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Preface
The world has seen a huge research development in the field of organic light emitting
devices (OLEDs) (commonly known as the organic light emitting diodes) in the last
two decades. This is because such devices exhibit a number of extra technical features
in flat panel displays that conventional display devices do not. These advantageous
features include high brightness and contrast, high luminous efficiency, fast response
time, wide viewing angle, low power consumption, flexible structures, light weight
and low cost manufacturing chemical technology. Furthermore, the advancement in
developing the concept of rendering white light from OLEDs for domestic, commercial
and street lighting has boosted the research activity in this field. The organic white
light emitting devices (OWLEDs), traditionally known as the white organic light
emitting devices (WOLEDs) show promise to have a major share in future ambient
lighting due to their favourable properties mentioned above. In addition, as similar
chemical technology can be used to fabricate both, WOLEDs and organic solar cells
(OSCs), it opens new ways in lighting design such as light ceilings or luminous objects
of almost any shape. A common flexible substrate can be used to fabricate WOLEDs
on one side facing a room and OSCs on the other side facing the sun. The device thus
fabricated can generate power in the day time and light a room/house at night. This
book covers developments on OLEDs, WOLEDs and briefly on OSCs as well.
Several other books have recently appeared on OLEDs and related topics but the field
is too active to cover up to date development in one volume for very long. Although
the existing resources can provide valuable fundamental information on organic
electroluminescence, this book provides the state-of-the-art advancement in the field
of organic electroluminescence contributed by many established experts in the field.
This volume contains eight chapters contributed by many expert researchers
worldwide. Chapter 1 introduces the mechanism of light extraction from the excited
singlet and triplet exciton states. The concept of capturing the triplet exciton emission
has been fully understood only recently through the invention of the new timedependent exciton-spin-orbit-photon interaction operator and its role is very critical in
fabricating WOLEDs. Chapter 2 deals with the development of field emission organic
light emitting diodes (FEOLEDs) which have a better balance (equality) in the number
of injected electrons and holes and hence have higher luminous efficiency. Both
fabrication and the performance of the resulting devices are discussed.

VIII Preface

Chapters 3 and 4 focus on the extraction of polarized light from OLEDs. In chapter 3
the fabrication of OLEDs for generating highly polarized electroluminescent (EL)
through the innovative approach of using photonic reflective polarizers is presented
and their electroluminescent properties are fully characterized. In chapter 4, the
minimisation of trapping of light within OLEDs is described with a view to maximise
the light extraction by incorporating nanostructures. The polarization of
electroluminescence through the use of innovative reflectors is also covered.
Chapter 5 presents a very comprehensive study of the photophysical properties of two
new donor-acceptor conjugated copolymers and their model compounds. These
properties are measured as well as calculated and results are used to analyse possible
applications in fabricating polymer light emitting diodes (PLEDs) and polymer
photovoltaic cells (PPCs). Chapter 6 describes state-of-the-art advancement of charge
carrier injection techniques that can be used for fabricating high-power OLEDs.
Different designs of OLEDs have been fabricated and tested in order to optimise the
injection.
Chapter 7 describes the role of exciplex electroluminescence of new organic materials
which may be used for fabrication of WOLEDs. Many structures are explored and
their electroluminescent properties are characterized. Finally in chapter 8 are
described the synthesis and physical properties of pyranylidene and isophorene
fragments containing donor-π-acceptor type chromphores which have the ability to
emit light in the visible part of the spectrum. The chapter presents a very
comprehensive study of many organic structures and discusses their potential
applications in the fabrication of OLEDs.
This book has resulted from the sole effort of InTech from inviting the contributors to
publication. I would like to express my gratitude to all the contributors for their
enthusiasm and dedication in preparing their contributions. Without their efforts the
realisation of this book would not have been possible. It is my great pleasure to
acknowledge the support of Ms Mirna Cvijic and Ms Viktorija Zgela from InTech in
completing my editorial job successfully and efficiently.
Prof. Jai Singh
Charles Darwin University, Darwin
Australia

Chapter 1

Harvesting Emission in White Organic Light
Emitting Devices
Jai Singh
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/53130

1. Introduction
The current use of lighting in buildings and streets accounts for a significant percentage of
the electricity consumed in the world at present and nearly 40% of that is consumed by
inefficient thermoluscent incandescent lamps, only about 15 lm/W. This has created interest
in investigating more efficient electroluminescent sources of white light for use in domestic,
industrial and street lighting. The total light output efficieny out efficiency of an
electroluminescent lighting device depends on the internal qantum efficiency int and the
photon out-coupling efficiency  ph as [1]:

out  int ph ,

(1)

where int is the ratio of number of radiative recombinations to the number of electrically
injected electrons and holes from opposite electrodes of the device and it is given by:

int  ex .

(2)

Here  is the ratio of number of electrons to that of holes, or vice versa, injected from the
opposite electrodes of a device so that   1 is maintained. ex is the fraction of the injected
electron (e) and hole (h) pairs that recombine radiatively due to their Coulomb interaction.

 ph 

1

, where n is the index of refraction of the substrate through which the light comes
2n2
out. In the case of a glass substrate with n = 1.5,  ph  20% .
The schematic of a very simple electroluminescent device can be envisaged as a single thin
film of an electroluminescent layer sandwiched between anode and cathode electrodes, as
© 2012 Singh, licensee InTech. This is an open access chapter distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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shown in Fig. 1. In this case the anode is made of a transparent conducting oxide (usually
indium tin oxide (ITO) and cathode is a metal, usually Al, Ca, Ag, etc). If the
electroluminescent layer is of any direct band gap inorganic semiconductor, for example,
based on GaAs and InP, then the injected electrons and holes from the cathode and anode,
respectively, remain free electron and hole pairs and recombine radiatively by emitting
light. In inorganic semiconductors, the static dielectric constant is relatively high (12.9 for
GaAs and 12.5 for InP) which to a relative extent prevents the injected free charge carriers
from forming bound hydrogenic excited states, called excitons. This is easy to understand as
the atractive Coulomb potential energy between e and h is given by:

Figure 1. Schematic design of a single layered electroluminescent (EL) device sandwiched between
anode and cathode electrodes.

Ep  

 e2
,
r

(3)

1

 (4

8..9877  109 , e is the electronic charge,  is the static dielectric constant
where
0)

and r is the average separation between the injected electrons and holes. According to Eq.
(3), materials with larger  will have reduced binding energy(EB) between the injected
electrons and holes and hence they remain free charge carriers. The binding energy is equal
to the magnitude of Ep (EB = |Ep|) in Eq. (3).
In contrast organic semiconductors, both of small molecules and polymers, have lower
dielectric constant (   3 ) which enhances the binding energy about four times larger than
that in inorganic materials. Such a large binding energy between electrons and holes enables
them to form excitons immediately after their injection from the opposite electrodes. On one

Harvesting Emission in White Organic Light Emitting Devices 3

hand, the formation of excitons due to their Coulomb interaction assists their radiative
recombination leading to electroluminescence. On the other hand, excitons can be formed in
two spin configurations, singlet and triplet and this complicates the mechanism of radiative
recombination because the recombination of singlet excitons is spin allowed but that of
triplet excitons is spin forbidden. The singlet and triplet exciton configurations are shown in
Fig. 2 and accordingly the probability of forming singlet and triplet excitons may be in the
ratio of one to three (1:3). If the triplet excitons cannot recombine due to forbidden spin
configuration, then the light emission can occur only through singlet excitons and that
means internal quantum effciency int can be only about 25%, and 75% of the injected
electron-hole pairs will be lost through the non-radiative recombination due to the
formation of triplet excitons. This limits the light-out efficiency 
0.25x
0.2 0.05
 5%
out
according to Eq. (1).

