicates a complete energy transfer from the host to the guest.
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Fig. 20. EL spectra as a function of dopant concentration: Ir(phq);acac of an ITO/DNTPD (40
nm) / Bebqa : Ir(phq).acac (50 nm, 0.5 to 2%)/ LiF(0.5 nm) / Al(100 nm) PHOLEDs at 1000
cd/m2.

To understand the phosphorescence emission mechanism more precisely in the
Bebqu:Ir(phq).acac host-guest system, we fabricated a series of PHOLEDs and studied. At
first, we used the well known wide band gap CBP host material instead of Bebq, and
fabricated the multilayer devices with a structure: NPB (40nm) / CBP:Ir(piq)s (30nm, 10%)
/ BAlq (bnm) / Algs (20nm) / LiF (0.5nm) / Al (100nm) (Device A) and NPB (40nm) /
CBP:Ir(phqg).acac  (30nm, 10%) / BAlq (5bnm) / Algs (20nm) / LiF (0.5nm) / Al (100nm)
(Device B). Table 9 displays the electrical performance of the fabricated phosphorescent
devices. At a luminance of 1000 cd/m? the resultant operating voltage was 7.1 V with
current and power efficiencies of 14.41 cd/A and 6.28 Im/W, respectively, and an EQE of
11.5%. Furthermore, the maximum current and power efficiency values were 14.43 cd/A
and 8.99 Im/W, respectively. Obviously, the two fold increase in driving voltage is a
consequence of the trapping of injected holes and electrons at deep Ir(phq).acac molecules
in the CBP:Ir(phq)2acac system. Direct charge trapping on the Ir(phq).acac guest molecules
seems to be the key mechanism for phosphorescence emission in this host-guest system.

Later, bilayer PHOLED device was fabricated using Ir(piq)s; red emitting phosphorescent
doping instead of Ir(phq).acac and a Bebqy host. The fabricated devices were: DNTPD
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(40nm) / Bebqx:Ir(piq)s (50 nm, 4~10 wt%) / LiF (0.5 nm) / Al (100 nm). Current density-
Voltage-Luminance and current and power efficiencies as a function of luminance plots are
shown in Fig. 22. Electrical performances of the fabricated phosphorescent devices are
illustrated in Table 10. A weak emission peak at 500 nm in the EL spectra due to the Bebq>
host arises at a doping concentration of 4 wt% (significantly high by comparison with an
Ir(phq).acac doping concentration ~ 0.5 wt%), accompanied by a strong peak at 620 nm (CIE
coordinates x = 0.67 and y = 0.32) due to an Ir(piq)s doping molecule (Fig. 23). At luminance
of 1000 cd/m?, the corresponding operating voltage, current and power efficiencies were
3.5V, 841 cd/A and 7.34 Im/W, respectively. Furthermore, the maximum current and
power efficiency values were 9.38 cd/A and 11.72 Im/W, respectively. Increasing the
Ir(piq)s concentration to 6 wt% suppresses the Bebqz host emission and results in a clean EL
red emitting peak at 620 nm due to the Ir(piq)s doping molecules. However, the device
performance deteriorates with increasing doping concentration due to a self quenching
process as seen in Table 10.

Parameters Device A Device B
CBP:Ir(piq)3 CBP:Ir(phq)-acac
Turn-on voltage (at 1 cd/m?) 33V 31V
Operating voltage (1000 cd/m?) 72V 71V
Efficiency (1000 cd/m?) 571cd/A 1441 cd/A
249 Im/W 6.28 Im/W
Efficiency (Maximum) 6.47 cd/A 1443 cd/A
4.451m/W 8.99 Im/W
CIE (x,y) (1000 cd/m?) (0.66, 0.33) (0.61, 0.38)
Quantum efficiency (maximum) 11.2 % 11.5 %
Roll off (1000 nt vs 10000 nt) 48 % 86 %

Table 9. Electrical performance of the multilayer CBP:Ir(piq)s (Device A) and
CBP:Ir(phq).acac (Device B) fabricated phosphorescent devices
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The primary mechanism for the phosphorescence emission in the Bebqy:Ir(piq)s host-guest
system (Fig. 18 (b)) appears to be due to the energetically favorable electron transport and
hole trapping at deep trapping centers in Ir(piq)s molecules. Thus, an appropriate selection
of the host and phosphorescent dopant materials plays a significant role in determining the
emission mechanism on phosphorescent devices. These results on phosphorescent emission
in Bebqa:Ir(phq).acac host-guest systems are very interesting and intriguing. The mechanism
of phosphorescence emission is not believed to be due to the direct charge trapping in
Ir(phq).acac phosphorescent guest molecules. Attempts have been made here to explain
these results on the basis of the existing knowledge of Forster and Dexter energy transfer
processes in host-guest systems.

o
&

Fig. 21. Commission Internationale de I'Eclairage (CIE) color emission coordinates of red
PHOLEDs described in Fig. 20.
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The Bebq, host material produces a strong fluorescence emission but no phosphorescence
emission signature even at 77 K. The efficient use of Bebq, host in the described
phosphorescent devices is an extraordinary phenomenon since strong fluorescent host
materials are believed to provide poor phosphorescent performance. Therefore, we suspect
efficient Forster energy transfer between the host singlet and the metal-to-ligand charge-
transfer (MLCT) state of the iridium (III) metal complex. Earlier, Forster energy transfer in
phosphorescent OLEDs was postulated by Gong et al. and Ramos-Ortiz. et al. in solid
photoluminescence studies (Gong et al., 2003; Ramos-Ortiz et al., 2002). To investigate
Forster energy transfer from the Bebqy host to the Ir(phq) -acac, time resolved spectroscopy
and a Stern-Volmer plot in THF solution measurements techniques were employed. The
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singlet fluorescent lifetime of Bebqp is 5.0 ns. From the slope of the linear Stern-Volmer plot
(Fig. 24), the calculated energy transfer rate is k; = 8x1012 sec!M-, indicating that the energy
transfer from the excited singlet state of the host to the dopant triplet occurs quantitatively
and ideally. Furthermore, the strong spin orbital coupling induced by the transition metal
ion indicates that a narrow energy gap exists between the TMLCT and 3MLCT states (~
0.3eV) and opens a pathway for efficient energy transfer from the singlet to the emitting
triplet states. Therefore, two channels for Forster energy transfer from the host singlet to the
IMLCT and 3MLCT states of the iridium complex are available as shown in Fig. 25.
Overlapping of the host emission and dopant absorption spectra substantiates the
hypothesis of efficient Forster energy transfer from the host singlet to the guest emitting
triplet states via two channels (Fig. 26). Furthermore, the strong fluorescent quantum
efficiency of 0.39 in the host (Bebq) in solution, obtained using a relative quantum yield
measurement, favors Forster energy transfer.

Parameters Device A Device B Device C Device D
(10%) (8%) (6%) (4%)
Turn-on
voltage 21V 21V 21V 21V
(at1cd/m?)
Operating
voltage 35V 35V 35V 35V
(1000 cd/m?)
Efficiency 6.78 cd/A 718 cd/A 7.65cd/A 8.41cd/A
(1000 cd/m?) 592 Im/W 6.26 Im/W 6.68 Im/W 7.34 Im/W
Efficiency 7.38cd/A 7.82cd/A 8.37cd/A 9.38 cd/A
(Maximum) 8.10Im/W | 10.40 Im/W 10.67 Im/W 11.72 Im/W
CIE (x,y)
(1000 cd/m?) (0.67,0.32) (0.67,0.32) (0.67,0.32) (0.67,0.32)
Quantum
efficiency 114 % 13.0 % 14.4 % 16.3 %
(maximum)
Roll off
(1000 nt vs 48 % 48 % 50 % 47 %
10000 nt)

Table 10. Electrical performances of the fabricated DNTPD (40nm) / Bebq2:Ir(piq)s (50 nm,
4~10 wt%) / LiF (0.5 nm) / Al (100 nm) red phosphorescent devices
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Fig. 26. Spectral overlapping of the photoluminescence spectrum from Bebq, and the
absorption spectrum from Ir(phq).acac.

The Forster radius (Ro), critical distance for the concentration quenching, was estimated as
1.3 nm (similar to a previously reported value) using the following equation:

9000(In10)k>® ;oo 4

Ry =———— L[ "F)(A)e, (M)A A

1287°N IO p(M)ealt)

where k? = orientation factor, @p = photoluminescence quantum efficiency, Na =

Avogadro’s number, n = refractive index, J':FD(x)g A(%) = spectral overlap integral between

donor photoluminescence (Fp ) and g, (L) = acceptor absorption, and % = wavelength.

The triplet exciton energy transfer from the Bebqy host to 3SMLCT is governed by Dexter
energy transfer. The rate constant of Dexter energy transfer (Kawamura et al., 2006) is

kET =K ] exp (—2RDA/L)
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where K is related to the specific orbital interaction, ] is a spectral overlap integral, and Rpa
is donor-acceptor separation relative to their van der Waals radii, L. The ideal Dexter radius
is the distance between the host and dopant molecule diameter considering overlapping
molecular orbitals in adjacent molecules (Turro, 1991a).

Using the equation: R = [(molecular density in film) x mol% of the dopant in a film]1/3 as
reported by Kawamura et al. (Kawamura et al., 2006) yields an average distance of about
58.5A and 44.9A between Ir(phq),acac molecules for doping concentrations of 0.5%, 1.0%,
respectively (Fig.27). By considering the host (13.6A) and dopant (13.7A) diameters
calculated using a molecular modeling program (DMOL3) (Delley, 2000) and van der Waals
interaction distance (usually very small ~ within 24) for the ideal Dexter energy transfer
condition, the estimated distance between the host and guest molecules is about 15.6A (i.e.
the half diameters of the host and dopant molecules are, 13.7/2A plus 13.64/2, including a
24 van der Waals interaction distance). In solid state films, the minimum doping
concentration is desirable to prevent triplet quenching processes.

Considering that two host molecules are located between two dopant molecules, an ideal
Dexter condition (Fig. 27(b)), all host molecules are adjacent to a dopant molecule and
dopant molecules are well separated in the host matrix. In such a host and guest molecule
arrangement, the separation between two dopant molecules appears to be about 46.9A.
However, when the doping concentration is 0.5%, the estimated separation between
Ir(phq)zacac molecules is 58.54, suggesting that more than two host molecules are located
between two dopant molecules (Fig. 27(b). If the doping concentration is increased to 1%,
the separation between dopant molecules is less than 46.94, which results in an efficient
energy transfer from the Bebq, host to the emitting triplet state of Ir(phq)zacac via Dexter
processes. The triplets generated due to the Bebq. host molecules diffuse to an average
distance of only 15.6A, with a doping concentration of 1 wt%, until they are harvested by
Ir(phq)2acac (Fig. 27(b). If the doping concentration is increased to greater than 1%, the
device performance deteriorates due to quenching processes of triplet excitons caused by
two closely separated dopant molecules.

The influence of the Forster quenching process in the described system is not serious at all
doping concentrations (Fig. 27(a). The singlet exciton energies generated by charge injection
in host molecules can be transferred to triplet states of dopant molecules by the efficient
Forster energy transfer. In our system, the rate constant of Forster energy transfer is much
faster than that of the intersystem crossing of host singlet states. Typical intersystem
crossing rate constants fall within the range ~106-108 sec! (Turro, 1991b). Thus, strong
fluorescent materials, such as Bebqp, are excellent as host materials in PHOLEDs.

6.4 Conclusions

In conclusion, we have demonstrated here an ideal host-guest energy transfer and quantum
efficiency conditions with a dopant concentration of approximately 1% in phosphorescent
OLEDs. We also report that strong fluorescent host materials function very well in
phosphorescent OLEDs. The operating mechanism for the phosphorescence emission is
twofold: Firstly, an efficient Forster energy transfer process from the host singlet exciton to
the IMLCT and 3MLCT states of the guest. And, secondly, a Dexter energy transfer process
from the host triplet exciton to the SMLCT state of the guest. The extremely low doping
concept for highly efficient PHOLEDs has potential uses in future display and lighting
applications.
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7. Conclusions

Simple structure red PHOLED, using narrow band gap fluorescent host materials have
been demonstrated, having a:

(1) Simple structure, (2) Low driving voltage, (3) High efficiency (Im/W), (4) No charge trapping at
phosphorescent guest molecules, (5) Low doping concentration, and (6) Low manufacturing cost.
These results are summarized in Table 11. Various triplet quantum well devices from a
single to five quantum wells are realized using a wide band-gap hole and an electron
transporting layers, Bebqy narrow band-gap host and Ir(piq)s red dopant materials, and
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Bepp: charge control layers (CCL). Triplet energies in fabricated MQW devices are confined
at the emitting layers. The maximum external quantum efficiency of 14.8 % with a two
quantum well device structure is obtained, which is the highest value among the reported
Ir(piq)s dopant red phosphorescent OLEDs. The described MQW device concept can be very
useful to future OLED display and lighting applications.

Parameters IMQW p- | 2Bilayer 3Single 4Single SIdeal host-
i-n device | device Layer Layer Guest
n=2 4% Doping | 1% Doping Device
(1%)
Turn on voltage
(@1cd/m?) 25V 23V 24V 21
Operating voltage
(@ 1000 cd/m?) 42V 4.5V 69V 54V 3.7
Current (cd/A) &
Power (Im/W) 9.66, 7.44, 9.02, 20.53
efficiencies @ 1000 6.90 3.43 5.25 23.14
cd/m2
Maximum
Current (cd/A) & 12.4 8.04, 9.44, 26.53,
Power (Im/W) 10.96 10.62 29.58
Efficiencies
CIE (x, y)
(@ 1000 cd/m?) (0.66, (0.67,0.33) | (0.67,0.32) | (0.66,0.33) (0.62, 0.37)
0.33)
EQE (%)
(maximum) 14.8 21.0

TTO/TCTA:WO5(30%,40nm)/ TCTA (12nm)/ Bebq2:Ir(2%,10nm)/Bepp2(CCL,5nm) (n=2) /Bepp2
(7 nm)/Bepp2:Cs2CO;5 (10%, 20 nm)/ Al(100 nm)

2TO/a-NPB (40 nm) / Bebqq: Ir(piq)s (10 wt%, 50 nm)/ LiF(0.5 nm) / Al(100 nm
3ITO/m-MTDATA:Bebqq: Ir(piq)s (4 wt%, 100 nm)/LiF (0.5 nm)/Al (100 nm)

4TO/ a-NPB:Bebq2: Ir(piq)s (1 wt%, 100 nm)/LiF (0.5 nm)/ Al (100 nm).

SITO/DNTPD (40nm) / Bebgq: : Ir(phq)2acac (50 nm, 1%)/ LiF(0.5 nm) / Al(100 nm)

Table 11. Summary of performances of red PHOLED:s in this study

Bi-layered simple structure red PHOLED demonstrates high current and power efficiency
values of 9.66 cd/A and 6.90 Im/W, respectively. The operating voltage of bi-layered
PHOLED:s at a luminance of 1000 cd/m?2 was 4.5 V. A simple bilayerd red emitting device
with Bebq, host could be a promising way to achieve efficient, economical, and ease
manufacturing process, important for display and lighting production.
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We have also demonstrated high efficiency red PHOLEDs comprising only single emitting
layer. The driving voltage of 5.4 V to reach the 1000 cd/m? and maximum current and
power efficiency values of 9.44 cd/A and 10.62 Im/W, respectively, in the a-NPB/ Bebq;
mixed single layer structure PHOLEDs with the Ir(piq); dopant as low as 1 wt% are
obtained. The obtained results could be useful to simplify the device structure with a
reasonable reduction in the manufacturing cost of passive and active matrix OLEDs.

An ideal host-guest system displays efficient energy transfer and quantum efficiency
conditions with a dopant concentration of approximately 1% in phosphorescent OLEDs. A
luminance of 1000 cd/m?2 was obtained with a driving voltage of 3.7 V, and current and
power efficiencies of 20.53 cd/A and 23.14 Im/W (maximum current efficiency: 26.53 cd/A
and maximum power efficiency: 29.58 Im/W), respectively. The external quantum efficiency
(EQE) value of 21% in the fabricated PHOLED, slightly exceeded the theoretical limit of
about 20% derived from simple classical optics, is recorded.

In summary, narrow band gap fluorescent host materials with the extremely low doping
concept for highly efficient PHOLEDs has potential uses in future display and lighting
applications.
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1. Introduction

In recent years, organic transistors have attracted much attention due to their advantages in
developing low-cost, flexible, and large-area production. So far, many kinds of organic
materials have been reported to achieve high-performance organic field-effect transistors
(OFETs). There are two types of organic semiconductors, p-type and n-type, whose majority
carriers are holes and electrons, respectively. For logic gates application, both types and
similar performance OFETs are required for CMOS application. Pentacene is the most
popular material in p-type OFET, and many kinds of polymer materials are also reported
(McCulloch et al., 2006). On the other hand, the performance of n-type OFETs is generally
inferior to that of p-type (Dimitrakopoulos and Malenfant, 2002). In particular, stability in
air is the most serious problem in n-type OFET. Fullerene is the most standard n-type
material showing the highest mobility (Singh et al., 2007); however, the device cannot
operate in air.

There are two guidelines to achieve high mobility and high stability in n-type OFET. One is
to develop a new material having deeper LUMO level. Oxygen and water deteriorate OFET
performance by accepting electrons from the semiconductor molecule. Therefore, enough
deep LUMO level is an efficient way to avoid effect of oxygen or water. In fact, there have
been many materials having deep LUMO levels, for example, perylene bisimide compound,
fullerene derivatives, fluorinated compounds, and so on.

The other important point is surface treatment of the insulator. The field-effect mobility of
the organic semiconductor is strongly affected by the device fabrication process. Various
methods on surface treatments have been reported to improve the carrier mobility. The
HMDS treatment is a standard and efficient way to make the surface hydrophobic (Lin et al.,
1997; Lim et al., 2005). Organic semiconductor can aggregate with high crystallinity on the
hydrophobic surface without influence of the substrate surface. These methods were
developed in p-type OFETs; however, they are also efficient to improve the mobility and
stability of n-type OFETs. Recently, it has been pointed out that low mobility and instability
in air of n-type organic semiconductor is attributed to the surface electron traps of the gate
insulator, and if electron traps can be perfectly eliminated, almost organic semiconductors
can be operate in n-type mode (Chua et al., 2005). Therefore, it has been believed that the
gate insulator surface should be as possible as inert to achieve high mobility and stability in
n-type OFETs.
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In this chapter, we introduce a new concept of a hetero-layered OFET to improve the
performance of OFETs instead of conventional surface treatment methods. The hetero-
layered OFET includes an interfacial layer of electronic active organic semiconductor having
opposite transport polarity between the insulator and channel layer. For the interfacial layer
of n-type OFET, we employed various types of hole transporting material, which are
generally used for organic light-emitting diodes (OLEDs). For p-type OFET, electron
transporting material was employed.

Such a hetero-layered OFETs composed of p-type and n-type organic semiconductors have
been studied for ambipolar organic transistors, which aimed at the simple inverter circuit or
organic light-emitting transistors (Rost, 2004; Rost et al., 2004). On the other hand, our
proposed hetero-layered OFET employs charge transport material of OLEDs. They generally
form amorphous films resulting in no FET operation by themselves.

The proposed hetero-layered OFET showed improvement of the mobility compared to the
conventional surface treatment. In addition, we found that the stability in air was drastically
improved in n-type OFET by using a hole transporting material having higher HOMO level.
We discuss the relationship between the OFET performance and the electronic property of
the interfacial layer.

2. Perylene bisimide and hole transporting materials

In this section, we will introduce the results of perylene bisimide (PTCDI-C8H) for the
channel layer and the hole transporting material of NPD, TAPC and m-MTDATA for the
interfacial layer. Perylene bisimide compounds are promising n-type organic semiconductor
having deep LUMO levels and high crystallinity. In particular, PTCDI with long alkyl
chains bring about a highly ordered film structure, and very high electron mobility has been
reported (Tatemichi et al., 2006). On the other hand, NPD and TAPC having triphenyl amine
structure are very standard hole transporting material for OLED devices. They show
comparably high hole mobility and good film formation.

Figure 1 shows the hetero-layered structure OFET with top contact and the molecular
structures of m-MTDATA and NPD. Organic transistors were fabricated on a heavily doped
Si substrate with SiO; layer (300 nm) that works as a common gate electrode. The interfacial
semiconductor layer of m-MTDATA and NPD (20 nm ~ 30 nm) were deposited by
thermal evaporation. For the comparison, the substrates with well-known surface
treatment by octadecyltrichlorosilane (OTS) and hexamethyldisilazane (HMDS) were also
prepared. Au source and drain electrodes were deposited through a shadow mask.
Channel length and width were defined to be 50 pm and 5.5 mm, respectively. The
current modulation of OFETs were measured by a semiconductor parameter analyzer in
the glove box, where the concentration of oxygen and water were less than 1 ppm. The
field-effect mobility, threshold voltage and on/off ratio were estimated from the equation
of saturation regime, Ip=[(WCp)/2L](Vc — V)2, where C is the capacitance per unit area
of the gate dielectrics, W is the channel width, L is the channel length, p is the carrier
mobility, and Vr is the threshold voltage.

Figure 2 shows the transfer characteristics of OFETs with an interfacial layer of NPD, those
subjected to HMDS surface treatment, and those without any interfacial layer and not
subjected to surface treatment (None). In all the devices, the source-drain current (Ip)
increased with the positive gate voltage (V), which indicates that these OFETs operate only
in the n-type mode, and the hole-transporting layer does not acts as a p-type channel layer.
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The performances of OFETs with different interfacial layers are summarized in Table 1. The
optimum thickness of the interfacial layer is also indicated. The mobility was improved with
increasing thickness of the hole transporting layer and showed a maximum around 20 nm.
The mobility for heterolayered device was estimated assuming the gate capacitance of only
SiO; because it is difficult to determine the channel interface. The conventional HMDS
treatment resulted in an improvement in the mobility from 2.5 X 10-2 cm?2/Vs (None) to 6.9 x
10-2 cm?/ Vs. Interfacial layers composed of NPD and m-MTDATA increased the mobility
up to 0.11 and 0.13 cm2/ Vs, respectively.
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Fig. 1. Device structure of hetero-layered OFET using PTCDI-C8H and hole transporting
materials.
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Fig. 2. Transfer characteristics of the n-type OFET with hetero-layered structure and
conventional surface treatment.

These results indicate that an electronically active material can be used to fabricate an
interfacial layer, and high performance can be achieved without a surface treatment of self-
assembly monolayer. We also investigated some other organic materials, n-hexatriacontane
that is perfectly inert material, and Alqgs that is a well-known emissive and electron
transporting material. In these cases, the mobility was rather reduced to be 10-3 cm?/Vs.
These results enable us to conclude that hole transporting materials are responsible for
enhancing mobility.

Mobility can also be improved by modifying the structure of the semiconductor film. X-ray
diffraction patterns of PTCDI-C8H films with and without the NPD (10 nm) interfacial layer
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were measured under the same condition (Fig. 3). Patterns of both the films showed a very
strong peak at 4.3° corresponding to d = 2.05 nm. This peak is assigned to the long axis of the
molecules, which are aligned vertically on the surface. However, in the case of the PTCDI-C8H
films with the NPD interfacial layer, the diffraction peaks are rather weak, which is also
supported by the fact that the high order peaks become unclear, as shown in the magnified
inset of Fig. 3. This result indicates that the improvement in mobility caused by the hole-
transporting interfacial layer is not attributed to the increase in crystallinity of the PTCDI-C8H
film. This interpretation is also supported by contact angle measurements. The contact angle of
the interfacial layer was 85.8° for m-MTDATA and 92.5° for NPD. These values are
comparable to that of HMDS-treated SiO, surface. This fact also indicates that the mobility
improvement can be attributed to the electronic effect of hole transporting layer.

Surface MZObil_ilty_] Threshold On/9ff
(ecm" V's™) V) ratio
Bare 0.0351 20.4 5.18x 10°
HMDS 0.0690 215 1.32 x 10
n-hexatriacontane (15 nm) 0.0407 11.8 3.00 x 10°
TAPC (20 nm) 0.0713 15.5 1.28 x 10"
NPD (10 nm) 0.110 16.7 1.17 x 10*
m-MTDATA (20 nm) 0.127 25.3 1.33 x 10*
Algs (15 nm) 0.00686 12.4 -

Table 1. Performances of PTCDI-C8H OFETs with different interfacial layers between the
gate insulator and the channel layer.
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Fig. 3. X-ray diffraction patterns of (a) NPD (10 nm)/PTCDI-C8H (50 nm) film and (b)
PTCDI-C8H (50 nm) film deposited on the Si/SiO» substrate.

Energy levels (highest occupied molecular orbital (HOMO) and LUMO levels) of the organic
semiconductors used in this study are shown in Fig. 4. The n-type organic semiconductor,
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PTCDI-C8H, has a deep LUMO level of 4.6 eV. On the other hand, hole transport material of
NPD and TAPC has higher HOMO level and wide energy gap exceeding 3 eV. Therefore,
LUMO level of the interfacial layer is much higher than that of the channel layer.
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3 6.6
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Fig. 4. Energy level diagrams of organic semiconductors used in this study. Upper and
lower values indicate the LUMO and HOMO.

These results can be interpreted as following model. Figure 5 shows the schematic energy
diagram of the heterolayered OFET. Since the LUMO level of the interfacial layer was
considerably higher than that of the n-type semiconductor layer, electrons would not enter the
interfacial layer. In addition, the hole-transporting layer did not show p-type FET operation.
Therefore, it was concluded that an n-type channel was formed at the interface between the
hole-transporting layer and the n-type semiconductor film. The role of the interfacial layer can
be basically attributed to the separation of the channel carriers from the surface electron traps,
similar to the conventional hydrophobic surface treatment. However, it was noted that the
mobility or threshold voltage had a correlation with the HOMO level of the inserted layer.
Mobility increased in the order of m-MTDATA > NPD > TAPC, which corresponded to the
order of the HOMO levels, i.e., the interfacial layer with a higher HOMO level exhibited better
performance. This result suggests that the nature of semiconductor of the interfacial layer
affected the electron transportation process at the interfacial channel.

= N-type channel

Surface traps —

of the insulator %

Electron traps
in the n-type channel

Fig. 5. Schematic relationship of energy levels in the hetero-layered OFET composed of hole
transporting layer and n-type organic semiconductors.

This additional effect should be discussed from the viewpoint of electronic interaction
between the hole transporting layer and the n-type channel layer. In the single layer device
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of PTCDI-C8H, the surface electron traps of SiO, can be passivated by inert surface
treatment like HMDS. However, there would be many electron traps in the PTCDI-C8H film
itself. They cannot be eliminated by surface treatment of the substrates. On the other hand,
the hole transporting materials generally have higher HOMO levels, in other words,
electron donating character. Therefore, the interfacial layer tends to give electrons toward
PTCDI-C8H film at the interface. It may not eliminate the shallow electron traps because the
HOMO level of NPD is far from the LUMO level of PTCDI-C8H, but the deep electron traps
are expected to be filled in advance by thermally activated charge transfer. As a result, the
injected electrons can move smoothly at the interface, resulting in the observed high electron
mobility. We conclude that this trap-filling effect is essential of the hetero-layered OFET.
Thus, we proposed the concept of hetero-layered OFETs and ascertained its validity. The
performance was improved by insertion of the electronic active material rather than an inert
surface treatment. Because the film structure of the deposited PTCDI-C8H was not changed
by the surface treatment or interfacial layer, we concluded that this improvement is
attributed to electron donating character of the hole transporting layer.

3. Ceo and hole transporting materials

In this section, the concept of hetero-layered OFET is applied to the combination of Csp
channel layer and hole transporting material (Fig. 6). Cqp is the most standard material of n-
type organic semiconductors and the highest performance in n-type OFET has been
reported. The device structure is the same structure with the previous section. For the
interfacial layer, typical hole transporting material of NPD and m-MTDATA were used.

Drain Source @N/Q\
[0 [0 Ce(100mm)

Qoof oo
Sio, Hole transport layer O O é /&

Si substrate (gate NPD m-MTDATA

Fig. 6. Device structure of hetero-layered OFET composed of Csp and hole transporting
materials.

Figure 7 shows the drain current-gate voltage (Ip-Vg) characteristics of the hetero-layered
OFETs with m-MTDATA and NPD interfacial layer, and the single layer C¢o OFETs on OTS-
treated, HMDS-treated, and non-treated substrates. Also in this case, the Ip - Vg curves for
the hetero-layered devices increased only for positively biased gate voltage with almost no
hysteresis for forward and backward sweeps. This means that they did not operate as an
ambipolar transistor, and the interfacial layer of the hetero-layered device did not work as a
p-type channel layer.

The performance of each device were summarized in Table 2. The conventional surface
treatment by OTS and HMDS brought about high electron mobility of 0.50 and 0.80 cm?2/Vs,
respectively, whereas the normal device on the non-treated substrate showed low mobility
of 7.5 x 103 cm?/Vs. However, it should be noted that the hetero-layered device with m-
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MTDATA and NPD achieved very high electron mobility of 1.1 and 1.8 cm?/Vs,
respectively. These values are the highest value for Csp FETs without any surface treatment
or substrate heating. Thus, it was revealed that the hetero-layered OFET is generally
efficient to improve the performance even in high performance OFETs using Csp.
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Fig. 7. Transfer characteristics of OFETs devices of Ceo film on the various kinds of surface,
(a) OTS, (b) HMDS, (c) m-MTDATA (20 nm) films, and (d) NPD (30 nm).

Mobility Threshold On/off

Surface 21 .

(ecm™ V's)) V) ratio

Si0, 0.0075 66 6.6 x 10"
OTS 0.50 23 58 x10°
HMDS 0.80 30 1.0 x 10
m-MTDATA 1.8 23 78 x 10"
NPD 1.8 2 2.6%10°

Table 2. The performances of the OFETs with various interfacial layers.

The mobility improvement can be caused also by change of the film structure. In this
section, the film structures were evaluated by using atomic force microscopy (AFM) because
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Ceo films deposited at room temperature generally shows no diffraction peak in XRD
measurements. Figure 8 shows the morphology of the Cg films deposited on m-MTDATA
and NPD interfacial layer, and those on the non-treated, OTS-treated and HMDS-treated
substrates. The deposited film of Cso has granular surface with a diameter around 100 nm,
and almost no difference was observed for all the films. The root-mean-square (RMS)
roughness of the Cgo films on the m-MTDATA (1.9 nm) and NPD (1.9 nm) are almost the
same with those on the non-treated substrate (1.5 nm), OTS-treated substrate (1.5 nm), and
HMDG-treated substrate (2.9 nm). These results indicate that the observed improvement of
electron mobility was not due to the morphological change of the Cy films.

Fig. 8. The AFM images (2x2 pm?) of Cgo deposited film (100 nm) on the various kinds of
surface, (a) non-treated SiO,, (b) OTS, (c) HMDS, (d) m-MTDATA (20 nm), and (e) NPD
(30 nm).

In the same manner as the previous section, the improvement by the hetero-layered structure
of Cgo OFET is attributed to the electronic effect at the interface. There is a large electron
injection barrier from Csp (4.20 eV) to m-MTDATA (1.90 eV) or NPD (2.40 eV). Therefore, when
the gate is positively biased, injected electrons from the source electrode would accumulate at
the interface between Csy and hole transporting layer. Also in this case, the primary effect of
the interfacial layer would be isolation of channel electrons from the SiO, substrate surface
having electron traps. This interpretation is supported by the fact that the threshold voltage
becomes smaller (negatively shift) than that of non-treated device, which is similar to the effect
of OTS and HMDS treatment. However, the hetero-layered OFETs with m-MTDATA showed
higher mobility than that with OTS and HMDS treatment. This also means, electron donating
character of hole transport layer and electron accepting character of C¢yp would cause partial
electron transfer to fill the surface or interfacial traps in the Cp film.
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These effects also affect the air stability of n-type operation. It is well-known that n-type
OFET is very sensitive to oxygen and water and does not work in air. Figure 9 shows the
degradation characteristics of the field-effect mobility of Cso OFETs with exposure time to
air. The device was placed in a dark box without any sealing under humidity of 30 ~ 40 %.
The normal device with a bare surface showed rapid decrease of the field-effect mobility
after exposure to air, and almost no operation was observed within 100 hours. The OTS
treatment improved the initial performance; however, the degradation in air could not be
prevented. On the other hand, the device of the hetero-layered OFETs with hole
transporting layer showed much better stability. The device composed of NPD and Cso
showed the mobility larger than 102 cm2/ Vs after 1000 hours exposure to air.
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Fig. 9. Degradation characteristics of the field-effect mobility of Cso OFETs in air.

Generally, degradation of field-effect mobility in n-type OFET is interpreted as an increase of
electron traps caused by oxygen or water at the channel layer or its interface with the insulator.
In the same way as the initial performance, hole transporting layer having higher HOMO level
gives electrons to Cg in the ground state to fill the electron traps. Because the LUMO level of
Cep is higher than the HOMO level of NPD, this charge transfer is partial and requires thermal
activation. Therefore, additional oxygen or water by exposure to air would be compensated by
the interfacial layer, resulting in long lifetime under atmospheric condition.

Thus, the concept of the hetero-layered OFET was extended to high performance n-type
OFET using Cgo. Also in this case, the electron mobility was improved by the interfacial
layer of NPD. In addition, the stability in air was drastically improved. These results also
can be explained by partial electron transfer from the hole transporting layer to n-type
channel layer leading to trap filling.

4. Pentacene and electron transporting materials

In this section, we extend the hetero-layered concept to the opposite combination of
materials, that is, p-type organic semiconductor and electron transporting interfacial layer.
For p-type semiconductor, pentacene was used as the most standard material. For the
interfacial layer, many kinds of electron transporting materials were employed as shown in
Figure 10. Most of them are electron transporting materials for OLED device forming
amorphous film. The n-type organic semiconductor like NTCDA and HAT(CN)s were also
investigated. The HOMO and LUMO level of each material is shown in Figure 11. The
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materials are arranged by the LUMO levels representing electron accepting characters to

discuss the energetic effects later.
The devices were fabricated in the same way and the device performance was measured in

the glove box purged with dry nitrogen gas. The thickness of was 1.0 nm for the interfacial
layer and 50 nm for the pentacene film.

Pentacene OOOOO

Drain Source Electron t ot
e B ectron transpo
layer
Si0, B3PyMPM
Si substrate (gate)
NC)/_\(CN
N N
N‘QN
Nc& :XCN
N N’
NC CN
BTB B4PyMPM NTCDA HAT(CN),

Fig. 10. Device structure of hetero-layered structure OFET using pentacene and electron
transporting layer.
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Fig. 11. Energy diagrams of the electron transporting materials used for interfacial layers.

The output curves of the hetero-layered OFETs using each interfacial layer were shown in
Figure 12. All the devices showed pure p-type operation and no ambipolar operation was
observed. The off current was decreased by inserting an interfacial layer of most electron
transporting materials. On the other hand, in the case of NTCDA and HAT(CN)s, the off
current was increased and on/ off ratio became lower.
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Fig. 12. Transfer curves of the heterolayered OFET composed of p-type pentacene and
electron transporting interfacial layers.

Surface M;)bigt}il Threshold On/9ff
(em" V's) V) ratio

Bare 0.282 21 1.35x 10°
BP4mPy 0.276 -28.7 1.89 x 10’
BmPyPhB 0.361 318 6.13 % 10"
CBP 0.019 47 1.09 x 107
TmPyPB 0.167 -29.1 2.03 % 10’
BCP 0.024 -18.2 5.67% 10°
B2PyMPM 0.320 -36.7 3.20 x 10°
Algs 0.068 -22.8 2.57 x 10"
B3PyMPM 0.486 284 468 % 10°
Firpic 0.019 -18.6 1.61 % 107
B4PyMPM 0.388 29.1 2.57%10°
NTCDA 0.193 -11.3 3.61 x 10°
HAT(CN)s 0.033 10.7 6.05 x 10'
BTB 0.045 -14.8 1.48 x 10’

Table 3. FET performance of the hetero-layered OFET composed of p-type pentacene and
electron transporting interfacial layers.

The FET performance of each device is summarized in Table 3. The field-effect mobility was
improved in some cases, and B3PyMPM showed the highest mobility of 0.486 cm?2/Vs
among these interfacial materials. The thickness of interfacial layers was 1 nm that is much
thinner compared to the HTL/n-type layered OFET. In p-type hetero-layered device, thick
interfacial layer ~ 10 nm rather decreased the mobility in many cases. These results imply
that role of the interfacial layer is different with n-type hetero-layered devices.

We discussed the correlation between the OFET performance and the LUMO level of the
interfacial materials. Figure 13 shows the correlation between LUMO levels and field-effect
mobility, and threshold voltages. From Fig. 13 (a), no correlation with the field-effect
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mobility was observed. These results imply the mobility is not determined by the electronic
property of the interfacial material and charge transfer effect is not concerned. It would be
because the hole transport is more stable and less affected by the interfacial traps compared
to electron transport. On the other hand, weak correlation with threshold voltage was
observed as shown in Fig. 13 (b). It was found that the threshold voltage becomes higher
(positive shift) as the LUMO levels of the interfacial layer becomes lower (deeper). These
results indicates that the charge transfer from pentacene to the electron transporting
material promotes hole accumulation in the pentacene film to the gate voltage application.
In the case of NTCDA and HAT(CN)g, their electron accepting character is so strong that
hole doping occurred and off current was increased.
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Fig. 13. Correlation between LUMO levels of interfacial electron transporting materials and
(a) field-effect mobility, (b) threshold voltages.

The observed mobility can be explained by the film structure rather than energetic properties.
Figure 14 shows the atomic force microscope (AFM) surface images of the thin pentacene film
deposited on the interfacial layer. In the device showing high mobility, large and rigid
granular domains were observed, for example, in the case of B3PyMPM, B4PyMPM,
B2PyMPM, and BmPyPhB. On the other hand, small grains or amorphous-like surface were
observed, for example, in the case of Algs, Flrpic, and so on. From these results, we concluded
that the mobility in the p-type hetero-layered OFETs composed of pentacene and electron
transporting material is determined by the structural effects rather than the energetic effects.