Figure 2. Spin configurations of electron and hole pairs in forming an exciton. Pairs of arrows represent
pairs of electron and hole. The upper combination of spin configurations represents the single
possibility for formation of a singlet exciton and lower three spin configurations represent the three
posibilities for formation of a triplet exciton.

However, Cao et al. have found that the ratio of quantum efficiencies of EL with respect to
PL in a substituted PPV-based LED can reach as high as 50% [2]. This higher quantum
internal efficiency is attributed to larger cross section for an electron-hole pair to form a
singlet exciton than that to form a triplet exciton [3] as explained below. If one denotes the
cross section of the formation of a singlet exciton by  S and that of a triplet by  T then by
assuming that all pairs of injected e and h form excitons, the internal quantum efficiency can
S
be expressed in terms of cross sections as ex 
. Thus, for  S   T one gets
 S  3 T

4 Organic Light Emitting Devices

ex  0.25 (or 25%), for  S  3 T , ex  0.5 (50%) and for  T  0 , ex  1 (100%). This
suggests that if one can minimise the cross section of the formation of triplet excitons one
can maximise the internal quantum efficiency in OLEDs. However, for modifying the cross
sections one has to know the material parameters on which these cross sections depend and
then one has to manipulate those parameters to minimise the triplet cross section. This
approach has not been applied yet probably because the dependence of cross sections on the
material parameters has not been well studied. The other approach of increasing ex to
100% is by harvesting the radiative emissions from all triplet excitons as well as has been
achieved by Adachi et al. [1]. The mechanism of this approach and process will be presented
in detail here.
Thus, as the formation of triplet excitons is more probable than singlet, it is very desirable to
capture the full emission from triplet excitons in OLEDs. It may be noted that the
mechanisms of singlet and triplet emissions are different because of their different spin
configurations and therefore the emission from singlet excitons is known as
electrofluorecence and that from triplet excitons as electrophosphorescence in analogy with
the terms used in photoluminescence. The description presented above may raise a question
in your mind why then one should make any effort in organic solids/polymers for
fabricating light emitting devices if the emission from triplet excitons cannpot be harvested.
This is because OLEDs have the potential of being produced by one of the very cost effective
chemical technolgies.
In additon, by harvesting emissions from both singlet and triplet excitons not only the 100%
internal quantum efficiency ( int ) can be achieved but also the white light emission can be
achieved by incorporating fluorescent blue emitters (emission from singlet excitons)
combined with phosphorescent green and red emitters (emission from triplet excitons) in
the electroluminescent layer of OLEDs. Materials from which singlet emission can be
harvested are called fluorescent or electro-fluorescent materials and those from which triplet
emission is availed are called phosphorescent or electr- phosphorescent materials. An OLED
that can emit white light is called white OLED (WOLED) actually it is an organic white light
emitting device (OWLED). A successful cost effective technological development of
WOLEDs is going to provide a huge socio economic benefit to mankind by providing
brighter and cheaper lighting. WOLEDs show promise to have a major share in the future
ambient lighting due to their very favourable properties such as homogenous large-area
emission, good colour rendering, and potential realization on flexible substrates. This is
expected to open new ways in lighting design such as light emitting ceilings, curtains or
luminous objects of almost any shape [4-5]. Therefore, much research efforts are continued
in developing more cost effective and efficient white organic light emitting devices
(WOLEDs) [4,6-7].
The performance of a WOLED can be optimised by finding optimum emitting materials,
manipulating the charge carrier balances and location of the recombination zone and energy
transfer. The first WOLED fabricated [6] had a single poly (N-vinylcarbazole) emission layer
doped with three fluorescent dyes. To achieve higher power efficiency, a combined use of
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blue fluorescent and green and red phosphorescent emitters in WOLEDs has been made
recently [4,7]. This concept is based on the coincidence of a physical phenomenon of
formation a singlet spin configuration with probability 25% and triplet with 75% between an
electron and hole injected from the opposite electrodes of a device with that of a natural
phenomenon that white light consists 25% of blue light and 75% of red and green lights.
Thus, the combination of fluorescent (blue singlet emission) and phosphorescent (red and
green or orange triplet emission) emitters is capable of reaching 100% internal quantum
efficiency of white light emission by harvesting 25% singlet emission and 75% triplet
emission. Although by trial and error experimental techniques on WOLEDs the triplet
radiative recombination is activated by a heavy metal atom compound (phosphor) that
enhances the spin-orbit interaction and hence triplet radiative recombination, the
mechanism has not been fully understood theoretically until recently [8]. This is because the
well known spin-orbit interaction is a stationary operator that cannot cause transitions[8-9].
In this chapter, the radiative recombination of both singlet and triplet excitons in organic
solids/polymers is reviewed. Rates of spontaneous emission from both singlet and triplet
excitons are calculated in several phosphorescent materials by using the recently invented
new time-dependent exciton-spin-orbit-photon interaction operator [8] and found to agree
quite well with the experimental results.

2. Emission from singlet excitons
Let us consider an excited pair of electron and hole created such that the electron (e) is
excited in the lowest unoccupied molecular orbital (LUMO) and hole (h) in the highest
occupied molecular orbital (HOMO) of organic layer sandwiched between two electrodes,
and then they recombine radiatively by emitting a photon. The interaction operator between
a pair of excited e and h and radiation can be written as:
e
e
Hˆ xp  ( * pe  * ph )  A ,
me
mh

(4)

where me* and pe and mh* and ph are the effective masses and linear momenta of the
excited electron and hole, respectively, and A is the vector potential given by:

A



  2 n2V 
 

0

1/2






c ˆ e i t  c.c. ,
  


(5)

where n is the refractive index, V is the illuminated volume of the material,  is the
frequency and c is the creation operator of a photon in a mode  , ˆ is the unit
polarization vector of photons and c.c. denotes complex conjugate of the first term. The
second term of A, which is the complex conjugate of the first term, corresponds to the
absorption and will not be considered here onward. It may be noted that in organic solids
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and polymers the effective masses of charge carriers are approximated by the free electron
*
*
m
me .
mass me , i.e., m
e
h

me* re  mh* rh
and relative r  re  rh coordinate
M
transformations, the interaction operator Hˆ [Eq. (4)] can be transformed into [10-11]:

Using

the

centre

of

mass,

Rx 

xp

e
Hˆ xp   A  p,

(6)

x

where p ir is the linear momentum associated with the relative motion between e and
h and  x is their reduced mass (  x1  me* 1  mh* 1  2 me1   x 
0.5me in organics). The
operator in Eq. (6) does not depend on the centre of mass motion of e and h. Therefore, this
operator [ Eq. (6)] is the same for the exciton-photon interaction or a pair of e and h and
photon interaction.
The field operator of an electron in LUMO can be written as:
|LUMO




e

|  LUMO  aLUMO ( e ),

(7)

where  LUMO (re ) is the molecular orbital wave function of an electron excited in the
LUMO, re is the position coordinate of the electron and aLUMO ( ) is the annihilation
operator of an electron with spin  e .
Likewise the field operator of a hole excited in HOMO can be written as:
|HOMO




h


dHOMO (
 h ) aHOMO
(  h ),

|  HOMO  dHOMO ( h ),

(8)

Using Eqs. (5), (7) and (8), the operator Hˆ xp [Eq. (6)] of interaction between an excited e-h
pair and a photon can be written in the second quantized form as:


 
 x  , e , h  2 0 n2 V 

e
Hˆ xp  

1/ 2


 QLUMO , HOMO c ,



(9)

where
QLUMO , HOMO   LUMO |ˆ .p|  HOMO  aLUMO ( e )dHOMO ( h ),

(10)

We now consider a transition from an initial state |i  to a final state| f  . The initial state
is assumed to have one singlet exciton created by exciting an electron in LUMO and a hole
in HOMO. The spin configurations for singlet and triplet excitons used here are given [8,12]
as:
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1
2
1
2

[ae ( 1 / 2)dg ( 1 / 2)  ae ( 1 / 2)dg ( 1 / 2)] 
[ae ( 1 / 2)ag ( 1 / 2)  ae ( 1 / 2)ag ( 1 / 2)]

(11)

for singlets and
ae ( 1 / 2)dg ( 1 / 2) 
ae ( 1 / 2)ag ( 1 / 2)
1
2
1

(a)

[ae ( 1 / 2)dg ( 1 / 2)  ae ( 1 / 2)dg ( 1 / 2)] (b)
[ae ( 1 / 2)ag ( 1 / 2)  ae ( 1 / 2)ag ( 1 / 2)]

2
ae ( 1 / 2)dg ( 1 / 2) 
ae ( 1 / 2)ag ( 1 / 2)

(12)

(c)

for triplets. We assume that there are no photons in the initial state and the final state has no
excitons but only a photon in a  mode. The transition matrix element is then obtained for
singlet excitons as [10,11]:



 x   2 0n2V 

e
 f | Hˆ xp | i  

1/ 2






pLUMO , HOMO ,

(13)

where
pLUMO , HOMO   LUMO |ˆ .p|  HOMO  i x | re  h |.

(14)

Here the energy difference between the LUMO and HOMO levels is given by

 ELUMO  EHOMO and |re-h| is the mean separation between the excited electron and hole.
It may be noted that for triplet excitons the transition matrix element vanishes. This can be
easily verified using Eqs. (9) and (12). Using Fermi’s golden rule for such a two level system
and the transition matrix element [Eq. (13)], the rate of spontaneous emission, Rsp12 , is
obtained as [11]:
Rsp12 

4 e 2  3 | re  h |2
3 c 3

(15)

,

where   n2 is the static dielectric constant and hole and   1 / (4 0 ). For a quantitative
evaluation |re-h| one should evaluate the integral in Eq. (14) using the LUMO and HOMO
molecular orbitals. However, for excitons |re-h| can be replaced by their excitonic Bohr
radius as | re  h | aSx /  , aSx being the singlet excitonic Bohr radius and given by [10,12]:

aSx

2




aTx
where aTx
a ,
x 0
(  1)2

(16)
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where aTx is the excitonic Bohr radius of a triplet exciton, a0 = 0.0529 nm is the Bohr radius,
and  reduced mass of electron in hydrogen atom which is used here as equal to the free
electron mass. The parameter  depends on the energy difference, Ex , between singlet
and triplet exciton states as [12]:



  1  1 


Ex 

C M 

1

and

CM 

 x e 4 2
2  2 2

(17)

In organic solids, Ex is estimated to be 0.7 eV [9,13] which gives  =1.38 with  = 3 and the
triplet exciton Bohr radius as aTx  6 a0 . According to Eq. (16) then we get the singlet exciton
Bohr radius as

aSx  79 a0 and |re-h| = 26.3 a0 . As an example, 4,40-bis(9-ethyl-3

carbazovinylene)-1,10-biphenyl [BCzVBi] used as a fluorophor in WOLEDs [4,7] has a
singlet energy of 2.75 eV and corresponds to
 4.21  1015 Hz. Using these in Eq. (15), one
finds the rate of spontaneous emission from singlet excitons in BCzVBi is Rsp12 = 2.7x1010s-1
1
and the radiative lifetime 
Rsp12
3.7  10 11 s. This radiative lifetime may be
R

considered to be much shorter than the singlet lifetime usually found in the ns range. The
discrepancy may be attributed to the approximations involved and to the fact that the rate
depends on third power of the frequency of emitted light (  3 ), which is quite high in this
case.

3. Emission from triplet excitons
As recombination of a triplet exciton state to the ground state is spin forbidden, it cannot
occur unless either the triplet goes through an intersystem crossing to a singlet or a source of
flipping the spin is introduced to make such a radiative recombination possible. Unlike
inorganic solids, most organic solids and polymers have significant exchange energy
between singlet and triplet excitons states. Therefore the mechanism of intersystem crossing
may not be very efficient without doping the solids with another material of lower singlet
energy state. This is possible and usually the host material is doped with a fluorescent
material but some loss of energy is inevitable due to the difference in energy [4]. A more
efficient way of harvesting triplet is to dope the host material with phosphorescent
compounds containing heavy metal atoms, like platinum (Pt), palladium (Pd) or iridium (Ir)
[1]. Here again the energy matching needs to be carefully examined otherwise an energy
loss will occur. Thus, in the fabrication of a WOLED, the host polymer is doped with a
fluorophore to emit the blue emission from singlet excitons and two phosphorescent
compounds to emit green and red from the triplet radiative recombination [4,7]. A most
efficient such combination is the host polymer being doped with a blue fluorophore 4,4‘bis(9-ethyl-3-carbazovinylene)-1,1‘-biphenyl (BCzVBi) 12 in a region separate from the
phosphorescent dopants, which are fac-tris (2-phenylpyridine) iridium(Ir(ppy)3) for
emitting green and iridium(III) bis(2-phenyl quinolyl-N,C20) acetylacetonate (PDIr) for
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emitting red [4]. In some cases an orange phosphorescent dopant is used in place of red and
green. It is commonly well established that the transfer of singlet excitons to blue
fluorophore occurs efficiently due to the Förster transfer and that of triplet excitons to
phosphorescent dopants due to Dexter or diffusive transfer. However, after that how the
radiative recombination occurs by the enhanced spin-orbit interaction due to the
introduction of heavy metal atoms is not thoroughly explored. The problem is that the well
known expression for an electron spin-orbit interaction in an atom is given by:

Hˆ so 

Ze 2
2 me2c 2r 3

s.L ,

(18)

where Z is the atomic number and r is the distance of an electron from the nucleus. s and L
are the spin and orbital angular momentum of the electron, respectively. It is obvious that
the spin-orbit interaction, Hˆ in eq. (18) is zero for s = L = 0, i.e. for all s-state orbitals with l
so

= 0 and also for singlet excitations (s = 0). It is only non-zero for p- type or higher state
orbitals. As the interaction in Eq. (18) is derived for a single electron in an atom, it cannot be
applied for excitons which consist of a pair of electron and hole. Therefore, it cannot
contribute to the radiative recombination of a triplet exciton in a semiconductor where both
the singlet and triplet spin configurations arise from the first excited s-state with n = 1 and l =
0. However, the photoluminescence spectra from both singlet and triplet excitons in the first
excited state have been observed in amorphous semiconductors [14-15] as well as in
WOLEDs [1].
Furthermore, the interaction operator given in Eq. (18) is a stationary interaction operator,
i.e., s and L are intrinsic properties of charge carriers (electrons and holes) and are always
with them. These are present in all atoms all the time like the Coulomb interaction between
electrons and nucleus. Such an interaction can give rise only to the stationary effects, like
splitting the degeneracy of a triplet state but it cannot cause any transitions. As the splitting
depends on the strength of the spin-orbit interaction, which increases with Z, the splitting
usually increases with the atomic number of the constituting atoms. However, in solids its
magnitude can usually be estimated only from the experimental data (see, e.g., [16]). To the
author’s knowledge any such splitting in semiconductors has not been calculated
theoretically.
We have recently addressed the problem [8-9] of finding a new time-dependent excitonspin-orbit-photon interaction operator as described below.