The material group of B3PyMPM, B4PyMPM, B2PyMPM, and BmPyPhB showed large grains
and higher mobility. These molecules were developed for electron transporting materials of
OLED devices and very high performance was achieved (Tanaka et al., 2007; Sasabe et al.,
2008). However, their LUMO levels are distributed from 3.71 eV (B4PyMPM) to 2.62 eV
(BmPyPhB). Therefore it is difficult to group these four materials by energetic properties, and
electron accepting character leading to charge transfer seems to be not concerned. One
plausible explanation is the molecular arrangement of the interfacial layer. These molecules
include nitrogen atoms in the benzene ring. Since nitrogen atom has higher electron affinity
that carbon atom, the nitrogen part become negatively charged. On the other hand, SiO»
surface without inert surface treatment has OH (hydroxyl) groups and its proton becomes
positively charged. Therefore the nitrogen atoms in these molecules are attracted to the weak
positive charge and the molecule would lie flat on the surface. This effect can be interpreted as
electrostatic interaction between two point charges (nitrogen & and hydrogen &), rather than
interaction between dipole moments between the molecule and hydroxyl group. In order to
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maximize Coulomb stabilization, all the nitrogen atoms should touch the surface, resulting in
flat arrangement of the molecule on the surface. Consequently, very smooth and flat surface is
achieved and pentacene film is expected to form high crystalline film with large grains.
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Fig. 15. Molecular arrangement model of B3PyMPM on the SiO; surface.

Thus, the concept of heterolayered OFET was extended to p-type pentacene OFET with
electron transporting interfacial layer. The performance was slightly improved, but it was
mainly attributed to the effect of film structures. It was suggested that the electron transport
material including nitrogen atoms forms a preferable underlayer to improve the crystallinity
of the pentacene film on it.

5. Conclusion

In this chapter, we introduced a concept of heterolayered OFET composed of the channel
organic semiconductor layer and the interfacial organic semiconductor having opposite
polarity. In the HTL/n-type devices, the initial performance and stability in air was
significantly improved. This effect can be attributed to electron transfer from HTL to n-type
semiconductor at the interface, resulting in filling interfacial traps in advance. In the ETL/p-
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type devices, the performance was slightly improved, but that was mainly attributed to
structural effect of film formation.

The hetero-layered OFET is very simple method. The device can be fabricated only by
subsequent evaporation of two materials. It does not need self-assembly monolayer
treatment taking a long time. Furthermore, it can be expected to solve the most serious
problems in n-type OFET of mobility and stability in air. Our results suggest that air stable
OFET without designing a new material having deep LUMO level. We expect a novel
science and engineering for this “in-plane” carrier transport at the interface subjected to
electrostatic gradient.
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1. Introduction

Organic light emitting diodes (OLEDs) have gained great interest in the last years due to
their potential for future flat panel display and solid state lighting applications. OLEDs are a
novel and very attractive class of solid-state light sources, which generate a diffuse, non-
glaring illumination with high color rendering. Compared to the other major lighting
technologies in the market - incandescent, fluorescent, high intensity discharge (HID)
lamps, LED and electroluminescent, OLED technology has the potential of achieving
substantial energy and CO; savings, without compromising color rendering or switching
speed. The unique features of OLED lighting are inspired the imagination of designers who
are exploring various OLED applications: windows, curtains, automotive light, decorative
lighting and wall papers. The OLED technology is now being commercialized as a multi-
billion dollar market. OLEDs are already used in small displays in cellular phones, car
stereos, digital cameras, etc. The rapidly growing market for OLED displays and lighting
is driving research in both advanced materials and improved manufacturing processes. In
spite of the spectacular results achieved, there are still many problems concerning the
efficiency, stability and lifetime of OLEDs, materials selection and optimization,
encapsulation, uniformity over large areas, manufacturing cost, colour saturation, etc. to
be solved.

OLED represents a quite complicated system of many very thin layers of various materials
situated between electrode layers (one of which is transparent); this system emits light when
placed under electric potential. The type of material used as the light emitter determines the
specific characteristics of such devices.

Two types of OLEDs are developed - on the bases of “small” molecules (SM-OLED) (Tang
& VanSlyke, 1987) and conjugated polymers (PLED) (Burroughes et al., 1990), oligomers,
etc. Potential emitters for SM-OLED are metal complexes from the lanthanide and platinum
groups as well as complexes of Al, Zn, Cd, Cu, Be, B with carefully selected ligands from the
group of heterocyclic compounds like as hydroxyquinoline, benzoxazole, benzothiazole,
triarylamines, etc. (Petrova & Tomova, 2009). The first generation of efficient devices,
pioneered by Tang and Van Slyke from Eastman Kodak (1987), was based on fluorescent
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materials. In this case, the emission of light is the result of the recombination of singlet
excitons, but the internal quantum efficiency is limited to 25%. The second generation uses
phosphorescent materials where all excitons can be converted into emissive triplet state
through efficient intersystem crossing (Baldo et al.,1998). Such materials are up to four times
more efficient than fluorescent materials.

An important aspect to improve OLEDs performances is suitable selection of materials for
functional OLED layers. In this work we have presented our successful decisions for all
functional layers - hole transporting, electron transporting, buffer, hole blocking,
electroluminescent in the structures of OLEDs. The new examined electroluminescent Zn
and Al complexes were synthesized in the Laboratory of Dyes Synthesis at the Department
of Applied Organic Chemistry, Faculty of Chemistry, Sofia University ”St. KI. Ohridski”.

2. OLED structure

The simplest OLED structure is a single layer device architecture, where the organic emitter
is deposited between two electrodes and acts as emitter and as charge transport material
(holes and electrons) at the same time. If a forward bias voltage is applied to the electrodes
of an OLED device as depicted in Fig.1a, electrons from the cathode and holes from the
anode are injected into the organic semiconductor. The oppositely charged carriers move
towards each other across the organic semiconductor, encountere, recombine to form
excitons and some of them decay radiatively. The efficiency of an OLED is determined by
the number of charge carriers that are injected and the number of holes and electrons that
actually recombine during emission of light. In order to improve the device efficiency, the
multi layer OLED architecture was introduced (Fig.1b).

Nowadays devices may have a total of 7-9 layers of active materials: an anode; anode buffer
layer (ABL), hole injecting layer (HIL) or electron blocking layer (EBL); hole transporting
layer (HTL); emissive layer (EML); electron transporting layer (ETL) or hole blocking layer
(HBL), electron injecting layer (EIL); cathode buffer layer (CBL), a cathode and a protective
barrier layer (Tomova et al., 2007). Inserting of these layers facilitates charge carrier injection
by reducing the respective injection barriers; enhances the recombination of electrons and
holes in the emissive layer (due to accumulation of charges in the EL); shifts the
recombination area towards the middle of the device and thus prevents the quenching of the
excitons at the electrodes.

Liglut

=
Uk ELM
anbatrate
anode
a) b)

Fig. 1. Structure of: a) monolayer OLED; b) multilayer OLED.
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The bilayer OLED consisting of hole transporting layer and emissive layer of different
electroluminescent “small” moleculear materials is a basic structure in our investigations.
They were prepared by thermal evaporation in vacuum better than 104 Pa at rates 2-5 A/s
on commercial polyethylene terephtalate (PET) flexible substrate, coated with transparent
anode of InyO3:5nO, (ITO - 40 Q/sq). As cathode was used Al electrode, thermal evaporated
in the same vacuum cycle.

We studied the morphology, photoluminescence (PL), electroluminescence (EL) and the
performance of the devices measuring the current-voltage (I/V), luminescence-voltage
(L/V) and electroluminescence-voltage (EL/V) characteristics. The electroluminescent
efficiency (17.) was calculated by equation (1) and used for quantifying the properties of the
OLEDs.

n=L/1 1)
(where L is the luminescence (in cd/m?) and I is the current density (in A/m?) and used for
quantifying the properties of the OLEDs.
All measurements were carried out with unpackaged devices with area of 1ecm? at room
temperature and ambient conditions.

3. Hole transporting and buffer layers

The operating mechanisms of OLEDs involve injection of electrons and holes into the
organic emitter layers from the electrodes. During recombination, electrons and holes
generate molecular excitons (Kido et al., 1998), which result in the emission of light from the
emitter layer. Therefore the effective recombination of electrons and holes affects on the
electroluminescence efficiency of organic light-emitting diodes. That’s why, it is important
to balance the number of holes and electrons in EL devices. The mobility of holes in OLED
materials used as the hole transport layer (HTL) is some orders of magnitude greater than
that of the electrons in the ETL (Zheng et al.,, 2005). The recombination zone is shifted
towards the cathode, which usually leads to a non-radiative loss of energy (Rothberg et al.,
1996) and decreasing of an OLED efficiency (Sheats et al., 1996). For that reason, by reducing
the mobility of holes in HTL or promoting electron injection into ETL can improve the
balance of carriers in OLED. The reducing of holes mobility can be achieved via inserting a
proper buffer layer between anode and hole transporting layer. On the other hand
introducing of a buffer layer improve the ITO morphology such as inhomogenity or
protrusions, impede the diffusion of indium into the organic layer during device operation,
which is correlated with the decay of a device’s performance (Schlatmann et al., 1996).

The ITO/ organic interface morphology play a key role to stable operation and efficiency of
the device. For that reaseon, a lot of work has been devoted to the anode buffer layers
(ABLs) between ITO and the organic material. The introduced buffer layers mainly can be
divided in inorganic and organic compounds. Among the reported inorganic anodic buffer
layers good inorganic insulators such as transparent metal oxides Pr;0;, Y203, Tb4O7, ZnO
(Xu et al., 2001), ALOs (Li et al., 1997; Xu et al., 2001), SiO (Deng et al., 1999; Xu et al., 2001),
silicon nitride SisNy (Jiang et al., 2000; Xu et al., 2001), carbon nitride a-C:N (Reyes et al.,
2004), transition metal oxides, also V20s, (Wu et al., 2007; Guo et al., 2005), MoOx (You et al.,
2007; Jiang et al., 2007), WOs, (Jiang et al., 2007; Meyer et al., 2007), CuOx, (Hu et al, 2002; Xu
et al., 2001), NiO, (Chan et al., 2004; Im et al., 2007) and Ta>Os (Lu & Yokoyama, 2003), have
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attracted much attention due to their capability to lower the hole-injection barrier and
improve the interface morphology.

As the organic buffer layers a variety of materials as copper phthalocyanine (Van Slyke et
al., 1996; Shi & Tang, 1997; Tadayyon et al., 2004), a-Septithiophene (Park et al., 2002),
Langmuir-Blodjett  films of  polymethylmethacrylate (Kim et al, 1996),
polytetrafluoroethylene (Gao et al., 2003), fluoropolymers (Wang et al., 2006), fluorene-
based poly(iminoarylene)s (Jung et al., 2002), conductive polymer such as polythiophene
(Arai et al., 1997), poly(34-ethylenedioxythiophene) (Carter et al., 1997; Berntsen et al.,
1998), and polyaniline (Krag et al., 1996) etc. have been tested.

We explored the effect of p-isopropenylcalix[8]arenestyrene copolymer (iPrCS and
polycarbonate (PC), as buffer layers in OLED, and the incorporation of TPD with PVK as
hole transporting layer.

3.1 p-Isopropenylcalix[8]arenestyrene copolymer (iPrCS)

The calixarenes are a class of bowl-shaped cyclo-oligomeres obtained via phenol-
formaldehyde condensation with a defined upper and lower rim, and a cavity. This
speciality enable them to act as host molecules due to their cavities, and allow utilized them
as chemical sensors, extractants for radioactive waste processing, materials for non-linear

optics, bio-active compounds.
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Fig. 2. Chemical structure of the p-Isopropenylcalix[8]arenestyrene copolymer used in
device fabrication as buffer layer.

In this work, we offer the p-Isopropenylcalix[8]arenestyrene copolymer (iPrCS) as a novel
anode buffer layer (ABL) for the fabrication of OLED with improved efficiency and life time.
The p-Isopropenylcalix[8]arenestyrene copolymer (Fig.2) employed (Petrova et al., 2010) for
this study was for the first time synthesized according to described procedure (Miloshev &
Petrova, 2006), in University of Chemical Technology and Metallurgy, Sofia. Until now the
calix[4]arene compounds were used only for design of electroluminescent complexes - for
ex. a calix[4]arene [Al I]3* complex (Legnani et al., 2004), lanthanide complexes with
calix[4]arene derivatives (Wei et al., 2007).

Two types of devices were investigated: ITO/ ABL/TPD/Alqs/Al, and ITO/TPD/Alqs/ Al
as a reference structure. The buffer layer (6 = 10 - 16 nm) of iPrCS was deposited on
PET/ITO substrates by spin-coating from 0.1 - 0.3% solution in THF at 2000 rpm. N, N'-
bis(3-methylphenyl)-N, N’-diphenylbenzidine (TPD) (6 = 30 nm) as hole transporting and
tris(8-hydroxyquinoline) aluminum (Alqs, & = 50, 75 nm) as electroluminesent and electron
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transporting layer were used. TPD, Alqs and the Al cathode (6 = 120 nm) were deposited via
thermal evaporation in a vacuum better than 104 Pa at rates of 2-5A/s.

Figure 3 presents typical nonlinear current/voltage (Fig.3a), luminescence/voltage (Fig.3b)
and efficiency characteristics (Fig.3c) of ITO/iPrCS (10-16nm)/ TPD 3onm)/ Alqs (50nm)/ Al and
ITO/TPD (30nm)/ Alqs (sonm)/ Al as a reference structure. It was shown that the turn-on voltage
slightly decreased with increasing of the thickness of iPrCS, while the luminescence and
efficiency of devices increased and reached maximum values at a thickness of 13 nm. The
efficiency of 2 cd/A at 13 nm iPrCS was nearly 80% higher than those of 1.2 cd/A of the
reference structure.
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Fig. 3. a) Current/voltage, b) luminescence/voltage and c) efficiency characteristics of
ITO/iPrCS/TPD @onm)/ Algs Gonm)/ Al, and ITO/TPD @onm)/ Alqs 50 nm)/ Al

Effect of the two thicknesses of Alqs on the performance of the devices with 13 nm film
iPrCS is presented in Fig.4. It was established that the luminescence (Fig.4b) and efficiency
(Fig.4c) of the devices with iPrCS were higher compared to the reference structures and that
the device with 75 nm emissive layer of Alqs showed the best characteristics. The efficiency
of 3.04 cd/ A at the current density of 20 mA /cm? of the device with iPrCS is similar to those
of 34 cd/A at the same current density, reported by Okamoto for the structure
ITO/ CFx/NPB (60 nm)/ Algs (6onm)/ LiF/ Al (Okamoto et al., 2006).
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Fig. 4. a) Current/voltage, b) luminescence/voltage and c) efficiency characteristics of
ITO / TPD (30nm) / A1q3 (50, 75nm) / Al with and without iPrCS

It could be supposed that notwithstanding the iPrCS is an insulator, it seems to enhance the
hole injection thus improving a hole-electron balance in OLED and makes the tunneling
injection in OLED.

2.2 Polycarbonate (PC)

The PC is a rigid, transparent and amorphous material with high Tg 140-155 oC. It possesses
excellent dielectric and optical characteristics. The possibility of usage of PC as buffer layer
in OLED with ITO/PC/TPD/Alqs/Al structure was investigated. The PC layers with
thicknesses of 9, 12 and 17 nm were deposited via spin-coating from 0.1%, 0.2% and 0.3%
dichlorethane solutions. The basic characteristics of OLED structure with different thickness
of PC buffer layer are presented in Fig.5. It was found that inserting of 9 nm buffer layer in
OLED devices decreased the turn on voltage from 12.5 to 8 V, and increased the current
density from 10 to 24 mA/cm? and the luminescence from 220 to 650 cd/m?2 (at 17.5 V)
compared to the reference structure. Further increasing of the thickness of PC buffer layer
decreases the current density and the luminescence, and shift the turn on voltage toward
higher values (Fig.5b), as was established with iPrCS.
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Fig. 5. Current/voltage (5a), luminescence/ voltage (5b) and efficiency (5c) for inset in
legends structures.

The best characteristics - the lowest turn-on voltage, the highest luminescence and the
highest efficiency showed OLED with 9 nm PC buffer layer. It should be noted that the
efficiency of the device with 9 nm buffer layer is more than 2x higher than that of the
reference device. Similar improvement of characteristics of device with 1 nm Teflon buffer
layer was observed by Qiu et al. (2002). They supposed that the Teflon layer acts as a stable
fence to impede indium diffusion from ITO electrode into the TPD layer and thus enhances
the device stability.

It could be supposed that the improvement of EL performance of devices with buffer layers
of iPrCS and PC has just the same genesis. Although these compounds are insulators, they
seem to enhance the hole injection from anode by tunneling. Thus improving a hole-electron
balances in OLED.

We also made attempts to use the PC and iPrCS polymers as a matrix for TPD. In this cases
the turn on voltages of the devices with composite buffer layers were lower than that with
only PC and iPrCS buffer layers, but unfortunatly the luminescence of the devices were
significantly reduced and unsatisfactory. The last one makes the application of PC and
iPrCS polymers irrelevant as matrix of TPD for OLEDs.
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On the results obtained could be concluded that iPrCS and polycarbonate can be
successfully use as buffer layers for obtaining of OLED with good performance.

Further devices with the typical hole transporting layers poly(9-vinylcarbazole) (PVK) and
N, N’-bis(3-methylphenyl)-N, N’-diphenylbenzidine (TPD) were studied. That's why we
investigated the influence of single layer of PVK, TPD, PVK as a buffer layer with respect to
TPD and composite layer of PVK:TPD on the performance of the device structure
ITO/HTL/ Algs/ Al. The HTL (31 nm) of PVK and PVK:TPD composite films (10wt% TPD
relatively PVK in 0.75% dichloroethane solutions) were deposited by spin-coating.
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Fig. 6. a) Current/voltage, b) luminescence/voltage and c) efficiency characteristics of
devices shown in set.

The optimal I/V, L/V and efficiency characteristics of the devices ITO/PVK/Alqgs/Al,
ITO/PVK/TPD/ Alqs/Al, ITO/(PVK:TPD)/Algs/Al and ITO/TPD/Algs/Al as reference
are presented in Fig.6. It is seen that the I/V and L/V curves for ITO/(PVK:TPD)/ Alqs/ Al
and ITO/TPD/ Alqs/ Al structures are almost identical. But it was established that due to the
well known trend of TPD thin films to crystallization, the lifetime of the reference device
with TPD only is many times shorter than that with composite layer of PVK:TPD. The
device structure with only PVK and ITO/PVK/TPD/Alqgs/Al, showed a decrease in the
current density, luminescence and efficiency compared to the reference device. Obviously,
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the use of PVK as HTL, or as a buffer layer in respect of TPD HTL in OLEDs is not felicitous,
because impedes the charge transfer.

It could be stressed that the devices with PVK:TPD composite layer demonstrates the best
characteristics. The involving of TPD in PVK matrix improves the current density,
luminescence and luminescent efficiency, reduces the turn-on voltage and increases the
lifetime compared to the others devices.
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Fig. 7. a) Current/voltage, b) luminescence/voltage and c) efficiency characteristics of
devices ITO/iPrCS/TPD/ Alqs/ Al, ITO/PC/TPD/ Algs/ Al, ITO/ (PVK:TPD)/ Alqs/ Al and
ITO/TPD/ Alqs/ Al shown in set.

The best results obtained for four type devices with different buffer and hole transporting
layers are presented in Fig.7. It is clearly seen that inserting of buffer layer caused
decreasing of turn on voltage and increasing of current densities, luminescence and
efficiency. The best electroluminescence of 570 cd/m?2 at 17.5 V belonged to the device with
iPrCS, followed by devices with PC, TPD and PVK:TPD, respectively with 510, 380 and 350
cd/m2. At the same time the best efficiency of 3.3 cd/ A at 37 mA/cm? exhibited device with
PC followed by devices with TPD (2.17 cd/A), iPrCS (1.88 cd/A) and PVK:TPD (1.73 cd/ A).
A comparison of the OLED characteristics for the four devices clearly indicates that the device
performance is greatly improved when the ITO surface was covered by polymeric film.
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Besides that the efficiency of the devices with composite PVK:TPD layer is not so high, this
HTL is most perspective due to the synergistic effect from properties of both components.
The incorporation of TPD with PVK offers an attractive route to combine the advantiges of
easy spin-coating formability of PVK with the better hole transporting properties of TPD.
The composite PVK:TPD layers is very reproducible, simplify the obtaining of experimental
samples and by reason of that it was used in our basic structure for the study of different
electroluminescent compounds as emitting layer in OLEDs.

The efficiency of the OLED is a complexed problem, and depends not only on the energy
levels of functional layers of the devices, but also on the interfaces between inorganic
electrodes/organic layers. We demonstrate that the thin polymeric films enable to facilitate
the transport of carriers and to improve the adhesion and morphology between ITO, and
“small” molecular organic layer.

2.3 Effect of morphology

The ITO is common known as an excellent electrode, but its morphology can has an affect
on the organic layers evaporated on ITO substrate, where the small spikes in the ITO surface
can lead to local crystallization of HTL and EL causing a bright white-spot that may increase
the leakage and instability of the device.

The surface morphology of the hole transporting and buffer layers were studied by scaning
electron microscopy (SEM) and atom force microscopy (AFM).

SEM micrographs of vaccum deposited TPD and spin-coating composite PVK:TPD hole
transporting films on PET/ITO substrates are presented in Fig.8 and Fig.9.
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a) bare ITO b) ITO/TPD - as deposited  ¢) ITO/TPD after one day

Fig. 8. SEM images of: a) bare ITO on PET substrate; b) as deposited, and c) after one day
vacuum deposited 30nm TPD layer on ITO/PET

a) ITO/PVK:TPD - as deposited b) ITO/PVK:TPD after one day
Fig. 9. SEM images of composite PVK:TPD spin-coating deposited layer on ITO/PET
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The surface morphology of the developed by us composite films of PVK:TPD (Fig.9.) is very
smooth and homogeneous, without any defects and cracks, thus creating a suitable
conditions for the condensation of the next electroluminesent layer. The similar is the
surface morphology of the vacuum as-deposited TPD films on bare ITO (Fig.9b.), but after 1
day storage at ambient temperature, TPD formed an islands structure with bubbles, which is a
prerequisite for recrystallization and oxidation (Fig.8c.). At the same time the surface
morphology of PVK:TPD, layers does not show any changes after 1 day storage (Fig.9b.) -
better stability of devices with composite PVK:TPD hole transporting layer could be expected.
The results of AFM investigations are presented in Fig.10. It is shown that surface of the
commercial ITO coated PET substrates is with uniform roughness with some imperfections.
The evaporated TPD layer onto this ITO surface makes a granular structure (Fig.10. a, b).
The introducing polymer buffer layers covered the ITO pinholes, spikes and other defects,
thus leveling its surface (Fig.10. ¢, e, and g). The amorphous and very smooth surface of
spin-coated polymer thin films creates more suitable conditions for vacuum deposition of
TPD thin films compared to the bare ITO. As far as TPD layers deposited onto studied
buffer coatings are concerned, a quite even granular structure is observed (Fig.10. d, f, h).
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Fig. 10. a) bare ITO surface onto PET substrate. b) ITO/TPD surface
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Fig. 10. AFM images and cross-section profiles of the surfaces of a) bare ITO, b) ITO/TPD,c)
ITO/iPrCS surface, d) ITO/iPrCS/TPD surface, e) ITO/PC surface, f) ITO/PC/TPD surface,
g) ITO/PVK surface, h) ITO/PVK/TPD surface
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Unlike the fast recrystalization of TPD layer deposited on bare ITO, the amorphorous and
homogeneous surface of TPD films deposited on the buffer-coated ITO was very stable. The
results obtained show that the polymer modifies successfully the film morphology, thus
preventing the recrystallization of hole transporting layer (TPD) and following emissive
layer. These results definitely have an effect on the current density and luminance
characteristics of the devices. Probably, the higher Tg of the polymers than that of the TPD,
improve the durability of HTL on Joule heat, which arises in OLED operations, thus enable
the better performance of OLED.

3. Novel Zn complexes

Many organic materials have been synthesized and extended efforts have been made to
obtain high performance electroluminescent devices. In spite of the impressive
achievements of the last decade, the problem of searching for the new effective luminescent
materials with different emission colours is still topical. Metal-chelate compounds are
known to yield broad light emission and seem to provide design freedom needed in
controlling photo-physical processes in such devices. Among these materials, Zn complexes
have been especially important because of the simplicity in synthesis procedures and wide
spectral response. Extensive research work is going on in various laboratories to synthesize
new Zn complexes containing new ligands to produce a number of novel luminescent Zn
complexes as emitters and electron transporters (Sapochak et al, 2001, 2002; Hamada et al,
1996; Sano et al, 2000; Kim et al, 2007; Rai et al, 2008). Zinc(II) bis[2-(2-hydroxyphenyl)
benzothiazole] (Zn(BTz),) has been studied as an effective white light emissive and electron
transporting material in OLED. Hamada et al. (1996) reported that the device with single-
emitting layer of Zn(BTz), showed a greenish white emission. Later on an efficient white-
light-emitting device were developed with electroluminescent layers of Zn(BTz), doped
with red fluorescent dye of 4-dicyanomethylene-2-methyl-6-[2-(2,3,6,7,-tetrahydro-1H,5H-
benzoli,j]quinolizin-8-yl)vinyl]-4H-pyran (DCM2) (Lim et al, 2002) or rubrene (Zheng et al,
2005; Wu et al, 2005). Recently Zhu et al. (2007) fabricated white OLED with Zn(BTz), only
as emitter. The obtained white emission is composed of two parts: one is 470 nm, which
originates from exciton emission in Zn(BTz),, the other is 580 nm, which originates from
exciplexes formation at the interface of TPD/Zn(BTz),.

We investigated the new Zn complexes Zinc(ll) [2-(2-hydroxyphenyl)benzothiazole]
acetylacetonate  (AcacZnBTz) and Zinc(ll) bis[2-(2-hydroxynaphtyl)benzothiazole)
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(Zn(NBTz);), and known Zinc(Il) bis[2-(2-hydroxyphenyl)benzothiazole] (Zn(BTz),)
(Tomova et al, 2008), and Zinc(Il) bis(8-hydroxyquinoline) (Znq2) (Fig.11), synthesized by
prof. Deligeorgiev as electroluminescent and electron transporting compounds. The basic
OLED structure was PET/ITO/(PVK:TPD)/EML/ AL

bﬁ? ord oy
& 550 S0 B

Zn(NBTz), Zn(BTz)» Znq»

AcacZnBTz
Fig. 11. The chemical structures of used Zn complexes

The absorption and fluorescent (PL) spectra of the complexes were taken using the Spectro-
fluorimeter Perkin Elmer MPF 44 are presented in Fig.12.
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Fig. 12. Absorption and PL emission spectra of 100 nm films of Zn complexes evaporated on
glass substrate

The PL peak wavelength of Znqp is at 550 nm, of Zn(BTz), at 486 nm, of AcacZnBTz at 490
nm. Zn(NBTz), shows peak at 509 nm and shoulder at 580 nm. The data obtained for PL
peaks of Znqy and Zn(BTz), are very closed to the results reported by Shukla & Kumar
(2010) for Znqy (540 nm) and by Qureshi et al. (2005) for Zn(BTz), (485 nm).

The electroluminescent (EL) spectra of devices PET/ITO/(PVK:TPD) 1 nm)/ EML (75 nm)/ Al,
obtained at different voltages by Ocean Optics HR2000+ spectrometer are shown in Fig.13.

It was established that the EL spectra of the complexes with benzthiazole ligand were very
similar and exhibited a green electroluminescence around 525 nm. Besides the EL spectra of
all four compounds were red shifted, about 10 nm for Znq, and 25 - 30 nm of benzthiazole
complexes, compared to their corresponding PL spectra. Take into account the fact that the
exciton disassociates easily under the excitation of electric field than the light, red shifting of
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EL spectra were quite understandable (Wu et al, 2005). The highest EL intensity showed the
devices with AcacZnBTz followed by those with Zn(BTz),, Znq, and Zn(NBTz).
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Fig. 13. Electroluminescent spectra of OLEDs with different Zn complexes

The EL peak wavelength of the devices with Znqz and Zn(BTz), is the same during the device
operation independantly on the working voltage, while EL peak of the devices with
AcacZnBTz moves from 493 to 524 nm with increasing the working voltage. Our results were
quite different from these obtained by Wu et al. (2005), who showed almost identical EL and
PL for Zn(BTz),, and Qureshi et al. (2005) who founded broader EL than PL spectrum AFM
images of top surfaces of devices with EML of different Zn complexes are presented in Fig.14.
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Fig. 14. AFM images of top surfaces of devices with EML of different Zn complexes,
performed by “EasyScan 2” produced by “Nanosurf” (Switzerland) on area of 12.5 x 12.5
pm, at measurement mode “scan forward” and Scan mode from down to up.
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The AFM images show that evaporated Znq, and Zn(BTz), compounds, on
PET/ITO/PVK:TPD structure, formed similar fine-textured surfaces with root mean square
(RMS) roughness respectively 6.88 nm and 4.64 nm. The AcacZnBTz layer made soft outline
ridge surface with RMS roughness 20.06 nm.

All three complexes formed smooth and even surfaces requisite for the good performance of
OLED on their base. Maybe due to the molecular structure specific of the Zn(NBTz), the film
obtained from it is very flat (RMS roughness 22.82 nm), but with some acicular formations
over 150 nm on some areas. Namely these formations are a precondition for the worse EL
performance of OLED with electroluminescent layer of Zn(NBTz),.
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Fig. 15. a) Current/voltage and b) luminescence/voltage characteristics and c) electro-
luminescent efficiency for devices with different EML (7snm) and HTL of (PVK:TPD) 31nm)

Fig.15. presents the current/voltage, luminance/voltage and efficiency characteristics of
four type identical devices with different EML. It was established that the current densities
and the luminescence decreased and the turn-on voltage of devices increased in following
sequence AcacZnBTz, Zn(BTz),, Znqy, Zn(NBTz),. Luminescence of the device with
AcacZnBTz at 15 V DC was nearly 1.5 and 3 times higher than those by Zn(BTz), and Znqp,
respectively (Fig.15b). At the same time the electroluminescent efficiencies of the devices
with AcacZnBTz and Zn(BTz), were nearly the same (around 3 cd/A) and 1. 5 and 3 times
higher than that of devices with Znq, and Zn(NBTz), (Fig.15c).

For OLEDs with similar structures Sano et al. (2000) reported efficiency 1.39 cd/A at
luminance 100 cd/m?2 for ITO/TPD/Zn(BTz),/Mg:In device, Zheng et al. (2005) - 4.05 cd/A
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for doped with rubrene Zn(BTz), white device at maximum luminescence 4048 c¢d/m?2 [10]
and Rai et al.. (2008) - 1.34 cd/ A for ITO/NPD/Zn(Bpy)q/ Al

The results presented in this chapter show that the studied Zn complexes with the exception
of Zn(NBTz), can be successfully used as emitters and electron transporting layers for
OLED. It could be stressed that the efficiency of the devices with Zn(BTz), is 2.9 cd/A at
luminance 250 cd/m?2 - one of the best reported up to now in the literature for the devices
with similar structure. Besides that the devices with new Zn complexes are not optimized,
its characteristics are quite promising, especially for AcacZnBTz - the highest luminance
and the efficiency 3 cd/ A in the range of 10 - 30 mA /cm?2.

4. Aluminum bis(8-hydroxyquinoline)acetylacetonate (Alg.Acac) complex

Since Tang and VanSlyke (1987) had developed the first organic light-emitting diode
(OLED), Aluminum tris(8-hydroxyquinoline) (Algs) has been one of the most successful
organic materials ever used as the emitting, electron-transport and host material layer in
OLEDs. Numerous derivatives on Alqs structure were prepared and their optical and
semiconductor properties were tested. Alq complex BAlq (bis(2-methyl-8-quinolinate)4-
phenyl-phenolate) was first introduced by Kodak group as a blue-emitting material and
mostly used as hole blocking layer (Kwong et al., 2002) and as a blue emitter (Kwong et al.,
2005; Iwama et al., 2006; Yu et al., 2007). Hopkins and coworkers (1996) have also obtained
blue shifted emission from Alqgs derivate via introduction of the strong electron
withdrawing -SO.NR; group at C-5 of the 8-hydroxyquinoline ligand.

Azenbacher group investigated the role of 5-(arylethynyl)- (Pohl & Anzenbacher, 2005),
5-(aryl)- (Pohl et al., 2004; Montes et al., 2004, 2006; Pérez-Bolivar et al., 2006), and two C4-
aryl- (Pérez-Bolivar et al., 2010) substituents on the quinolinolate rings, in Alqs derivatives
and their effect on the photophysical properties and electroluminescence. Many methyl-
substituted derivatives nMeqzAl (Kwong et al., 2005; Sapochak et al., 2001; Kido & lizimi,
1998), phenyl-substituted Alpqgs (Tokito et al., 2000), soluble 5-substituted-Alqs derivates
(Mishra et al., 2005), aluminum complexes such as Alq2OR (OR=aryloxy or alkoxy ligand)
(Lim et al., 2006), have been developed and have been demonstrated to be useful emissive
materials or/and hole blocking/electron transporting materials. Ma et al. (2003) have
synthesized a new material dinuclear Aluminum 8-hydroxy-quinoline complex (DAlqs)
with two time higher electron mobility than that in Algs.

Omar et al. (2009) synthesized and investigated new aluminum tris(8-hydroxyquinoline)
derivatives, having nitrogen functionalities at position-4 of the quinolate ligand, acting as
efficient emitters with higher luminance and external quantum efficiency than the parent
Algs in an identical OLEDs. (The PL and EL emission wavelengths of the new Al complexes
can be tunes according to the electronic properties of the substituents at position-4). Bingshe
Xu et al. (2008) reported about a mixed-liquand 8-hydroxyquinoline aluminium complex
with higher electron mobility and electroluminescent efficiency compared with Algs.

Here we presented a new Al complex, aiming the development of OLED with improved
performance. The novel mixed-ligand Aluminum bis(8-hydroxyquinoline)acetylacetonate
(Alg2Acac) complex (Fig.16.) was synthesized and it performance as electroluminescent and
electron transporting layer for OLED was studied and compared with that of the parent
Alqs (Petrova et al., 2009).

To investigate the efficiency of the new Al complex as emitter, the devices
ITO/HTL/EML/ Al with EML layers of AlgzAcac or commercial Alqs were fabricated.
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Fig. 16. Structure of Aluminum bis(8-hydroxyquinoline)acetylacetonate (Alg2Acac)
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The current density-voltage and luminescence-voltage characteristics of the studied devices
are shown in Fig.17. The I/V curves of the devices with AlgzAcac were located in lower
voltage region compared to the devices with Alqs. The luminescence of the devices with
AlqpAcac is 2 times higher compared to the similar devices with Alqs (Fig.17). The turn-on
voltage of the devices with Alq.Acac is lower compared to those with Alqs especially in the
case with TPD hole transporting layer - nearly 2 times.

Bingshe Xu et. al. (2008) reported the electron mobilities in AlgzAcac can be determined to
be 2.7-4.4x10¢ cm2/V.s at electric fields ranging between 1.42x10¢ and 2.40x10¢ V/cm,
which is higher than those in Alqs published in the literature (Huang et al., 2005; Briitting
et al.,, 2001).

It could be stressed that the efficiency of the devices with AlgzAcac are nearly 50 % higher
compared to those with Algs with HTL of TPD and about 2 times higher with HTL of
PVK:TPD (Fig.18).

The ionization potential (Ip) and the electron affinity (Ea) of AlqAcac and Alqs were
determined by cyclic voltammetry of 0.001 M solutions of compounds in C;HsCl, in
presence of 0.1 M tetra-n-butylammonium hexafluorophosphate as supporting electrolyte.
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Fig. 19. The energy band diagram of investigated OLEDs

They were: Ip: AlgzAcac 6.11 eV and Alqgz 5.97 eV; Ea: AlqpAcac 3.34 eV and Alqz 3.16 eV.
The band gaps were nearly equal (Eg = 2.77 eV for Alg,Acac and 2.81 eV for Algs), that is in
agreement with the values of 2.64 eV obtained by extrapolation of UV-Vis spectrums to
absorption edges (Fig.20). As can be seen in Fig.19, both barriers for electrons and for holes
are higher at AlqpAcac compared with these of Alqs, which explains the better efficiency of
devices with Alq,Acac.

Our results for the devices ITO/TPD @onm)/ AlqeAcac (or Alqs) (zsam)/Al are 5.6 cd/A for
AlqpAcac and 3.9 cd/ A for Alqgs. AlgpAcac based devices performed higher current density
and emission efficiency. It indicates that the electron transport of AlqzAcac is better than
that of Algs after the electron injection from the cathode to the electron transport layer,
which is in a good agreement with the actual measurement of mobility. Probably, the
molecular mixed-ligand structure of AlgpAcac promoted higher electroluminescence
efficiency and led to subsequent increase of the device performance.

4.1 Luminescence studies
The absorption and the fluorescent emission spectra of thin layers AlqoAcac and Algs are
nearly identical see Fig.20. Both complexes emit green light with maximum at 520nm.
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Fig. 20. Absorption and fluorescent emission spectra of AlgqzAcac and Algz 100 nm layers
deposited on glass substrates.

The EL spectra observed at different voltages from the two studied devices
ITO/PVK:TPD/ AlgzAcac and ITO/PVK:TPD/ Algs were shown in Fig.21.
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Fig. 21. EL spectra at different voltages of OLED structures ITO/PVK:TPD/ AlgzAcac and
ITO/PVK:TPD/ Alqs.