3.1. Electron-spin-orbit-photon interaction
We consider the case of an atom of atomic number Z excited to a triplet state. Instead of
using the interaction operator given in Eq. (18), we start from the interaction of an electron
of spin angular monentum s , linear momentum p moving under the influence of the electric
field E created by the nucleus as [17]:
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at
Hˆ so


eg
2 me2 c 2

spE

(19)

where g is the gyromagnetic ratio (g = 2), s and p are the spin angular and orbital momenta
of the electron, respectively, and E is the electric field experieced by the electron due to the
nucleus. If we now shine light on the atom then the interaction operator in Eq. (19) changes to:
at
Hˆ so


eg
2me2c 2

eg
1 A
e
s  ( p  A)  ( 
 Vn ) 
s  H,
c
c t
me c

(20)

where A is the vector potential of photons as used in Eq. (5) but expressed in a different
form here (see Eq. (21)), Vn is the scalar potential of the nucleus and H =   A is the
magnetic field of the electromagnetic radiation. The interaction operator in Eq. (19) gets
modified in Eq. (20) due to the interaction with the electromagnetic radiation, which
changes the electron orbital momentum as well as the electric field and introduces
interaction between the spin of electron and magnetic field of radiation.
Within the dipole approximation ( e ik r  1 ), the vector potential is given by:

A

 A0ˆ c e i t  c.c.,

(21)





1/ 2

2 

where A0   2 c   . The nuclear electric field E  Vn , where the scalar nuclear
  0 V 
potential Vn is given by:

Ze
Vn 
re

,

and

Ze
Vn 
 3 re
re

(22)

where re is the position vector of the electron from the nucleus and re  re . For Z > 1, the
interaction between the excited electron and other valence electrons in the atom is
considered to be negligible [18].
The interaction operator in Eq. (20) can be further simplified by noting that within the dipole
approximation we get   A 
0 , which makes the magnetic contribution vanish and also
two other terms vanish because of the following:
e
A
s  (A 
0
)
t
c2
and
1
i
i 
A
A
sp
  s
  s  (  A )  0
c
c
c t
t
t

(a)

(23)
(b)

Even otherwise, the contribution of the term in (23b) is expected to be small and therefore
will not be considered here.
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Substituting Eqs. (22) and (23) in Eq. (20) the interaction operator contains only the
following two non-zero terms:
at
Hˆ so


eg
2 me2c 2

(

Ze s  L
re3

e
 s  ( A  V )),
c

(24)

where L = re x p is the orbital angular momentum of electron. The first term of Eq. (24) is the
usual stationary spin-orbit interaction operator as given in Eq. (18) and it is obtained in the
absence of radiation. Its inclusion in the Hamiltonian as a perturbation can only split the
degeneracy of a triplet state. As explained above, this term is a stationary operator and
hence it cannot cause a transition. Only the last term, which depends on spin, radiation and
time can be considered as the time-dependent perturbation operator and hence can cause
transitions. Using Eqs. (21) and (22), the last term of Eq. (24), denoted by Hˆ at ( t ) , can be
so

written for an atom or a two level system as:
e 3 gZ
2  1/ 2  it
at ( t )
Hˆ so
) e


s  (ˆ  rˆe )c ,
(
2 me2 c 2 re2   0 V

where rˆe 

(25)

re
is a unit vector. For evaluating the triple scalar product of three vectors,
re

without the loss of any generality we may assume that vectors ˆ and rˆe are in the xy-plane
sin  ˆ , ̂ being a unit vector perpendicular to the xyat an angle  , then we get ˆ  rˆe 
plane. This gives s  (ˆ  rˆe ) s ˆ sin  sz sin  , which simplifies Eq. (25) as:
e 3 gZ
2  1/ 2  it
at ( t )
Hˆ so
 
) e
sin  sz c .
(
2 me2 c 2 re2   0 V

(26)

For an atom, the field operator for an electron in the excited state and a hole in the ground
state can be respectively written as:
|ˆ e (re )    e (re , e ) ae ( e ),

(a)

e

(27)

and
|ˆ h (re )


 g * (re , h ) dg ( h ),
h

)
dg (

ag (  )

(b)

where  (re , ) is the electron or hole wave functions as a product of orbital and spin
functions corresponding to spin  = ½ or – ½, and ae ( ) and dg ( ) are the annihilation
operators of an electron in the excited state and hole in the ground state, respectively. It may
be noted that in an atom it is the same electron that is excited from the ground to the excited
state therefore the same coordinate re is used for both the electron and hole in Eq. (27).
Using Eq. (27), the interaction operator in Eq. (26) can be expressed in second quantization
as:
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e 3 gZ
2  1/ 2  it
at ( t )
) e
sin   h (re )| r 2 |e (re ) 
Hˆ so
  2 2 2 (

2 me c re  0 V
 

,  h

e

(28)

sz ae ( e )dg ( h )c

1
1
1
Using the property of the spin operator sz ae (  ) 
 ae (  ) we find that only the integral
2
2
2
from Eq. (12b) is non-zero and then the operator in Eq. (28) becomes:

e 3 gZ
2  1/ 2  it
at ( t )
) e
sin  [ h (re )| re2 |e (re ) 

Hˆ so
(
4 me2c 2   0 V
1

[

2

(29)

( ae ( 1 / 2)dg ( 1 / 2)  ae ( 1 / 2)dg ( 1 / 2))]c

It may be noted that the operator sz has flipped the triplet spin configuration to a singlet
configuration and hence the recombination can now occur.
We now consider a transition from an initial state with a triplet excitation whose spin has
been flipped by the spin-orbit interaction but it has no photons to a final state with no
excitation (ground state) and one photon created in a mode  . Within the occupation
number representation, such initial |i  and final | f  states can be respectively written as:

| i |

1
2

[ae ( 1 / 2)dg ( 1 / 2)  ae ( 1 / 2)dg ( 1 / 2)]|0 |0 p  ,

|
f  c |0 |0 p  ,

(30)

(31)

where |0> and |0p> represent the vacuum states of electrons (no excitations) and photons
(no photons), respectively. Using Eqs. (29) - (31) and the usual anti-commutation rules for
fermion and commutation rules for boson operators, the transition matrix element is
obtained as:

e 3 gZ 2  1/ 2 i t
at ( t )
 f | Hˆ so
| i  
(
) e
sin  h (re )| re2 |e (re )  ,
4 me2c 2  0 V

(32)

Using Fermi’s golden rule and Eq. (32), the rate of spontaneous emission of a photon from
atom
the radiative recombination of a triplet exitation in an atom denoted by Rsp
(s-1), is

obtained as:
atom
Rsp


2





at ( t )
| f | Hˆ so
| i |2  ( Ee  Eg   ),

(33)
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where the sum over  represents summing over all photon modes and Ee and Eg are
the energies of the excited and ground states. This can be evaluated as follows: Considering
that a wave vector k can be associated with every photon mode, one can write:









2V
(2 )