The electroluminescence of both devices was similar to the fluorescence. It was established
that the AlgoAcac emission peak was located at 531 nm, quite close to that of Algs at 525 nm,
respectively. As far as concerned to the intensity of the peaks, those of the devices with
AlqpAcac emitter layers are nearly 2 times higher than that with Alqs at the identical
experiments. It could be take note of that EL spectra of the two devices (Fig.21a and Fig.21b)
are nearly identical like the PL spectra of the corresponding Alq2Acac and Algs thin solid
films (Fig.20). It is possible, the included in Al complex acetylacetonate ligand does not
participate in the  --  * transition of quinolinolato ligands responsible for light emission.
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Obviously the replacement of a quinolinolato ligand with an acetylacetonate ligand couldn’t
tune the emission colour but increase the efficiency of the devices.

4.2 Morphology

The performance of OLEDs is greatly influenced by the morphology of organic thin layers.
This is due to the important role that morphology of the active organic thin films play in the
phenomena that led to light emission. As was mention above, strong recrystalization of the
TPD layers after 1 day storage at ambient temperature was established. At the some time
composite PVK:TPD films remain stable - very smooth and homogeneous without any
defects and cracks.

In this part of the work, the surface roughness of organic thin films was investigated via
White Light Interferometer (WLI) MicroXAM S/N 8038. The surface relief profiles of the
hole transporting layers of TPD and composite films of PVK:TPD were presented in Fig.22,
while the surface profiles of the next electroluminesent layers of AlgzAcac deposited onto
corresponding HTL were presented in Fig.23. The root mean squire (RMS) roughness
observed of the different samples are: 2.00£0.15 nm for TPD, 1.65+0.14 nm for PVK:TPD,
2.45£0.13 nm for TPD/Alq:Acac, and 2.05£0.17 nm for PVK:TPD/Alq,Acac. The RMS of
PVK:TPD/Alqs determined from the surface profile shown in Fig.24 is 2.20+£0.22. Both
electroluminescent layers of Algs and AlqoAcac deposited on the composite films PVK:TPD
show flat and amorphous surfaces which is a prerequisite for good performance of devices.

a) PET/ITO/TPD b) PET/ITO/PVK:TPD
Fig. 22. WLI of: OLED HTL layers of TPD (as deposited), and composite PVK:TPD

The similar is the surface morphology of the vacuum as deposited TPD films. Quantitative
values indicate that the flexible acetylacetonate moieties help the formatting of more
uniform and planarizing molecular film. The PVK:TPD, PVK.TPD/Alqs and
PVK:TPD/ Alg2Acac layers does not show any changes after 1 day storage - better stability
of devices with composite PVK:TPD hole transporting layer could be expected.

In conclusion, must to give prominence that the molecular structure of AlgxAcac not only
promoted the formation of very quantitative thin films, contributing to the high device
efficiency, as well as the replacement of quinolinolato ligand with acetylacetonate ligand
couldn’t tune the emission colour. Algs is still one of the widely-used fundamental materials
as emitter and electron transporting layer in OLED due to its excellent thermal stability,
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high fluorescence efficiency and relatively good electron mobility. The results obtained
show that the change of one 8-hydroxyquinoline ligand with acetylacetonate ligand in the
novel complex improves substantially the performance of OLED. Besides that the devices
with new Al complex are not optimized, its characteristics are quite promising.
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a) PET/ITO/TPD/ AlgzAcac b) PET/ITO/PVK:TPD/ AlqzAcac
Fig. 23. WLI surface of electroluminescent AlgzAcac layer deposited onto HTLs.

Fig. 24. WLI surface of electroluminescent Alqgs layer deposited on PET/ITO/PVK:TPD
HTL.

5. Bathocuproine as hole-blocking layer

In conventional PVK:TPD/Alqgs/ Al OLEDs, the mobility of holes in PVK:TPD is much
larger than that of the electrons in Alqgs. Also, the injection barrier of the anode/PVK:TPD
interface is lower than that of the cathode/ Alqs interface, resulting in the imbalance of holes
and electrons in the emitting zone (Briitting at al., 2001; Miick et al., 2000). Therefore, it is
necessary to confine the redundant holes in the emitting layer in order to increase the
efficiency. Many effective methods have been reported to reduce the hole mobility and
improve the balance of holes and electrons in the emitting layer (Troadec et al.,, 2002;
Masumoto & Mori, 2008; Mori et al., 2008; Kim et al., 2005).
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2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline (bathocuproine, BCP) was used in OLED
and organic photovoltaic cell because of its multiple role as hole blocking (Adamovich et al.,
2003; Kim et al., 2008; Tomova et al., 2008, 2010), exciton-blocking layer (Zhang et al., 2005;
Tripathi et al., 2008; Mori & Kato, 2007; Wu et al., 2003), electron transporting and buffer
layer (Wang et al., 2006), or in combination with NPB in (NPB/BCP), (n-number of layers)
as hole-trapping layer ( Shi et al., 2006).

In this work we present our results concerning the role of bathocuproine as hole blocking
layer in OLED structure: ITO/HTL/EML/HBL/ETL/M. HTL of composite PVK:TPD was
spin-coated layer, and HBL, EML and ETL -were thermal evaporated films of BCP and Alqs.
The absorption and emission photoluminescence spectrums of evaporated layers of BCP,
Alqgs and BCP/Alqs, measured by Spectrofluorimeter Perkin Elmer MPF 44 are presented
in Fig.25.
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Fig. 25. Absorption and PL emission spectra of thin evaporated films (100 nm) of BCP, Alq3
and BCP/ Alqs
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Fig. 26. EL spectra of the ITO/PVK:TPD @1nm)/ Algs 40 nm)/ BCP (1 nm)/ Alga (15 nm) device at
different voltages, were measured on Ocean Optics HR2000+ spectrometer
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It is seen that the PL spectra of Algs and BCP/Algs layers are nearly identical with PL peak
wavelength at 520 nm. Therefore in these wave length ranges BCP neither absorbs nor
radiates and observed fluorescent emission originates from Alqs only. Besides, the EL
spectra (Fig.26) observed from the ITO/PVK:TPD/Alqs @oy/BCP 1)/Alqs (5 device at
different voltages are quite similar to the fluorescent spectrum of the corresponding Alqs
film. The emission peaks were located at 525 nm and are at the same position as the peak of
Alqs based structure (presented earlier in this chapter), which also is an evidence that BCP
do not participate in the light emission.

Fig.27 presents the current density (Fig.27a) and luminance (Fig.27b) versus voltage, and
current and power efficiency versus luminance (Fig.27c) characteristics of the devices
ITO/PVK:TPD/ A1q3 (40 nm)/ BCP (x nm)/ A1q3 (15 nm)/ Al, where x is 0,' 1,' 5 and 15 nm. The I-V
curves (Fig.27a) show that insertion of BCP layer decreases the current density and shifts the
threshold voltage from 11V to 17V for devices without and with 15 nm BCP. The
luminescence initially increases from 750cd/m?2 to 1100cd/m? for device with 1 nm BCP and
then decreases with increasing the thickness of BCP (Fig.27b).
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Fig. 27. Current-voltage (I-V) (2a), luminescence-voltage (L-V) (2b), current and power
efficiency (2c) curves for devices shown in set

Fig.28 presents the driving voltage and the efficiency at luminance 100 and 200 cd/m? in
dependence on the thickness of BCP. It is seen that despite of the higher voltage of the
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devices with BCP their current efficiency significantly increase from 3.7 to 9.6 cd/A, and
power efficiency increase from 0.87 to 1.46 Im/W (at 100 cd/m?2) for devices without and
with 15 nm BCP layer. The beneficial influence of BCP is not only related to the magnitude
of the efficiency but also to the broader luminance range which could be seen in Fig.27c.

The best characteristics - the lower threshold and working voltage, the highest luminescence
and 2 times increased efficiency from 3.7 to 7.1 cd/A and from 0.87 to 1.75 Im/W at 100
cd/m? demonstrates device with 1 nm BCP layer compared to the device without BCP.
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Fig. 28. Current and power efficiency, and voltage v/s thickness of BCP

At first sight increasing of the luminance for device with very thin BCP layer looks
strangely, but it can be explain with the island structure of thin layer. On one hand the
islands are enough great to confine the holes (due to the high hole barrier from 0.7 eV at the
EML/HBL (Fig.29) thus improving the recombination at the EML/BCP interface, but on the
other hand they aren’t enough dense to cause materially decreasing of the electric field yet.
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Fig. 29. The energy band diagram of the investigated OLEDs.

Khalifa et al. (2004) estimated that the diffusion length of holes in BCP probably lies in the
15-20 nm range. Thicker BCP layers lead to a decrease of luminance which could be
attributed to a decrease of electron density arriving at the Algs/BCP interface and thus to a
degradation of the carrier balance. The comparison of the results obtained for devices with
BCP/Alqs and BCP only, at equal thicknesses of BCP, shows more than 2 times higher
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current efficiency and 70-100% higher power efficiency at approximately equal luminance
for the devices with Alqs as ETL. Obviously this is due to the higher with 0.1 eV LUMO
level of BCP than that of Alqgs, which make the electron injection from Al to BCP more
difficult.

The crystallization of organic films in OLEDs is one factor reducing the device performance.
It is well known that, because of molecular migration, an evaporated BCP film is
immediately crystallized after deposition (Masumoto & Mori, 2008). That's why we
investigated the surface relief profiles and roughness, of consequently deposited layers of
the device with best performance PVK:TPD/Alqs @onm)/BCP (1nm)/Alqs (15nm). The WLI
images presented in Fig.30 show flat and amorphous layers structure with nearly the same
roughness - RMS 220 + 0.22 nm for PVK:TPD/AIlqgs 4onm), RMS 2.16 + 0.34 nm for
PVK:TPD/Algs @onm)/BCP (inm) and RMS 1.89 + 0.22 nm for PVK:TPD/Alqs (40nm)/ BCP
(tnm)/ Alqs (150m). It is a prerequisite for good performance.
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Fig. 30. Surface relief profiles, obtained on White Light Interferometer MicroXAM S/N 8038
of: a) PVK:TPD (31 nm) / A1q3 (40 nm); b) PVK:TPD/ A1q3 (40 nm) / BCP (1 nm); C) PVK:TPD (31 nm) / A1q3
40 nm)/BCP & nm)/Alq3 (15 nm)

Becker et al. (2007) in their research of the influence of thermal annealing of BCP and Algs
(used as exciton blocking layers) on characteristics of organic photovoltaics were found that
BCP is more susceptible to heat and oxygen than Alqs. They observed that visible on a
macroscopic level crystals of BCP were appeared at temperature of 100°C while Alqs even at
300°C, in open air, formed only minor pinpoint crystals. In our case probably that is the
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reason causing the better performance of devices containing additional ETL of Algs. OLED
with improved efficiency 4.3 cd/A more than twice that of the undoped OLED (1.8 cd/A)
by doping BCP into Alqz as an ETL and HBL was fabricated by Wu et al. (2003). Our results
for efficiencies from 7.2 up to 9.6 cd/A in dependence on the thickness of BCP are quite
promising.

In conclusion it can be say that BCP with its deep HOMO level (6.4 eV) is a good hole
blocking layer. The influence of HBL in confining the carriers and excitons was clearly
evidenced by a strong increase of the device efficiency. BCP offers possibilities to optimize
the architecture of the OLED thus improving significantly the performance of the devices.
The better performance of the devices with BCP could be attributed to the improved hole-
electron balance.

6. Conclusions

On the basis of synthesized novel Zn and Al complexes, successfully chosen functional
layers and improved architecture experimental OLEDs with very good characteristics are
developed. The results reveal a new approach to the design and preparation of high-
performance luminescence materials for the development of full-color flexible displays, new
class energy-saving solid state light sources.
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1. Introduction

Organic light emitting diode (OLED) displays have a number of desirable features such as
high contrast and brightness, wide color range, thin structure and light weight, among
others.(Hirano et al. 2007) OLED displays have several manufacturing requirements such as
large area scalability and an increasing push towards smaller feature sizes, tighter feature
shape control, high yield and low cost. However, traditional lithography and thermal
evaporation deposition techniques have significant disadvantages, including the need for
masks that are typically difficult to make to the required specifications at a reasonable price.
The conventional vacuum deposition and photolithographic patterning methods are well
developed for inorganic microelectronics. However, organic electronics materials are
chemically incompatible with corrosive etchants, resists and developers used in
conventional integrated circuit (IC) processing. In practice, conventional IC fabrication
processes are subject to limitations, in that they are multi-step, involve high processing
temperatures, toxic waste and are therefore expensive. Furthermore, the increasing size of
electronic devices such as displays poses great difficulty in adapting standard
microfabrication processes, including lithographic patterning. (Zschieschang et al. 2003,
Ko et al. 2007)

Therefore, there is a strong need to develop a novel process instead of complex modification
of conventional vacuum deposition and photolithography based processes. OLED display
manufacturing employs direct write techniques for patterning the various materials.
Examples of OLED material direct write technologies include ink jet printing (Hashimoto et
al, 2006, Gohda et al. 2002, Lee et al. 2002,, Kobayshi et al. 2002, Shirasaki et al. 2004, Fleuster
et al. 2004, Lee et al. 2005, Saafir et al. 2005) screen printing (Shinar et al. 2007, Lee et al.
2009) and laser induced forward transfer (LIFT) (Hirano et al. 2007, Piqué et al. 1999, Suh et
al. 2003, Willis et al. 2005, Kyrkis et al. 2006). As described in a recent review on OLED RGB
patterning, success of an OLED patterning scheme depends on the material type, device
design, pixel array pattern, display format, substrate size, placement accuracy, process
TACT-time, and defect density. The type of material and OLED architecture largely
determine which type of RGB patterning can be applied. Other factors determining the



196 Organic Light Emitting Diode - Material, Process and Devices

viability of the patterning method for active matrix organic light emitting diode
(AMOLEDs) depend on the given material set. (Lamansky et al. 2005) Solution processible
direct write technologies such as inkjet printing and screen printing are subject to a number
of limitations such as the need for solvent removal and contamination into the deposited
material. Additionally, the minimum feature size is heavily influenced by the properties of
the fluid used to deliver the material of interest and multilayer structure fabrication is
difficult. (Kyrkis et al. 2006) Vacuum-processable OLEDs have been patterned mostly by
deposition through a shadow mask or fine-metal mask (FMM). (Kang et al. 2003) Deposition
can be accomplished either as a conventional physical evaporation or organic vapour phase
deposition (OVPD), but FMM-related patterning issues are largely independent of the
deposition technique. Remaining FMM patterning issues include difficulty of fabricating
high resolution masks for large-area displays, mask lifetime and cleaning, particle
contamination, and thermal expansion effects.

In this chapter, unconventional OLED material direct patterning and transfer methods
especially laser based forward transfer and patterning approaches will be presented as
promising potential alternative to conventional OLED fabrication methods.

Fig. 1. 14 inch OLED display from CDT (Cambridge Display Technology) from CDT ltd.

2. OLED material laser induced forward transfer and patterning techniques

LIFT techniques pattern and transfer materials of interest by laser induced localized thermal
evaporation or chemical decomposition of dynamic release layer. This dynamic release layer
is the crucial part of the LIFT process and can be (a) a part of material of interest, (b)
specially designed light absorbing thin intermediate layers in LITI (laser induced thermal
imaging) (Lamansky et al. 2005, Blanchet et al. 2003a, Suh et al. 2003) and LIPS (laser
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induced pattern-wise sublimation) process (Hirano et al. 2007) or (c) a mixture of active or
sensitive material in a UV absorbent matrix in MAPLE DW/(matrix assisted pulsed laser
evaporation direct writing) (Piqué et al. 1999, Arnold et al. 2007) process. LIFT and several
variations have demonstrated deposition of metals, metal oxide films, inorganic dielectric
films, ceramics, and polymer and biomaterials. (Arnold et al. 2007, Willis et al. 2005, Kyrkis
et al. 2006, Chrisey et al. 2003) Most notable recent advance in LIFT technique is the OLED
pixel fabrication using dialkyltriazene polymer as an UV-absorbing and decomposing
intermediate sacrificial layer compared with thermal decomposition. (Rardel et al. 2007)
However, most LIFT based techniques in OLED material transfer process still exhibit a
number of limitations such as laser selection (wavelength, fluence), resolution, and edge
sharpness. Most LIFT based techniques apply ultraviolet (UV) or infrared (IR) laser with
relatively high laser fluences (1~10 J/cm?) to obtain enough pressure for ablative material
transfer. UV or IR lasers need complex and expensive laser and optic system. Furthermore,
without strict design of light absorbing layer, high power UV or IR lasers have high
possibility for organic material damage during the LIFT process because generally organic
materials have strong UV and IR absorption bands attributed to electronic and vibrational
transitions, respectively. Besides thermal degradation, high laser threshold laser can also
induce mechanical cracks on transfer material and problem in edge sharpness. Also
resolution was usually limited to 50 to 100 pm.

Ko et. al. reported a nanomaterial enabled laser transfer (NELT) to facilitate the high
resolution patterning and transfer of the heat-sensitive OLED material with more versatile
laser wavelength selection with one or two order smaller laser energy than conventional
LIFT processes. This is characterized by the introduction of an efficient light absorbing,
loosely connected nanomaterial layer and the choice of laser wavelength that although is
strongly absorbed by the properly engineered nanomaterial, it interacts only weakly with
the organic material of interest, leading to effective evaporation and transfer of the material
with less damage potential.

2.1 Laser Induced Thermal Imaging [LITI]

Over the last twelve years, we at 3M have developed Laser Induced Thermal Imaging (LITI)
as a high resolution, digital patterning technique with a large number of potential
applications including the patterning of digital color proofs, plates, and film; LCD color
filters, black matrix, and spacers; field emission display (FED) anodes, contrast enhancement
filters, and nanoemitters; organic field effect transistor (OFET) fabrication; and OLED
emitters, color filters, and color conversion filters. Since 2000, 3M has partnered with
Samsung SDI to jointly develop the process for AMOLEDs. (Wolk et al, 2004)

LITT involves the use of a precoated donor film, a large format laser exposure system, and a
receptor (e.g. an AMOLED backplane) (Fig. 2). For OLEDs, a stock roll of functional non-
transferring layers is prepared and stored. Solvent coating or vapor deposition is used to
deposit an ultrathin (e.g. 20-200 nm) layer of red, green, or blue emitting transfer layer(s) to
the stock roll shortly before patterning. Patterning of each color is then accomplished by first
aligning the receptor (e.g. an AMOLED backplane) to the laser exposure system and then
laminating a donor film to the aligned receptor. After the alignment step, the laser system is
used to expose the laminated assembly. Exposed regions are released from the donor and
adhered to the receptor. The process is repeated from two or more times, depending upon
the OLED construction. Alignment is performed only once. (Wolk et al, 2004)
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Once a donor is used to pattern OLED materials, it is discarded. Although the transferred
area represents less than a third of the coated surface, the exposed donor film now contains
a high resolution pattern. Dimensional instability of the film and the physical changes that
the film undergoes during the exposure process make it impractical to reuse the exposed
donor. (Wolk et al, 2004)

3M’s LITI Process is well suited for use in the manufacture of high precision flat panel
displays, where high resolution, absolute placement accuracy, and large format imaging are
all required. The advantages of the LITI process are significant in situations where the
separation of coating and patterning steps resolves a fundamental process. LITI applications
include patterning of organic electronic materials for OLEDs and organic transistors,
patterning of multilayered OLED stacks, patterning of polarizers or nano-emitters, and the
potential of patterning enzymes and other biomaterials. (Wolk et al, 2004)

Conduoctive
polymer

Light-sensitive
material

Fig. 2. LITI process schematics. (Blanchet et al. 2003b)

LITT is an emerging technology for high-resolution patterning of materials, including but
not exclusive to both solution- and vacuum-processable OLED material sets. (Lamansky et
al. 2005) Base steps in the LITI process include deposition of the material to be patterned
(transfer material) onto a specially designed donor film, precise optical alignment of a large
format laser imaging system to device substrate (receptor) fiducials, lamination of the donor
onto the substrate, and patterning of the transfer material onto the substrate by selective
exposure of the donor-transfer material-receptor stack to laser radiation. Conversion of laser
radiation to heat is achieved in a light-to-heat conversion (LTHC) layer(s), which typically
utilizes carbon black as a black body absorber. To generate a patterned RGB OLED display,
optical alignment is performed only once, but lamination and exposure have to be
performed for at least two colors.
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Advantages of LITI over other patterning methods include its applicability to a broad
spectrum of OLED material sets, high patterning accuracy (+2-5 pm compared to #15-20 pm
for shadowmasking and ink-jet techniques), ability to pattern multilayer structures in a
single step, scalability of the process to large mother glass sizes, and ability to meet TACT
time requirements. It is possible that LITI introduces thermal defects in the OLED materials
during patterning, but by fine-tuning process conditions, donor structure, and OLED
composition, occurrence of such defects can be minimized. The process is also sensitive to
particulates and similar contamination of substrate (receptor in LITI terms) and donor
surfaces. This puts stringent requirements on the donor, substrate and transfer atmosphere
cleanliness.

2.2 Laser Induced Patternwise Sublimation [LIPS]

White OLED with color filter (WOLED+CF) methods and thermal transfer technologies are
expected as alternatives to precision mask patterning. Sony demonstrated the WOLED+CF
prototype display at SID 2003 (Kashiwabara et al. 2004). However, high power consumption
and color impurity are the issues of this method for the TV application. Laser-induced
thermal imaging (LITI) (Lee et al. 2004) and radiation-induced sublimation transfer (RIST)
(Boroson et al. 2005) have been proposed as thermal transfer technologies. They have some
concerns in production process. In the LITI process, contact between the donor film and the
emitting area will degrade the device and transfer quality. Though RIST is a sublimation
process without the contact, OLED material will be damaged by gases (e.g. Oz, H2O etc.)
released from a polyimide film donor during laser-heating. In addition, they require high
precision technique to set flexible film on a large scale glass substrate uniformly without
adhesive agents. Imprecise setting of a film donor lowers transfer performance. (Hirano
et al 2007)

Sony has proposed a novel laser transfer technology for manufacturing OLED displays.
Laser-induced pattern-wise sublimation (LIPS) has been developed to image RGB pixel
pattern. OLED materials are precisely patterned from glass donors to a substrate by a
scanning laser beam. The LIPS device performance is examined in comparison with
conventional evaporated devices. Using this technology, a 27.3-inch active matrix (AM)
OLED display has been fabricated. (Hirano et al 2007)

LIPS is a laser thermal transfer process. Two systems has been prepared, as shown in figure
3, in order to develop the LIPS process. One is the laser transfer system composed of
alignment equipment, a step-moving (X-axis) laser head and a scanning substrate stage (Y-
axis). The radiation source is an 800 nm diode laser. A width of the laser beam is adjusted in
accordance with that of the transferred pattern. The other is the vacuum chamber where a
glass donor is fixed on a substrate with clamping equipment. (Hirano et al 2007)

Figure 3 also shows the process flow diagrams of LIPS. A glass donor is necessary for each
emission layer (EML) to be patterned. Organic material is deposited in a conventional
evaporator on a glass donor covered with molybdenum absorption layer. Organic common
layers such as a hole injection layer (HIL) and a hole transport layer (HTL) are formed on
the glass substrate including a pixel defined layer (PDL) and bottom electrodes, as shown in
figure 1(d). The substrate and the glass donor are introduced without exposure to the air
and spaced apart in the vacuum chamber. And then the glass donor is put on the substrate
and fixed by the clamping equipment. It is moved out of the chamber onto the stage of the
laser transfer system in the atmosphere after introducing inert gas into the chamber. The
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transfer gap between the glass donor and the substrate is precisely controlled all over the
substrate by the rigid donor, the PDL and atmospheric pressure. Moreover the PDL
prevents the donor from contacting the emitting area on the substrate. After mechanical
alignment of the substrate to the laser head, laser beam scans and heats the designated
position of the glass donor and organic material is transferred to the substrate by vacuum
sublimation. The transferred organic material functions as an EML. The gap atmosphere is
kept vacuum by the clamping equipment during the laser transfer. The patterning process is
done for each emission layer. Common layers such as an electron transport layer (ETL) and
a top electrode are formed on the patterned substrate after removing the donor glass in inert
gas. (Hirano et al 2007)

From the viewpoint of productivity, the laser transfer process in the atmosphere can
simplify a production system and improve laser positioning accuracy. Multiplying laser
beams promise high throughput even for large-scale mother glass. Glass donors can be re-
cycled, which saves the production cost. (Hirano et al 2007)
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Fig. 3. Schematic diagrams of the LIPS process. (a) Placement of the glass donor and the
substrate in the vacuum chamber (b) Setting of the glass donor on the substrate with
clamping equipment (c) Placement of the substrate on the laser transfer system (d) An
enlarged cross-section diagram of A in figure (c). (Hirano et al 2007)

The gap between a donor sheet and a substrate is critical to transfer accuracy. The advantage
of the LIPS process is high precision by use of a glass donor instead of a film donor. The
position accuracy is better than 4um. The pattern width variation is within +2.0um. Using
the patterning accuracy, we can realize high aperture ratio more than 60% for large-sized
OLED display. The further improvement of patterning accuracy is possible by mechanical
adjustment. (Hirano et al 2007)

2.3 Matrix Assisted Pulsed Laser Evaporation — Direct Writing [MAPLE-DW]

MAPLE DW was originally developed as a method to rapidly prototype mesoscopic passive
electronic devices such as interconnects, resistors, and capacitors. (Piqué et al. 1999, Chrisey
et al. 2000) This technology falls under the category of a “direct-write” approach because, in
the same manner as a pen or pencil, it can be used to rapidly form any pattern with the aid
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of CAD/CAM systems. The schematic of the apparatus is shown in figure 4. The material to
be transferred is mixed in a laser-absorbent matrix and coated onto a support, or ribbon,
that is transparent to the laser irradiation. A focused laser pulse is directed through the
backside of the ribbon so that the laser energy first interacts with the matrix at the ribbon
interface. The laser pulse is focused at the matrix-ribbon interface by a UV microscope
objective that also serves as an optical guide to determine the area of the matrix to transfer.
Layers of matrix near the support interface evaporate due to localized heating from
electronic and vibrational excitation. This sublimation releases the remaining material
further from the interface by gently and uniformly propelling it away from the quartz
support to a substrate positioned 25 pm to several mm away. By removing the ribbon and
allowing the laser pulse to interact with the substrate, this approach is also able to
micromachine channels and through vias into polymer, semiconductor, and metal surfaces.
All micromachining and material transfer can be controlled by computer (CAD/CAM),
which enables this tool to rapidly fabricate complex structures without the aid of masks or
moulds. When applied to polymers and composites, MAPLE-DW has produced 2-D and 3-D
patterns as well as functioning devices. One such device was a chemoresistor fabricated by
depositing a polymer/carbon composite (polyepichlorohydrin/graphite mixture) across
two electrodes.(Piqué et al. 1999) This device retained function as demonstrated by
sensitivity to chemical threats. In addition, polymer thick film (PTF) resistors were
fabricated using epoxy-based materials.(Modi et al. 2001) The fabricated PTF resistors
spanned four decades of sheet resistances (10 Q/sq. to 100 k Q/sq.) and performed
consistent to theoretical models for temperature and frequency variance.

Pulsed Laser
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Laser Transferred Material Micromachined
\ \ Channel
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Fig. 4. Schematic diagrams of the MAPLE-DW deposition system. (Chrisey et al 2003)

2.4 Nanomaterial Enabled Laser Transfer [NELT]

Many of the direct write technologies mentioned above are subject to a number of
limitations such as the need for solvent removal and contamination into the deposited
material for ink jet printing. Additionally, the minimum feature size is heavily influenced by
the properties of the fluid used to deliver the material of interest.

The conventional LIFT techniques also exhibit a number of limitations as they involve
localized evaporation of either the material of interest or the light-to-heat converting
intermediate layer resulting from the laser induced temperature rise. Laser-based techniques
have been used successfully to deposit metals, metal oxide films, inorganic dielectric films,
and ceramics,(Willis et al. 2005, Kyrkis et al. 2006, Chrisey et al. 2003, Arnold et al. 2007) but
have limited success to the deposition of organic materials.
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Generally, organic materials have strong ultraviolet (UV) and infrared (IR) absorption bands
attributed to electronic and vibrational transitions, respectively as shown in figure 5.
Therefore, UV or IR lasers have been typically used for organic material laser transfer by the
direct laser absorption in the same organic material or a separate light absorbing organic
material. However, organic compounds have high vapor pressures and can be easily
damaged by thermal decomposition or degradation induced from photodecomposition by
direct UV absorption or thermal decomposition by IR absorption. This is also the case even
using an additional light absorbing organic layer. To overcome this problem, a thin metal
film layer can be introduced as visible laser light absorber. However, this may cause organic
material thermal degradation because the metal film usually has high melting or ablation
threshold and exhibits inefficient energy coupling due to high reflectivity.

OLED material absorption peak (usually in UV
and IR) PR

S N

Absorption

,
/ wavelength

’
4

Light to heat conversion layer absorption peak
-> wavelength choice can be optimized by selecting
different nanoparticle, size etc.

Fig. 5. Light to heat conversion layer engineering for OLED laser transfer

Ko et al. reported a nanomaterial enabled laser transfer (NELT) method to facilitate the
patterning and transfer of the heat-sensitive OLED material. This is characterized by the
introduction of an efficient light absorbing nanomaterial layer and the choice of laser
wavelength that although is strongly absorbed by the properly engineered nanomaterial, it
interacts only weakly with the organic material of interest, leading to effective evaporation
and transfer of the material with less damage potential. (Ko et al. 2008)

The illustration of the NELT process and the donor multilayer is shown in Figure 6(a). Either
a large area homogenized beam or a tightly focused Gaussian Nd:YAG pulsed laser beam
(wavelength = 532 nm, pulse width = 5 ns FWHM) were applied normal to the donor
substrate to induce the local heating of nanoparticle and the transfer of a target film onto a
receptor substrate. The homogenized Nd:YAG laser beam cross section was shaped to a 0.9
x 0.9 mm2 flat top beam profile of good spatial uniformity by a micro-lens laser beam
homogenizer while the tightly focused laser beam size had a 2~10 pm (FWHM) 1/e2
diameter Gaussian profile. The applied laser fluence was around 0.05~0.15 J/cm2. The donor
was composed of three parts; transparent substrate (glass slide) / laser-to-heat conversion
layer (nanomaterials) / target material (OLED material). Self assembled monolayer (SAM)
protected silver nanoparticles (Ag NPs) (30~40 nm sized, Figure 6(a) insets) were used as
the laser-to-heat conversion nanomaterial layer by spin-coating on the glass substrate to
form a 100~200 nm layer. The SAM coating serves to stabilize the Ag NPs and prevent
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coalescence into a bulk film. (Korge et al. 1998) The optical property measurement by
spectroscopic ellipsometry (Figure 6(b)) shows the NP film has strong absorption around
530 nm facilitating highly efficient energy absorption to the NPs laser while the polymer
material exhibits little absorption. The target OLED material was tris-(8-
hydroxyquinoline)Al (Alg3) layer deposited by a resonant infrared pulsed laser deposition
(RIR-PLD) technique to form 200~300 nm layer on top of Ag NP film on a glass slide. The
donor substrate was then placed in intimate contact with the receptor substrate in ambient
air environment. The receptor substrate was a glass substrate with thin PDMS layer on top
as an adhesion promoter.
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Fig. 6. (a) Schematic illustration of the NELT process and the donor multilayer (Alq3/Ag
NPs/ glass) structure. The inset pictures are schematics of SAM protected NPs and the SEM
picture of the spin coated Ag NPs. Inset scale corresponds 100nm. (b) Ellipsometric
measurement of the NPs film optical property. (Ko et al. 2008)

Figure 7(a-c) shows fluorescence pictures of (a) a donor substrate and (b,c) transferred
Alg3 patterns on a PDMS/ glass substrate after homogenized Nd:YAG laser transfer. The
black squares in Figure 7(a) mark donor regions where single laser pulses (0.07 J/cm?)
transferred corresponding Alg3 patterns (0.9x0.9 mm?2 squares with 2 mm pitch) on a
receptor substrate (Figure 7(b)). Figure 7(d) shows the donor cross section SEM picture
near the laser beam edge and figure 7(e,f) show the corresponding magnified pictures.
The micrograph of individual transferred Alq3 pattern (Figure 7(c)) and the SEM picture
(Figure 7(g)) indicate that the transfer was very successful with well-defined edges and
strong fluorescence without any visible cracks on the Alq3 surface. If the Alg3 layer
becomes damaged, the layer will cease to fluoresce or the intensity will be greatly
reduced. The thickness of the transferred layer was about 200 ~ 300 nm corresponding to
the thickness of the Alq3 layer on the donor substrate structure as well as a small amount
of the nanoparticle matrix layer.
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Transferred Alqg,

Fig. 7. Fluoresce pictures of (a) a donor substrate and (b) transferred Alg3 patterns
(0.9%0.9mm?2 squares with 2 mm pitch) on a PDMS/ glass substrate under UV lamp
illumination. (c) Magnified fluoresce micrograph of individual transferred Alq3 pattern
under UV lamp illumination. (d) SEM cross sectional picture near laser edge along line (i) in
(a). Magnified SEM cross sectional pictures of original donor with Alq3/Ag NPs/glass
structure before laser transfer and of (f) donor after laser transfer at (ii) and (iii) in (d)
respectively. (g) SEM top view picture of transferred Alq3/Ag on PDMS/ glass substrate.
Inset is the magnified SEM top view picture. (Ko et al. 2008)

Nanomaterials exhibit remarkable properties that may be substantially different from those
observed in the bulk counterparts due to the large surface-to-volume ratio, large surface
energy, and the confinement of molecules, atoms, and electrons within a small spatial
region. Note that the typical laser fluence (0.07-0.12 J/cm?2) used for NELT based on Ag NPs
is considerably lower than the reported ablation threshold (Béuerle et al. 2000) for metal
films (1-10 J/cm?) for nanosecond laser irradiation at visible wavelength.

Proper selection of nanoparticle size, size distribution, as well as the material type may
allow highly efficient laser energy coupling via tuning to an absorption peak. Noble metal
NPs such as Au and Ag exhibit strong absorption peaks in the visible wavelength region
that are typically not observed in the bulk materials due to surface plasmon oscillation
modes of conduction electrons in the nanoparticles (Figure 8). Additionally, enhanced
electric fields between nanoparticles may contribute to more efficient energy absorption
mechanisms. (Ko et al. 2006)



Unconventional, Laser Based OLED Material Direct Patterning and Transfer Method 205

. ; ; ; ; = Tce)
- A i .= °
— - - Effective medium absorption depth for 5nm gold particles e Bulk gold melting temp. = 1063°C
2 Rayleigh absorption depth for 5nm gold particles _— - T
= = Mie ab: tion depth for 51 Id particl = g N
_ o e absorption depth for 5nm gold par .ces/// | 1000 _._j..,,:a-,—_'—.'._'
E /
< 4 / 800
53
2 /
S
E / 600 [
S 10t / E
I3
o
2
3
<

~

/ 400

A\

~
\
T

-
-

o4 06 o8 o 1.2 5 10 15 20

. Wavelength [ um] ol Buffat& B 1976 Di t
1. Efficient and local energy deposition uffat& Borel fameter (o)

->Strong absorption (Rayleigh scattering regime ~ Thermodynamic property :

. It
+ surface plasmon) size dependent melting temperature

2. Low ablation threshold

depression

Fig. 8. Optical property and melting temperature depression of metal nanoparticles.

For efficient energy absorption, the deposited energy may be more confined to the laser
focal zone due to the reduced thermal diffusion of nanoparticle thin films. This implies that
the relatively lower thermal conductivity of a nanoparticle thin film reduces the rate of
lateral energy dissipation, thereby facilitating the heating, evaporation and transfer
processes. The low thermal conductance of the alkanethiol SAM is due to the vibrational
mismatch between the nanoparticle solid core and the surface coating as reported by several
researchers. (Wilson et al. 2002, Wang et al. 2006)

The melting temperature depression may also enable ablation driven by the nanomaterial
melting and vaporization at much lower laser energies than for bulk materials. (Figure 8)
Upon reaching the SAM desorption temperature (typically at about 150~250°C), the SAM
coating may be removed. At this stage, molten nanoparticles agglomerate to form larger
particles or are expelled by the pressure built up from the volatile species expansion
attributed to desorbed SAM, vaporized residual organic solvent and trapped gases.
Additionally, due to the presence of the SAM coating, the nanoparticles may be held
together by weak physical van der Waals force compared with the strong metal bonding in
thin metal film. (Altman et al. 2005) Therefore, the expulsion may be enhanced by the
relatively weak bonding between the nanoparticles.

Due to the combined aforementioned effects, NELT results in laser transfer at relatively
smaller laser energy with minimal thermal damage to the target OLED material. The Alg3
layer shows strong decrease in fluorescence if the temperature exceeds approximately
300°C. Therefore, the Alq3 layer does not encounter higher temperatures during the laser
transfer process.

Figures 9 and 10 illustrate that this process can fabricate Alq3 patterns of arbitrary shape.
Figure 9 shows step and pixelized transfer of Alq3 patterns by irradiation of a large area
homogenized laser beam (of ~mm size) while figure 4 depicts Alg3 patterning by tightly
focused Gaussian laser beam (<10pm). Figure 9 displays photographs of the fluorescing
transferred Alg3 patterns on a PDMS/glass substrate under UV lamp illumination. The
green letters (a) “UCB”, (e) “LTL” and the star shapes correspond to regions where the laser
irradiation resulted in the transfer of the Alg3 material from the donor substrate to the
receptor substrate. The “UCB” and “LTL” letters were formed from combining the 0.9%0.9
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mm?2 squares with single laser pulse (0.072 J/cm?2). The lines of stars indicated at (a-i,ii) and
(e-i,iii) were patterned using a homemade aluminum mask on a glass slide (placed before
the objective lens for scaling down the projection of the mask at 1:10 reduction) using the
same pulse energy as for the above letters. Figures 9(b-d), (f-h) show the magnified
fluorescence micrograph of individual transferred Alq3 pattern of star shapes (b,f) and
letters (c,d,g,h). The bubbles appearing in Figure 9(a,e) are in the PDMS adhesion layer
and not a result of the Alg3 laser transfer process. In all cases, the fluorescence of the
transferred Alq3 is strong, indicating no damage during the transfer process.
Additionally, the edges of the transferred patterns are sharp and well defined, confirming
good spatial control of the transfer.

Fig. 9. Step and irradiation of large sized homogemized beam. Fluoresce pictures of
transferred Alg3 patterns on a PDMS/ glass substrate under UV lamp illumination. (a) (i)
squares. Magnified fluoresce micrograph of 1nd1v1dual transferred Alg3 pattern of (b) star
shapes, (c~d) letters under UV lamp illumination. (e) (i) star shapes made by homemade
mlcrograph of individual transferred Alq3 pattern of (f) star shapes, (g~h) letters under UV
lamp illumination. Small circles are the bubbles formed in PDMS layer and has nothing to
do with current process. (Ko et al. 2008)

Figure 10 shows fluorescence pictures of transferred Alg3 patterns on a PDMS/glass
substrate by raster scanning tightly focused Gaussian laser pulses. Alq3 micro dot arrays
were transferred by (a,b) 5X, (c) 20X, (d) 50X objective lens focusing. A range of sizes of Alq3
micro dot arrays ((a,b) 20~25 pm (5X), (c) 5 pm (20X), (d) 3 pm (50X)) could be transferred
via the objective lens focusing. Alg3 micro dot arrays were smaller than the original focused
laser beam size (5X: 10 pm, 20X: 3 pm, 50X: 2 pm). Instead of using single laser irradiation of
homogenized large area beam to transfer 1 mm2 square patterns as shown in Figure 7,
square patterns of similar size and quality could be achieved by raster scanning a laser beam
focused by a 5X objective lens along the arrow direction (Figure 10(d)).
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(2) w0 | (d)

Fig. 10. Raster scanning of focused Gaussian beam. Fluoresce pictures of transferred Alq3
patterns on a PDMS/ glass substrate under UV lamp illumination. Alg3 dot arrays
transferred by (a,b) 5X, (c) 20X, (d) 50X objective lens focusing. 1 mm? square by raster
scanning of focused laser with 5X objective lens. Arrow indicates laser spot scanning
direction. (Ko et al. 2008)

In summary, the nanomaterial enabled laser transfer (NELT) method was demonstrated to
directly pattern and transfer Alg3 through laser absorbing layer engineering. The combined
effects of melting temperature depression, lower conductive heat transfer loss, strong
absorption of the incident laser beam, and relatively weak bonding between nanoparticles
during laser irradiation result in the transfer of patterns with very sharp edges at relatively
lower laser energy than commonly used, thus inducing minimal damage to the target OLED
material with no evidence of cracks. This technique is not limited to the current specific
combination of the Ag NPs with alkanethiol SAM protective layer and the utilized laser
wavelength, but can be applied to a broad range of laser wavelengths with proper selection
of nanoparticle size and size distribution, as well as the material type. Additionally, NELT
may be particularly advantageous for the mass production of temperature sensitive devices.

2.5 Self Assembled Monolayer assisted Nanomaterial Enabled Laser Transfer [SAM-
NELT]

NELT process could demonstrate the OLED material pixel transfer. The NPs were used to
facilitate the OLED material transfer at low laser energy. Some part of NPs will transferred
from donor substrate on OLED material surface. The transferred NPs may be beneficial for
some points such that they can be used for metal electrode or may enhance the
luminescence by surface plasmon. However, for some application, there is a strong needs
for modified NELT process without using NPs. In this section, self assembled monolayer
assisted NELT (SAM-NELT) is introduced for variant of NELT process.
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Figure 11 illustrates the schematics of NELT process (Figure 11(a)) and the two types of
donor multilayer (figure 11(b)). Either a large area homogenized beam or a tightly focused
Gaussian Nd:YAG pulsed laser beam (wavelength = 532 nm, pulse width = 5 ns FWHM)
were applied normal to the donor substrate which was composed of three parts;
transparent substrate (borosilicate glass slide) / laser-to-heat conversion layer
(nanomaterials) / target material (OLED material). The applied laser induces the local
heating of laser-to-heat conversion layer and the transfer of the OLED material patterns
onto the flexible receptor substrate. In this experiment, two types of SAM (self assembled
monolayer, Alkanethiol) coated nanomaterials were used as the laser absorbing and
dynamic releasing layer: SAM coated Ag nanoparticle thin film (type I) or SAM layer
coated Au thin film (type II). SAM protected Ag nanoparticles (30~40 nm sized) were
spin-coated on the glass substrate to form a 100~200 nm thin film and SAM coated Au
thin film (100nm on 5nm Cr layer) was prepared by e-beam evaporation and subsequent
SAM coating. The homogenized Nd:YAG laser beam cross section was shaped to a 0.9 x
0.9 mm? flat top beam profile of good spatial uniformity by a micro-lens laser beam
homogenizer while the tightly focused laser beam size had a 2~10 pm (FWHM) 1/e2
diameter Gaussian profile. The applied laser fluence was around 0.05~0.15 J/cm? for type
I donor with SAM coated Ag nanoparticle thin film and 0.01~0.05 J/cm? for type II donor
with SAM coated Au thin film. The optical property measurement by spectroscopic
ellipsometry) indicates the nanoparticle thin film has strong absorption around 530 nm
facilitating highly efficient Nd:YAG laser absorption to the NPs laser while the polymer
material exhibits little absorption. The target OLED material were 1) green fluorescent
monomer: tris-(8-hydroxyquinoline)Al (Alg3) layer (200~300 nm) deposited by a resonant
infrared pulsed laser deposition (RIR-PLD) technique (Dubb et al, 2001) and 2) blue
fluorescent polymer: PFO layer (100~300nm) deposited by spincoating. RIR-PLD was
done by Free-Electron Laser (FEL) with the wavelength of 6.67 pm, which corresponds to
the resonance peak of Alg3 absorption in IR, 5ps pulse width, and fluence of 1.5 J/cm? at
30 Hz for 2-3 minutes. The donor substrate was then placed on top of the receptor
substrate with a small gap or intimate contact with the acceptor substrate in ambient air
environment. The receptor substrate was a thin PDMS layer.
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Fig. 11. (a) Schematic diagram of experimental set up for a nanomaterial enabled laser
transfer with a homogenized Nd:YAG laser. (b) Magnified schematic illustration of the laser
transfer process and the two types of donor multilayer. (Ko et al. 2010)
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For certain applications, these nanoparticles transferred with the OLED material can be
regarded as the contaminants. This side-effect can be removed by using type Il donor. The
micrographs of individual transferred Alg3 and PFO patterns from type II donor show
successful OLED material transfer without damaging or transferring of Au thin film.
Transferred OLED material pattern can be controlled by laser scanning or laser beam
shaping. Alternatively, selective transfer can be induced by pre-patterning of laser
absorbing layer. Figure 12 shows the schematics and the fluorescent pictures of transferred
Alq3 pattern on the PDMS substrate (Fig. 12(b)) and the donor substrate (Fig. 12(c)). Laser
was scanned for large area with constant laser energy, and the transfer happened only for
the area with pre-patterned type II donor (SAM coated Au thin film).

Fig. 12. (a) Schematic diagram of selective NELT process for a pre-patterned type II donor
substrate. (b) Fluorescent images of (b) transferred Alq3 patterns on a PDMS film and (c)
donor substrate after NELT process. (Ko et al. 2010)

3. Conclusion

Organic light emitting diode (OLED) displays have a number of desirable features such as
high contrast and brightness, wide color range, thin structure and light weight, among
others and OLED displays have several manufacturing requirements such as large area
scalability and an increasing push towards smaller feature sizes, tighter feature shape
control, high yield and low cost. However, traditional lithography and thermal evaporation
deposition techniques have significant disadvantages, including the need for masks that are
typically difficult to make to the required specifications at a reasonable price. Vacuum-
processable OLEDs have been patterned mostly by deposition through a shadow mask or
fine-metal mask (FMM). Deposition can be accomplished either as a conventional physical
evaporation or organic vapour phase deposition (OVPD), but FMM-related patterning
issues are largely independent of the deposition technique. Remaining FMM patterning
issues include difficulty of fabricating high resolution masks for large-area displays, mask
lifetime and cleaning, particle contamination, and thermal expansion effects. Therefore,
there is a strong need to develop a novel process instead of complex modification of
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conventional vacuum deposition and photolithography based processes. OLED display
manufacturing employs direct write techniques for patterning the various materials.
Examples of OLED material direct write technologies include ink jet printing, screen
printing and laser induced forward transfer (LIFT). Solution processible direct write
technologies such as inkjet printing and screen printing are subject to a number of
limitations such as the need for solvent removal and contamination into the deposited
material. Additionally, the minimum feature size is heavily influenced by the properties of
the fluid used to deliver the material of interest and multilayer structure fabrication is
difficult. In this chapter, unconventional OLED material direct patterning and transfer
methods especially laser based forward transfer and patterning approaches were presented
as promising potential alternative to conventional OLED fabrication methods.
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1. Introduction

At the moment, the display market is dominated by liquid crystal displays with amorphous
silicon (a-Si) thin film transistor (TFT) backplanes processed on glass. Within the last two
years, active matrix OLED (AMOLED) displays have rapidly expanded their market share
and are poised to break out of their niche application status. The brightness of OLEDs is
current controlled and therefore the driving engine behind every pixel is in its most simple
implementation comprising 2 transistors and 1 capacitor (2T1C) as in Figure 1. The required
current drive for the necessary brightness (> 500 cd/m? for cell phone display at > 72 dpi) is
however quite challenging for standard a-Si TFTs due to their relatively low mobility (~1
cm2/Vs).

The simplest implementation of a pixel engine for AMOLED current steering is depicted in
Figure 1. As a result, each pixel in the display contains 2 transistors and 1 capacitor. Since
OLEDs requires current driving, transistor 2 (T2) is used as a current source, whereby the
gate-source voltage determines the current level through the OLED. This gate-source
voltage is stored on capacitor C and can be modified by selecting transistor 1 (T1) via the
row select line. The voltage on the dataline is then transferred to the capacitor.

It is envisioned that the next generation of displays for handheld device will be flexible or
even rollable AMOLED displays realized on foils.

The substrate material for backplanes is typically glass, but could be replaced by a flexible
substrate, provided that low temperature materials are employed to create the backplane. A
working process for OTFTs in a backplane has been shown by Gelinck et al. Truly rollable
displays using organic TFTs have been shown recently either using e-ink by Huitema et al
(PolymerVision) or using OLEDs by Kawashima et al, Katsuhara et al and by Yagi et al, with
the organic TFTs possessing a similar performance to those of a-Si. In order to achieve a
sufficient light output, the preferred process flow implements top emitting OLEDs on top of
the driving engine resulting in an aspect ratio >70%. The choice of the flexible substrate
therefore will determine the process flow in a substantial way.
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Fig. 1. The schematic layout of a 2T1C pixel driver for AMOLED backplanes

Using a high temperature foil like polyimide (PI) which can sustain temperature of <260 °C
allows a process flow very similar to the flow used for a-Si backplanes. On the other hand, if
a low-temperature, low-cost foil such as polyethylenetheraphtalate (PET) (<120 °C) or
polyethylene naphtalate (PEN) (<160 °C) is used, it will necessitate the development of low
temperature materials and processes for the backplanes.

To produce a highly efficient OLED display at the end of the process, the choice for a top
emitting OLED on top of the pixel engine as shown in Figure 2 is most favorable to generate
a larger emitting surface. In order to electrically isolate the OLED from the pixel engine, an
interlayer is required. This implements also the necessity to have a connection between the
OTFT and the OLED anode. This connection, or via hole, will have to be generated through
the interlayers that protect the OTFT from degrading, and ideally without impacting the
performance of the OTFT.

Encapsulation

Interlayer
e

. Integrated shadowmask

Fig. 2. Schematic cross section of an AM-OLED stack

The OLED pixels (red, green and blue) will be deposited by evaporation, using a
shadowmask patterning technique to create different colors. Prior to this deposition, the
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anode material has to be deposited and patterned on top of the interlayers. Considering
solely performance, the most favorable anode material is silver due to its low resistivity and
high reflectivity

There are several challenges in realizing top emitting OLEDs on organic TFTs which have a
long lifetime because of their limited chemical, physical and environmental stability. In this
chapter, we address processing issues for the interlayers and the anode.

Another issue will be the adhesion of materials on top of each other. Organic materials
generally have a pronounced polarity which will act to repel or attract other materials.
Another drawback of processing on top of OTFTs is their inherent performance sensitivity
to a variety of solvents and their degradation in atmospheric conditions.

2. Interlayer with via process

To obtain the flexibility needed to create a rollable display, OTFTs are one of the possible
choices. Among OTFTs, one of the most widely studied and used organic semiconductor
materials is pentacene, allowing mobilities up to 1 cm?/(Vs). However, immediately
following deposition, oxygen, humidity and solvents will affect the transistor performance
adversely. The upper temperature limit the pentacene can sustain is approximately 140 °C;
Fukuda et al has shown that higher temperatures will result in recrystallization and a
decrease of the transistor performance.

On top of the MIM stack with OTFTs, an insulating interlayer with via holes needs to be
processed on which the reflective metal anode of the OLED is photolithographically
processed. This interlayer has to allow a good adhesion of the OLED anode, which is
deposited last on top of the interlayer through a shadowmask.

In order to have a very smooth anode, the polymer interlayer needs to have a very low
surface roughness, since this will be reproduced in the surface of the anode.

The main requirement of the interlayer, that is, to protect the OTFT from air, suggests the
use of a material that has good barrier properties against chemicals, moisture and air, a
solvent free deposition technique, low temperature budget and good adhesion. When
surveying the options available for such an interlayer, a premium choice would be to use
poly(p-xylylene), also known as parylene. The deposition of parylene by chemical vapor
deposition (CVD) is known to be pinhole free at thicknesses >600 nm, and has been used in
many applications in aerospace, electronics and military for its good barrier properties
against water, chemicals and oxygen. These properties therefore would be very useful when
it comes to protecting the pentacene from degrading. Also the deposition technique is fully
compatible with the semiconductor, since the temperature inside the polymerization
chamber does not exceed 30 °C over the entire deposition run. Measurements prove the
barrier properties of parylene as depicted in Figure 4. After it has been deposited, the
parylene polymer can handle temperatures up to 160 °C. When this temperature is
exceeded, the polymer will rather degrade and decompose instead of deform.

Fig. 3. Pentacene molecule
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Fig. 4. Transistor transfer curves in saturation measured after before (left) and after (right)
parylene deposition. The mobility went down from 0.34 to 0.32 cm2?/(Vs) (in both graphs the
semiconductor is pentacene)

Parylene itself comes in 3 main derivates; type N, type C and type D, all commercially
available. Other types also do exist as commercial products and are chemically modified to
be high temperature resistant or have a fluorinated structure. The difference is based on the
presence of chlorine atoms on the monomer as depicted below.

ford oy ford oy e o)

Fig. 5. Different parylene derivatives (left to right) Parylene N, Parylene C and Parylene D

This presence of chlorine atoms on the benzene ring has an influence on the surface energy
of the resulting film and therefore on the adhesion of subsequent layers. Previous research
has shown that the more chlorine atoms that are bonded on the benzene ring, the worse the
adhesion towards silver becomes. This can also be seen in contact angle measurements on
the different films and therefore, the choice of the N type is best suited for this application.
The maximal thickness that was observed by Vicca et al, still adhering sufficiently for further
processing, was 2 micrometer.

To ensure that a silver anode adheres well on the parylene layer, a slow deposition rate, <
15 A/ s, is required. This will allow sufficient relaxation time of the silver and reduces
stress in the metal film. Stress free layers up to 200 nm are possible with this approach.
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Patterning of parylene is done by photolithography using a dry etch plasma to define the
desired structures. We used oxygen plasma allowing etch rates up to 17 A/s using a
moderate (50 W) etch power in a reactive ion etch (RIE) plasma. The various parameters
such as pressure, gas flows, power, etc., are different for each etch chamber and will not be
discussed further.

The CVD process will lead to a conformal coating of the sample, meaning that the
polycrystalline structure of the pentacene (with root mean square roughness of 10 nm) is
projected into the surface of the parylene and thus, in the surface of the anode.

To decrease the resulting surface roughness, a second spin coated layer over the parylene
layer will act as a planarization layer as suggested by Yagi et al. The requirements for this
material are similar to those for the parylene interlayer; solvent and temperature needs to be
compatible with the processing steps and should allow a good adhesion of the subsequent
OLED anode material.

Considering the requirements (temperature budget <150 °C, crosslinkable and solution
processed) there are very few materials available in literature, (e.g. SU8, SC100, photoresist,
PVP and PMMA) and after some initial screening experiments, we chose PVP. Having a
dielectric constant of around 4.5, this commercially available material has been already used
by many research groups as a dielectric in TFT processing, and it has proven to result in
smooth surfaces and good adhesion properties. Typically, layer thicknesses around 200 -
400 nm are obtained, covering the parylene film completely without affecting the bending
radius of the substrate.

=

OH
Fig. 6. Monomer of poly-4-vinylphenol

The PVP will not remain on the substrate as a rigid polymer film, but needs crosslinking to
form a film that is compatible with chemicals used in further processing. To enable this cross
linking, a molecule will bond on the separate PVP polymer chains and create a chemically
inert film. The cross linker most commonly used for PVP is poly(melamine-co-
fromaldehyde). A process flow is described by Hwang et al and reports a thermal initiation
of the cross linking reaction at temperatures around 180-200 °C.

'y N - R=Har CH;

Fig. 7. Crosslinker poly(melamine-co-formaldehyde)



220 Organic Light Emitting Diode - Material, Process and Devices

When lowering the cross linking temperature to a more acceptable 145 °C, the cross linking
time increased to almost 3 hours. When using this long time for a baking process, it is
important to allow the substrate a long cool down period afterwards to prevent stress
effects. These stress effects can be seen by bended wafers, which will result in misaligned
structures. The use of low temperature cross linkers has been described in literature and can
be used for further decreasing of the temperature.

Other ways for decreasing the crosslinking temperature even further were investigated and
reported by Vicca et al and resulted in the use of another commercially available
crosslinking molecule; (hydroxymethyl)benzoguanamine.

Another point that needs to be taken into account is the cross linking reaction itself between
the polymer chains and the cross linking molecule. Very often this reaction produces side
products such as ions or volatile organic compounds (VOC) or else unused cross linker
remains behind. These molecules will very often function like as a charge trap, influencing
the transistor characteristics and which has been observed for both crosslinking molecules.
Typical effects that can be seen in the transfer characteristic curves are hysteresis, indicating
the presence of charge trapping ions, often left from reaction side products or VOC. This
might indicate a need for a longer bake time to evaporate these products out of the film. If
the threshold voltage (V) shifts in the negative direction, this indicates an excessive amount
of cross linker. To solve this effect, a lower percentage of the cross linker should be used.
Using these indications, a good recipe for PVP can be optimized.

Once the resist is patterned, dry etching with oxygen plasma (RIE) will remove the PVP
accurately. Just like when etching parylene, the discussion on different parameters like
flows, power, pressure, etc., will not be applicable here, since this is very dependent on etch
chamber architecture.

Encapsulation
dge cover
PVP
Parylens
Pentacene
Integrated shadowmask
Gate { Via

Si-carrier

Fig. 8. The full AM-OLED stack using a PVP planarization layer on top of the parylene
interlayer

3. Silver anode

To find the optimal material that can be used as an anode material, the different properties
of possible candidates must be compared to ensure that the best option is used for the
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process. Considering that the most advanced OLED stacks have doped- transport/injection
layers implemented, the choice of work function is not strongly relevant. To increase the
output of the OLED, it would be useful to reflect the light that is emitted towards the
backside of the stack. This efficiency increment can be realized by choosing a highly
reflective metal that also can be deposited with a sufficient thickness such that it is not
transparent. To ensure these thick layers are possible on top of the polymer interlayer, a
good degree of adhesion is required to prevent the metal from delaminating.
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Fig. 9. Comparison of different anode metals for green OLED stacks measured at 525 nm

In Figure 9, a comparison between different metals is made to compare the light intensity
with the intensity of the silver, It is clearly shown that the silver always has the highest
intensity and also the highest reflectance. This was also calculated for red and blue OLED
stacks in Figures 10 and 11, respectively.
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Fig. 10. Comparison of different anode metals for red OLED stacks measured at 630 nm

From a performance point of view, Ag emerges as the optimal choice. In addition, the
deposition of the silver anode on PVP or parylene does not require any adhesion layers or
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adhesion promotors such as HMDS since silver has a good adhesion on the polymer

surfaces.
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Fig. 11. Comparison of different anode metals for blue OLED stacks measured at 460 nm

3.1 Lift off

Once the silver layer has been deposited, it still needs to be patterned in order to define the
separate pixels in the display. For patterning, the main options available are lift off or
etching. When using a lift off process, the resist will already be patterned on the wafer prior
to the silver deposition and will be dissolved afterwards in a solvent to remove the silver
where it has no contact with the polymer interlayer.
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Fig. 12. Schematic presentation of the liquid impact on the OTFT during processing

However, for yield consideration, lift-off processes should be generally avoided and since
the inherent limit to the metal thickness is approximately 50 nm, it would not be compatible
with the non-transparent silver layer (200 nm) that is desired.

Another disadvantage of the lift off process is the long exposure of the wafer and OTFTs to
the lift off solvent(s). It is proven by measuring mobilities of OTFTs that were encapsulated
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with different polymers and immersed for 1 minute in various solvents, that liquid
chemicals used in general processing do have a negative impact on the mobility. Results of
these tests are showed in Figure 13, using 2 types of polymer to protect the OTFTs from the
chemicals.
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Fig. 13. Loss of mobility for OTFT after immersion in different process liquids for 1 min; IPA
(isopropanol), NMP (n-methyl pyrolidone), MPA (methyl propyl acetate), TMAH (tetra
methyl ammonium hydroxide), TFA (commercial Au etchant), PG remover (commercial
photoresist stripper)

3.2 Wet etching

When looking at the option to pattern the anode layer with an etch process, the etching is
performed after a silver layer has been deposited and patterned by photolithography using
the inverted mask lay out of the lift off patterning. The etching itself can be done by wet etch
or dry etching. If a wet etch process is used, a certain amount of reproducibility should be
respected. To do this, the EDC system by Laurell Inc. was used, employing a commercial
silver etchant. The system will spin the wafer while the etchant is sprayed over the wafer,
causing the etching of the silver. The main issue with this system is to find a good rotation
speed for the spinner. If the wafer rotates too slowly, the etchant arriving in the center will
remain for too long and cause over etching here. If the resolution of the etched structures is
monitored as shown in Figure 14, the ideal spin speed would be around 1500 rpm. At this
equilibrium point, the overertch in the center and at the wafer edge was found to be the
same. Adjusting the etch time leads to the desired amount of overetch, which is as close to
zero as possible. Doing this however leaves a very small time window for the etching,
resulting in a 7 second etch time for 200 nm of silver.

The main problem however of the wet etch technique is again the use of liquids. This can be
seen by microscope inspection of the pixels after patterning. The swelling of the interlayer
underneath will deform the pixel surface dramatically as can be seen in Figure 15, leading to
pixel failures.

The liquid impact can also be observed in the performance of the transistors by comparing
their mobilities before and after the silver has been patterned.
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Fig. 14. Rotation speed versus overetch at edge and center of a 6 inch silver substrate

Fig. 15. Microscopy image of pixels deformed by swelling of the polymer interlayer

3.3 Dry etching

When looking to dry etching techniques, literature describes only few effective etching
techniques for the removal of silver. These processes were typically used to pattern silver
lines in circuit purposes and the use of an inductively coupled plasma (ICP) is the most
common technique described by Lee et al, Jang et al, and Park et al. The disadvantage,
however, of this technique is the likelihood of silver residues that will form a conductive
film on the chamber wall, stopping the plasma. In literature, most of the etch recipes use a
gas mixture in which argon and CF; are combined.

The purpose of this mixture is the fluorination of silver by CFj, followed by argon sputtering
in order to remove the silver salt.

Ag + F- — AgF and AgF, — sputtered away by Ar+*ions

We tried to produce a dry etch process running on a reactive ion etch (RIE) fab tool. At first,
the effect of pure gasses present in the tool was tested to see their effect on a pristine silver
film, deposited on a polymer coated wafer that could act as a dummy for the stack that will
be used later. The gasses that can be used are argon, CF4, oxygen and SF.
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When using a pure argon gas plasma, the ionized argon atoms (Ar*) will sputter on the
silver surface, causing a rough surface, but without removal of silver. As a side effect of this
sputtering, the temperature of the substrate increases too much to allow the use of argon
when a foil substrate is used.

Fig. 16. Photo of the impact of pure argon etch on silver

Using an oxygen plasma, the reaction with silver is obvious to be observed and results in a
highly affected surface. This etching will eventually remove all silver without generating too
much heat, but the removal of silver is caused by a stress induced exfoliation. The oxygen will
react with the silver and create silver oxides which have a certain amount of stress in them.

Ag+ 0% — AgO and Ag,O

This stress will lead to the creation of flakes of silver oxide that will exfoliate from the
surface because of their different expansion coefficient. The size of these flakes cannot be
controlled and will result in low resolution if this gas only is used for the removal of silver.
This observation has also been described in literature by Nguyen et al.

2 PN

Fig. 17. Photo of the impact of pure oxygen etch showing the high affinity of oxygen to react
with silver
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Etching silver with a CF, plasma will result in a thin layer of silver fluoride which will be
present on the top layer of the surface, but will act more similar to a passivation layer that
prevents further fluorination of the metal. This is also why a mixture of CF; and argon is
needed to remove this top layer such that a fresh silver layer is exposed to the CF, gas.

Fig. 18. Photo of the silver layer after plasma etch using pure CF, revealing a poor impact

The use of an SF¢ plasma will result in a gently affected silver layer in which probably some
fluorination has occurred, but in which also sulfur depositions can be observed as yellow
dots.

Fig. 19. The impact of pure SFsetch on a silver layer showing yellow (sulphur) dots in the
surface

Since the use of a single gas appears not to be possible, a similar gas mixture as used in ICP
appeared more useful. As a starting point, the same Ar/CFs; mixture as described in
literature can be tested, but will result in a non effective etch. Probably due to a low etch
power (500 W) compared with ICP etch power (1500 W), this will not be suitable for RIE
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tools. To get the mixture working, the energy needed to start the fluorination needs to be
lowered. To do this, a certain amount of oxygen can be added to the Ar/CF, mixture, which
will react first with the silver layer due to its favored reactivity. This will result in a silver
oxide that will be easily accessible for the CFy gas to fluorinate it further into silver fluoride
which can be sputtered away by the argon ions.

To understand what the right amount of oxygen in the Ar/CF; mixture is, samples with
silver will be used again to verify the impact of different gas flows. In principle, the Ar/CF,
mixture will be present in excessive amounts that will fluorinate immediately all silver
oxide formed by the oxygen. Afterwards, the end product will be removed by the Ar* ions
sputtering.

Ag+ 0» — AgO and Ag,O

2 AgO + CFy— 2 AgF, + CO, — removed by Ar* ions

When the amount of oxygen is too low, the silver will not etch completely and remains on
the substrate.

Fig. 20. Too low amount of oxygen, resulting in a not completed silver etch

Using too much oxygen will cause etching of the underlying polymer interlayer once the
silver film has been removed.

If the right amount of oxygen is used in the mixture, the polymer interlayer will appear shiny
as it was deposited before the silver deposition and all silver will be removed from the sample.
The compatibility of a dry etch recipe with that of the resist also requires optimization. The
effect of a too high etch power will result in a carbonization of the resist and will not allow
subsequent stripping of the resist with solvents. Also, the heating of the substrate will be
reduced as the etch power is reduced.

If the etching would take too long, this will also affect the resist adversely, leading to the
removal of the resist. This is mainly caused by the presence of oxygen in the gas mixture.

All the parameters were optimized for our tool and will of course depend from etch
chamber to etch chamber. In our etch chamber, etch rates of +13A /s were obtained without
affecting or removing a commercial photoresist used for the patterning of pixels.
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Fig. 21. Excess of oxygen in the gas mixture etching the polymer interlayer

Fig. 22. Exposed and not affected polymer interlayer after complete silver etch

Fig. 23. Carbonized resist left on the silver structure after solvent treatment
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Fig. 24. Removed photoresist caused by too long etch time

Fig. 25. Patterned pixels after stripping photoresist. Left: fully processed 6 inch wafer, right:
detail of pixels in the QQVGA display

To confirm that the dry etch technique has not affected the performance of the OTFTs,
electrical measurements were executed on several transistors on different wafers and
mobilities were calculated. This resulted in an average mobility at the end of the process of
0.18 cm?/(Vs). When the final mobility is calculated for the OTFTs before and after the dry
etch process step, 61% of the mobility has been preserved. This was also calculated for the
wet etch technique, resulting in a final mobility 28% of the original mobility, showing the
advantage of dry etch in terms of both transistor stability and resolution.

Furthermore, when comparing the transfer curves of the OTFTs depicted in Figure 26, it can
be seen that there is no loss of uniformity over the processing steps, which is also one of the
beneficial effects of the dry etch recipe.

After OLED depositions were finished, 1 cm? test pixels as depicted in Figure 27 show a
high degree of uniformity of color indicating a smooth surface and giving an efficient light
output of 83 cd/A for a green OLED and 37 cd/A for a red OLED.
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Fig. 26. Transfer curves of different OTFTs measured on a fully processed wafer starting
after pentacene deposition (left) and anode etch (right)

Fig. 27. Pictures of OLED test structures on a flexible substrate

When the active pixels are connected to a control box, the pixels in the display will switch
on and off according to the commands of the controller. This allows us to activate or
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deactivate all pixels or switch on even or odd rows and/or columns or to make checker
board patterns as is shown in Figure 28.
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Fig. 29. Picture of different patterns created on the display by the active pixels

4. Conclusions

To tackle the challenges of a low temperature process for making organic backplanes for
OLED displays, the use of different polymers in the interlayer, parylene as well as PVP, has
been optimized in terms of their deposition, patterning and subsequent materials that will
be deposited on them. Working transistors prove the quality of the materials and the
efficiency of the process.

For the metal anode, a choice for silver was made mainly based on its excellent reflection
and conductivity properties. The patterning of the silver anode is performed by dry etching
using an optimized RIE process. This was developed due to the fact that other etch methods
seemed to affect the whole stack adversely and the output of OTFT at the end.

Combining the experience and technology that has been gained over the research on the
different interlayers and their appropriate processing techniques has led to the realization of
high efficiency OLED pixels.
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1. Introduction

Transparent conducting oxide (TCO) thin films of In;O3, SNO», ZnO, and their mixtures have
been extensively used in optoelectronic applications such as transparent electrodes in touch
panels, flat panel displays (FPDs), and other future devices. The first chapter provides an
introduction to the basic physics of TCO films and surveys the various topics and challenges in
this field. It includes a description of the TCO materials used in some of the organic light
emissive devices (OLEDs) that have been studied extensively to date, the performance of
various OLEDs, and a brief outlook.

Chapter 2 focuses on TCO material development of p-type and n-type. Typical oxide kind of
TCO materials consist of InyO3;, SNO,, and ZnO. These are applied as a TCO films with n-
type semiconducting property according to highly doped dopants which acting as a carrier.
Until today, in a n-type TCO materials, indium tin oxide (ITO) doped with SnO; of 10 wt.%
in InyO;3 has been widely commercialized. This is because the ITO film has high performance
of both good electrical conductivity of ~104 Q-cm and high transmittance of ~90% when the
ITO film is coated on glass substrate. At present, In,O3-SnO, (ITO) films are most commonly
used as TCO films, but they have ome disadvantages, such as high cost, instability, poor
surface roughness, and toxicity in their further applications. And amorphous ITO film
deposited at low temperature has low resistance under moist heat, which leads to a decrease
in its conductivity and light transmittance. In addition, unfortunately, the price of Indium is
dramatically increasing every day due to a mix-up between the supply and demand of raw
materials by the exhaustion of Indium source. On the other hand, some zinc-based TCO
materials have good optical and electrical properties comparable to the ITO films, as well as
low cost, high stability, excellent surface uniformity, and good etching selectivity. The zinc-
based TCO films are, therefore, regarded as promising substitutes for ITO film. In Chapter 3,
the Indium-based and Zinc-based TCO Materials, and their electrical, optical, and structural
properties will be discussed. Particularly, since more stringent specifications for TCO films
have been required for realization of both higher resolution and larger screen size of FPDs,
and preparation of high-quality TCO films at low temperature is very important to realize
advanced optoelectronic devices.

Chapter 4 will introduce the new TCO materials, such as: organic conductors like poly(3,4-
ethylenedioxy thiophene):poly(styrenesulphonicacid) (PEDOT:PSS), and the expanding
field of nanomaterials including carbon nanotubes, nanoparticles, and composite materials
combining one or more of these materials. For example, long metallic nanotubes have been
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found to have volume conductivities of ca. 700,000 S/cm, which is almost as conductive as
pure copper. Moreover, carbon nanotubes (CNTs) because of their covalent bonding do not
suffer from electromigration, which is a common problem that leads to failure in thin metal
wires and films. It is the covalent bonds of CNTs that make them thermally stable and
highly resistant to chemical damage. Therefore, these cheap and flexible transparent organic
and nano conductors can be an appropriate substitution for conventional ITO in the next
generation optoelectronic devices.

ITO films are very brittle and easily broken down by externally applied bending forces, while
the ITO films are widely used as the transparent electrode for display device. Finally, Chapter
5 mainly examines how external deformation influences the mechanical stability of ITO thin
films on flexible polymer substrates for flexible OLEDs (FOLEDs), typically in a bent state.

2. Classification of TCO materials

TCOs are very useful materials to transparent optoelectronics because they have unique
features of optical properties in the visible light region such as the transparency over ~85% and
optical band gap greater than 3 eV and controllable electrical conductivity such as carrier
concentrations of at least 1020 cm3 and resistivity of about 104 ohm cm.(Kim et al., 2011)
Nowithstanding their extraordinarily wide controllable conductivity range including that of
semiconductor behavior, their applications are limited to transparent electrodes. It seems to us
that the origin of this limited application is due to a lack of p-type conducting transparent
oxide materials. TCO materials are naturally n-type degenerate semiconductors and the lack of
a high quality p-type TCO always has been the main obstacle in front of the fabrication of a
fully transparent complementary metal-oxide semiconductor(CMOS)-like devices. Although
n-type TCO such as ZnO, SnO; and ITO are key components in a variety of technologies, p-
type TCO are an emerging area with little work previous to four years ago. However,
realization of good TCO could significantly impact a new generation of transparent electrical
contacts for p-type semiconductors and organic optoelectronic materials and in conjunction
with n-type TCOs could lead to a next generation of transparent electronics.

2.1 p-type TCO

Since the first report of a p-type TCO was NiO, In 1997, there was a report of transparent p-
type conducting films of CuAlO, showing considerable improvement over NiO.(Sato et al.,
1993; Kawazoe et al., 1997) Although the conductivity of 1 Stm™ was about three orders of
magnitude smaller than that of n-type materials, the result was promising. Since the discovery
of p-type conductivity in CuAlO,, many Cu(l) based delafossites having transparency and p-
type conductivity have been synthesized, such as CuScO;, CuYO,, CulnO,, CuGaO,, and
CuCrO,. Conductivity of the CulnO; film deposited under working oxygen pressure of 7.5
mTorr and 450 °C was reported as 2.8x103 S/cm. (Roy et al., 2003) And also, the dependence
of the electrical conductivity of CulnO, films upon the deposition temperature was
investigated. With increasing deposition temperature from room temperature to 600 °C, the
conductivity increases and reaches a value of 5.8x102 S/cm for the film deposited at 400 °C
temperature. Indeed, other structures have been identified that combine p-type conductivity
and optical transparency in Cu(I) based materials, including SrCu,O, and layered
oxychalogenides (LaCuOS), although to date the p-type TCO with the highest conductivity is a
delafossite (Mg doped CuCrO,). Among various candidate materials, ZnO is one of the most
important members of TCOs. Like the other members (e.g.: SnO», InoO;s, IZO, and ITO), ZnO
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have been applied. Among the candidates of shallow acceptors, nitrogen is the most tried one
due to its nearest-neighbor bond length of 1.88 A that is similar to the Zn-O bond length of
1.93 A. The p-type ZnO have been made by nitrogen using various deposition techniques like
sputtering, chemical vapor deposition (CVD), metalorganic CVD (MOCVD), pulsed laser
deposition (PLD) and spray pyrolysis (SP). (Huang et al., 2010) Growing p-ZnO was an
important milestone in ““Transparent Electronics”, allowing fabrication of wide band gap p-n
homo-junctions, which is a key structure in this field. It was anticipated that higher
conductivity and optical transmission could be obtained by ZnO doped with N, F, P, Sb, and
As. In this section, we discussed the necessary requirements in the electronic energy band
structure and crystal structure with Cu based p-type TCO. The chemical formula of
delafossites is AMO, in which A is the monovalent cation and M is a trivalent cation.
Delafossites have a hexagonal, layered crystal structure: the layers of a cations and MO, are
stacked alternately, perpendicular to the c-axis. As a class, p-type materials now include the
copper-based delafossites CuMO,.

Fig. 1 shows the schematic representation of the necessary electronic configuration of the
cationic species. In this combination, considerable covalency can be expected for both the
bonding and anti-bonding levels. The valence band edge shifts from the 2p levels of oxygen
ions to the anti-bonding levels because both the cation and anion have a closed shell
electronic configuration. It should be noted that the localization nature of the valence band
edge is greatly reduced by the modification. Cu and Ag have the appropriate d0 states for
this purpose.(Sheng et al., 2006)
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Fig. 1. Schematic of the chemical bond between an oxide ion and a cation that has a closed
shell electronic configuration.