2V
(2 )3



3

12

3

d k ,

 2



2

   c 2 sin sin
o

0 0

k   / c ,

with
2

k 2 dk 

2

c 3

d(  )

and

then






2V
(2 )3

3

d k 

 d(  )d d . Using this we can replace the sum in Eq. (33) by

a triple integration and then substituting g = 2 we get:
atom
Rsp


e 6 Z 2 2 12

2 me4 c 7 0 | r |4

,

(34)

where 12
| r |2 with |r| being the average distance of
 Ee  Eg and |  h (re )| re2 | e (re ) |2 
an electron in the triplet excited state from the nucleus. It is to be noted that the rate of the
spontaneous emission derived in Eq. (34) is very sensitive to the separation between the
excited electron and nucleus, |r|, and the electronic mass but not so sensitive to the emitted
photon energy. These properties are different from the rate of spontaneous emission from a
singlet state derived in Eq. (15). The inverse of the rate of spontaneous emission gives the
atom 1
)   R ], which can easily be calculated provided 12 and r are
radiative lifetime  R [ ( Rsp

known.
The rate of spontaneous emission obtained in Eq. (34) is derived within the two level
approximation may be applied to organic solids and polymers [9] where excitation gets
confined on individual molecules/monomers as Frenkel excitons and also referred to as
molecular excitons [19]. Until the late seventies excitons in organic solids, like naphthalene,
anthracene, etc., were regarded in this category. Furthermore, the concept that an exciton
consists of an excited electron and hole pair was considered to be applicable only for
excitons created in onorganic solids, known as Wannier excitons or Wannier-Mott
excitons. These were also known as the large radii orbital excitons because of the small
binding energy the separation between electron and hole is relatively larger than that in
Frenkel excitons in organic solids. However, this distinction has blurred since the
development of OLEDs where electrons and holes are injected from the opposite
electrodes, as described above, and form Frenkel excitons. This proves the point that
Frenkel excitons also consist of the excited electron and hole pairs but they indeed form a
molecular excitations because of the small overlap betwen the intermolecular electronic
wavefunctions.
Assuming that the Frenkel excitons are molecular excitons in organic solids/polymers, the
above theory has been extended to organic solids [9] and the rate of spontaneous emission is
obtained as:
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mol
Rsp


e 6 Z 2 2 12

2 me4c 7 3 0 | r |4

(35)

where  is the static dielectric constant of the solid |r| is the average separation between
the electron and hole and | r | aTx /  , aTx being the excitonic Bohr radius of a triplet exciton
given by aTx 


a [8,12], a0  0.0529 nm is the Bohr radius. Substituting this in equation
x 0

(35), the rate of spontaneous emission from a triplet excitation in molecular semiconductors
and polymers is obtained as:

Rsp 

e 6 Z 2 2 12

2  x4c 7 0 ax4

.

(36)

As the rate of spontaneous emission is proportional to Z2, it becomes very clear why the
presence of heavy atoms enhances the rate of radiative emission of triplet excitons. The
radiative lifetime of triplet excitons is calculated from the inverse of the rate in equation (36),
 R  1 / Rsp .
The rate of spontaneous emission in equation (36) is used to calculate the triplet radiative
rates in several organic molecular complexes, conjugated polymers containing platinum in
the polymer chain and some organic crystals [9]. For all polymers considered from ref.[20],
where the effective mass of charge carriers and excitonic Bohr radius are not known, it is
*
*
assumed that m
m
me giving  x  0.5me and   3 , which give the triplet excitonic
e
h

Bohr radius
ax


me
a0 6 a0 . The first three polymers P1, P2 and P3 are chosen from ref.


x

[20], where the rates of radiative recombination have been measured in many polymers
containing platinum atoms. We can calculate the radiative rates for all the polymers studied
in [20] but as they are all found to be of the same order of magnitude only the rates for the
first three polymers are listed here. The triplet emission energy used in the calculation, and
the calculated rate and the corresponding radiative lifetime are listed in table 1 along with
the observed experimental rates and radiative lifetimes. For conjugated polymers
incorporated with platinum atoms, the rates of radiative recombination in P1, P2 and P3 are
found to be of the order of 103 s-1 , which agrees very well with the experimental results [20].
In table 1 are also included the rate of spontaneous emission and radiative lifetime
calculated for platinum porphyrin (PtOEP) used as a phosphorescent dye in organic
electroluminescent devices [21] and phenyl-substituted poly (phenylene-vinylene)
(PhPPV)[9]. From table 1, it is quite clear that the rate in equation (3) can be applied to most
organic semiconductors and polymers because the calculated rates and radiative lifetimes
agree very well with the experimental results.

Harvesting Emission in White Organic Light Emitting Devices 15

Material

12 (eV)

Rsp (s-1)

Rexp (s-1)

Eq. (3)

 R  1 / Rsp

 exp

(s)

(s)

Benzene

3.66 [22]

0.63

-

1.6

4-7 [22]

Naphthalene

2.61 [22]

0.45

-

2.2

2.5 [22]

Anthracene

1.83 [22]

0.31

-

3.19

0.1 [22]

P1

2.40 [20]

5.5x103

(6  4)x103 [23]

1.82x10-4

P2

2.25 [20]

5.1x103

(1.8  0.9)x103[23]

1.96x10-4

P3

2.05 [20]

4.6x103

(1  1)x103 [23]

2.17x10-4

Pt(OEP)

1.91[24]

4.9 x103

*

2. 03x10-4

7.00x10-4

*

Table 1. Assuming m

m
me , which gives  x  0.5me and taking   3 , rates of spontaneous
e
h
emission are calculated from equation (36) for a few molecular crystals, conjugated polymers and
platinum porphyrin [Pt(OEP)]. Using these the triplet excitonic Bohr radius becomes ax  6 a0 .

3.2. Exciton -spin-orbt-photon interaction
In the above section, it is shown that a time-dependent electron-photon-spin-orbit
interaction operator does exist and it can be applied for triplet state transitions. The theory is
also extended to Frenkel excitons or molecular excitons without considering them as
consisting of electron and hole pairs. However, the formalism presented above is relevant to
an excited electron in an atom/molecule which is not consistent with the situation occurring in
a WOLED, where electrons and holes are injected from the opposite electrodes and they form
excitons before their radiative recombination. Thus, for WOLEDs we need a time-dependent
exciton-photon-spin-orbit interaction operator. For a pair of injected carriers in a solid with N
sol
can be written as [9]:
atoms, an operator analogous to Eq. (19) and denoted by H so

N
N
eg
eg
sol
Hˆ so

 2 2 se  ( pe   Ene )  2 2 sh  ( ph   Enh )
2x c
2 x c

n 1
n 1

(37)

where  x is the reduced mass of exciton as described above. Other quantities with subscript
e represent the electron and with subscript h represent the hole. In the presence of radiation,
Eq. (37) becomes:
eg
1 A e N
e
a  sem
 2 2 se  ( pe  A e )  ( 
  Vne )
Hˆ so
c
c t n 1
2x c


1 A h N
e
  Vnh )
s  ( ph  A h )  ( 
2 2 h
c
c t n1
2 x c
eg

(38)
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where the zero magnetic contribution is neglected. In analogous with Eq. (24), one gets two
non-zero terms for the electron and two for the hole as:
N
N
Z e s e  Len e
eg
a  sem
Hˆ so

 2 2 ( n
 s e  ( A e   Vne ))
3
c
2x c
 ren
n 1
n 1

N

(39)

N
e
 2 2 ( 
 s h  ( A h   Vnh ))
3
c
2x c
 ren
n 1
n 1


eg

Zne sh  Lhn

Here Zn is the atomic number of nth atom and ren and rhn are, respectively, the electron and
hole distances from their nuclear site n. sez and shz are the spin projections along the z-axis of
the electron and hole, respectively, in an exciton. Other symbols have their usual meanings
[9]. It may be pointed out here that the interaction operator as obtained in Eq. (26) is the
same for a triplet exciton and an excited pair of electron and hole in a triplet spin
configuration. Following the procedures applied in deriving Eq. (26) for a single electron,
we get the time-dependent exciton-photon-spin-orbit interaction in a solid as [9]:

Z
e 3 g
2  1/ 2
a  sem( t )
) sin  en sez
  2 2 [ 2n (
Hˆ so
2  x  c  ,n ren  0 V


Zn
2

 ,n rhn

(

(40)

2  1/ 2
) sin  hn shz ]e  i t c
 0 V

Using the field operators in Eqs. (7) and (8) and Eq. (40), the time-dependent operator of
exciton-photon-spin-orbit interaction is obtained in second quantisation as [9]:
e 3 gZ  2 
(t )
Hˆ so
  2 2 2 
 x c  r   0 V





1/ 2

 


 e , h

sin 



e  it ( sez  s )ae ( e )dg ( h )
hz

e


, h c

(41)

where r is the average separation between electron and hole in an exciton and it is
approximated by:
-2
-2
 HOMO|ren
|LUMO  HOMO|rhn
|LUMO  (r / 2)2 .