The metal states interact with some of the O 2p states, which push up a more dispersive
band above the non-bonding O 2p or Cu 3d states. Tetrahedral coordination of oxide ions is
advantageous for p-type conductivity, as it acts to reduce the localization behavior of 2p
electrons on oxide ions. The valence state of the oxide ions can be expressed as sp? in this
conformation. Since the CuzO has a rather small band gap(Eg) of 2.17 eV, we found that the
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Eg of p-type TCO should be greater than 3.1 eV. Hence enlargement of the band gap would
be another structural requirement for designing p-type TCOs, so that there is no absorption
of visible photons. Two families of Cu based TCOs have been developed from this idea,
CuMOyM = Al, Ga, In, Sc, Cr, Y, B, etc.) with the delafossite structure and the non-
delafossite structure SrCuO,, LaCuOCh (Ch = chalcogen). The band structural properties of
these materials were calculated in detail by Nie et al., Robertson et al., and Ueda et al.(Sheng
et al., 2006)

2.1.1 CuBO;

A study by Snure and Tiwari has identified a new group 13 delafossite, CuBO,, as a new p-
type TCO.(Snure & Tiwari, 2007) In this study, a density functional theory (DFT) study are
measured, and examining the detailed electronic structure of CuBO..(David et al., 2009) This
group show conclusively that (i) the lattice parameters reported by Snure and Tiwari are not
consistent with previous experimental trends and need to be reinvestigated, (ii) the valence
band features of CuBO, are consistent with other delafossite p-type TCOs, (iii) the effective
hole masses of the valence band maximum(VBM) are consistent with the reported good
conductivity, and (iv) the predicted indirect band gap and optical band gap of CuBO, are
3.21 eV and ~5.1 eV, respectively. The GGA + U calculated bandstructure of CuBO, along
the high symmetry lines taken from Bradley and Cracknell is shown in Fig. 2. The VBM is
situated at the F point, while the conduction band minimum(CBM) lies at I, giving an
indirect band gap of 1.94 eV, with the smallest direct band gap situated at I' and measuring
3.21eV.
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Fig. 2. GGA+U calculated bandstructure of CuBO,. The top of the valence band is set to 0 eV.

To gain a deeper understanding of the band structure features, we have plotted projections
of the wave function for the VBM at F and the CBM at the I' point through a (001) plane
containing Cu, B, and O atoms, labeled (b) and (c) in Fig. 3. (David et al., 2009) Anumerical
breakdown of the states at the VBM shows that it contains ~67% Cu d character and ~31%
oxygen p character, with B states effectively playing no role in the VBM makeup at F. This is
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further evidenced by the charge density plot of the VBM (Fig. 3b) which clearly shows d-like
orbitals on the Cu ions and p-like orbitals on the O ions, with the absence of any density on
the B states.

Fig. 3. Charge density contour plots showing the band edges of CuBO, through a (001)
plane. (a) Structure of the cell in the (001) plane, (b) charge density of the VBM at F, and (c)
charge density of the CBM at I, plotted from 0 eV (blue) to 0.003 eV(red) e ‘A3.

2.1.2 CuAIO,

Kawazoe et al. first reported synthesis of CuAlO; das a p-type TCO material based on the
copper I oxides such as CuAlO,, CuGaO,, and SrCu,O; with chemical modulation of valence
band.(Kwwazoe et al., 1997) In spite of several merits of CuAlO; as a p-type TCO, the main
hurdle is its low electrical conductivity compared to the n-type TCO. Therefore, different
methods such as high temperature solid-state reaction, hydrothermal method, ion
exchanges, and sol-gel method etc. have been proposed to prepare CuAlO».(Ghosh et al.,
2009) Each copper atom of CuAlO; is linearly coordinated with two oxygen atoms to form
an O-Cu-O dumbbell unit placed parallel to the c-axis. Oxygen atoms of the O-Cu-O
dumbbell link all Cu layers with the AlO; layers. After the report of p-type semiconducting,
transparent CuAlO; thin film, a research field in device technology has emerged, called
‘transparent electronics’. For the synthesis of CuAlO» thin films, the groups of Hosono,
Gong, and Chattopadhyay used pulsed laser deposition, plasma-enhanced metalorganic
chemical vapor deposition(PE-MOCVD), and dc sputtering, respectively.(Sheng et al., 2006)
The electronic structures of CuAlO, were experimentally probed by normal/inverse
photoemission spectroscopy(PES/IPES). The Fermi energy determined experimentally was
set to zero in the energy scale in the three spectra, as shown in Fig. 4.

A band gap was observed between the valence band edge in the PES spectrum and the
conduction band edge in the IPES spectrum. The band gap estimated was about 3.5 eV. The
Fermi energy lies around the top of the valence band. The origin of the energy axis is the
Fermi level which was determined using Au deposited on sample. These results means that
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CuAlO; is a transparent p-type semiconducting material, which has excellent potential for
use in optoelectronics device technology. Fig. 5 shows the emission current (I) versus
macroscopic field(E) curve of CuAlO; thin films deposited on glass substrate as a function of

the anode-sample separations(d).(Banerjee & Chattopadhyay, 2004)

Intensity (a.u.)

Fig. 4. Photoemission and inverse photoemission spectra of the valence and conduction

region of CuAlO,.
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2.1.3 CuGaO;

CuGaO:; is a p-type TCO with E; of ~3.6 eV. CuGaO; has a larger lattice constant of the a-
axis, a = 2.98 A, than CuAlO; (a = 2.86 A). A polycrystalline thin film of CuGaO; prepared
by rf sputtering method was obtained in an amorphous state by post-annealing for
crystallization at 850 °C for 12 h under nitrogen atmosphere. And its activation energy was
roughly estimated to be about 0.22 eV. The conductivity at room temperature was about
5.6x1073 S-cm-1.(Sheng et al., 2006) The electrical conductivity, carrier (positive hole) density,
and Hall mobility of epitaxial CuGaO; films at room temperature were respectively 6.3 x
102 S:em1, 1.7 x 1018 cm3, and 0.23 cm?2-V-1's-1, which were prepared on a-Al,O3(001) single-
crystal substrates by PLD without post-annealing treatment and it were superior to those of
the polycrystalline thin films of CuGaO.. The films were grown epitaxially on the substrates
in an as-deposited state. The films have high optical transparency (~80%) in the visible
region, and the energy gap of CuGaO; for direct allowed transition was estimated to be 3.6
eV.(Ueda et al., 2001)

2.1.4 CulnO,

The CulnO; system, which is copper-based delafossites, has been particularly interested
because it can be doped both p-type (with Ca) and n-type (with Sn), allowing p-n
homojunctions to be produced by applying doping of an appropriate impurity and tuning
the deposition conditions.(Yanagi et al., 2001a, 2002b) On the other hands, no similar trend
like CuInO; has ever been observed in any other semiconductors because it has the largest
reported band gap of 3.9 eV. The conductivity of CulnO, films reported by Yangagi et al.
shows about ~103 S cm? when it was grown by PLD from phase-pure CulnO,
targets.(Yanagi et al., 2001) It has been smaller than that of the other p-type TCOs. However,
Teplin et al. used CulnoOs as a target to deposit single phase undoped and Ca-doped
CulnO; thin films because the oxygen-rich CuxIn,Os phase of Cu-In-O is easily prepared by
solid-state synthesis in air.(Teplin et al., 2004)

2.1.5 SrCuZOz

SrCux0, (SCO) is one of the few non-delafossite p-type oxides. In some groups, the
properties of SCO deposited under working oxygen pressure of 5.25 x 103 mTorr and 300 °C
are measured. Roy et al. reported the performance of SCO films with copper formate
(Cu(CH3COO);) and strontium acetate (Sr(CH3COO),;), which were chosen as starting
precursors.(Roy et al., 2003) Stoichiometric amounts of Copper formate and Strontium
acetate were prepared as separate aqueous solutions and mixed just before application
(otherwise copper acetate precipitated) and were sprayed on quartz substrates at ~250 °C.
Non-doped and K-doped p-type SCO thin films were first deposited by Kudo et al.(Kudo et
al., 1998) And the PLD technique has been used to fabricate Ca-doped SCO thin films on
quartz glass substrates. In case of the synthesis of SCO, a p-type transparent conducting
oxide by a chemical solution route as well as the conventional PLD method, for SCO by the
chemical solution route, samples were made by spraying deposition on quartz substrates
using an aqueous solution of copper formate and strontium acetate. The X-ray
diffraction(XRD) spectra of as-deposited thin-film samples for different substrate
temperatures had only single (202) peak of SCO films.(Sheng et al., 2006) In this case, as
increase the deposition temperature, the intensity of the (202) peak was increased. And also,
the transmittance of SCO films is observed to depend on deposition temperature. On
increasing the deposition temperature, the average transmission was decreased. The (ahv)2
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versus hv plot is shown, from which the direct allowed band gap can be estimated; it was
found to be about 3.2 eV for films deposited at 350 °C. The conductivity of the film
deposited in room temperature was obtained as 8.2 x 102 S cm-1, which is decreased as 5.4%
102 S cm? deposited at 400 °C.(Roy et al., 2003)

2.2 n-type TCO

While the development of new TCO materials is mostly dictated by the requirements of
specific applications, low resistivity and low optical absorption are always significant pre-
requisites. There are basically two strategies in managing the task of developing advanced
TCOs that could satisfy the requirements. The main strategy dopes known binary TCOs
with other elements, which can increase the density of conducting electrons. More than 20
different doped binary TCOs were produced and characterized by n-type TCOs , of which
ITO was preferred, while Al-doped ZnO (AZO) and Ga or Ga;Os-doped ZnO (GZO) come
close to it in their electrical and optical performance. The TCOs have been intensively
studied for their potential in optoelectronic applications, including for the manufacture of
OLEDs. It has been well known that ITO is the most popular TCO, because of its high
conductivity and transparency.(Kim et al., 1996) However, its chemical instability, toxic
nature and high cost, combined with the diffusion of indium into surrounding organic
materials, have stimulated efforts to find an alternative.(Kim et al., 2000)

Among these materials, one of most promising candidates is AZO which has sufficiently
high conductivity and a transmittance of over 90% in the visible range, even in samples
grown at room temperature.(Chem et al., 2000) Recently, it has been reported that optimized
AZO films could replace ITO as an anode material in OLED applications. In comparison
with ITO, AZO films are more stable in reducing ambient circumstance, more readily
available, and less expensive. Because of these characteristics, AZO is often used as an
anode material in photoelectronic devices such as solar cells, flat panel displays and OLEDs.
(Yang et al.,, 1998; Ott & Chang, 1999; Wang et al., 2006; Deng et al., 1999) Previously, we
reported that the AZO can be successfully adopted as a TCO on a flexible polymer
polyethersulphone (PES) substrate for flexible OLED application.(Park et al., 2007) Because
the anode materials in an OLED are in contact with organic molecules, both their surface
chemical properties and their morphology affect the adhesion and alignment of molecules
on the surface.(Guo et al., 2005)

Therefore, a microscopic understanding of wettability in solid surfaces is fundamentally
interesting and practically valuable. Furthermore, the absorption of water on metal-oxide
surfaces is an important subject in its own right, due to its crucial role in gas sensors,
catalysis, photochemistry and electrochemistry. It is well known that the measurement of
water contact angle (WCA) could reveal much useful information about characteristics of
surface nanostructure and morphology.(Soeno et al., 2004) However, there have been few
studies of the surface wettability of the transparent conducting oxide AZO thin film. AZO
films with resistivity of ~8.5.10%> W-cm was reported by Agura et al.(Agura et al., 2003) An
even lower resistivity was reported for GZO, ~8.1 x 10> W-cm.(Park et al. 2006) This r is
very close to the lowest resistivity of ITO of 7.7x105 W-cm, with a free carrier density of
2.5x1021 cm3.(Ohta et al., 2000) The phase-segregated two-binary systems include ZnO-
SnO,, CdO-SnO;, and ZnO-InOs. In spite of the expectations, the electrical and optical
properties of the two-binary TCOs were much inferior to those of ITO. Accordingly, the
ternary TCO compounds could be formed by combining ZnO, CdO, SnO,, InO; 5 and GaO: 5
to obtain Zn,SnOy4, ZnSnO;, CdSnOy, ZnGarOy, GalnOs, ZnoInyOs, Zn3InaOs, and Zngln,O5.
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However, since Cd and its compounds are highly toxic, the utilization of these TCOs is
limited, though they have adequate electrical and optical properties. Other binary TCOs
were synthesized from known binary TCOs and also from non-TCO compounds, such as
IngWO12 and the p-type CuAlO,. All of the TCOs discussed above are n-type TCOs. In
addition, p-type doped TCOs were also developed and could find interesting future
applications, in particular as a new optoelectronic field like "transparent electronics".
(Banerjee & Chattopadhyay, 2005)

The need to produce n-type TCOs with higher conductivity and better transmission,
without relying on In, gave rise to research and development effort for new TCOs. Recently,
mobility with more than twice that of commercial ITO was achieved in Mo-doped
In;O3(IMO), and this material showed that the conductivity can be significantly increased
with no changes in the optical transmittance upon doping of Mo.(Meng et al., 2001; Yoshida
et al., 2004) Electronic band structure of IMO was investigated by Medvedeva, it was
revealed that the magnetic interactions which had never been considered to play a role in
combining optical transparency with electrical conductivity ensure both high carrier
mobility and high optical transmittance in the visible range.(Medvedeva, 2006)

Recently, new thin film geometries were also explored by Dingle et al. in search of TCO
films with higher conductivity.(Dingle et al., 1978) They showed that higher conductivity
could be obtained by doping modulation, which spatially separates the conduction electrons
and their parent impurity atoms (ions) and thereby reduced the effect of ionized and
impurity scattering on the electron motion. Rauf used a zone confining process to deposit
ITO with r = 4.4x105 W-cm and m = 103 cm?/Vs.(Rauf, 1993) The highly and lowly doped
regions were laterally arranged in the films, rather than vertically as in superlattice
structures. A theoretical outline of a method to engineer high mobility TCOs was presented
by Robbins and Wolden, based on the high mobility transistor structure discovered
accidentally by Tuttle et al.(Robin & Wolden, 2003) The film should consist of alternating
thin layers of two semiconductors. One layer provides a high density of carriers, while the
second is a high mobility material. Electrons are supplied by the former and transported in
the latter, mitigating the limitations of ionized impurity scattering.(Tuttle et al., 1989) The
model of Robbins and Wolden assumes that the electrons move into the high mobility
material in response to differences in electron affinity. However, the success of the proposed
TCO design depends upon controlling the layer thickness at nano dimensions, (e.g. ~5 nm).
In addition, this approach depends on having materials of excellent quality and compatible
crystal structure in order to avoid problems related to interface defects. TCO materials with
magnetic properties, which are ferromagnetic semiconductors with a Curie temperature
well above room temperature, have also been explored recently, as they could be used for
second generation spin electronics and as transparent ferromagnets. Ueda et al. reported that
Co doped ZnO thin film (Zn;«CosO) with x = 0.05 - 0.25, had a large magnetic moment of
1.8mB per Co ion for x = 0.05. High-temperature ferromagnetism was subsequently found
by other groups, with varying magnetic moments.(Ueda et al., 2001)

2.3 Indium-based TCOs

In fabricating OLED devices, ITO film among the transparent conductive oxide (TCO) films is
widely used as an anode layer, because of its high transparency in the visible light range, low
conductivity, and high work function (~ 4.8 eV). In majority of cases, a thin layer of a mixed
ITO made of 9~10 mol % of tin oxide in indium oxide on a transparent substrate is used.
However, conducting oxides such as pure tin oxide, Ga-In-Sn-O (GITO, 5.4 eV), Zn-In-Sn-O
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(ZITO, 6.1 eV), Ga-In-O (GIO, 5.2 eV), and Zn-In-O (ZIO, 5.2 eV) films composed with In, Sn,
Ga, Zn, and O components have particularly interesting transparency and conducting
properties. They possess better characteristics than ITO such as a lager work function.
Conducting polymer, TiN, and semitransparent at thicknesses that are suitable due to high
conductivity as an electrodes. Besides, the FOLEDs has led to the utilization of the ITO or the
organic conductors, such as; polyaniline(PANI) deposited on various plastic substrates of
polyethylene  terephthalate(PET),  polyethylene  naphthalate(PEN),  polyimide(PI),
polycarbonate(PC), polypropylene adipate, and acrylic polymer. The following paragraphs
explain in detail the solutions found in the literature for realizing the anode. Among the many
factors determining the performance of OLED devices, the interface between the organic hole
transport layer (HTL) and the anode layer plays an important role in controlling the efficiency
of the charge carrier injection into the emitting layer.(Li et al., 2005; Chan & Hong, 2004) The
insertion of various thin insulating films, such as WOs, NiO, SiO,, ZrO,, Ta;Os, and TiO,,
between the ITO anode and the HTL layer, was found to improve the performance of the
OLEDs, which was explained by the energy level alignment or tunneling effect.(Qiu et al.,
2003; Huang, 2003; Mitsui & Masumo, 2003; Lu & Yokoyama, 2003; Ishii et al., 1999; VanSlyke
et al.,, 1996) In addition, the modification of the work function of the ITO surface was reported
by doping it with Hf atoms using a co-sputtering technique or inserting a conducting oxide
layer, ie., IrOs, which increases the work function of the ITO surface through dipole
formation.(Chen et al., 2004; Kim & Lee, 2005)

Although many thin-film deposition techniques, such as sputtering or chemical vapor
deposition, have been used to obtain an ultra-thin interfacial layer between the HTL and
anode, these methods are not suitable for obtaining a high quality ultra-thin interfacial layer
with a sub-nm range thickness. Recently, atomic layer chemical vapor deposition (ALCVD)
has been widely used in many application areas which require precise thickness
controllability and low structural defects, because the ALCVD process is based on surface
adsorption- and saturation-controlled deposition kinetics. This results shows the effects of
ALCVD treatment performed both at room temperature (RT) and at various temperatures
up to the typical HfO, deposition temperature (300 °C) using tetrakis(ethylmethylamino)
hafnium (TEMAH; Hf[N(CH3)C;Hs]s) as the precursor on OLEDs. The binding and
molecular structures of the HfO layer formed on the ITO surface were analyzed by X-ray
photoelectron spectroscopy (XPS) and near-edge X-ray absorption fine structure (NEXAFS)
spectroscopy.

Compared to the control sample without any treatment, the sample treated for 5 cycles at
RT, which was referred to as RT-5C, exhibited significantly improved OLED performance,
i.e,, a decrease in turn-on voltage as depicted in the inset of Fig. 6(a) and an increase in
brightness.

Because of the high current flow and subsequent increase in brightness mainly originating
from the increased hole injection efficiency from the ITO anode into the organic layer, we
found that the 5 cycle treatment at RT by the ALCVD process is an effective method of
improving hole injection efficiency.(Shrotriya & Yang, 2005) However, when the number of
ALCVD cycles was increased at RT, the turn-on voltage increased and the brightness
decreased as compared to the control sample as shown in Fig. 6. This is believed to be
caused by the formation of an insulating layer and the consequent retardation of the hole
injection. With the increase of the deposition temperature, the electrical and optical
characteristics of the OLEDs showed similar or worse performance when compared to the
control sample as a function of deposition cycles as shown in Figs. 7 and 8.
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Fig.7. (a) J-V, (b) B-V, and (c) power efficiency characteristics of OLEDs treated with
ALCVD-HfOx at 100, 200, and 300 °C as a function of deposition cycles.

The Hf precursor formed Hf-O bonding having a high dipole moment with the underlying
ITO network, and the subsequent bias-induced realignment of the anode Fermi level and
highest occupied molecular orbital (HOMO) of the HTL lowered the band offset with the
top HTL by modifying the work function of the ITO surface, as shown in Fig. 9.

However, the existence of the ultra-thin HfO, layer did not retard the hole injection from the
anode due to the tunneling effect. When the number of cycles or deposition temperature
was increased, the peaks caused by the unoccupied hybridized orbitals of Hf and O
appeared in the lower photon energy range, which confirmed the formation of an
electrically insulating HfO layer. The O K edge NEXAFS spectra of the 300 C-30 cycles
sample were directly related to the oxygen p-projected density of states of ITO overlapped
with that of HfO,, which consists of the four unoccupied hybridized orbitals, Hf 54+O 2pu,
Hf 5d+0 2po, Hf 6s+0 2p, and Hf 6p+O 2p of the HfO; film.(Cho et al., 2004) The formation
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of a physically thick insulating HfO, layer between the anode and HTL, as confirmed by the
NEXAFS measurement, significantly deteriorated the OLED performance, as previously
shown in Figs. 6 and 7.
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features of the ITO surface as a function of TEMAH deposition conditions.

In order to measure the relative work function for a pristine ITO anode and ITO anodes
modified by the different surface treatments of HfC,, HfOx and HfO; for 5 cycles, we carried
out Kelvin probe current measurements as a function of the substrate bias by using the
Kelvin probe microscopy(KPM) system in UHV conditions, as shown in Fig. 10.(Sohn, 2008)
The applied bias(Vapp) of the surface potential di_erence between the Kelvin probe tip and
the pristine ITO substrate (Viro) under different HfC,, HfO, and HfO, treatment conditions
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were, respectively, shifted to -0.2, 0.4, -0.9 V, which resulted in improved or deteriorated
device properties. The increased work function of the HfOx-treated ITO anode reduced the
barrier height for hole carrier injection in OLEDs compared to that of the HfC, treatment
without an oxidant or the HfO, treatment with a high deposition temperature.

And also, Sugiyama et al. suggested the three factors such as C-containing contaminants,
the O/In ratio, and the In/Sn ratio for the increase of the ITO work function. In order to
be utilized as excellent anode in OLEDs, however, the ITO film has to solve some
problems such as formation of a defect region by diffusion of oxygen or In metal into the
organic material layer, low transparency in the blue light range, and discord of the energy
level alignment by difference between the ITO work function and HOMO level of a
typical HTL. In order to increase the work function of ITO, a number of investigations
were reported, such as the surface treatments under O,, N, Hy, and N»-H; condition, or
the insertion of an anode interfacial layer with insulating wide band gap between the HTL
and the anode.
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Fig. 10. Kelvin probe current for a pristine ITO anode and an ITO anode modi_ed by HfC,,
HfO, and HfO; surface treatment for five cycles as a function of substrate bias. The applied
bias (Vapp) has been shifted by the surface potential difference between the Kelvin probes tip
and the pristine ITO substrate (Viro).

The development of the TCO films such as Ga-In-Sn-O (GITO, 5.4 eV), Zn-In-Sn-O (ZITO,
6.1 eV), Ga-In-O (GIO, 5.2 eV), and Zn-In-O (ZIO, 5.2 eV) TCO films composed with In, Sn,
Ga, Zn, and O materials. Especially, the oxygen plasma or UV ozone treatments on ITO
surface can increase the work function of ITO and remove the carbon contamination of ITO
surface. However, the improvement by oxygen plasma, widely used in OLEDs, is strongly
dependent on processing conditions. Recently, Hung et al. reported that the polymerized
fluorocarbon film formed on ITO surface can improve the charge carrier injection because it
has a high ionization potential and relatively low resistance. The OLEDs with
fluorocarbon/oxygen mixture showed the improved device performance with enhancing
the holes injection by remove the carbon contamination on ITO surface and also accelerate
the fluorine bonding directly to indium or tin on the ITO surface.
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In order to determine the effect of the CF, treatment, the conductance, capacitance, and
impedance were respectively measured for the devices with and without the CF, treatment
in the frequency range of 10 Hz to 10 MHz for a zero bias voltage. In the low frequency
region, the CF; treated ITO anode had a higher capacitance than the device with the
untreated ITO anode, which is related to the enhancement of carrier injection and space
charge formed by the injected carriers.(Kim et al., 2008)
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Fig. 11. Variation in conductance, capacitance, and impedance as a function of frequency in
the device with and without the CFx plasma treatment.

2.4 Zinc-based TCOs without indium

The ITO is mostly used as a promising candidate material for TCO films due to many
advantages, such as high conductivity (~10-4 Q cm), high transmittance (~85%) in visible
light range, high uniformity, and high work-function (~4.8 eV).(Minami, 1999; Miyata,
1997; Shan, 2003; Yan, 1998) However, it was found that they have often been limited in
their application because of the frequent necessity to optimize electrical, optical, and
chemical properties for specialized applications. For example, the conventional ITO films
have some substantial problem such relatively high deposition process (>300 °C) to get a
low resistivity, drop of optical transmittance under H, plasma condition, and rising price
due to indium exhaustion within a few years.(Han, 2001; Hirata, 1996, Honda, 1995;
Minami, 1984; Park, 2006a, 2006b) The amorphous ITO film deposited at a low
temperature has a low resistance to moist heat, which leads to a degradation in its
conductivity and the light transmittance with time. Moreover, the chemical and electronic
properties of ITO are far from optimum for current and future generation OLEDs.
Drawbacks include deleterious diffusion of oxygen and In into proximate organic charge
transporting/emissive layer, imperfect work function alignment with respect to typical
HTL, HOMO level, and poor transparency in the blue region. For the purpose of
improving TCO film properties, new materials consisting of ternary compound oxides
based on ZnO were investigated. For example, In-doped ZnO (IZO), Al-doped ZnO
(AZO), Ti-doped ZnO (TZO), and Si-doped ZnO (SZO) have been attracted, which are
considerable attention as an alternative materials for ITO. Recently, zinc oxide or impurity
(B, Al, Ga, In, and Zr) doped zinc oxide films have been investigated as alternate materials
to ITO for OLEDs because zinc oxide is nontoxic, inexpensive and abundant. It is also
chemically stable under exposure to hydrogen plasma that is commonly used for the
fabrication of thin film transistor-liquid crystal display (TFT-LCD). Kim et al,
investigated the Zr-doped ZnO (ZZO) thin film grown by PLD on glass substrates as a
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function of oxygen deposition pressure and film growth temperature for OLEDs.(Kim
et al.,, 2003) For a 200-nm-thick ZZO film grown at 250°C in 1 mTorr, a resistivity of
5.6X104 Q-cm and optical transmittance of 84% were measured. These results
demonstrate that ZZO is a good anode material because the OLEDs fabricated on ZZO
anodes exhibit external EL quantum efficiency comparable to a control device fabricated
on commercial ITO.

Further increase of the good performance at ZnO based TCO films can be achieved through
improving crystallinity by preparing single crystal or hetero-epitaxial ZnO films and/or
increasing grain size in film by the post-annealing method. And the improvement of the
electron mobility can be obtained by new composition materials by the addition of impurity
dopants, such as Al, Ga, In, Ti and so on. Recently, TiO; has become the subject of many
investigations for applications in optical coatings because of their good properties such as a
high refractive index, high transparency, excellent water resistance, and thermal stability.
However, since the conventional RF-magnetron sputter (RFS) system for TCO film
deposition has consist with a system of the target and the substrate facing with each other,
the particles with high energy such as y-electrons, neutral Ar particles, and negative oxygen
ions collide with the substrate. In this study, facing target sputtering (FTS) apparatus was
designed to enhance the preciseness of manufactured thin film and the sputter yield rate
with depositing film by forming higher density plasma in the electrical discharge
space.(Kim, 2001; Noda, 1999, Nose, 1999) TiO»-doped ZnO films, in comparison with the
Zn0 films doped with Group III elements, have more than one charge valence state. In this
study, the electrical and optical properties of TiO,-doped zinc oxide (TZO) films with
various deposition thicknesses by FTS system were compared to those of the films made by
conventional RFS method. For more details, the relations in the resistivity, carrier
concentration and mobility, film density, and intrinsic stress in the films as a function of the
deposition method with the FTS and conventional RFS system were analyzed.

The TZO films were deposited on slide glass substrates at RT by FTS and RFS methods,
respectively. Target materials were made up of TiO» and ZnO powders with purity of 99.999 %
that were calcined at 1000 °C in Ar atmosphere for 2 hours. The mixture with composition
ratios was prepared for the target the composition ratios were selected as TiO, : ZnO = 2 : 98
weight percent (wt.%), and we will refer to the films deposited with the target as the TZO film.
For FTS system, two circular targets with a size of 3 inch are located horizontally facing with
each other, and more detail FTS structure was explained at previous report.(Kim, 2009) The
applied RF-powers were respectively 120 W and 80 W for the film deposition using FTS and
RFS system, the working pressure was set at 2x103 torr, and a pure Ar gas was used as
discharge gas. Two circular targets with a size of 3 inch are located horizontally facing with
each other, and Nd alloy permanent magnets of 4700 Gauss for plasma confining magnetic
field was mounted to the back of the target, which was adjusted by variation of the distance
between both two targets. In order to control the heat of the system caused by the ion
bombardment of the cathode, cooling water was supplied. We investigated the process
characteristics of the FTS apparatus under various deposition thicknesses compared with the
film by RFS system. FTIS system is a high-speed and low deposition temperature method,
which arrays two sheets of targets facing each other. Inserts plasma is arresting magnetic field
to the parallel direction of the center axis of both targets, discharged from targets and
accelerated at the cathode falling area. Thus, this system is a plasma-free sputter method in
which substrate is located at far from plasma. And also, the temperature on substrate during
film deposition was much lower than that of the conventional sputtering method. And also,
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the prepared films using FTS system as a function of the distance from center to edge has the
uniform thickness. An ultra violet visible spectrophotometer (UV-VIS, Shimadzu Co.) was
used to analyze the optical properties of the film such as transmittance and optical energy
bandgap (Eopt). Crystallographic properties of the TZO films were analyzed by X-ray
diffraction (XRD, Rikagu Co.) patterns by using the Cu-Ka (A= 1:54A) line. Surface morphology
of the film was observed by a scanning electron microscopy (SEM, Hitachi Ltd.) and an atomic
force microscope (AFM, Veeco Instruments Inc.), and the film thickness was measured by a-
step. Electrical resistances and hall mobility of the films were measured by the Hall effect
measurement system (HEM-2000, EGK Co.) using Van der paw method.

Fig. 12 shows the optical transmittance spectra of various TZO films prepared by
respectively FTS and RFS system as a function of the film thickness. Under the same film
thickness, the oscillation peaks by maximum and minimum points using a distributed Bragg
reflector show a similar tendency. TZO thin films prepared by conventional sputtering and
FTS method showed similar optical transmittance over 80 % in visible light range with
baseline of glass substrate, which can applied in various optoelectronics like next generation
FPDs, touch panel, and so on. The absorption edges of TZO films deposited by FTS method
have been blue shifted compared with the film prepared by RFS method at same film
thickness. It means that the optical band gaps were increased as shown in the inset of Fig.
12, which is attributed to Burstein-Mott effect due to the increase of carrier concentration by
film density. In insertion of Fig. 12, the optical band gap E,: of the TCO films were
calculated by the Tauc’s relation(Chowdhury, 2000; Tauc, 1974)

(ahv) = B(hv-Eqpi) 2)

, where a is the absorption coefficient, is the energy of absorbed light, is the parameter
connected with distribution of the density of states and B is the proportionality factor.

The TZO films by FTS system with various deposition thicknesses show the higher Egy
values than that of the films by RFS system, which is well correspond to the improvement of
resistivity due to increase of carrier concentration of the films in Fig. 13. The AE; as the
increase of optical bandgap by Burnstine Moss effect was as below:

AE = (H2/2m*) - (3m2)25.N3 3)

, where 71 is Planck constant and " is effective mass.

Thus, the carrier concentration(N) is also increased when the optical bandgap is increased.
The E,p: was increased from 3.4 to 3.5 eV at 100 nm film thickness when the TZO film was
deposited by FTS system compared to those of the film prepared by the RFS system. The
widening of the energy band gap with the TZO film could be due to the increase in the
carrier concentration.

Fig. 13 shows the resistivity (left) and the carrier mobility (right) of the TZO films deposited
by FTS and RFS system using Hall effect measurement. Usually, the resistivity (p) of film is
in inverse proportion to film thickness, and relational expression is given by the equation:

p=Rs/t @)
, Where R; is the sheet resistance and ¢ is the film thickness.
As shown in Fig. 13, the resistivity of TZO films is related to the carrier concentration and
the Hall mobility. This indicates that the electrical conductivity of TZO films is due to the
contribution from Ti4* ions in the substitution sites of Zn2* ions, interstitial atoms, and
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Fig. 12. Optical transmittance of TZO thin films deposited with deposition thickness of 500
nm on PEN substrate under various rf-power. The inset shows a plot of ahv vs. hv calculated
from the optical transmittance spectra.

oxygen vacancies.(Chung, 2008) Finally, because the TCO film having both maximum
conductivity and carrier mobility has a film density close to its theoretical density, it means
that the electrical characteristics of the TCO films discussed here depend strongly on the
grain size. More detail explanations will be discussed in Fig. 14 and 15.

However, the mean free paths were smaller than the grain size when the TCO films with the
density showed lower than theoretical (not shown here). It is known that electron scattering
at pores and voids within the grain is the major obstacle for electron conduction in the TZO
films having a lower density. We thought that the scattering of the conduction electrons at
the grain boundary during film deposition may be the major factor in determining the
carrier mobility in TZO films. The electrical resistivity of TZO film deposited by FTS system
showed about 5.0x104 Q cm, which was lower than that of the film made by conventional
sputtering method with about 7.5x104 Q cm at 500 nm film thickness. We thought that the
enhanced property of the film by FIS method was caused by the influence of the film
density and/or the mean free path because the FTS used in this study is a high speed and
low temperature sputter method that promotes ionization of sputter gas by screw-moving
high-speed y-electrons which array two sheets of targets facing each other. The generated
plasma was arrested magnetic field to the parallel direction of the center axis of both targets,
discharged from targets and accelerated at the cathode falling area. Therefore, the
application parts of the FTS system will be extend because the FIS is a plasma-free sputter
method in which the substrate is located apart from plasma.

Fig. 14 shows the XRD spectra of TZO films deposited by the FTS and the RFS with various
film thicknesses. As increasing deposition thickness, the RF-sputtered films show the
hexagonal wurtzite structure and has strong ZnO(002) peak of preferred orientation,
together with relatively weak ZnO(103) peak.(Choi, 2005) It is notable that the intensity of
Zn0O(002) peak for the TZO films by the RFS system slightly increased with increasing
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deposition thickness. On the other hand, the intensity of the TZO films by the FTS system
shows the weak (103) peak. It could be attributed to Ti atoms in TZO films. In Fig. 13, the
resistivity of TZO films by both FTS and RFS system are significantly decreased while the
deposition thicknesses are increase from 100 nm to 300 nm, however, and the value was
almost saturated at 500 nm thickness. For the TZO film with optimum properties, we
suggest that the crystallinity between (002) and (103) peaks was almost same in case of the
film with 300 nm thickness as shown in Fig. 14(a). For more detail, the grain sizes of the
films are calculated using Scherrer formula from XRD spectra as below:(Mardare, 2000)

D=(0.94)/ (Bcosfl) ®)

where D is grain size, X-ray wavelength(}) is using the Cu-Ka line(1.5405 A), B is the full
with at half maximum (FWHM) of (002) and (103) peaks, and 0 is diffraction angle.

= =1 140
=S4 !
= 4510
¢ 4.0x10°
il RSl
;__'ﬁ ixLo®
=2 anly
£ 205107
& 3
& 1.5310
LOxLi®

2 0xl0”

460

<40

<20

A

100 200 J{H {H} S
Thickness{nm)

Fig. 13. Resistivity (left) and carrier mobility (right) of the TZO thin films as a function of the

film thickness on glass substrate.

From the formula (4), the measured grain sized was varied from 105 nm to 155 nm. Thus,
we thought that the film density was also improved as increase of the crystallinity as a
function of the film thickness. The enhancement of the crystallinity and density in the TZO
film can influenced on the conductivity of the film. The mean free path of the carrier as
increase of the film density was also increased, which was resulted in increase hall mobility,
as shown in Fig. 13.(Li et al., 2009)

Fig. 15 shows the SEM images of the TZO films with various deposition thickness using the
FTS (a-c) and RFS (d-f) system. As increase film thickness, the grain sizes at both systems
were proportionally increased. The film density was significantly improved while the
deposition thicknesses are increase from 100 nm to 300 nm. However it was deteriorated at
500 nm thickness at both systems. The results are well agreed with the electrical properties
in Fig. 13. The grain shapes of the TZO films by FIS system looks like the horizontal growth
of (103) plane in Fig. 15(a)-(c). And also, the TZO films by RFS system in Fig. 15(d)-(f) looks
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Fig. 14. X-ray diffraction patterns of the TZO thin films with thickness of 200 nm on PEN
substrate under various rf-power.

like the shapes grown in vertical direction like (002) plane, as explained in Fig. 14. Generally,
the thin films were condensed by vapor and atoms or molecular when the materials were
deposited. At that time, some grains by the mobility decided as a function of the deposition
methods and conditions were diffused, and then were moved in horizontal direction on the
film surface.

However, if the applied energy for film deposition was low, the atoms with low mobility
can’t easily move in horizontal directions because it was frozen when the atoms were
reached on the substrate. Therefore, the TZO films by FIS system shows relatively uniform
surface morphology and the dense structures as shown in Fig. 16(a)-(c) while the films by
the RFS system have open structures and rough surfaces contain with some pores between
the grains in Fig. 16(d)-(f). The TZO film prepared by FTS system can reduce the damage on
the films due to decrease the bombardment of high-energy particles such as gamma-
electron. Thus, the surface roughness of the films by FTS system shows lower than that of
the film by RFS system.

Among the films by FTS and RFS system, we suggest that the TZO film with 300 nm
thickness prepared by FTS method can possible applied as promising substitutes for the
conventional ITO film. Because the TZO film by FTS system was deposited by plasma-free
sputter method with low temperature process and also has many advantages such as low
resistance, high transmittance, uniform surface, cost effective production without indium
component, and so on.
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Fig. 15. SEM images of TZO films prepared by (a)-(c) FTS system and (d)-(f) RFS system
with various deposition thickness.
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Fig. 16. AFM images of TZO films prepared by (a)-(c) FTS system and (d)-(f) RFS system
with various deposition thickness.
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2.5 Characterization of TCO films

2.5.1 Electrical properties

The purpose of the 4-point probe is to measure the resistivity of any semiconductor
material. It can measure either bulk or thin film specimen, each of which consists of a
different expression. The derivation will be shown in this tutorial. In a sheet resistance
measurement, several resistances need to be considered, as shown in Fig. 17 (a). The probe
has a probe resistance Rp. It can be determined by shorting two probes and measuring their
resistances. At the interface between the probe tip and the semiconductor, there is a probe
contact resistance, Rp. When the current flows from the small tip into the semiconductor
and spreads out in the semiconductor, there will be a spreading resistance, Rsp. Finally the
semiconductor itself has a sheet resistance Rs. The equivalent circuit for the measurement of
semiconductor sheet resistance by using the four-point probe is shown in Fig. 17. Two
probes carry the current and the other two probes sense the voltage. Each probe has a probe
resistance Ry, a probe contact resistance R, and a spreading resistance Rsp associated with it.
However, these parasitic resistances can be neglected for the two voltage probes because the
voltage is measured with a high impedance voltmeter, which draws very little current. Thus
the voltage drops across these parasitic resistances are insignificantly small. The voltage
reading from the voltmeter is approximately equal to the voltage drop across the
semiconductor sheet resistance.