(42)

The other important approximation made in Eq. (41) is that the sum over sites n has
disappeared. This is briefly because of the fact that the interaction operator depends on the
atomic number Zn and the inverse square of the distance between an electron and nucleus
and hole and nucleus. Therefore only the heaviest and rearest atom will contribute most and
the contribution of other atomic sites will be negligible. Using this approximation the
summation over n is removed.
Using the triplet spin configuration in Eq. (12) and the property of sez and shz operators as
1
1
1
1
1
1 , here again we find that only the
sez ae (  ) 
 ae (  ) and shzd
g (  )  d g (  )
2
2
2
2
2
2
contribution of Eq. (12b) is non-zero and then the operator in Eq. (41) becomes:
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2 e 3 gZ  2 
at ( t )
Hˆ so
  2 2 2 
 x c  r   0 V
[

1
2

1/ 2







sin 





e  i t

(43)


( ae ( 1 / 2)dg ( 1 / 2)  ae ( 1 / 2)dg ( 1 / 2))]c

It is to be noted here also that the operator (sez + shz) in Eq. (41) has flipped the spin of triplet
sconfiguration (compare with Eq. (12b)) to a singlet configuration and hence the
recombination can occur. Thus the mechanism of the occurrence of radiative recombination
of triplet excitons through the new transition operator can be described in the following two
steps:
1.

2.

The new operator is attractive for excitons so it attracts a triplet exciton to the heaviest
atom as it is proportional to the atomic number. As the magnitude of attraction in
inversely proportional to the square of the average distance between an electron and
nucleaus, only the nearest heavy nucleus will play the dominant role.
As soon as a triplet exciton interacts with such a spin-orbit-exciton-photon interaction,
the spin gets flipped to a singlet configuration and exciton recombines radiatively by
emitting a photon.

3.3. Rate of spontaneous emission from triplet excitons
We now consider a transition from an initial state |i > with a triplet exciton whose spin has
been flipped by the spin-orbit interaction but it has no photons to a final state |f > with no
excitation (ground state) and one photon created in a mode  . These states in the second
quantization are analogous to Eqs. (30) and (31), respectively. Using Eqs. (30) - (31) and the
interaction operator in Eq. (43), the transition matrix element is obtained as:
(t )
| i  
 f | Hˆ so

2 e 3 gZ

2  1/ 2  i t sin 
(
) e
,
 x2c 2 | r |2  0 V


(44)

Using Fermi’s golden rule and the transition matrix element in Eq. (44), the rate of
spontaneous emission of a photon from the radiative recombination of a triplet exiton in an
organic solid/polymer denoted by Rsp (s-1), can be written as:
Rsp 

2





(t )
| f | Hˆ so
| i |2  ( ELUMO  EHOMO   ),

(45)

where the sum over  represents summing over all photon modes and ELUMO and EHOMO are
the energies of the LUMO and HOMO energy levels. This can be evaluated in a way
analogous to Eq. (33) and then we obtain:
Rsp 

8 e 6 g 2Z 2 2 12

 x4c 7 0 3 | r |4

,

(46)
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For triplet excitons using | r | aTx /  and g = 2, the rate in Eq. (46) becomes [20]:
Rsp 

32 e 6Z 2 2 12

s1

 x4c7 0 aex 4

(47)

For different phosphorescent materials only the atomic number of the heavy metal atom and
the emitted energy will be different so the rate of spontaneous emission in Eq. (37) can be
simplified as follows: Using   3 which gives the triplet exciton Bohr radius aex  6 a0
(   me and  x  me / 2 ; me being the free electron mass), the rate in Eq. (47) can be
expressed as:
Rsp  25.3Z 2 ( 12 )

s 1

 12in eV 

(48)

For phosphorescent materials like fac-tris (2-phenylpyridine) iridium (Ir(ppy)3) and
iridium(III) bis(2-phenyl quinolyl-N,C20) acetylacetonate (PDIr), where Ir has the largest
atomic number Z = 77, other atomic numbers can be neglected being mainly of carbon. The
rate in Eq. (48) depends linearly on the emission energy 12 and other quantities are the
same for all iridium doped materials. Thus, for iridium complexes doped in organic
polymers the rate is obtained as: 
R 1.5  10 5 12 s-1 ( 12 in eV). For green phosphor
Ir(ppy)3 has been doped for emission energy of 2.4 eV, for orange phosphor Ir(MMQ) [25]
and FIrpic [4] have been doped for emission at 2.00 eV. In all these films the rate of
spontaneous would be of the same order of magnitude (3 - 4 x105 s-1 ). This agrees quite well
with the measured rate for Ir complexes [26].
Both rates of spontaneous emission derived in Eq. (37) on the basis of single electron
excitation (atomic case) and that obtained in Eq. (46) for an electron-hole pair excitation have
been applied to calculate it in organic solids and polymers [9, 27]. Apparently for platinum
complexes Eq. (37) gives rates that agree better with experimental results but for iridium
complexes Eq. (46) produces more favourable results.
In addition to developing the introduction of the phosphorescent materials to enhance the
radiative recombination of triplet excitons, a step progression of HOMO and LUMO of the
organic materials to confine the injected carriers within the emission layer has been applied
[25]. This enables the injected e and h confined in a thinner space that enhances their
recombination. This scheme has apparently proven to be most efficient so far.
Another approach for meeting the requirement of availing different energy levels for singlet
and triplet emissions within the same layer of a WOLED is to incorporate nanostructures,
particularly quantum dots (QDs), in the host polymers [28]. As the size of QDs controls their
energy band gap, the emission energy can be manipulated by the QD sizes. It is found that
the energy band gap of a QD depends on its size as [29]:
Eg 
eV  Eg bulk  C / d 2

(49)
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where C is a confinement parameter and d is the size of a QD. Such a hybrid structures of
organic host and inorganic QDs have been tried successfully [29-30]. It would be interesting
if in future organic QDs could be grown on polymers and then the fabrication would be
very cost effective.
This chapter is expected to present up to date review of the state-of-the art development in
the theory of capturing emissions from triplet excitons in WOLEDs.
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Chapter 2

Field Emission Organic Light Emitting Diode
Meiso Yokoyama
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/52487