By using the four-point probe method, the semiconductor sheet resistance can be calculated:

Ri=F (V/]) (6)

, where V is the voltage reading from the voltmeter, I is the current carried by the two
current carrying probes, and F is a correction factor.

For collinear or in-line probes with equal probe spacing, the correction factor F can be
written as a product of three separate correction factors:

F=F1-F2-F3 (7)

F1 corrects for finite sample thickness, F2 corrects for finite lateral sample dimensions, and
F3 corrects for placement of the probes with finite distances from the sample edges. For very
thin samples with the probes being far from the sample edge, F2 and F3 are approximately
equal to one (1.0), and the expression of the semiconductor sheet resistance becomes:

Re=(n /1og2)(V/1) ®)
@ (V)
S
RI: Rl":
R R,
H:-.E H--..':
R

Fig. 17. 4-pin probe measurement of semiconductor sheet resistance.
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The four-point probe method can eliminate the effect introduced by the probe resistance,
probe contact resistance and spreading resistance. Therefore it has more accuracy than the
two point probe method. For more detail the electrical property, the Hall measurement
system is a complete system for measuring the resistivity, carrier concentration, and
mobility of semiconductors. The system includes software with 1-V curve capability for
checking the ohmic integrity of the user made sample contacts. The systems can be used
to characterize various materials including semiconductors and compound
semiconductors (N Type & P Type) such as Si, Ge, SiGe, SiC, GaAs, InGaAs, InP, GaN,
ZnO, TCOs, metals, etc., at both 300K and 77K (room temperature and liquid nitrogen
temperature). An electric field from Fig. 18 and 19 is applied along the x-axis and a
magnetic field is applied along the z-axis.
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Fig. 18. Hall effects and Lorentz force.

For a p-type semiconductor sample, the Lorentz force due to the magnetic field exerts an
average upward force on the holes flowing in the x-direction toward the positive y-axis
which results in the accumulation of holes at the top of the sample that gives rise to a
downward directed (y direction) electric field. The established electric field is called the Hall
field and the voltage drop across the top and bottom of the sample is called the Hall voltage.

Square or rectangle :

Cloverleaf f"‘lum or rectangle : Contacts at the edges
Contacts at the corners or inside the perimeler

. — —® @
I"-x, _‘ ?,fl
e | "\ /B ) T
() g (1) - ()
Freferved Acceptable Mol Recommended

Fig. 19. Sample geometry using Van der Pauw method.
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2.5.2 Optical properties

UV-VIS refers to absorption spectroscopy or reflectance spectroscopy in the ultraviolet-
visible spectral region. This means it uses light in the visible and adjacent (near-UV and
near-infrared (NIR)) ranges. A sample in a cuvette is exposed to light energy between 190
nm and 1000 nm. Spectrophotometry investigates the absorption of the different substances
between the wavelength limits 190 nm and 780 nm (visible spectroscopy is restricted to the
wavelength range of electromagnetic radiation detectable by the human eye, that is above
~360 nm; ultraviolet spectroscopy is used for shorter wavelengths). In this wavelength range
the absorption of the electromagnetic radiation is caused by the excitation (i.e. transition to a
higher energy level) of the bonding and non-bonding electrons of the ions or molecules. A
graph of absorbance against wavelength gives the sample’s absorption spectrum. Modern
spectrophotometers draw this automatically. The measured spectrum is continuous, due to
the fact that the different vibration and rotation states of the molecules make the absorption
band wider. Certain parts of an organic molecule will absorbance some of this energy to
create peaks on a spectrum for quantitative (primarily) and qualitative Analysis. The
original UV-Vis specs were made as DOUBLE-BEAM units to correct for noise, drift and
other Instabilities. Over 20 years ago, the well-known leaders in the analytical instrument
markets; Beckman & Perkin-Elmer; began to focus on a line of “Stable-Beam” SINGLE-
BEAM Instruments. Spectrophotometry is used for both qualitative and quantitative
investigations of samples. The wavelength at the maximum of the absorption band will give
information about the structure of the molecule or ion and the extent of the absorption is
proportional with the amount of the species absorbing the light. Quantitative measurements
are based on Beer’s Law (also known as “Lambert-Beer Law” or even “Bouguer-Lambert-
Beer Law”) which is described as follows:

A=ecl 9)

, where A = absorbance [no units, because it is calculated as A = logio(I¢/I), where Iy is the
incident light’s intensity and I is the light intensity after it passes through the sample];

e = molar absorbance or absorption coefficient [in dm3 mol-! cm- units];

c = concentration (molarity) of the compound in the solution [in mol dm= units];

[ = path length of light in the sample [in cm units].

2.5.3 Structural properties

Atomic force microscope(AFM) provides a 3D profile of the surface on a nanoscale, by
measuring forces between a sharp probe (<10 nm) and surface at very short distance (0.2-10
nm probe-sample separation). The probe is supported on a flexible cantilever. The AFM tip
“gently” touches the surface and records the small force between the probe and the surface.
The probe is placed on the end of a cantilever (which one can think of as a spring). The
amount of force between the probe and sample is dependent on the spring constant
(stiffness) of the cantilever and the distance between the probe and the sample surface. This
force can be described using Hooke’s Law:

F=-kx (10)

, where F is force, k is spring constant, and x is cantilever deflection.

If the spring constant of cantilever (typically ~0.1-1 N/m) is less than surface, the
cantilever bents and the deflection is monitored. This typically results in forces ranging
from nN(10) to pN(10-6) in the air. If the tip was scanned at a constant height, a risk
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would exist that the tip collides with the surface, causing damage. Hence, in most cases a
feedback mechanism is employed to adjust the tip-to-sample distance to maintain a
constant force between the tip and the sample. Traditionally, the sample is mounted on a
piezoelectric tube that can move the sample in the z direction for maintaining a constant
force, and the x and y directions for scanning the sample. Alternatively a 'tripod'
configuration of three piezo crystals may be employed, with each responsible for scanning
in the x, y and z directions. This eliminates some of the distortion effects seen with a tube
scanner. In newer designs, the tip is mounted on a vertical piezo scanner while the sample
is being scanned in X and Y using another piezo block. The resulting map of the area z =
f(x,y) represents the topography of the sample.

The AFM can be operated in a number of modes, depending on the application. In general,
possible imaging modes are divided into static (also called contact) modes and a variety of
dynamic (or non-contact) modes where the cantilever is vibrated.

Contact Mode AFM: (repulsive VAW) When the spring constant of cantilever is less than
surface, the cantilever bends. The force on the tip is repulsive. By maintaining a constant
cantilever deflection (using the feedback loops) the force between the probe and the sample
remains constant and an image of the surface is obtained from Fig. 20.

Fig. 20. Schematic of contact mode AFM.

Intermittent Mode (Tapping): The imaging is similar to contact. However, in this mode the
cantilever is oscillated at its resonant frequency. The probe lightly “taps” on the sample
surface during scanning, contacting the surface at the bottom of its swing. By maintaining
constant oscillation amplitude a constant tip-sample interaction is maintained and an image
of the surface is obtained from Fig. 21.

F’,

Fig. 21. Schematic of tapping mode AFM with oscillation amplitude of 20-100 nm.

Non-contact Mode: (attractive VAW) The probe does not contact the sample surface, but
oscillates above the adsorbed fluid layer on the surface during scanning. (Note: all samples
unless in a controlled UHV or environmental chamber have some liquid adsorbed on the
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surface). Using a feedback loop to monitor changes in the amplitude due to attractive VdW
forces the surface topography can be measured from Fig. 22.

-i

Fig. 22. Schematic of non-contact mode AFM.

The SEM has many applications across a multitude of industry sectors. It can produce
extremely high magnification images (up to 200000 times) at high resolution up to 2 nm
combined with the ability to generate localised chemical information (EDX). This means
the SEM/EDX instrument is a powerful and flexible tool for solving a wide range of
product and processing problems for a diverse range of metals and materials. A finely
focused electron beam scanned across the surface of the sample generates secondary
electrons, backscattered electrons, and characteristic X-rays. These signals are collected by
detectors to form images of the sample displayed on a cathode ray tube screen. Features
seen in the SEM image may then be immediately analyzed for elemental composition
using EDS or WDS. Secondary electron imaging shows the topography of surface features
a few nm across. Films and stains as thin as 20 nm produce adequate-contrast images.
Materials are viewed at useful magnifications up to 100,000 times without the need for
extensive sample preparation and without damaging the sample. Even higher
magnifications and resolution are routinely obtained by our Field Emission SEM.
Backscattered electron imaging shows the spatial distribution of elements or compounds
within the top micron of the sample. Features as small as 10 nm are resolved and
composition variations of as little as as 0.2% determined. Data output is generated in real
time on the CRT monitor. Images and spectra can be printed here, recorded on CD-ROM
and/or emailed for insertion into your own reports.

Diffraction effects are observed when electromagnetic radiation impinges on periodic
structures with geometrical variations on the length scale of the wavelength of the
radiation. The inter-atomic distances in crystals and molecules amount to 0.15-0.4 nm
which correspond in the electromagnetic spectrum with the wavelength of x-rays having
photon energies between 3 and 8 keV. Accordingly, phenomena like constructive and
destructive interference should become observable when crystalline and molecular
structures are exposed to x-rays. Firstly, the geometrical constraints that have to be
obeyed for x-ray interference to be observed are introduced. Secondly, the results are
exemplified by introducing the 8/20 scan, which is a major x-ray scattering technique in
thin-film analysis. Thirdly, the 0/20 diffraction pattern is used to outline the factors that
determine the intensity of x-ray ref lections. We will thereby rely on numerous analogies
to classical optics and frequently use will be made of the fact that the scattering of
radiation has to proceed coherently, i.e. the phase information has to be sustained for an
interference to be observed. The selective perception of certain subsets of crystallites in a
/20 scan is visualized in Fig. 23.
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Substrate

Fig. 23. Selection principle for exclusive measurement of surface-parallel lattice planes in a
6/20 scan.

2.6 Novel materials

2.6.1 Organic conductors

The most commonly used polymeric hole conductor is PEDOT:PSS, sold by H.C, Starch
as Baytron®P. And it acts as the anode and normally deposited from an aqueous
dispersion. This polymer is water soluble, and hence can be used as a transparent anode
PEDOT:PSS belongs to the class of semiconducting polythiophenes. High conductivie
PEDOT:PSS is considered as the most relevant polymer to replace TCOs and has been
successfully introduced in organic solar cells and/or OLEDs as transparent bottom
electrode, located directly on the substrate, or as transparent top electrode. In an
experiment to prove the principle, Arias et al. have shown that a poly(p-phenylene
vinylene) (PPV) layer sandwiched between PEDOT:PSS and Al forms a photovoltaic
device independent of whether a polymer or a metal is deposited as the final layer. To
overcome resistive losses across the anode, the conducting polymer has been deposited by
spin-coating or screen printing on an underlying metal grid with gold or silver.

The development of water-soluble transparent conducting-doped polyaniline(PANI),
enabled the first fabrication of an “all plastic” polymer light emissive devices(PLEDs). The
metallic emeraldine salt form of PANI was prepared by protonation with camphor-sulfonic
acid(CSA), yielding a conducting PANI complex soluble in common organic solvents. The
optical transmission(200—2000 nm), sheet resistance and work functions of ITO(100 Q/Y),
ITO(12 Q/Y), ZnO, AZO and polyaniline(PANI) films were measured as shown in Table
1.(Guan et al., 2009)

And also, the effect that the dopant, solvent, and type of conducting polymer have on the
device performance and lifetime with and without ITO in the device structure were
determined. The device performance is improved more markedly with polymer-based
dopants independent of conductivity, solvent, or type of conducting polymer. Moreover, the
device lifetime is substantially improved when ITO is eliminated from the device structure.
In Table 2, we list the conducting polymer anodes, dopant type, solvent, conductivity, and
external quantum efficiency (QE) at 7 V, radiance at 7 V before aging, and radiance at 7 V
after 200 h of aging.
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Thickness/  Sheetresis-  Work func- Transmittance(%)

Film nm tance/(Q-0") tion/eV (at 1.54 pm)
ITO(12 /o) ~180 ~12 4501 35
ITO(100 ©/o) ~35 ~100 4401 85

Zn0 ~400 ~10000 — 88

AZO ~130 ~400 5.1+0.1 30

PANI ~110 ~800 4.8x0.1 39

Table 1. Relevant properties of transparent conducting films on glass substrates.

Dopant-polymer/

solvent® o(Qem)™! %QEat7V L (cdm?) L (cd/m?)
at 7V fresh 200 hat7V
PSS-PAn/H,0 0.1 14 4000 30 w/ITO©
PSS-PAm/NMP 0.1 1.0 1500
PAPS-PAm/MH,0 discontinuous 1.1 1200
APS PAm/FA 100 04 3000
1000 w/Au 50 wiAu
CSA-PAm/FA 200 03 1800
PSS-PEDT/H,0 2 13 4000 w/ITO 30 wiITO
300 w/Au 35 wlAu
180 none 60 none

Table 2. Performance of PLEDs with various polymer anodes ~100 nm MEH-PPV.

The two types of conducting polymers studied were PAni and polyethylenedioxythiophene
(PEDT). The PAni materials were doped with two different polymer dopants,
polystyrenesulfonic acid and polyacrylamidopropanesulfonic acid, and two monomer
dopants, amidopropanesulfonic acid and camphor sulfonic acid, for comparison. Average
lifetime behaviors on samples with and without ITO are shown in Fig. 24.(Carter et al., 1997)
In general, the brightest diodes with the higher current densities decayed the most rapidly;
however, the diodes with the ITO in the device structure continued to decay more rapidly
even when the current densities were below that of the devices without ITO in the structure.
In the next 200 h, the light output in non-ITO devices decayed less than 20% while the ITO-
based diodes lost nearly another order of magnitude. This effect is also observed if the
diodes are aged at a much lower dc voltage ~4 V and current density. These results indicate
that the long-term device failure is accelerated by the presence of ITO, caused by photo-
oxidation of the light-emitting polymer via oxygen evolved from the ITO. The mechanism
for the short-term aging is currently under further investigation.

2.6.2 Nanometals

Since Pt has a very high work function of about 5.6 eV, it could strongly enhance hole
injection. However, in order to use for TCO films, Pt must be very thin to be transparent,
and it would be deposited on, e.g., the conventional ITO. Malliaras et al. have shown that a
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Fig. 24. Radiance lifetime studies for different PLED device structures. Devices without ITO
in the device structure have improved long lifetime behavior. 1 W/mm?2=7.3X107 cd/ m2.

thin layer (€10 A) of Pt on ITO enhances hole injection by up to a factor of 100 relative to the
uncoated ITO. In order to investigate the properties of the multilayer TCO, a sandwich
structure of ITO(50 nm)/Au(5 nm)/ITO(45 nm) (IAl) multilayer films compared with
conventional ITO film were analyzed on glass substrates without intentional substrate
heating for application such as OLEDs, STN-LCDs, gas sensor, solar cells, and so on. The
electrical properties of the IAl and ITO films evaluated with Hall Effect measurements were
measured. Although ITO/Au/ITO films have a lower mobility than ITO single-layer films,
they have a lower resistivity as shown in Table 3.(Kim et al., 2007) The decrease in the
resistivity of the IAI films may be caused by the increase in the carrier density of the IAI
films, which results from the presence of the Au interlayer. However, the ITO/Au/ITO
films have a lower mobility than the ITO single-layer films, which suggesting that the two
interfaces between the ITO and Au film may act as a barrier to carrier movement.

ITO ITO/Au/ITO
Carrier density 1.8 220
Mobility 140.8 474
resistivity 40.2 0.5

Table 3. The comparison of the carrier density (x 101/ cm3), mobility (cm2/Vs) and
resistivity (X 104 Q-cm) of the ITO and ITO/Au/ITO films.

Transmittance and sheet resistance values at ITO/Ag/ITO structure are found mainly
dependent on the Ag film thickness; whereas the wavelength range at which the maximum
transmittance is controlled by the ITO film thickness.(Guillen et al., 2009) Lowest sheet
resistance at ITO/Ag/ITO structure have been obtained below 6 ohm/sq at Ag film
thickness above 10 nm and ITO layers thickness in the 30-50 nm range. Choi ef. al
investigated the effects of the post-annealing temperature on the TCO film properties with
ITO/Ag/ITO structure.(Choi et al., 1999) The properties of multilayer films, especially the
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optical and electrical properties, depended dominantly on the characteristics of Ag film. The
morphology and structure of very thin Ag film were sensitive to the deposition temperature.
The Fig. 25 shows the optical transmission spectra of Ag films deposited for 70 s at 25, 100
and 200°C, which shows various transmittances from 20% to 80% in visible light range. The
spectrum of 200°C shows the lowest transmittance. The color of the film was dark violet, but
the others were blue. Light scattering by the rough surface reduced the transmittance.
Substrate heating during Ag film deposition led to the same effect on the multilayer film.
When Ag film deposition temperature was 200°C in the preparing process of multilayer,
both visible transmittance and conductivity decreased.
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Fig. 25. Optical transmission spectra and sheet resistance of Ag thin films deposited on glass
at 25, 100, and 200°C. Deposition time was 70 s.

Their micrographs of these films are shown in Fig. 26. Because substrate heating causes low
nucleation density, we obtained island structure films at 200 °C, where a continuous film
had not formed yet.

Fig. 26. SEM micrographs of Ag thin ®Ims deposited on glass at (a) 25, (b) 100, and (c) 200°C
Deposition time was 70 s.
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2.6.3 Carbon nanotubes and graphene

Electrode materials for the most important properties are very high conductivity. Use
materials with high conductivity and relatively small amount when using the material to
lower the price, and the concentration of material to help penetration of the transparent
electrode is connected directly. The following requirements are important to low processing
temperatures, low manufacturing cost and a uniform printing properties, adhesion with the
substrate, such as external friction by abrasion, weathering and chemical resistance of
various organic solvents, etc. are needed. The conductive ink materials which is currently
used or has been studied, give a similar examples, such as; conductive polymer solution,
liquid dispersed in metal nano-particles, carbon nanotubes(CNT) composite materials, as
shown in Fig. 27.
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Fig. 27. Conductive ink materials. (a) PEDOT:PSS, (b) metal nano particle, and (c) surface
modified carbon nanotube.

Metal nano-particles have enough stocks as high conductivity. But, to remove the dispersion
agent that the wrists are used to distribute these materials, relatively high firing
temperatures(>150 °C) and the expensive production costs are required. Therefore, there can
be a little more low-cost manufacturing process for the development of distributed and can
lower the sintering temperature is necessary to develop the dispersion agent. Conductive
polymer dispersion in high and low process temperature, the easy one because the fairness,
conductivity is very low(1~10 S/cm) compared to the metal nano-particles. Therefore, the
research on polymer material with high conductivity is needed. Because the CNT dispersion
solutions are difficult to disperse in common solvents, Modified CNT surface and dispersed
in a solvent such as water and ink are used. CNT is lower than the relatively high
conductivity of metal nanoparticles (100~1000 S/cm) and low processing temperature
(100 °C), but because of being researched in recent long-term stable dispersion of CNT
getting more difficult, and studies are needed.

Dai Nippon Printing (DNP) Co., Ltd. and Fujifilm Co. have developed a new method, which
can directly coating the metal grid using fine pattern printing method by Ag nano-ink. Fig.
28(a) shows the TCO electrode of a nano-mesh type developed in DNP Co., Ltd. and
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Fujifilm Co. Because the films of DNP Co., Ltd. can form the uniform pattern at only
necessary parts, it can be reduced the unnecessary deposition and etching process during
ITO fabrication. And also, Fujifilm Co. of Fig. 28(c) has developed a new type of electrode,
which can control the resistivity from 0.2 Q/cm? to thousands Q/cm? using Ag pattern of
mesh type on PET substrate and organic/inorganic conductive materials. U.S. venture
cambrios Co. released the transparent conductive ink as a wet coating, which contains
soluble metal nano-wire, as shown in Fig. 28(b). The image shows the dispersed shape on a
substrate at Ag nanowires fabricated in Cambrios Co. uniformly distributed wire of the
nano-scale film can form the film as a type of mesh, has excellent permeability and high
resistivity. And also, it has advantage which can be directly coated at room temperature.
And also, Toray and Cimma Co. in Fig. 28(d) developed the transparent electrode with
transmittance over 80% using self-alighning mechanism of siver nano-particles.

(d) Toray-Cimma Co.

Fig. 28. Transparent electrodes of nano-mesh type.

2.7 TCOs for flexible OLEDs

In most case, OLEDs have been traditionally fabricated on glass substrate, however, there
OLEDs have several disadvantage for certain applications such as portable communication
display, because the glass substrate is very fragile, heavy and non-flexible. Flexible OLEDs
(FOLEDs) using the plastic substrate are growing attention, because a plastic substrate can
be overcome disadvantages of a glass substrate. These devices provide the ability to
conform, bend or roll-up display into any shape.(Gu et al., 1997) This means that FOLEDs
may be laminated onto an automotive windshield, or an aircraft cockpit et al. However,
the low thermal stability of a plastic substrate (T;=80 °C) is difficult the process for making
transparent conducting electrode, indium tin oxide (ITO), and TFT. These materials
are necessary for the high temperature > 200 °C. Conventional FOLEDs are fabricated
the polymer materials.(Gustaffson et al, 1993; He & Kanicki, 2000) Y. Zhang and
S. R. Forrest were suggested that thermal deposited organic thin films have the general
flexibility property by the van der waals force between aromatic atoms-to-atoms.(Zhang
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& Forrest, 1993) Since there results were reported, G. Gu shows that a conventional small
molecule organic materials can be successfully fabricated FOLEDs.(Gu et al, 1997)
As FOLEDs attempted cyclic bending test, the electrode layer consist of an inorganic
materials, such as ITO and metal cathode, had cracked surface because an inorganic
layers are brittle materials. Under mechanical stresses, micro crack and propagation of
existing pinholes will be significantly reductive such as the contact properties between an
organic and electrode layer. In this work, we report that FOLEDs in the sequence of ITO,
organic materials, and aluminum(Al) deposited on the PET substrate by using low
temperature process. The current density and brightness property of FOLEDs were
investigated as a function of the radius of variation bending test. To investigate change of
the surface in an inorganic electrode after the mechanical flexibility test, scanning electron
microscope (SEM) was used.

For fabricating the FOLEDs, an ITO, N,N’-diphenyl-N,N’-bis(3-methylphenyl)-1,1'-
diphenyl-4,4’-diamin (TPD), tris-(8-hydroxyquinoline) aluminum (Algs), and Al were
used as an anode, HTL, emitting material layer(EML), and cathode, respectively. The ITO
electrode was deposited on top of the PET substrate by RF-magnetron sputtering at room
temperature. The ITO target is an alloy of In,O3 (90 %) and SnO» (10 %) by weight, with
99.99 % purity. The base pressure of the sputtering chamber was 5x10-¢ torr, and the
sputter deposition pressure of the ITO film was 6x10-3 torr with Ar and O, flows regulated
by mass flow controller at 25 sccm and 1 sccm, respectively. The r. f. sputtering power
was 50 W, resulting in a deposition rate of 2.8 nm/s. The sheet resistance of 150 nm thick-
deposited the ITO film is 50 Q/sq, and its transmission was 90 % at the wavelength of 513
nm. To optimized properties of the sputter deposited electrode, ITO surface was treated
by O; plasma at 2x10-! torr for 60 sec.(Ishii et al., 2000) The organic materials TPD and
Algs were deposited as thickness of 60 nm and 40 nm, respectively, at the deposition rates
of 1.0-1.5 A/s on the PET/ITO substrate. After the deposition of organic layer, the Al
cathode layer was deposited as the thickness of 100 nm at the deposition rates 10 A/s by
thermal evaporation. The performance of FOLEDs was measured after repeated bending
each 100 times per samples at radius as a function of various bending test range. To
analyze electrical property and brightness intensity of FOLEDs, we measured by Keithly
2400 electrometer, Si photodiode and Keithly 485 picoammeter. The sheet resistance of
ITO after the bending test were measured by four-point probe, and surface morphology of
ITO, organic films, and Al layer after bending test were observed by SEM(FEI company,
XL30 ESEM-FEG ).

Fig. 29(a) and 29(b) shows the change of current density-voltage (J-V) and brightness-
voltage (B-V) characteristics for radius of curvature. The bent FOLEDs at radius of 19 mm,
16 mm, 13 mm, 10 mm, and non bending were referred to as FOLED(19), FOLED(16),
FOLED(13), FOLED(10), and FOLED(0), respectively. In Fig. 29(a), the turn-on voltage of
FOLED(0), FOLED(19), FOLED(16), FOLED(13), and FOLED(10) were observed at 9 V,10 V,
10 V, 15 V, and 17 V, respectively. As the given voltage, the current density and the
brightness of bent FOLEDs were substantially lower than those of the control device. The J-
V and B-V properties of FOLED(19) were analogous with FOLED(0). FOLED(16) showed
similar current density to FOLED(19), however, this device inferior maximum bright
intensity (1440 cd/m?) than FOLED(0) (1900 cd/m?2). Further decrease of the radius to 13
mm and 10 mm resulted in reduce J-V and B-V characteristics of FOLEDs.
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Fig. 29. (a) Current density versus voltage (J-V) and (b) brightness ver. voltage (B-V) curves
of the bent FOLED:s at radius of 19 mm, 16 mm, 13 mm, 10 mm, and non bending.
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Fig. 30. Quantum efficiency ver. voltage (I-V) curves of the bent FOLEDs at radius of 19 mm,
16 mm, 13 mm, 10 mm, and non bending.

Fig. 30 shows external quantum efficiency of bent FOLEDs. FOLED(0), FOLED(19), and
FOLED(16) showed maximum quantum efficiency of ~ 0.35 % at 16 V. FOLED(13) and
FOLED(10) have lowered quantum efficiency of 0.31 % and 0.30 % at 20 V and 23 V,
respectively, than the other FOLEDs. As the radius of bending test decreased, the reduction
of device properties, such as current density, brightness, and quantum efficiency is thought
that the contact property between the layers was decreased because of mechanical stress by
the bending test of FOLEDs. To measure changes of the sheet resistance after the bending
test of ITO films, four point probe was observed (Fig. 31). The ITO films were deposited on
the PET substrate and then ITO coated substrates were operated bending test (100 times)
with various range of 19 mm, 16 mm, 13 mm, and 10 mm. The bent ITO with 19 mm showed
analogous sheet resistance (62 Q/o), with the control ITO (50 Q/n). However, the sheet
resistance of bent ITO increased as the radius of bending test decreased when the radius of
bending test < 16 mm. Since increased the sheet resistance of bent ITO, FOLED(13) and
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FOLED(10) were thought to have a lower electric and brightness properties than FOLED(0).
Although, the sheet resistance of 16 mm bent ITO is 230 Q/ 0, this value is sufficiently small
for using electrode in OLEDs.(Gu et al., 1996)
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Fig. 31. Changes of the sheet resistance after the bending test of ITO films.

Fig. 32 showed the SEM images of the ITO surface as a function of the variation radius of
curvature. The crack phenomenon of bent ITO was appeared from the lowered radius of
bending test <16 mm. The ITO for the bending test at 13 mm and 10 mm radius showed the
rough surface and a large amount of crack from the whole area. In our case, the bent ITO at
16 mm, 13 mm, and 10 mm have the hasty reductive properties, such as sheet resistance and
surface morphology.

In this result, the reasons for reduced properties of bent FOLEDs are follows. Firstly, the
bent FOLEDs have lowered device characteristics, such as increased driving voltage and
decreased luminance property, because of the increase resistance of bent ITO by a bending
test in radius of below 16 mm.(Chen et al., 2002) Secondly, many attempts have been
focused on interface property between an organic and electrode layer. The OLEDs using the
ITO anode with smooth surface have shown superior device properties, as lower turn-on
voltage and higher luminescent efficiency, because these devices are improved contact
property. In this study, the bent FOLEDs have shown inferior device performance because
rough surface of the bent ITO was decreased contact property in the interface between the
TPD organic layer and ITO electrode.(Kwon et al., 2002) In conclusions, we fabricated
FOLEDs with an ITO anode, a TPD hole transport layer, an Alqs emitting layer, and an Al
cathode deposited on the PET substrate and studied FOLEDs characteristics after bending
test at various radiuses of 10 mm, 13 mm, 16 mm, and 19 mm. The performance of FOLEDs
with lowered radius (< 16 mm) was decreased the device properties, and increased the sheet
resistance of bent ITO. These devices showed the crack phenomena and rough surface in the
ITO and Al inorganic layers. In our experiment, the optimum radius of bending test was 19
mm. When FOLEDs was bent at 19 mm radius, inorganic layer, ITO and Al, cannot show the
crack phenomena. The electrical property and brightness efficiency of FOLED(19) were
similar with the control device. In this result was suggested that the performance of the bent
FOLEDs was affected significantly by the crack phenomenon of an inorganic layer and
increased sheet resistance of bent ITO.
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(a) (b)

() , (d)

Fig. 32. SEM images of the ITO surfaces (a) without bending and with bending as a function
of the variation radius of curvatures in (b) 16 mm, (c) 13 mm, and (c) 10 mm.

3. Conclusion

In fabricating OLED devices, ITO film among the TCO films is widely used as an anode
layer, because of its high transparency in the visible light range, low conductivity, and high
work function, etc. However, indium in ITO has a tendency to diffuse into the emissive
polymer layer under device operation, which may in turn influence the quantum efficiency
and lifetimes of OLEDs. In addition, it is known that the performance of ITO-based polymer
LEDs is highly dependent on the chemical condition of the ITO electrode, which is affected,
at least in part, by the particular method used to clean the ITO prior to device fabrication.
Therefore, various TCOs, such as ZnO based TCO or conducting polymer, nanometal, and
carbon nanotube, etc. have been investigated and can be applied in OLEDs and/or other
optoelectronic devices. For example, ZnO has the advantages, such as the absence of
toxicity, low cost, and good thermal stability. ZnO films with a hexagonal wurtzite structure
have a wide optical energy band gap (around 3.3 eV). However, the electrical properties of
undoped ZnO films are subjected to stoichiometric deviations resulting from oxygen
vacancies and interstitial zinc atoms. In order to improve this deficiency, many workers
have researched how the electrical properties of future TCO films are influenced by doping
or new material development.
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1. Introduction

The study on micro-cavity in organic light-emitting diode(OLED) demands understanding
the theory of multi-layer films. It is because OLED is basically an optical device and its
structure consists of organic or inorganic layers of sub-wavelength thickness with different
refractive indices. When the electron and holes are injected through the electrodes, they
combine in the emission layers emitting the photons. These photons will experience the
reflection and transmission at each interface and the interference will determine the
intensity profile. The light reflected at the interfaces or the metallic electrode returns to the
emission layer and affects the radiation efficiency. In optical terminology, OLED belongs to
a micro-cavity being comprised of multi-layers. Therefore, before studying the cavity effect
of OLED, we better begin with the theory of multi-layer film theory in optics. This theory is
well explained in most of textbook dealing with optics since it relates to optical coatings and
lasers(Fowles, 1975; Born & Wolf, 1989). In this section, a brief review will be given for the
purpose of self-containment, which will be especially helpful for the beginners.

n I “1 1A n-[-

0 O | L |

Fig. 1. The schematic diagram of multi-layer and the electric fields inside the film

The four layers and the electric fields are displayed in Fig. 1. For the time being, the four
layers are called as the zero-th, the first, the second and the final layer, respectively. A plane
wave designated Eo with propagation vector of ko is normally incident on the first layer
from the zero-th layer and generates the reflected electric field designated by E¢" with ko'
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The first medium also contains two electric fields E; and E;". E; and E;’ represents the
electric fields measured at the first interface between the zero-th medium and the first
medium. E; and Ey” also represents the electric fields travelling in positive and negative z-
direction, which is also measured at the second interface. The final layer has only one
electric field E; since it doesn’t have a reflection.

In terms of geometrical optics, the reflection occurs infinite times between the interfaces.
However, in this type of analysis, all those rays are summed up into two electric fields in
each medium. In other words, the electric fields propagating in positive and negative z-
direction already take into account of multiple reflections. In this configuration, the final
amplitude of the electric field is obtained by applying the boundary condition at each
interface. The boundary conditions used in the calculation requires that the E field
component and H-field component parallel to the interface should be continuous at the
interfaces. If these boundary conditions apply to the interface between the first medium and
the second medium, the following equations hold.

Ee™ +Ee™ =E, +E, 1)

He™ +Hje ™ =H, + H, @

The electric E; has the extra phase factor of exp(ikl) since it propagate further in z direction
by the layer thickness 1. In addition, H field satisfies the following relation with E field.

F=—kxE ©)
po
The propagation vector k is equal to the product of refractive index n and the propagation
vector ko in vacuum. The amplitude of H field is proportional to E field and refractive index
n since the ko, permeability p and angular frequency o do not depend on the medium when
the medium is non-magnetic. In this manner, Eq. 2 becomes Eq. 4.
ikl

n,E;e™ —n Ee™ =n,E, —n,E, 4)

In general, the subscript denoting the layer number can be replaced by i. For instance, the
number 1 can be changed into i and the number 2 can be i+1, representing i-th and (i+1) th
layer, respectively. The two equations with the new indices are expressed in Eq. 5, and Eq. 6.

ikl ' o-iki], '
Eie™ +Eje ™ =Ky +Ei ®)

ikil; ikl !
nEe ™ —niEe ™ = By -0y By (©)

The two special cases for this general iteration formula occur at the first interface and the
last one. The first layer and the final layer have zero thickness so that exponential factors
become 1. Moreover, the final layer doesn’t have the reflected wave so that the second term
on the right hand side of equation should disappear. The conversion of the equations into
the neater forms can be done using a matrix.

oikil e ikil; E, _( 1 1 JEM @)
nieikili _nie’ikili E; Njyp My Eli+1
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From the matrix formula, we can see more clearly the evaluation process of the electric field
in the multi-layer films. If we set the final goal to finding the reflectivity of the films when
looking on the first layer, the problem is equivalent to evaluating the ratio of Ey" to Eo.
According to Eq. 8, Ey fires the next sequence by multiplying A; and (Ej, E1’). Since A; can be
obtained using the index and the thickness of the layer, the problem is finding out E; and
Ei'. The E; and E;" can be calculated by finding out E; and E;'. In this way, the iteration
continues until it reaches the final layer. At the final layer, E; and E, should be given
somehow. The solution is rather simple. E" is 0 and E; can be any value, for example, 1. The
matrix equations express Eg and Eq¢" as a ratio to E; anyway. However, the reflectivity is
again the ratio of E¢’ to Ep so that the absolute value doesn’t affect the answer no matter
what value we choose for E:. If someone insists on the absolute value of Ey and Ey’, then the
Eo and Eo’ are evaluated in the unit of E. Since Eg is given as an input value, the E; is
adjusted to make Eg equal to the given input value. This E; also can be used to get the
absolute value for Ey'.

2. Programming the multi-layer equations in MATLAB

In this section, we present a MATLAB code to calculate the electric field and the reflectivity
inside the multi-layers. This approach will provides a realistic view on the field profile
inside the cavity and how it affects the optical property by giving a numerical value in a
concrete example. Among many programming languages, MATLAB is chosen since it is a
high level language. Programmers usually don’t have to worry about the details of matrix
manipulation, complex variable, graphics and so on. From an educational viewpoint, the
code in MATLAB is easy to explain.

( FILE: MLay.m )

clear all;

global Nm;

global rfr;

global MA;

global Efl;

wvl=0.5; % inum

rfr=[1.025152515251.0];

thick = wvl./(4*rfr);

Nm = length(rfr);

thick(1) = 0;

thick(Nm) = 0;

kv = 2*pi*rfr/wvl;

MA = @(k) [exp(i*kv(k)*thick(k)), exp(-i*kv(k)*thick(k));

rfr(k)*exp(i*kv(k)*thick(k)), -rfr(k)*exp(-i*kv(k)*thick(k))];

Efl=[];
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vEf = Ef(1);

[thl2, Ef12, intfl2] = EProf(Efl kv,thick);
Instl2=abs(Ef12).72;

plot(thl2, Instl2, 'r-', thi2(intfl2), Instl2(intfl2), 'bO");
R = abs(VEf(2)/ vEf(1))"2

The program consists of three script files. The codes of “MLay.m” are presented above. The
lines of “Ef. m” and “EProf.m” are also presented in the following. The input parameters
such as wavelength, refractive index and thickness of the layers are set in the first program.
The variables corresponding to these input parameters are “wvl”, “rfr” and “thick”. It is
worthy to note that the first layer and the final layer are the zero-th layer(incident medium)
and the transmission medium as described in Fig. 1. The thicknesses of those two layers are
set to 0. The thicknesses of the layers are set to be a quarter wavelength as a starting
example. These values can be changed complying with the user’s need. The other variation
is found in the indexing of the array variable. The initial index of the array in MATLAB is 1
instead of 0, which is different from Eq. 8. The main calculation is performed in the
definition of “MA” and the “Ef(1)”. Ef(1) calls the function routine defined in the separate
script file “Ef.m”. It is an execution of iteration formula Eq. 8. When it reaches the final layer,
it is given the final numerical value 1.0 for the electric field at the final medium and returns
to the previous function calls, consecutively. All the readers have to do is to put these three
files in a MATLAB current folder and run “MLay.m”.

( FILE: Efm))

function [z]=Ef(k)

global Nm;

global rfr;

global MA;

global Efl;

if(k == Nm)

z=[1.0; 0.0];

else

z=inv(MA(k))*[1 Lrfr(k+1) -rfr(k+1)]*Ef(k+1);

end

Efl = [transpose(z); Efl];

end

( FILE: EProf.m)

function [thl2, Ef12, intfl2] = EProf(Ef], kv, thick)

Ndiv = 10;

Nm = length(thick);

cthO = cumsum(thick);

Ef12 = [EfI(1,1)+Ef1(1,2)];

thl2 = [cthO(1)];

intfl2 = [1];

for n=2:(Nm-1)

cth = [0:thick(n)/Ndiv:thick(n)];

Efl_tmp = Efl(n, 1)*exp(i*kv(n)*cth)+Efl(n, 2)*exp(-i*kv(n)*cth);

Ef12 = [Ef12, Efl_tmp];

thl2 = [thl2, cthO(n-1)+cth];

intfl2 = [intfl2, length(thl2)];
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end
EfI2 = [Ef12, [Efl(Nm,1)+Efl(Nm,2)]];
thl2 = [thl2, cthO(Nm-1)+thick(Nm)];
end

Finally, the “EProf.m” is in charge of calculating the field profile at the interfaces and the
between them. The E field is assumed to vary in accordance with the plane wave solution. In
other words, the electric field amplitudes evaluated at the interfaces are used to give the
value between them. The results are plotted using “plot” function and the reflectivity of the
multi-layers is calculated from the Eg and Ey'.

L L
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Fig. 2. The output from the execution of the program “MLay.m” is displayed. R = 0.9204.
The refractive index and the thickness for input are

“rfr=[1.0251.52515251.0],"

“thick = wvl./ (4*rfr),”

“thick(1) = 0,”

“thick(Nm) = 0;".
The result of execution is shown as in Fig. 2. In this simulation, the layer structure is
comprised of air, 2.5 pairs of TiO2/SiO2, and air from the incident medium. The final
reflectivity of the layers is about 92 %. The thickness of each layer is a quarter wavelength to
obtain the high reflection. The circular marks represent the position of the interfaces so that
the reigon between the marks corresponds to a single layer. Since the incident medium and
the final medium have zero thickness, the number of layers seen in Fig. 2 is only 4 instead of
6. The peak intensity decreases as the light penetrates the layers.
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Fig. 3. The output from the execution of the program “MLay.m” is displayed. R = 0.8706.
The refractive index and the thickness for input are

“rfr = [1.52.131.87 1.94 1.75 0.644+5.28i];”
“thick = [0 0.09 0.177 0.048 0.029 0];”

In order to analyze of the real OLED device, the refractive index and the thickness are
replaced by those of the OLED. The layers used in the simulation are overcoat, indium tin
oxide(ITO), hole transport layer(HTL), emission layer(EML) and aluminum cathode,
respectively. The title of each layer is typed in as an annotation at the bottom of the plot
between the circular marks, which represent the boundaries of each layer. The light is
supposed to be incident on the overcoat layer first.

In the design of the OLED cavity, the position of the emission layer is important since it
affects the emission efficiency of the device. As in Fig. 3, the emission layer occupies the
peak position of the intensity profile. It means that the optical density of state is high over
the emission layer and the electron transition rate is also high. If the emission layer is placed
around the node of the intensity profile, the spontaneous emission is suppressed rather than
enhanced. Quantum mechanics states that the radiation probability is proportional to the
electron transition probability and the optical density of states(Gasiorowicz, 1984). If the two
atoms have the same transition probability, but have different optical density of states,
which generally depends on the position of the atom inside the cavity, the resultant
transition rate comes to be determined by the optical density around the atom. This kind of
enhancement is often observed in the design of a micro-cavity laser such as vertical-cavity
surface-emitting laser(VCSEL). Therefore, the OLED engineer should pay attention to
controlling the thickness of the layers so that the emission layer is positioned at the peak of
the intensity, otherwise, he will lose optical efficiency.
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Eq. 8 can be modified into a bit more complicated form in order to handle oblique incidence
angle, polarization, dispersion, user-friendly interface, and so on. But, all these variations
stick around the same boundary conditions under different circumstances. The
generalization of the program is left for the fun of the reader.

3. Tunable micro-cavity in OLED

In the former section, the MATLAB program calculates the electric field profile inside the
conventional OLED device. The multi-layer structure naturally forms the cavity through the
reflections at the interfaces of the cathode, organic layers, anode, and so on. The bandgap
difference between the materials causes the index differences and this index mismatch
accompanies reflections. Therefore, it is very hard to get rid of the reflections at the interfaces
and the cavity effect inside the OLED. In this section, we present the method of how to more
actively use this interference in order to control the emission wavelength of the white OLED.
The design of a strong cavity can be realized by reinforcing the bottom mirror. In the
conventional OLED, the anode usually consists of a transparent conductive oxide like
indium zinc oxide(IZO) and it plays a role of bottom mirror. The higher index contrast
between IZO and the neighboring layers increases the reflectivity at the interfaces. Since Al
cathode already keeps high reflectance over the visible wavelength, increasing the
reflectivity of the bottom mirror can strengthens the cavity effect. At first thought, a metallic
layer at the bottom can be used to make a strong cavity. However, metals usually have a
very high imaginary index, which means strong absorption. In this case, the light generated
inside cannot escape the cavity unless the metallic layer is very thin. As matter of fact, very
thin layer of silver can forms the strong cavity in OLED. However, the thin layer is not easy
to deposit maintaining the uniformity of the device.

In this article, we present the results in which distributed Bragg reflector(DBR) comprises
the bottom mirror of the cavity. The DBR is simply a periodic stack of dielectrics with
different refractive index. The thickness is usually a quarter wavelength to increase the
reflectivity. The schematic diagram of the micro-cavity consisting of DBR is displayed as in
Fig. 4. Compared to the structure used in the simulation for Fig. 3, the bottom side has three
additional layers of IZO/Si02/1Z0O. Although these three layers seem to lack the number of
layers comparing to the DBR in VCSELs, this number of layers are adequate for controlling
the emission property of the OLED.
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Fig. 4. The structure of strong cavity used for controlling the emission wavelength of white
OLED.
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It is worthy to note that the thickness of the second IZO layer is variable to tune the resonant
wavelength. In general, the resonant peak moves depending on the thickness of the cavity.
In a conventional cavity, the central layer such as the emission layer in this structure is
adjusted to change the resonance. However, the emission layer in OLED is kind of sensitive
layer which should be untouched due to the optimization of the emission characteristics.
Instead, the extra tuning layer is added to the anode layer to affect the cavity length. This
technique is often used to make a tunable VCSEL(Ju et al, 2000).

The analysis of the cavity effect needs the information on the spectral reflectance. The
program used in the previous section should be modified to calculate the reflectivity over a
range of wavelength instead of a single wavelength. The modified code is shown below.
(FILE: MLay_a2.m )

clear all;

global Nm;

global rfr;

global MA;

global Efl;

wvli=0.4;

wvlf=0.7;

wvlwd=0.002;

rfr = [1.52.1+0.016i 1.5 2.1+0.0161 2.13 1.87 1.94 1.75 0.644+5.28i];

thick =[00.073 0.089 0.040 0.09 0.117 0.048 0.029 0];

Nm = length(rfr);

thick(1) = 0;

thick(Nm) = 0;

wvll = [wvliwvliwd:wvlf];

Rcurve=[];

for n=1:length(wvll)

wvl=wvll(n);

kv = 2*pi*rfr/wvl;

MA = @(Kk) [exp(i*kv(k)*thick(k)), exp(-i*kv(k)*thick(k));

rfr(k)*exp(i*kv(k)*thick(k)), -rfr(k)*exp(-i*kv(k)*thick(k))];

vEf = Ef(1);

Rcurve = [Reurve; [wvl*1000, abs(vE£(2)/vEf(1))"2]];

end

plot(Reurve(:, 1), Rcurve(;,2));

grid on;

xlabel(‘wavelength(nm)');

ylabel('reflectivity');

The outcome of the program is displayed in Fig. 5. This modelling assumes that the tuning
layer is 40 nm IZO. The reflectance has its resonance at 540 nm. The rapid drop of
reflectivity at the center indicates that the transmission is high at this wavelength. This is a
typical behavior of a cavity made with two highly reflecting mirrors. Although the mirror
reflects the incident light, the constructive interference inside the cavity under resonant
condition makes the transmission very high. Although the simulation calculates the
reflectivity curve, it also provides the information about the spectral emission. The
transmittance or the spectral emission can be obtained by subtracting reflectance from 1.
Therefore, the spontaneous emission other than the resonant wavelength is suppressed by
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the cavity. If the emission layer contains the RGB emission layer as in white OLED, the
resonant wavelength determines the emission color of the pixel. As for 40 nm IZO tuning
layer, the cavity allows the pixel to emit 540 nm with spectral width of 50 nm, which is
narrower than the natural spectral width of the green emission in OLED. In other words, the
use of cavity enhances the color purity of the emission.

For the most part, OLED includes color filter(CF) layer to reduce the spectral width and
improve color gamut. However, the reduction of spectral width comes through the
absorption of the light energy outside the spectral window of the pigment. It suffers energy
loss for the sake of enhancement in color purity. On the contrary, the spectral narrowing
induced by cavity effect doesn’t suffer energy loss since it originates from the change of
optical modes inside the cavity, not the absorption process. Therefore, the cavity in OLED
increases the transmission efficiency through CF by narrowing the spectral width without
energy loss.

reflectivity

| | |
| | |
055 1 1 1 1
400 450 500 550 600 650 700
wavelength(nm)

Fig. 5. The reflectivity curve is calculated when the tuning layer is IZO and 40 nm thick.

Furthermore, the resonance in this DBR cavity varies as a function of the thickness of the
tuning layer. As the thickness of the tuning layer increases, the resonance shifts toward long
wavelength. When the tuning I1ZO layer is 100 nm, the resonance goes from 540 nm to 620
nm and the secondary resonance appears at 460 nm as seen from Fig. 6. The thicker tuning
layer provides the way to narrow the spectral width of blue and red emission. It means that
one tuning layer can create two resonances at the same time. In this way, two types of
tuning layers can make the interference filter for RGB and enhance the optical efficiency in
OLED. The reflectivity curves with different tuning layer and thickness are shown in Fig. 7.
It shows that SiNx also function as a tuning layer but with smaller spontaneous
enhancement due to its smaller index.
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Fig. 6. The reflectivity curve is calculated when the tuning layer is IZO and 100 nm thick.
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Fig. 7. The reflectivity curves are plotted. The tuning layers are (a) 40 nm SiNx, (b) 100 nm
SiNXx, (c) 40 nm IZO, and (d) 100 nm 1ZO, respectively.

Based on this idea, the practical OLED devices were fabricated and demonstrated(Lee et al,
2009a). The schematic diagram of OLED structure with DBR cavities and tuning layers are
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illustrated in Fig. 8. We fabricated RGBW AMOLED panels with the above optical designs
and the conventional CF used in LCDs (color gamut = 72%). The panels showed a color
gamut in the range of 100-110% NTSC. On the other hand, panels with no micro-cavity
design had a color gamut of only 75%. Another benefit was increased light output through
the CF. With micro-cavity designs, the CF transmission ratio increased to 40% from 27%.
The light output from R, G, and B subpixels increased by about 50%.

Anode: [Z0/ITO Anode: 1Z0/1TO Cathod
IZ0/ITO Anode; 1Z0/1TO 1ZO/ITO
S _JJ_L_
SI0K Anode: [ZO/ITO
[ZO/TO 7]
G Glass W

Fig. 8. A micro-cavity design of a RGBW bottom-emitting AMOLED. OC stands for
overcoat. The RGB subpixels have DBR (IZO or ITO and SiOx), a filter common for RGB
(SiNx), and another filter (IZO or ITO) for R and B subpixels. The W subpixels do not have
DBR in order to avoid the spectral modification and dependence on the viewing angle.

4. FDTD analysis for OLED(Lee et al, 2009b)

As matter of fact, the multi-layer theory deals with one dimensional problem since it assume
that the physical situation doesn’t change for the translation movement in the plane of the
layers. This assumption is quite good for the conventional OLED device. The functional
layers of submicron thickness are deposited on large area glass, whose lateral dimension is
virtually infinite compared to the thickness. However, suppose the OLED structure is made
on the curved surface or the wavy substrate for some reason. From this point, the problem
becomes two dimensional or three dimensional one, which is not within the scope of
multi-layer theory. Then, what kinds of theoretical tools are available to the designer?
Even though ray tracing is most frequently used algorithm to calculate the optical
property of the system, it lacks capability of handling interference and sub-wavelength
feature like thin film. FDTD can be a good option although it takes much time to compute
the electric field inside the cavity. The computation time increases rapidly as the feature
size and the dimension increases. Therefore, the analysis should be carefully planned to
reduce the computation time and obtain the goal of calculation at the same time. In this
section we present an example of analyzing the undulated cavity of the OLED structure
using FDTD method.



286 Organic Light Emitting Diode - Material, Process and Devices
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Fig. 9. Principles of tuning resonance in undulated micro-cavity

The main purpose of the undulated micro-cavity is to modify spectrum with the change of
undulation profile. The physical mechanism of tuning resonance in undulated cavity is
illustrated in Fig. 9. When the OLED layers are deposited over the undulated profile of the
overcoat (OC) layer, the thickness of evaporation normal to substrate is uniform over the
whole device. However, the thickness normal to the slope is proportional to cosf if the angle
between the slope and the substrate is 6. In addition, the emission is not normal to the slope,
which leads to the blue shift of resonance peak proportional to the cosf. As a result, the
resonant wavelength of an undulated micro-cavity is proportional to cos?6.

The angle of slope is controlled by varying the amount of UV exposure in the lithography
process. More UV exposure causes a deeper trench in OC layer after development process.
The reflow process smoothen the rectangular profile into a curved surface. In general, the
angle of the slope increases as the UV exposure increases. The experimental results are
displayed in Fig. 10. The emission peak has changed with the increase of UV exposure
time. The red curve represents the micro-cavity tuned to the R and B pixel showing the
strong peaks around the red and blue wavelength. The increased UV exposure moves the
peak to green wavelength which is optimized for G pixel in OLED display as seen in the
brown curve.

In a real device, the UV exposure is controlled by the opening size of the mask pattern. Since
the opening size of the mask pattern can be set to different values for RGB pixels, the
resonance frequency of each pixel can be tuned simultaneously by one step
photolithography. It greatly alleviates the processing burden which typically comes with the
micro-cavity devices used for multi-colors.

In order to analyze the resonance shift and other optical properties of an undulated micro-
cavity, the FDTD method and the permittivity profile as shown in Fig. 11 were used. In this
structure, the micro-cavity largely consists of the organic layers sandwiched between DBR
and a cathode. From the bottom-most layer, DBR layers are comprised of 70 nm SiNx, 90 nm
5i02, 35 nm SiNx, 90 nm indium zinc oxide (IZO). The organic layers are 120 nm hole
transport layer, 50 nm emission layer, 30 nm electron transport layer. Lastly, the thickness of
Aluminum cathode is 200 nm on the top. The region below distributed Bragg reflector
(DBR) is assumed to be filled with OC layer. The permittivties used for SiNx, 5iO2, IZO,
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hole transport layer, emission layer, electron transport layer and Alumium are 3.61, 2.25,
4.23,3.74, 3.51, 2.94 and 0.06+I 3.50 respectively. The undulation profile is modeled using a
sine wave form. The period and the height of the sine wave determine the angle of the slope
in the undulated micro-cavity.
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Fig. 10. Emission spectra of white OLED with variation of UV exposure time. The red line
and brown line corresponds to 4 s and 6 s of exposure time, respectively.
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Fig. 11. Permittivity profile of undulated micro-cavity in OLEDs. Period = 5.0 um,
height = 0.6 um.
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For measuring the spectrum change, the dipole is allowed to oscillate for a short time. Since
the short pulse acts as a broad band source, it can be a good light source to characterize the
frequency response of the micro-cavity. The detector apart from the dipole source collects
the wave emitted at a certain angle. The Fourier transformed output of the collected wave is
divided by the Fourier transformed input to give frequency response at each wavelength. In
this way, the spectrum change of the micro-cavity can be analyzed.
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Fig. 12. Spectrum of dipole emission in undulated micro-cavity with various heights and
emission angle; Period = 5.0 um, height = (a) 0.0 pm, (b) 0.2 pm, and (c) 0.4 um, emission
angle = 00 (solid), 30° (thick solid), 60° (dotted).

When the dipole is placed in the middle of the slope of the undulation profile, the spectrum
shows blue shifts as the height increases as seen in Fig. 12. It agrees with the experimental
results observed in the real device(Lee et al, 2009a). The dipole is placed in the middle of the
slope since the slope region is the brightest part of the device. Thermal evaporation of organic
material results in uniform thickness in the vertical direction. It means that the thickness
normal to the surface is the smallest near the slope. The reduced thickness of organic layers
also reduced the electrical resistance in the part, which leads to the current crowding near the
slope. Therefore, locating the dipole in the middle of slope is reasonable to explain the blue
shift of the spectrum. Otherwise, the dipole oscillation near peak or valley gives less change to
the resonance peak. The resonance peak at normal angle shifts from 525 nm to 510 nm when
the height changes from 0.0 um to 0.4 um. Since the angle of the slope is roughly 9 degrees at
the height of 0.4 pm, the amount of blue shift may be explained by cos20 dependence. As
explained before, this angle dependency can be ascribed to the layer thinning due to the
slanted evaporation and oblique resonance condition, each of which has cos dependency.

The internal physical mechanisms of undulated micro-cavity that controls the emission
wavelength in OLEDs was investigated. The finite-difference-domain method is applied to a
previously manufactured OLED design featuring optical structure on a wavy over-coat layer.
The emission spectrum shows blue shift of 15 nm when the height of undulation changes from
0.0 pm to 0.4 um with the period fixed at 5.0 um. The blue shift is also observed in the
experiment and the amount of shift in the simulation complies with cos26 dependence.
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1. Introduction

In recent years, many types of electronic equipment have come into wide use in our lives.
Especially, mobile phones and personal computers have been widely used by many people,
and this fact causes the drastically change of our lives. In addition, we can connect global
networks using mobile phones and personal computers, and we can get much information
in a short time without moving. Nowadays, several mobile networks are widely used, such
as, Bluetooth, ultra wideband, ZigBEE, and so on. Furthermore, the global computer
networks will be used unconsciously without thinking the connection in near future, and
many researchers demonstrated unique concepts of intuitive interface modules. (Morrison
et al.,, 2005, Wilson et al., 2007, Mignonneau et al., 2005) To realize an intuitive interface
module between real the world and the global computer network, we proposed the free
space visible optical communication system utilizing organic light-emitting diodes (OLEDs)
as a transceiver module and organic photo-diodes (OPDs) as a receiver module, as shown in
Fig. 1. In this system, we can get information from the OLED by touching the emitting area,
and the emitting area of the OLED is large enough to connect without the precious
alignment between the OLED and the OPD.

|

Receiver module
(OPD)

-

P

Transceiver module
(OLED)

Fig. 1. Concept of the interactive visible optical communication system using the OLED and
the OPD with the high response speed.
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By now, several research groups demonstrated OLEDs and OPDs with the high response
speed for the novel application of the optical communication, and the response speed of
more than Mbps has been achieved by optimizing the device structure. (Shimada et al.,
2006; Morimune et al., 2006) The reported optical communication system consists of an
optical fiber to transmit optical signals generated from the OLED to the OPD. In generally,
a core diameter of the multimode optical fiber is several 100 um. (Koike, 2008) Even
though the optical signal reaches far from the OLED, the high accuracy alignment
between the OLED/OPD and the optical fiber is necessary to achieve the efficient optical
communication. Furthermore, the emitting area of the OLED and the receiving area of the
OPD can be controlled by changing the deposition areas of electrodes, which sandwiches
organic layers. Therefore, we have proposed that the free space optical data transmission
is suitable for the next generation visible optical communication system due to
the alignment-less connection. The visible light of the OLED announces the connection
point, and everyone can get optical information by touching the visible light using the
receiver module (OPD). Moreover, OLEDs and OPDs can be fabricated by printing
processes, resulting in the low-fabrication cost and the flexible devices. (Mori et al., 2003;
Ooe et al., 2003)

OLEDs have attracted a great deal of public attention as visible light sources of flat panel
displays and lightings. In recent years, several breakthroughs have led to significant
enhancements of performances in OLEDs, such as the improvement in the charge-carrier
balance, (Tsutsui, 1997) the low-work function electrode material, (Parker, 1994) the efficient
injection of the electron from a metal cathode to an adjacent organic layer by inserting an
electron injection layer (EIL), (Kido et al., 1998; Hung et al., 1997; Stopel et al., 2000; Kin et
al., 2006) the high carrier mobility of electron/hole transport materials, (Ichikawa et al.,
2006; Uchida et al, 2001) the high efficiency fluorescence and phosphorescence emitting
materials. (Tang et al., 1987; Adachi et al., 2001; Cao et al., 1999; Xu et al., 2003) In the case of
the visible optical communication system, the response speed is an important factor for the
practical application. The reported cutoff frequency of the output power, which indicates
the response speed, has been achieved up to 25 MHz for the OLED with a small area of 300
um circle. (Kim et al., 2006) However, the large emitting area of the OLED is necessary for
our proposed institutive visible optical communication system.

We investigated the response speed of the OLED by changing device parameters, such as
the device area (capacitance of the organic layer), the fluorescence lifetime of the organic
emitting material, (Fukuda et al., 2007) the thickness of hole/electron transport layers
(HTL and ETL) corresponding to the carrier transport time from the electrode to the EML,
the energy gap at a metal/organic interface (Fukuda et al., 2007), the combination of the
host-guest materials used as the emitting layer (EML) (Fukuda et al., 2009), and the effect
of the hole blocking layer (Fukuda et al., 2007). In this chapter, we show the experimental
result of the fast response OLED. Then, we investigated the organic-inorganic hybrid
device using ZnS as the ETL (Fukuda et al., 2008a). This is because that the response speed
of the OLED is limited by the low electron mobility of the organic ETL material, and ZnS
has higher electron mobility than organic materials. Finally, we demonstrated the
intuitive optical communication system utilizing the OLED as a transceiver. In this
system, we succeeded in the transmission of the pseudo-random signal with 1 Mbps and
the movie files with 230 kbps, when the pen-type photo-diode is touched the emitting
area of the OLED.
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2. Limiting factor of the response speed of the OLED

The conventional OLED consists of a transparent anode, several organic layers, and a metal
cathode, as shown in Fig. 2. The each organic layers are called as the hole injection layer (HIL),
the HTL, the EML, the HBL, and the HTL. The names of these organic layers indicate their
functions of the operation mechanism. When the voltage is applied between the transparent
anode and the metal cathode, holes and electrons (carriers) are injected into the organic layers,
respectively. Then, these injected holes and electrons transport into the HTL and the ETL,
respectively. Finally, the carriers recombine into the EML, resulting in the generation of light.
The generated light comes out from a transparent anode and a transparent substrate. That is to
say the response speed of OLEDs is limited by the time from the applying voltage to the
generation of light caused by the carrier recombination. We examined the details of these
processes and the method to improve the response speed of the OLED.

Mechanism and limiting factor

metal cathode I.  Holes and electrons are infected from the
transparent anode ant the metal cathode,
respectively.
i =Energy barrier at metal/organic interface
X
organic EML @ _ II. Holes and electrons transport to the EML
layer , =Carrier mobility of organic material
()
/\Zu [ll. Carrier recombination in the EML
' =Fluorescence lifetime of EML
transpa\re)nt anode
substrate (V) IV. Light is taken out from the substrate

Fig. 2. Cross sectional view of the conventional OLED structure and limiting factors of the
transmission speed of the OLED.

3. Fabrication process of the OLED and the experimental setup to estimate
the response speed of the OLED

The fabrication process of the OLED is described in the following sentence. OLEDs were
fabricated on glass substrates covered with a patterned indium tin oxide (ITO) anode. The
thickness of the ITO layer was 150 nm. The prepared glass substrates were cleaned in
deionized water, detergent, and isopropyl alcohol sequentially under ultrasonic waves, and
then treated with oxygen plasma for 5 min. Next, several organic layers, an EIL and a metal
cathode were thermally deposited successively using a conventional vacuum deposition
system at a base pressure of below 5.0 x 10-¢ Torr. Deposition rates were maintained at 0.8-
1.0 A/ s for both the HTL and the ETL, 5.0 10&/ s for both the EML and the metal cathode, and
0.1-0.2 A /s for the EIL as determined using a quartz crystal monitor.

To evaluate the response speed of the OLED, we measured the relative EL intensity as a
function of the frequency of an applied sine wave voltage. Figure 3 shows the schematic
configuration of the experimental setup. The sine wave and bias voltages were applied to
the OLED using a programmable FM/ AM standard signal generator (KENWOOD, SG-7200)
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and a DC power supply (ISO-TECH, IPS-3610D), respectively. The amplitude of the sine
wave voltage was controlled using an attenuator (Furuno Electric, VHE-STEP) and a high
speed amplifier (ARF Japan, ARF-15237-25). In addition, several resistances and
capacitances were used to reduce the frequency dependence of the amplitude of the applied
sine wave voltage, as shown in Fig. 3.

The generated light wad guided into a plastic optical fiber (Moritex, PJR-FB250) with the
diameter of 250 um. Then, the output EL intensity was observed using an avalanche
photodiode (Hamamatsu Photonics, S5343) and an oscilloscope (Yokogawa Electronic, DL-
1740). The frequency dependence of EL intensity was measured by changing the modulation
frequency of the sine wave voltage from 100 kHz to 10 MHz. In addition, the rise and decay
times of output EL intensity were also measured while applying a pulse voltage with a
width of 1 ps to investigate the transient properties of the OLED. The rise and decay times
were defined as the times required for the optical response to change from 10% to 90% and
from 90% to 10% of the maximum EL intensity, respectively. We also measured the
luminance-current density-voltage characteristics of the OLED using a source measure unit
(Hewlett-Packard, HP4140B) and a luminance color meter (Topcon, BM-7).

i DC power supply
't Veas 1 (IPS3610D)
Attenuator  High speed amp 0.1pF
(VHF-STEP) (ARF15237-25) '

5 L7 77 500 2 500 A |
i : P 1 Oscilloscope
Plastic fiber | (PL1740) |
Signal generator 7 Lo 1(PJR FB250)
(SG-7200)
OLED =7 ._
|—o- -5 Avalanche photodiode
777 (S5343)

Fig. 3. Cross sectional view of the conventional OLED structure and limiting factors of the
transmission speed of the OLED.

4. Response speed of the OLED

4.1 Device area (capacitance of the organic layer)

The conventional OLED consists of several organic layers with a total thickness of less than 200
nm due to the low carrier mobility of organic materials, resulting in the large capacitance of an
emitting area. The capacitance of an emitting area is well known to affect pulse voltage-



Fast-Response Organic Light-Emitting Diode for Interactive Optical Communication 295

transient current characteristics, and the large capacitance of the organic layer causes the long
decay time of the transient current while applying a pulse voltage. (Wei et al., 2004) Therefore,
the lower capacitance, corresponding to the smaller emitting area, is required for the high
response speed of OLEDs. By now, previous papers demonstrated that the response speed of
the OLED increases by reducing the capacitance of the emitting area. (Kajii et al., 2002a)

To investigate the influence of the emitting area on the response speed of the OLED, we
used 4,4'-bis[N-(1-napthyl)-N-phenyl-amino]-biphenyl (o-NPD) as the HTL, 6,11,12-
tetraphenyltetracene (rubrene) as the dopant in the EML, and tris(8-hydroxyquinoline)
aluminium (Alqs) as the EML and the ETL. Figure 4 shows molecular structures of used
organic materials. The device structure is ITO 150 nm/a-NPD 40 nm/rubrene:Alqs(0.5wt%)
20 nm/ Alqs 40 nm/LiF 0.4nm/MgAg (9:1) 150 nm/Ag 20nm for the device A and ITO 150
nm/o-NPD 40 nm/ Algz 60 nm/LiF 0.4nm/MgAg (9:1) 150 nm/Ag 20nm for the device B.
In addition, the emitting area was changed from 0.2 to 1.5 mm? to investigate the influence
of the emitting area on the response speed of the OLED.
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Fig. 4. Molecular structures of organic materials (a-NPD, rubrene and Alqs)

Figure 5 shows the relative output EL intensity as a function of modulation frequency for
the two OLEDs, that is, devices A and B with rubrene doped Algs and Alqs as EMLs,
respectively. The sine wave voltage was 7 V and the bias voltage was 5 V. Here, the EL
intensities at various modulation frequencies are normalized with respect to the EL intensity
at a frequency of 100 kHz. It was observed that the relative EL intensity of device A with the
rubrene doped Alqs EML is higher than that of device B, which has the Alqs EML. This
result indicates that the device A has a higher response speed than the device B. This result
can be explained by the fluorescence lifetime of the EML. (Kajii et al., 2002b) The
fluorescence lifetime of rubrene doped Algs (0.5wt%) and non-dope Alqs were 10 ns and 16
ns, respectively. (Fukuda et al., 2007b) Therefore, the response speed of the OLED was
improved by doping rubrene in the EML.

The cutoff frequency of the device A with the emitting area of 1.2 mm?2 was 4.0 MHz, and the
2-times faster cutoff frequency (8 MHz) was achieved when the emitting area was 0.2 mm. The
cutoff frequency corresponds to the responses speed of the OLED; therefore, this result
indicates that the response speed of the OLED was improved with decreasing capacitance of
the emitting area. In the case of the institutive optical communication system, the large
emitting area is important factor to connect between the OLED and the OPD. Therefore, the
response speed of the OLED is necessary to improve by optimizing other device parameters.

4.2 Thickness of hole/electron transport layers (carrier injection time)
In generally, the carrier mobility of organic materials is much lower than that of inorganic
materials. This fact causes the long decay time from the carrier injection to the generation of
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Fig. 5. Relative EL intensity while applying the sine wave voltage for (a) the device A with
rubrene:Algs and (b) the device B with Alqs as EMLs.

light, resulting in the slow response time of the OLED. In addition, the carrier transport time
from the electrode to the EML is related with the thickness of HTL and the ETL. Here, we
show the relationship between the thicknesses of the HTL/ETL and the response speed of
the OLED. (Fukuda et al., 2007¢)
The device structure is ITO 150 nm/a-NPD 40 nm/rubrene:Alqs(0.5wt%) 20 nm/Algs 10-
40nm/LiF 0.4nm/MgAg (9:1) 150 nm/Ag 20nm. Active areas were decided as the
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sandwiched region of ITO/MgAg, and those of all the devices were fixed at 1 mma2. The
detail of the measurement is described in the above-mentioned section.

Figure 6(a) shows the relationship between the applied pulse voltage and the rise time of
output EL intensity of OLEDs with different thicknesses in the ETL. The thicknesses of the
ETLs were 10 nm, 20 nm, 30 nm, and 40 nm. As clearly shown in Fig. 6(a), the rise time
decreased with decreasing thickness of the ETL. The electron injection time is calculated
from the electron mobility, the thickness, and the applied electric field. The electron mobility
of Alqgs is about 105 cm2/Vs (Barth et al., 2001). Therefore, we can estimate the electron
injection time of 450 ns, 250 ns, 150 ns, and 50 ns for OLEDs with thicknesses in 40 nm, 30
nm, 20 nm, and 10 nm, respectively. The measurement results of the rise times were longer
than the estimated electron injection times. These differences are considered to be caused by
the energy gap at metal/organic interface and the capacitance of the organic layer. In
addition, the decay time was also reduced with decreasing thickness of the ETL. In addition,
the decay time shown in Fig. 6(b) also decreased with decreasing thickness of the ETL. This
result indicates that the carrier injection time mainly affect the decay time of the output EL
intensity while applying the high speed pulse voltage.
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Fig. 6. Influence of the pulse voltage on (a) rise and (b) decay times of the OLEDs with
different thickness of the ETL (Algs). (Fukuda et al., 2007e)

Figure 7 shows the relative EL intensity of OLEDs with different thicknesses of the ETLs
when the sine wave voltage was applied to the device. The sine wave voltage was 8 V and
the bias voltage was 5 V. The relative EL intensity at the high frequency region increased
with decreasing the thickness of the ETL. This result indicates that the response speed
increased with decreasing thickness of the ETL, which corresponds to the electron travelling
length from the metal cathode to the EML.

On the other hand, the rise time was little influenced by the thickness of the HTL ranged
from 20 nm to 40 nm, as shown in Figs. 8(a). The device structure was ITO 150 nm/o-NPD
20-40 nm/rubrene:Alqs(0.5wt%) 20 nm/Algs 10nm/LiF 0.4nm/MgAg (9:1) 150 nm/Ag
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20nm. Active areas were decided as the sandwiched region of ITO/MgAg, and those of all

the devices were fixed at 1 mm?2.
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Fig. 7. Relative EL intensity while applying the sine wave voltage for OLEDs with different
thicknesses of the ETLs. (Fukuda et al., 2007¢)
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Fig. 8. Influence of the pulse voltage on (a) rise and (b) decay times of the OLEDs with
different thickness of the HTL (a-NPD). (Fukuda et al., 2007e)

The thickness of the ETL (Algs) was 10 nm, and the response speed of the OLED was almost
same for all the devices. This is because that the electron mobility of Alqz is much lower than
the hole mobility of a-NPD. These experimental results indicate that the thickness of the
ETL mainly limits the response speed of OLEDs owing to the low electron mobility of Alqs

used as the ETL (Fukuda et al., 2007¢).
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4.3 Energy gap between metal the cathode and the adjacent organic layer

In generally, holes and electrons (carriers) are injected from an anode and a cathode,
respectively. The injection efficiency of carriers is defined by the energy level difference
between an electrode and an adjacent organic layer (Kampen et al., 2004). Therefore, the low
energy gap at the electrode/organic interface is necessary to realize efficient carrier injection
and to reduce the drive voltage of OLEDs. By now, many researchers have investigated, such
as the surface treatment of the indium tin oxide (ITO) layer used as a transparent anode
(Niiesch et al., 1998; Hatton et al., 2001), the low work function metal cathode, (Parker, 1994)
and hole/electron injection layers at the electrode/organic interface. (Kido et al., 1998; Hung et
al., 1997; Stopel et al., 2000; Kin et al., 2006) Especially, the metal/organic interface has a large
energy gap, and Schottky barrier is formed at the metal/organic interface. As a result, the
efficiency of injecting electrons into an organic layer form a metal cathode is low, and the high
drive voltage is necessary. Furthermore, the large energy gap at metal/organic interface causes
the decrease in the response speed of the OLED (Ichikawa et al., 2003; Fukuda et al., 2007d). In
addition, the carrier injection efficiency at the organic/organic interface is also important factor
for high speed OLEDs. (Fukuda et al., 2007c)

The thicknesses of the organic layers are 40 nm for o-NPD, 20 nm for rubrene-doped Alqs, and
30 nm for Alqs. In addition, we employed three species of metal cathodes of 100 nm thickness,
namely, Ca/Al, Al, and MgAg (911 w/w)/Ag for devices C, D and E, respectively. To
investigate the effects of an inserted EIL, we fabricated a similar set of OLEDs using a thin 8-
hydroxyquinolinato lithium (Liq) layer with thickness of 0.4 nm as an EIL. We also used
Ca/Al, Al and MgAg (9:1 mass ratio)/ Ag as metal cathodes for devices F, G, and H, in which
Liq was inserted between the metal cathode and the ETL. The current efficiency of the OLEDs
with Liq is less sensitive to a change in EIL (Liq) thickness than that of OLEDs with the
conventional EIL material of LiF, resulting in their suitability for mass production. (Zheng et
al., 2005). The active areas of all the OLEDs were fixed at 1 mma2.

Figure 9(a) shows the relationship between the relative EL intensity and the frequency of the
applied sine wave voltage for the three OLEDs (devices C, D, and E). The sine wave voltage
was 7 V and the bias voltage was 5 V. Here, the EL intensities at various frequencies are
normalized with respect to the EL intensity at a frequency of 100 kHz. It was observed that the
relative EL intensity of device C with the Ca/Al cathode was higher than those of devices D
and E, which have Al and MgAg/Ag cathodes, respectively. The relative EL intensity at the
high frequency region corresponds to the response speed of the OLED. Therefore, this result
indicates that device C has a higher response speed than devices D and E. The cutoff frequency
of device C was 8.5 MHz, while those of devices D and E were 1.3 and 4.2 MHz, respectively.
Figure 9(b) shows the influence of the barrier height at the metal/organic interface on the
cutoff frequency. Here, the barrier height was calculated to be the difference between the work
function of the metal cathode and the LUMO level of Alqs used as the ETL. The LUMO level of
Alqgs was 3.1 eV and work functions of metal cathodes were 3.0, 4.3, and 3.6 eV for Ca, Al, and
MgAg, respectively. Therefore, the barrier heights were estimated to be 0.1, 1.2, and 0.5 eV for
devices C, D, and E, respectively. The cutoff frequency increased with decreasing barrier
height, which affects the efficiency of injecting electrons into the organic layer from the metal
cathode. The cutoff frequency relates the response speed of the OLED; therefore, the response
speed increases with decreasing barrier height at the metal/ organic interface.