1. Introduction
Several flat panel displays (FPDs) technologies, such as liquid crystal displays (LCDs),
plasma display panels (PDPs), light-emitting diodes (LEDs), organic light-emitting devices
(OLEDs) and field emission displays (FEDs), have been developed. They coexist because
each technology has its own unique properties and applications.
In recent years, the developments in the OLEDs have gradually reached very advantageous
of existence. These advantageous characteristics include self-luminous, wide viewing angle
and low power consumption, etc. which make OLEDs very useful for numerous display
applications and lighting devices. To effectively improve the characteristics of an OLEDs,
there are many ways to be adopted. Such as: (a) structure: using the quantum well structure
or multilayer structure to enhance efficiency by promoting the radiative recombination
capability; (b) material: use of a low work function metal as the cathode or a high carrier
mobility material to allow efficient carrier injection into OLEDs structure; (c) doping: by
doping the guest material into the host material to increase the efficiency of recombination,
such as phosphorescent sensitizer.
However, the performance of OLEDs using above methods will be limited. Therefore, in this
chapter, we propose new FEOLEDs with electron multiplier.[1,2-5, 6]
An effective enhancement in the lighting efficiency is achieved by using the external
electron source supplement into the OLEDs. The FEOLEDs can simply be divided into two
types: FEOLED (original diode type) and triode type. The structure of FEOLEDs is similar to
that of the field emission diodes (FEDs), but formers utilize an organic EL light emitting
layer instead of an inorganic phosphor thin film used in FEDs. The mechanism of operation
of FEOLEDs is the same as OLEDs.
In FEOLEDs also a hole blocking layer is used to confine the electron-hole pairs to enhance
recombination in the organic light emitting layer. Besides, to avoid damage to the organic
© 2012 Yokoyama, licensee InTech. This is an open access chapter distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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material by electron beam bombardment, an aluminum (Al) thin film is coated on the
organic light emitting layer facing to the carbon nanotubes (CNTs) template to protect the
organic light emitting materials and thereby enhance the luminous efficiency of the
FEOLEDs. In a triode FEOLED an electron multiplier layer is inserted between the anode
and cathode. This layer amplifies the field emission electrons and then injects them into the
organic light emitting layer.
In this chapter, as stated above, we have proposed and discussed two kinds of electron
multipliers: 1) a dynode and 2) a strip electron multiplier. The dynode is formed between
the cathode and organic light emitting layer to provide electron amplification capability as
well as it makes a FEOLED more stable. The electrons emitted from the cathode move
towards the dynode as they are attracted by the applied electric field. The primary electrons
impact the secondary electron material of dynode to produce the secondary electrons.
Finally, both primary and secondary electrons are directly injected into the organic light
emitting layer and increase the current density of FEOLEDs. Due to the presence of a
dynode it is difficult to fabricate very thin FEOLEDs. Therefore, the strip electron multiplier
has been proposed as it can easily be incorporated in FEOLEDs. The strip electron multiplier
is formed on the organic light emitting layer facing to the CNTs cathode, and made by strip
Al coated with secondary electron material (Cesium iodide, CsI). CsI does not completely
cover the strip Al.
The mechanism of electron amplifier ability of the strip electron multiplier is the same that
of a dynode, but the process of fabrication is easier. The organic light emitting layer of
FEOLEDs integrated with the strip electron multiplier forms an OLEDs, which can operate
independently. Accordingly, applying an electric field to the CNTs template and strip
electron multiplier one can attract electrons to impact the strip electron multiplier to
generate the secondary electrons. Therefore, the current density of OLEDs is increased by
supplementing the electrons into the multilayer of the organic light emitting layer. In this
way, the luminance efficiency of FEOLEDs with strip electron multiplier can further be
enhanced by one and a half times more than of OLEDs.
The organization of this chapter is as follows. First the concept and mechanism of operation
of FEDs and OLEDs are introduced. Then are illustrated the basic concepts and luminescent
mechanisms of FEOLEDs and experimental procedure of fabricating them, FEOLEDs of
diode structure and triode structure and their characteristics of electron multiplier are
discussed next. Finally, we discuss the advantages and disadvantages of the conventional
OLEDs and novel FEOLEDs, including some suggestions for future work..

2. Field emission light emitting diodes (FEDs)
A FED is a vacuum electron device, sharing many common features with the vacuum
fluorescent displays (VFDs) and cathode ray tubes (CRTs) [7]. Like in a VFDs or CRTs, the
image in a FED is created by impacting electrons from a cathode onto a phosphor coated
screen. In a CRTs the electron source is made up of up to three thermionic cathodes [8]. A
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set of electromagnetic deflection coils raster the electron beam across a phosphor screen,
which is typically held at a potential of 15-30 kV [9]. In a FED the electron source consists of
a matrix-addressed array of millions of cold emitters. This is field emission arrays (FEAs),
which is placed in closed proximity (0.2mm) to a phosphor faceplate and is aligned such
that each phosphor pixel has a dedicated set of field emitters [10].
The idea of a FED dates back to the 1960s, when Ken Shoulders of the Stanford Research
Institute (SRI) proposed electron beam micro devices based on FEAs [11]. The first operating
FEAs were demonstrated by Capp Spindt, also of SRI, in 1968 [12]. Despite many
advantages of the spindt-type FEA fabrication technique, scaling this method to large area
substrates (>400 mm on the side) is still a major challenge. Another difficulty associated with
the scale up of spindt process is the large size of the evaporator required to deposit the
spindt tips. Most phosphors have low luminous efficiency at voltages below 3 kV because of
the low electron penetration depth and high, non-radiative recombination rates at the
surface. While raising the emission current density increase the brightness, high current
density leads to faster aging of the phosphor, thus further decreasing the brightness [13].
Among various kinds of emitters in field emission devices, carbon nanotubes (CNTs) have
been attracting a considerable attention due to their excellent field emission characteristics of
high field emission current density and low turn-on electric field [14]. In order to enhance the
field emission electron ability and emission uniformity in large area CNT-FED panels,
additional methods are required to improve uniformity by inserting the gate design for
electron multiplier and focusing. A gate coated with the secondary electron emission (SEE)
materials for obtaining electron amplification is called a dynode [15]. In general, any insulator
with low work function is suitable for SEE application [16]. The mechanism of dynode can be
simplified by the following processes: (i) the primary electrons penetrate into a certain depth
of an insulating layer; (ii) through collision, the energy of the primary electrons is transferred
to the bound electrons of the insulator, leading to a release of electrons; (iii) the released
electrons migrate to the surface and escape into the vacuum as secondary electrons.
Therefore, the field emission involves the extraction of electrons from a solid by tunneling
through the surface potential barrier. The emitted current depends directly on the local
electric field E at the emitting surface and metal’s work function (Φ) as shown in Fig.1 [17].
The field-emission properties of wide band gap materials (WBGMs) is favorable for the
emission, as it is considered a property unique to the surface of emitter [18]. The role of the
WBGMs in CNTs field emission is to decrease the effective work function of emitters, which
increases emissivity. We can assure that the carbon nanotubes are excellent electron sources,
providing a stable current at very low fields and capable of operating in moderate vacuum.
In summary, the light emitting principle of FEDs is that the electrons are excited and
accelerated by the high electric field under vacuum, so as to become sufficiently energized
to bombard the inorganic phosphor to emit light. Although CNT-FED was very successful in
achieving the result in different low voltage phosphors such as ZnGa2O4+ In2O3, ZnO:Zn low
voltage phosphors research, the applied voltage was about 300 V [19]. Thus, it does not yet
meet the requirement for low voltage flat panel display usage.
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Figure 1. Schematic diagram of the field emission barriers for a planar and a micro-tip emitter.

3. Organic light emitting diodes (OLEDs)
Using organic material for light emitting diodes (LEDs) is fascinating due to their vast
variety and relative ease of controlling their composition to tune their properties by
chemical means. For example, by applying an electric field to an anthrancene single crystal,
Pope et al. in 1965 observed blue electroluminescence (EL) [20]. Soon after alternating
current EL was also achieved using an emissive polymer [21].The observation of efficient
bright EL, defined as the number of photons emitted from the face of the device per injected
electron or hole, the investigation on the organic optoelectronic device commenced to
investigate and developed slowly until Tang and Vanslyke demonstrated efficient green
electroluminescence [22] from a vapor deposited organic compound in 1987. Till now,
OLEDs are the best flat light emitting source.