Figure 10 shows the relationship between the frequency of sine wave voltage and the
relative EL intensity for the three EIL (Lig)-inserted OLEDs, that is, devices F, G, and H with
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Ca/Al, Al, and MgAg/Ag as metal cathodes, respectively. The response speed of the OLED
also increased when the low-work function metal electrode was used for the EIL-inserted
OLED. The cutoff frequency of device F was observed to be about 11.2 MHz, while those of
devices G and H were approximately 6.7 and 8.8 MHz, respectively. By comparing Fig. 9(a),
we found that the cutoff frequency increased by inserting Liq layer for all the devices with
the different cathode materials. Here, Li has low work function of 2.9 eV, and thus appears
to be a good candidate for injecting electrons into the Alqs layer. It is known that diluted Li-
metal alloys can act a cathode and exhibit much better transient characteristics than a pure
metal cathode. (Zheng et al., 2005).
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Fig. 9. (a) Frequency dependence of relative EL intensity for devices C, D, and E with Ca, Al,
amd MgAg as metal cathodes, respectively. (b) Relationship between cutoff frequency and

barrier height at metal cathode/ Algs interface. The cutoff frequency was calculated from the
experimental result in Fig .9(a). (Fukuda et al., 2007c)
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Fig. 10. Frequency dependence of relative EL intensity for devices F, G, and H with Ca, Al
and MgAg as metal cathodes, respectively. (Fukuda et al., 2007c)
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4.4 Influence of fluorescence lifetime of EML and response speed of OLED

The fluorescence life time of organic emitting materials is important factor to determine the
response speed of the OLED. (Kajii et al., 2002b) Therefore, we investigated the direct influence
of the fluorescence lifetime on the response speed of the OLED. (Fukuda et al., 2007b)

We fabricated organic neat films on glass substrates by a conventional thermal evaporation
system at a base pressure of below 5.0x10-¢ Torr. The glass substrates were cleaned in
deionized water, detergent, and isopropyl alcohol sequentially under ultrasonic waves, and
then treated with 50 W oxygen plasma for 5 minutes just before use. Finally, the following
10 species of organic materials were deposited on glass substrates, and molecular structures
of these organic materials are shown in Fig. 11. The used organic materials were 1,4-bis[2-[4-
[N,N-di(p-tolyl)amino]phenyl]vinyl]benzene (DSB), 2-(4-tert-butylphenyl)-5-(4-biphenylyl)-
1,3,4-oxadiazole (PBD), (3-(2-benzothiazolyl)-N,N-diethylumbelliferylamine (coumarin 6),
4,4'-(bis(9-ethyl-3-carbazovinylene)-1,1'-biphenyl (BCzVBi), 4,4-bis(2,2-ditolylvinyl)biphenyl
(DPVBi), a-NPD, 4,4'-bis[9-dicarbazolyl]-2,2'-biphenyl (CBP), Alqs, doped Algs, rubrene
doped Algs, Pyrromethen 567 doped Alqs, 4-(dicyanomethylene)2-methyl-6-(julolidin-4-yl-
vinyl)-4H-pyran (DCM2), 4,7-diphenyl-1,10-phenanthroline (BPhen), Bis-(2-methyl-8-
quinolinolate)-4-(phenylphenolato)aluminum (BAlq), Perylene, and rubrene.

N—N
@ BC2VBi PBD
O o O )
0o ~~
DSB Q CBP
Fig. 11. Molecular structures of used organic materials.

After deposition of organic neat films, we measured fluorescence lifetimes of all the organic
films by a femtosecond pulse laser (THALES Laser, Bright). After passing through the
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second harmonic generator, the center wavelength and the pulse width of the femtosecond
pulse laser were 390 nm and 112 femtosecond, respectively. All the organic films radiated
photoluminescences (PLs), when the femtosecond pulse laser was irradiated. The radiated
PL was captured with a spectrometer and a streak camera (Hamamatsu Photonics, A5760),
then time-resolved PL spectra were measured. Finally, Mono-exponential fitting was
employed to derive the FL from the measured time-resolved PL intensity.

The frequency dependence of PL intensity was measured to investigate the direct
relationship between the cutoff frequency of PL intensity and the fluorescence lifetime of the
organic neat film. A schematic configuration of an experimental setup is shown in Fig. 12.
The organic neat film was excited by the violet laser diode (NDHV220APAE1-E, Nichia
corp.). The center wavelength of the excited violet laser diode was 405 nm, and the all the
organic neat film absorbs the excited light. In addition, the violet laser diode was operated
by a high-frequency sine wave voltage utilizing the programmable FM/AM standard signal
generator (5G-7200, KENWOOD). And then, PL intensity was observed using the avalanche
photo diode (S5343, Hamamatsu Photonics), which was located perpendicular to the optical
axis of the laser diode, as shown in Fig. 12.

Programmable
FM/AM standard
signal generator

Organic film

DC voltage source

H— Pz 3| PL
\ N

Violet laser diode

T — Avalanche

. Oscilloscope
photodiode

DC voltage source

Fig. 12. Schematic configuration of the experimental setup to estimate the influence of the
relative PL intensity while irradiating the violet laser diode.

As a result, the frequency dependence of PL intensity was estimated by changing the
modulation frequency of the violet laser diode. Moreover, PL spectra were measured by the
spectrophotometer (USB 2000, OceanOptics Company) also located perpendicular to the
optical axis of the laser diode.

Figure 13(a) shows the influence of PL intensity on the frequency of the violet laser diode for
two organic materials, DSB and Algs. For both organic films, PL intensity decreases with
increasing frequency of the violet laser diode due to the decay time of the PL. This
experimental result showed that cutoff frequencies were 160 MHz and 20 MHz for DSB and
Alqs, respectively. The difference of the cutoff frequency can be explained by the
fluorescence lifetime of the organic material. The fluorescence lifetimes of DSB and Algs
were 0.2 ns and 16.0 ns, respectively. Therefore, the long fluorescence lifetime Alqs of causes
the decreased cutoff frequency.
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Figure 13(b) shows the relationship between the cutoff frequency of PL intensity and the
fluorescence lifetime of the organic emitting material. This result is a consequence of
fluorescence lifetimes without the influences of the capacitance and the carrier mobility,
which are known to affect the response speed of the OLED. Therefore, we can estimate the
direct influence of the fluorescence lifetime on the response time of the OLED. The transient
characteristic of PL is strongly dependent on the fluorescence lifetime, and the response is
considered to increase utilizing the short fluorescence lifetime of the organic material as a
light-emitting layer of OLEDs. The highest cutoff frequency of PL intensity can reach about
160 MHz using one substituted phenyl/vinyl compound, DSB, of which the fluorescence
lifetime was 0.2 ns.
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Fig. 13. (a) Relationship between the frequency of the irradiated violet laser diode and the
relative PL intensity for DSB and Alqs neat films. (b) Influence of the cutoff frequency of the
experimental result in Fig. 13(a) on the fluorescence lifetimes of organic neat films. (Fukuda
et al., 2007Db)

4.5 Combination of host-guest materials in EML

In the previous chapter, the fluorescence lifetime of the EML is important factor to realize
the fast response speed of the OLED. In addition, the efficient energy transfer from the host
material to the guest material is also key parameter for the increased response speed.
(Fukuda et al., 2009)

To investigate the response speed of OLEDs with different combinations of host-guest
materials, we fabricated three devices, referred as devices I, ], and K. The guest materials of
devices I, ], and K were DSB, DPVBi, and BCzVBi, respectively. The device structure was a-
NPD 40 nm/EML 20 nm/bathocuproine (BCP) 10 nm/Algs 20 nm/LiF 0.4 nm/MgAg (9:1
w/w) 100 nm/Ag 50 nm. Three organic emitting materials were choosed as DSB (device I),
DPVBi (device ]), and BCzVBi (device K) doped with CBP at 0.5 wt.%, respectively Emitting
areas of all the devices were fixed at 1 mm2.

Figures 14(a) and (b) show rise and decay times of the output EL intensity while applying
the pulse voltage with the duration of 1 ps. The bias voltage was fixed at 6 V and the pulse
voltage was ranged from 5 to 10 V. Both rise and decay times decreased with increasing
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pulse voltage due to the high carrier mobility at the high electric field. In addition, the rise
times of devices I (DSB), ] (DPVBIi), and K (BCzVBi) were 58, 345, and 257 ns at the pulse
voltage of 5 V, respectively. The measured rise times were larger than the decay time of all
the devices. In generally, the large capacitance of organic layers limits the response speed of
OLEDs owing to the large emitting area and the thinness of organic layers compared to
semiconductor emitting devices. (Kajii et al., 2002a) However, the rise time is same as the
decay time when only the capacitance affects the response speed of the OLED. Therefore, we
can conclude that the rise time of optical response is primarily associated with the carrier
dynamics between the applying voltage and the generation of light. Furthermore, the
fluorescence lifetime of DSB:CBP, DPVBi:CBP, and BCzVBi:CBP neat films at the
concentration of 0.5 wt.% were 1.4, 1.6, and 0.8 ns, respectively. These values were estimated
time-resolved PL intensity using a femtosecond pulse laser with the center wavelength of
390 nm and a streak camera. Such short fluorescence lifetimes were assumed to give little
effect on response speed of device. (Fukuda et al., 2007b)
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Fig. 14. (a) Rise and (b) decay times of the output EL intensity while applying the pulse
voltage for three kinds of devices with different guest materials. (Fukuda et al., 2009)

Figure 15 shows absorption spectra of organic neat thin films of guest materials (DSB,
DPVBi, and BCzVBi) and the PL spectrum of the CBP neat film. The PL spectrum of CBP
showed the peak wavelength at 411 nm, and the PL intensity rapidly decreased in both
shorter and longer wavelengths. The guest materials had peculiar absorption bands at the
violet wavelength region. The peak wavelengths of absorption spectra of DSB, DPVBi, and
BCzVBi were 418, 354, and 372 nm, respectively. Based on previous researches, the energy
transfer efficiency of dye-doped OLEDs depends on the overlap integral of the emission
spectrum of the host material and the absorption spectrum of the guest material. (Dexter,
1953; Eisenthal et al., 1953). The measured spectral overlap was different from each
combination of the host-guest system, and the largest spectral overlap was achieved using
DSB as a guest material. Therefore, efficient Forster energy transfer from the host material to
the guest material is considered to be realized in the case of DSB doped CBP. As a result, the
response speed of the OLED was also improved using DSB.

4.6 Organic-inorganic hybrid device
In the previous section, we showed that the low electron mobility of the ETL prevents the
improved response speed of the OLED. (Fukuda et al, 2007e) In this section, we
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Fig. 15. Absorption spectra of DSB, DPVBi, and BCzVBi neat films and the PL spectrum of
the CBP neat film. (Fukuda et al., 2009)

demonstrated organic-inorganic hybrid light-emitting diode, of which ZnS was used as the
ETL. The ZnS layer has higher electron mobility compared to the organic electron transport
material. Therefore, higher response speed can be realized compared to the OLED even
though the emitting area is large. (Fukuda et al., 2008a) This fact indicates that such a device
can be applicable for the institutive visible optical communication system.

Each layer consisted of a-NPD as an HTL, CBP doped with 0.5 wt% BCzVBi as an EML, and
ZnS (device L) and Algs (device M) as ETLs. Here, the fluorescence lifetime of BCzVBi was
0.6 ns, and it was short enough to realize the fast response speed. The thicknesses were 40
nm for o-NPD, 20 nm for BCzVBi doped CBP, ZnS, and Alqgs. Finally, LiF (0.4 nm) and
MgAg (9:1 w/w) were evaporated on the top of the ETL layer. The active areas of all the
OLEDs were fixed at 1 mm?2.

Figure 16(a) shows the relationship between the frequency of an applied sine wave voltage
and the output relative EL intensity of the devices L and M, which consisted of ZnS and
Alqs as ETLs, respectively. The relative EL intensity of the organic-inorganic hybrid device
(device L) showed higher response speed compared to the OLED (device M). This result
indicates that the low electron mobility of Alqs causes the low response speed. On the other
word, we can realize the increased response speed utilizing the ZnS layer with high electron
mobility as the ETL. This is because the response speed of the OLED is limited by the low
electron mobility of organic electron transport materials, and the electron mobility of ZnS is
higher than that of Alqgs

Figure 16(b) shows the influence of the sine wave voltage on the cutoff frequency for devices
L and M. By comparing the devices L and M, we found that the cutoff frequency was
influenced by the applied voltage for only the device L with ZnS. The low drive voltage of
the OLED has been required for all the applications, such as mobile phones, flat panel
displays, general lightings, and visible optical communications. This result indicates that the
ZnS-ETL is important technique to improve both the response speed and the drive voltage.
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Fig. 16. (a) Relative EL intensity as a function of the applied sine wave voltage for two
device with ZnS (device L) and Alq3 (device M) used as ETLs. (b) Relationship between the
cutoff frequency and the sine wave voltage. (Fukuda et al., 2008a)

5. Intuitive visible data communication system with OLED as transceiver

5.1 Experimental

In this section, we show a demonstrator of the institutive visible optical communication
system utilizing the OLED as an electro/optic converter. This system consisted of the
transceiver module with the OLED and the pen-type receiver module with the semiconductor
photo diode at a point, as shown in Fig 16. When the point of the pen-type receiver module
approaches the emitting area of the OLED, you can get information from the OLED.
Furthermore, the emitting area was 2 mm x 2mm, and the many people can touch without
thinking the precious alignment between the pen-type receiver module and the OLED.

The fabrication process and the experimental results are discussed as bellows. We deposited
cupper-phthalocyanine (CuPc) as a hole injection leayr, a-NPD as a HTL, rubrene in Algs as
an EML, Algs as an ETL, and LiF as an EIL subsequently, upon the ITO-coated glass
substrate. The device structure is glass substrate/ITO 150 nm/CuPc 10 nm/a-NPD 40
nm/1.0wt% rubrene:Alqs 20 nm/ Alqs 40 nm/LiF 0.5 nm/ Al 150 nm. Since the degradation
of organic layers is caused by humidity and oxygen, the device was deposited by employing
the conventional thermal evaporation at 6.0 x 10-¢ Torr without breaking the vacuum. Then,
the fabricated device was encapsulated under nitrogen atmosphere using UV-curable
adhesives and cavity glass lids.

The inset of Fig. 16 shows the inside of the pen-type receiver module. We used driver IC
(MAXIM, MAX749CSA) to apply the modulated pulse voltage. By applying the pulse
voltage, the modulated optical signal generated from the emitting area of the OLED. In
addition, the pen-type receiver module consisted of the photo-diode at a point, the
comparator (NEC, nPC271G2), the operational amplifier (Linear Technology, LT1192 S8),
and many electric parts (resistors, capacitor, and mechanical switch).

Pseudo electric signals were applied to the OLED to demonstrate the data transmission
between the OLED and the photo diode. The amplitude and the clock frequency of pseudo
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signals were 4 V and 1 Mbps, respectively. In addition, the bias voltage of 4 V was also
applied to the OLED by a DC voltage source. Then, the pen-type receiver was approached
the emitting area of the OLED, as shown in Fig. 17. Finally, the output optical signal was
changed the electric signal by a photo-diode, and the time-resolved output power was
measured by an oscilloscope.

Transceiver module

4 Photo didie
P "

Pen-type
Receiver module

Fig. 17. (a) Demonstrator of the intuitive visible optical communication system, which
consists of the OLED as a transceiver module and the pen-type receiver module. The inset
shows the inside of the pen-type receiver module. (Fukuda et al., 2008b).

5.2 Result and discussions
Figure 18 shows the input electrical signal and the output optical signal as a function of the
time. The output optical signal was received using the pen-type receiver module when the

OutputEL Intensity

Fig. 18. Input electrical signal (yellow) and the output optical signal (pink) as a function of
the time. The frequency of the input electrical signal was 1 Mbps.
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pseudo-random signals were applied to the OLED. Transmission speed of pseudo-random
signals was 1 Mbps. As clearly shown in Fig. 18, the rise time is larger than the decay time.
This is because that the injection time of carriers from electrodes to the EML is long.
However, we can realize the error-free data transmission at a speed of 1 Mbps using the
transceiver module with the OLED.

6. Conclusion

In this chapter, we demonstrated fast-response OLEDs for the intuitive visible optical
communications. We successfully achieved the more than 20 MHz by optimizing device
parameters, such as the emitting area, the thickness of the carrier transport layer, the metal
cathode, the fluorescence lifetime of the emitting material, the combination of the host-guest
material, and the semiconductor ETL. Finally, we also demonstrated the demonstrator of the
institutive optical data transmission system using the OLED as the transceiver. If the pen-
type receiver module is touched the emitting area of the OLED, we can get the pseudo-
random signals without thinking the precious alignment between the OLED and the pen-
type receiver module.
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1. Introduction

This chapter aims at reviewing magnetic field effects (MFE) in organic light emitting diodes
(OLED) with an emphasis on our study under high magnetic field up to 9 T. This subject
includes organic spintronics in general, which is a hot subject attracting many researchers
recently. Since singlet-triplet conversion in excitons is critically important in the current
efficiency of OLEDs, spintronics aspects of OLEDs should be studied in detail. However,
due to the difficulty in the fabrication of stable devices, the number of the researches has
been limited.

We have found two things up to now, by making very stable OLEDs and measuring them
under high magnetic fields. (1) Efficiency of OLEDs decreases quadrically with the magnetic
field up to 6 T and the rate of decrease becomes smaller between 6T and 9T. (2) Minority
carrier conductivity decreases linearly with the magnetic field, whereas that of majority
carrier is almost constant. (3) Anomalous behaviors (large magnetoresistance etc.) are only
seen in bipolar injection, which agrees with previous reports.

Although the mechanisms behind these findings have not been clarified yet, some
hypotheses have been made with the analogy with MFE on chemical reactions. In principle,
MFE on charge transport and recombination has similarity with chemical reaction under
magnetic field, and the terminology and concept should be parallel between these subjects.
We will try to combine the current knowledge of organic charge transport, OLEDs,
spintronics and MFEs of chemical reaction to make a unified picture of these issues.

2. Spins in organic devices

2.1 Spins in OLEDs

The roles of spins in OLEDs and other organic devices are discussed well but have not been
clarified quantitatively in experiments. We will review it in terms of OLED efficiency first.
Figure 1 shows the schematic mechanism of OLED with the emphasis on the spin states.
Since most of the organic semiconductors are used as intrinsic, the charges are transported
via HOMO (highest occupied molecular orbital, in the case of holes) or LUMO (lowest
unoccupied molecular orbital, in the case of electrons) of organic semiconductor molecules,
usually by hopping in amorphous devices. Electrons and holes finally meet in one
luminescent molecule and make excited states or excitons. The important thing is that there
are two kinds of excitons, namely singlet excitons and triplet excitons. Although singlet
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excitons can be relaxed radiatively, triplet excitons cannot emit light in ordinary materials
due to the spin selection rule. Since the charges injected from electrodes are not spin
polarized unless spintronics techniques were used, the spin polarizaion statistics is singlet :
triplet = 1 : 3. The emission efficiency of OLEDs are governed by this factor and it is well
known that incorporation of heavy atoms (Pt, Ir etc.) in the luminescent dye molecule
greatly alleviate this burden via intersystem crossing (Baldo et al. 1999). Since the chemical
synthesis of the luminescent molecules with heavy atoms is not fully developed and the
heavy atoms are costly, other methods such as applying magnetic field to OLED
(Kalinowski 1997) or mixing magnetic nanoparticles in the device (Hu et al. 2006, Sun et al.
2007) have been attempted. These approaches uses MFEs on carrier injection, transport and
recombination, which are related with spintronics of organic semiconductors.

Pure MFE without using magnetic electrodes has been studied. Experimentally, the reports
on MFE of OLEDs without ferromagnetic component qualitatively agree with each other,
i.e., steep increase in efficiency (2~10%) in the low magnetic field (< 100mT) and gradual
decrease in the higher magnetic field. Although the behavior in the low magnetic field
region is intensively studied and complicated phenomena including magnetoresistance are
being elucidated (Bobbert et al., 2007; Davis & Bussmann, 2004; Desai et al., 2007a, 2007b;
Hu & Wu, 2007; Kalinowski, 1997; Kalinowski et al., 2003, 2004; Lei et al., 2009; Liu et al.,
2009; Odaka et al., 2006; Sakaguchi et al., 2006; Shakya et al., 2008; Shemg et al. 2007), very
few experiments in relation to the MFE on organic semiconductors have been performed
under high magnetic field larger than 2T (Reufer et al. 2005).

Radical pair

f)—)- (h+e) --(—;i/ Cathode
Singlet # | Triplet
axciton ' ' exciton
InTerquh:-m
crossing

ooy

Fluorescence Phasphorescence

Fig. 1. Role of spins in organic light emitting diodes (OLEDs).

2.2 Organic spintronics

Spintronics study is now extended to all kinds of semiconductor materials. Organic
semiconductors are not the exception. Since organic semiconductors consist of light elements
such as carbon, hydrogen, oxygen and nitrogen, lifetime of spin polarized carriers might be
long in organic semiconductors. After the proposal of this concept (Dediu et al. 2002), many
papers have been published on the spin injection and transport in organic semiconductors.
Most of the researches have been focused on performance of spin valves and
magnetoresistance of organic semiconductors. A spin valve is a two terminal device consisting
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of a non-magnetic layer sandwiched by two different magnetic electrodes. The coersive forces
of two electrodes are different and spin-polarized carrier injection and scattering makes
characteristic magnetic field dependence of the device characters (I-V curve). Various organic
semiconductors have been attempted in the device structures, and the large difference in the
device resistance (magnetoresistance; MR) are achieved depending upon the spin orientation
of the magnetic electrodes. At first MR was only substantially observed at low temperatures,
but recently great MR at room temperatures are frequently reported. A variation of this
research is MR measurement of mixture of magnetic nanoparticles and organic
semiconductors. Some samples were prepared by codeposition of magnetic metals (cobalt etc.)
and organic semiconductors. MR corresponding to the magnetization of magnetic
nanoparticles (Sakai et al. 2006, Miwa et al. 2007) can be observed and its origin has been
elucidated by x-ray magnetic circular dichromism (Matsumoto et al. 2009, Zhang et al. 2010).
An important topic related to the subject in the following is MR of devices without magnetic
(or spin polarized) materials. Strong increase in conductance is observed in organic
semiconductors when weak magnetic field (~ 100 mT) is applied. It is becoming a consensus
that this high MR is only observed with bipolar injection, i.e., both of electrons and holes are
injected to one layer, as shown in the following experiment (section 4.5).

3. Magnetic field effect in chemical reactions

First, we will follow up the current understanding of MFE in chemical reactions. Some of the
chemical reaction change their reaction rate under magnetic field. In a simplified picture,
those reactions proceed via intermediate state whose energy can be altered by the magnetic
field. The energy difference can be due to the Zeeman effect on spin triplet state, which does
not work on the spin singlet state. Therefore the reaction path between the singlet to or from
the triplet can change the reaction rate. It must be noted that the Zeeman energy is too small
to alter the reaction path in a single molecule. This is because the energy difference between
spin singlet and spin triplet is very large (0.1~1eV) compared to the Zeeman energy (< 10
meV) under easily achievable magnetic field. Therefore it is considered that the intermediate
state to which magnetic field can affect is a “radical pair”, in which an anion radical and a
cation radical are placed closely and about to transfer charges. Those radicals have unpaired
spins and thus spin triplet and spin singlet states exist. The energy difference between the
singlet and the trpilet is very small because the spin-spin interaction is small due to the large
distance belonging to different (but adjacent) atoms (or molecules or ions) and can be
comparable with the Zeeman energy. MFE on chemical reaction rate comes from the radical
pairs.

The MFE on chemical reaction rates are complicated and are classified as follows. The
dependence of these effects on the magnetic field is schematically shown in Fig. 2.

(a) Hyper fine coupling (hfc) mechanism: This effect is caused by the interaction between
nuclear spin and external magnetic field. hfc mechanism causes the increase of reaction rate
in low magnetic field.

(b) Ag mechansim: The difference of g-factor between anion and cation makes the Larmor
frequency of the spins of the radicals different under magnetic field. Difference of frequency
changes the relative orientation of radical spins, leading to change of the ratio of
interconversion of singlet / triplet radical pairs. In the study of the radical pair in solution, it
is known that the concentration of singlet excitons decreases (A4Y) in proportion to B1/2 by Ag
mechanism.
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1/2
AY = _ﬂ[nAgHBBj , (1)
p 2

where m, p, s and B are, time constant of dissipation of radical pairs, collision probability
between radical pairs, Bohr magneton and magnetic field, respectively.

(c) triplet-triplet anhilation (TTA): TTA is the collision reaction between triplet excitons to
make singlet. It occurs when the density of the excited states created from radical pairs is
high and they are migrating. This effect is rarely importent in MFE of solution chemistry but
becomes important in solid state devices.

(@) (b) (©)

a7 - -
Magnetic Field Magnetic Field Magnetic Field
Fig. 2. Magnetic field effect of (a) hfc (b) Ag and (b) TTA.
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The contribution of these mechanisms in the actually observed MFE is still under active
argument. The characteristic magnetic field strength which gives the inflection points in (a)-
(c) greatly differs from each other as discussed in the following. It is expected that the
contributions can be elucidated by measuring the device properties in the wide range of the
magnetic field. We therefore started experimental study described in the following section.
It should be noted here that all of the above mentioned mechanisms exhibit concave curves
of the emission efficiency as a function of external magnetic field (B).

4. Effect of high magnetic field on organic light emitting diodes

In the previous sections, we have reviewed the MFEs on charge transport in organic
semiconductor devices including OLEDs and chemical reaction kinetics. Since some of the
exciton-related effects saturate at relatively low magnetic field (~ 1T), it is expected that the
contribution of the above mechanisms in MFE will be separated if high magnetic field is
applied. In this section, we present our experimental study of MFE on OLEDs under high
magnetic field (Goto et al., 2010). It seems that the results cannot be explained by the known
exciton-related mechanisms (4g, hfc, TTA etc.), and the origin is discussed based on the
transport characteristics.

4.1 Preparation of compact and stable OLEDs for the measurement in high

magnetic field

Since the sample space of the high field magnet is small, the sample must be as compact as
possible, while maintaining the stability to warrant the reliable measurement. We made
fluorescent devices and phosphorescent devices. The structure of fluorescent device is
shown in Fig. 3(a). An indium tin oxide (ITO) coated glass substrate (Aldrich) with a sheet
resistivity of 8-12 Q/square was used as the substrate. 100nm N’,N’-Di(naphthalene-1-yl)-
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N,N’ dipheyl-benzidine (a-NPD) and 100nm Tris-(8-hydroxyquinolino) aluminum (Alq)
were deposited successively as the hole transporting layer and emitting & electron
transporting layer, respectively. Then a cathode was deposited, which consisted of a 2 nm
Cs layer followed by 150 nm of Al. The ITO substrate was cleaned by ultrasonicating in
ethanol and acetone. Following this, the ITO was treated in ozone for 20 min.. The
deposition of the organic layers (a-NPD and Alq, Luminescence Technology Corporation)
was performed using Knudsen-cells in a vacuum chamber with a base pressure during
evaporation of ~107 Torr. Cs was deposited with alkali metal dispenser (SAES Getters). The
deposition rate of organic materials was about 0.1 nm / s, which was measured by
calibrated quartz crystal microbalances. The structure of phosphorescence device is shown
in Fig. 3(b). Doping of 5% Btp.lr(acac) in CBP was performed by controlling the evaporation
rate by monitoring the quartz crystal microbalances.

The sample OLEDs and unipolar devices were transferred from the deposition chamber to
glove box filled with dry N> without exposing them to air. The electrical connection to the
OLED was made using thin Cu wire with In contact. Then the OLED sample was sealed in a
glass box (made of O.D. 20 mm x t 3 mm pyrex tube and two t 0.1lmm glass plates) using
photo-hardening epoxy (Threebond 3124) together with a zeolite desiccant (Shinagawa
Kasei Co. LTD). These sealing process was essential to obtain stable devices.

Al (150 nm)
4 Cs (2 nm)
1 | Alg,(65nm)
£ Al (150 nm) BCP (10nm)
T | Cs(2nm) 5% Btp,Ir(acac)
Alg, (100 nm) +CBP (25 nm)
NPB (100 nm) NPB (50 nm)
ITO ITO
glass glass

Fig. 3. Structure of (a) fluorescence and (b) phosphorescence devices

4.2 Measurement under magnetic field

MFE was measured at 300K in superconducting magnet using Physical Property
Measurement System (PPMS; Quantum Design). The magnetic field was perpendicular to
the device plane. The magnetic field was increased from 0 T to 9 T and then was decreased
from 9 T to 0 T in order to check the temporal changes. The results are shown after
confirming pure MFE is observed, unless stated otherwise. The emission intensity was
measured with photon counter H7155-21 (Hamamatsu) in magnetic shielding made of thick
iron plates and cylinders. The shielding of photon counter was tested and it was confirmed
that there was no magnetic field dependence on its output. The bias was applied by the
Keithley 6487 picoammeter / voltage source in constant voltage mode.
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4.3 Results of fluorescent OLED

First we show the characteristics of the fluorescent device without applying the magnetic field.
Figure 4(a) shows the emission intensity and current of the fluorescent OLED as a function of
voltage, together with those of a phosphorescent device (Fig.4(b)). It is reported that TTA in
Alg-based fluorescent OLEDs occurs when the current density is larger than 100 mA/cm?
(Kondakov 2007) and some of our measurement exceeds this limit. However, since the
magnetic field dependence of TTA appears only at low temperatures (Lei et al. 2009, Liu et al.
2009), we consider we can neglect contribution from TTA in the present measurement at 300 K.
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Fig. 4. 1-V and light emitting properties of (a) fluorescent and (b) phosphorescent devices
without magnetic field.

The emission intensity, current and emission efficiency of the same device under the
magnetic field are shown in Fig. 5. The emission intensity and current show different
magnetic field dependence on the sweep direction (0 -> 9T / 9 -> 0T) (Fig 5 (a)(b)). However,
their ratio, i.e. emission efficiency, does not show the hysteresis as shown in Fig. 5(c). It
means that the hysteresis comes from the charge injection process from the electrodes to the
emission layer. We found that the "hysteresis" is dependent on both of the magnetic field
and the time from the start of the current flow. The time dependence is probably due to the
bias stress on the device, but the magnetic field dependence might be related with MFE of
the trap / detrap processes.

| =

o 2 4 & 2 '.'II!I-lIEIS.l.u ﬂiilﬂlﬁ
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Fig. 5. Magnetic field effect of the fluorescent device (normalized at zero field). ((a) Emission
Intensity, (b) Current, (c) Emission Efficiency at 4V). The arrows show the sweep direction.

The emission efficiency (and also the emission intensity and the current) increase steeply as
a function of B when it was less than 0.02 T as reported in the literature, and gradually
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decreases as B was further increased. It should be noted that the decrease in the mid~ high B
region is convex function, which cannot be explained by widely accepted behavior of hfc, Ag
and TTA mechanisms which exhibit concave behavior against B. We will discuss this point
later.

In order to see dependence on B more clearly, we re-plotted Fig. 5(c) as a function of B2.
Figure 6(a) clearly shows the linear decrease of the fluorescent efficiency against B2 in the
range of 0.1 T~ 6.5 T. On the other hand, by re-plotting Fig 5(c) as a function of B2 (Fig.
6(b)), it is noticed that the decrease of the emission efficiency shows B2 dependence in the
range of 6.5T~9T.
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Fig. 6. Normalized emission efficiency of the fluorescent device plotted as a function of (a)
B2 (b) Bv/2.

4.4 Results on phosphorescent OLED

Figure 7 shows the MFE on the emission efficiency of the phosphorescent OLED. In contrast
to the results of the fluorescent device, it did not show the magnetic field dependence.
Although we changed the driving voltage (4V, 6V, 8V, 10V), the magnetic field dependence
did not appear.
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Fig. 7. Magnetic field effect of the phosphorescent device (normalized at zero field). The
result at 10V is shown.
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4.5 Magnetoconductance measurement of unipolar devices

In order to investigate the charge balance factor which might influence the EL efficiency, we
measured the magnetoresistance of the majority and minority carriers in a-NPD and Alq by
making the unijunction devices with different work function electrodes (Au and Cs). All of
the devices showed Ohmic [ -V characteristics in the measured range (-10~10V). The results
of MFE on the current at constant voltage are shown in Figs. 8(a)-(d). The voltages were
chosen to give current in the range of 10~100 pA and the results are shown after
normalization at zero field. It is easily noticed that the MFEs on the conductivity of the
majority carriers (holes in o-NPD and electrons in Alq) are negligible, whereas linear
decreases in the conductivity was observed for the minority carriers (electrons in a-NPD
and holes in Alq). Since the I-V characteristics are Ohmic, it shows the carrier mobility
values of the minority carriers decrease linearly as a function of the magnetic field.
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Fig. 8. Magnetic field effect of conductance of unipolar devices (normalized at zero field).
(@)Au/o-NPD/Au (holes) (b)Au/Cs/a-NPD/Cs/Au (electrons) (c)Au/Cs/Alq/Cs/Au
(electrons) (d)Au/Alq/Au (holes)

Also it should be noted that steep increase around zero field was not observed in unipolar
devices, which agrees with previous reports (Yusoff, 2009).

4.6 Discussions — the origin of field dependence

We found the decrease in the fluorescent efficiency in organic EL devices proportional to B2
in the range of 0.1~6.5T. Such dependence has not been reported to the authors' knowledge.
The EL efficiency (7 ext ) is given by the following:

Next= & X Dpr, X Dexciton X V4 (2)

Here, o, @p1, @exciton, ¥ are the light extraction efficiency, quantum efficiency of organic
material, exciton formation efficiency, and carrier balance factor, respectively.

o is related with the magnetic field via Faraday /Kerr effects with interference. The Faraday
rotation of the non-magnetic and thin organic layers is not significant even at 9T and
interference would not change as a function of magnetic field. Thus we can neglect . The
fluorescent in optically excited organic dyes in the magnetic field has been studied in detail
(Katoh & Kotani 1992), but B2 dependence in high magnetic field was not reported in the
literature. Therefore, our result cannot be explained by @pL. Since all known mechanism of
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MFE on @exciton gives concave dependence on B as mentioned earlier, we here tentatively
rule out the contribution from @exciton as the main mechanism of the present B2 dependence.
The remaining factor in eq. (2) is the charge balance factor. We examined various models to
relate the MFE on the charge balance factor, and the following is the only model that can
barely explain the B2 dependence. We observed that the conductance of the minority carrier
changes linearly as a function of magnetic field as shown in Fig. 8. We considered various
models based on our observation that the mobility of the minority carrier (#) depends upon
the magnetic field (B) as

1= (1 -aB) @)

where 1 and a are materials dependent constants. Since the EL intensity is determined
only by the charge balance if the carrier recombination rate is proportional to the
radiation (Scott et al. 1997), eq. (3) gives the fluorescent efficiency linearly related with B.
However, our experiments showed that the current remains almost constant as a function
of the magnetic field in the mid ~ high B range. We have found that we can deduce the B2
dependence from eq. (3) with additional two assumptions. The assumptions are as
follows. (i) The emission region is very narrow and only the recombination at this region
contributes to the emission. This is reasonable because Alq layer (200nm) is much thicker
than the thickness of emission region of ordinary devices. The interfacial mixing and the
damage caused by the electrode formation might also justify this assumption. (ii) The hole
current (Jn) and electron current (J.) are balanced in the emission region when B = 0. Since
the mobility of the majority carrier is smaller in Alq than o-NPD (Kepler et al. 1995,
Nguyen et al. 2007), it is believed that the recombination and the emission occurs in Alq.
This assumption is also reasonable because the device characteristics (Fig. 4), in which
turn-on voltage of current is almost the same as that of emission intensity, show that this
device has good carrier balance.

Since the current is constant as a function of B, | + Je is constant. From the assumption (ii), Jx
= ] at the emission region when B=0. The emission region is in Alq and Eq.(3) becomes

Jn= Jo(1-aB), )

where | is a constant.
Because Ju+]. is constant, J at the emission region can be written as

]e=]0(1+ﬂB). (5)

The recombination rate is proportional to JnJe

JuJe = Jo? (1-aB)(1+aB) = Jo2 (1-a2B2) ©)

and the decrease of the emission proportional to B2 is explained.

We understand that the carrier transport of unipolar devices are not the same as the bipolar
devices, for example, charge injection at the electrodes might be strongly involved in the
minority carriers. However, our finding of linear MFE on minority carriers has not been
reported and no theoretical prediction has been made to the author's knowledge. There
might exist other mechanisms which also explain these results, but we hope the present
result and discussions may stimulate the study of MFE on organic semiconductors and
devices. Although TTA is not likely to work at room temperature and hfc will saturate at
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relatively low magnetic field, 4G works at high magnetic field region and might be
cooperative with other factors.

There is another mechanism which might explain the B? dependence, although it is not
consistent with the results on the unipolar devices (eq.(3)). It is theoretically predicted that the
decrease of the conductivity proportional to B2 is characteristics of magnetoresistance of
hopping transport and that it levels off to the B! dependence when the magnetic field is high
(Kepler et al. 1995). If it is applicable to the carriers in the emission layer of an OLED, the
charge balance of the device will change in the same manner as the conductance and the
emission decrease proportional to B2 will be observed. The difficulty of this model is that we
did not see such magnetoconductance in unipolar devices with organic single layers.

In the range beyond 6.5T, we observed B1/2 dependence (Fig. 6(b)). In the study of the
radical pair in solution, it is known that the density of singlet excitons decreases in
proportion to B2 by Ag mechanism (Sakaguchi & Hayashi 1995). The magnetoconductance
of the minority carriers shown in Fig. 8 start to saturate in the range beyond 6.5 T. It might
be the reason why B1/2 dependence due to Ag mechanism start to appear in this region.

We did not find observable MFE in phosphorescent OLEDs (Fig.7). This result indicates that
intersystem crossing occurs so fast in RPs and excited state molecules that Larmor precession
in Ag mechanism does not affect the recombination kinetics. It also suggest that the charge
balance effect discussed above does not come into play. It will be interesting to measure the
magnetoconductance of organic semiconductors doped with phosphorescent dyes.

5. Conclusion

We reviewed recent studies on organic spintronics and MFE on chemical reactions in
relation to the MFE on OLEDs. We measured EL efficiency of fluorescent and
phosphorescent OLEDs in the magnetic field up to 9T and in the fluorescent device we
found quadratic decrease as a function of the magnetic field between 0.1 ~ 6.5T. We also
measured magnetoconductance of unipolar devices and observed that only minority carriers
show significant magnetoconductance decreasing linearly with the magnetic field (15% at 9T
in Alq). B1/2 dependence in the range beyond 6.5T can be explained by MFE on the density
of singlet exciton caused by Ag mechanism. In contrast, we did not find any MFE in the
phosphorescent devices.
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