3.1. Structure of organic light emitting diodes (OLEDs)
A typical OLED is composed of an emissive layer, a conductive layer, a substrate, and both
anode and cathode terminals. The basic structure of a typical OLED is shown in Fig. 2. The
first layer above the glass substrate is a transparent conducting anode, typically indium tin
oxide (ITO). In Flexible OLEDs the anode is made of a transparent conductance plastic
substrate. There are two different types of OLEDs. Traditional OLEDs use small organic
molecules deposited on glass to produce light. The other type of OLEDs uses large plastic
molecules called polymers. The single or multilayer small organic molecular or polymer
film is deposited on the transparent anode. Appropriate multilayer structures are used to
enhance the performance of the device by lowering the barrier for hole injection from the
anode and by controlling the electron and hole recombination region. The injected holes
move from the interface of the organic/electrode into the organic light emitting layer, where
the defect density is high. Therefore, the organic layer deposited on the anode should
generally be a good hole transport layer (HTL). Similarly, the organic layer in contact with
the cathode should be an optimized electron transporting layer (ETL). Generally, the anode

Field Emission Organic Light Emitting Diode 25

of OLEDs is an ITO film, the cathode is typically a low-to-medium work function (Φ) metal
such as Ca (Φ= 2.87 eV), Al (Φ= 4.3 eV) or Mg0.9Ag0.1 (Mg, Φ= 3.66 eV) deposited either by
e-beam or thermal evaporation [23].

Figure 2. Schematic structure of organic light emitting diodes.

3.2. Mechanism of the operation of organic light emitting diodes (OLEDs)
The light emission from OLEDs is through electroluminescence (EL), which can be described
in three steps (see Fig. 3) as follows: step 1: when a forward bias voltage is applied to an
OLED, holes and electrons are injected. These injected charge carriers have to overcome their
respective interface barriers and then holes occupy into the highest occupied molecular orbital
(HOMO) energy level of the hole transport layer (HTL) and electrons into the lowest
unoccupied molecular orbital (LUMO) energy level of the electron transporting layer (ETL).
The HOMO of HTL is similar to the valence band in bulk semiconductors, and LUMO of ETL
is similar to the conduction band. Step 2: The externally applied field on OLED drives the
injected holes and electrons to the interface of HTL and ETL, where they are accumulated;
holes in HOMO of HTL and electrons in LUMO of ETL. Step 3: Due to organic solids have low
dielectric constant and strong binding energy both carriers ( holes and electrons) move toward
the interface between the two transport layers (HTL and ETL) and recombine in the light
emitting layer (EML) to form excitons. Then these excitons emit light through the transparent
electrode (ITO coated on glass substrate). In general environment, the exctions exist in an
unstable state and their radiative move to recombination releases energy in the form of the
light and heat. According to the above three steps, illustrated in Fig. 3, the light emission from
an OLED is current driven and hence called electroluminescence ( EL) .

Figure 3. Schematic sketch of the active energy levels of organic light emitting diodes (OLEDs)
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The carrier transmission in organic molecules is different from that in inorganic
semiconductors or crystalline materials. There are no continuous energy bands in organic
semiconductors. In organic semiconductors, consisting of organic molecules, there are
delocalized π electrons, which are relatively free but confined on individual molecules due
to weak intermolecular interactions. Therefore, the hopping theory is the most commonly
used to describe the phenomenon of carrier transfer in organic solids. Driven by the electric
field, electrons are excited or injected into the LUMO of one molecule in ETL and hop to the
LUMO of neigh-boring molecule and thus electron transport occurs. Likewise, injected holes
get transported by hopping from the HOMO of one molecule to another in HTL. In fact, as
the charge carriers are injected externally and do not exist before the application of the
electric field, the location of holes in HOMO and electrons in LUMO deforms the associated
bond length and structure. Therefore, the movement of an injected electron or hole is
coupled with the local deformation zone to form a unit, this unit is called polaron. Hence, in
organic semiconductors the movement of the electrons or holes is often accompanied by the
deformation of its structure, which is called self-trapped electron or hole. As such selftrapped charge carriers move slower the carrier mobility in organic semiconductors is in
general lower than that in inorganic semiconductors or metals. The hole mobility in organic
materials is typically 10-7-10-3 cm2/Vs and the electron mobility is typically lower by a factor
of 10-100 [24].
The organic materials are usually insulators (such as plastic). Generally only a very small
amount of current can be injected into the organic material by applying certain electric field,
and EL occurs from the recombination of these injected electrons and holes. Therefore, if the
current is less then injected carriers will be less and number of excitons to recombine will be
limited. Therefore, to a large extent EL depends on improving the carrier injection efficiency
from both electrodes, and on obtaining balanced and controlled electron–hole
recombination within a well-defined zone.

3.3. Full Color of organic light emitting diodes (OLEDs)
There are five potential methods to make an OLED emit in red (R), green (G) and blue (B)
color spectral regions [35]: 1). side by side patterning of red (R), blue (B) and green (G)
OLED’s, 2). absorptive filtering of white OLED, 3). fluorescent down-conversion of blue
OLED’s, 4). microcavity filtered OLED’s and 5). color-tunable OLED’s.
Method (1) This method is employed a precisely positioned shadow mask to selectively
deposit the R、G and B OLEDs with individual pixels of R、G and B emission.
Method (2) A white OLED device can be made using materials with very broad emission
spectra, or using two or more sequentially deposited light emitting layers and then color
filters on white light OLEDs are used to change the emission into R, G and B colors.
Method (3) The full color pixel can be using a single blue OLED to pump wavelength downconverters, which efficiently absorb blue light and re-emit the energy as green or red light.
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Method (4) The emission from a white OLED is filtered by a microcavity, which is composed
of a dielectric quarter wavelength stack as the bottom mirror, the metal contact as the top
mirror and an inactive material as a filler layer to adjust the cavity thickness [26]. However,
the microcavity resonance causes strong viewing angle dependence of emitted colors,
limiting this method to applications which need small viewing angle. In this method about
±150 viewing angle can be achieved [27].
Method (5) The color variation is achieved by voltage and/or polarity tuning. Only molecular
OLEDs are capable of three color tuning. This method shows low efficiency and/ or requires
high driving voltage. Hence, the color variable devices based on the polarity and/ or
voltage-tuning are still far from applications. White light emission OLEDs can also serve as
backlight panels of LCDs. White is the most important color in the lighting industry. A
number of device structure concepts have been proposed to achieve white emission. These
include the mixing of three primary colors from respective layers in a multilayer structure
[28], the doping of appropriate amount of red, green, and blue dopants in the same host [29],
the microcavity effect of one emission layer [30], use of exciplex formation, etc.
OLEDs have become viable now for flat panel displays after intensive research and progress
in the past decade. Through proper material design/choice and device fabrication, various
OLEDs with colors of high brightness have been developed for use in single- or full-color
applications. As the operation of an OLED depends on the carrier transport in HTL and
ETL, hole and electron confinement in EML and then their recombination to emission light.
In most cases the number of injected holes in an OLED is more than electrons. Therefore,
improving efficient electron injection is essential for efficient and stable OLEDs.

4. The field emission organic light emitting diodes (FEOLEDs)
4.1. Structure of FEOLEDs
As shown in Fig. 4, the basic structure of a FEOLED is to utilize an organic EL light-emitting
material instead of inorganic phosphor thin film in FEDs [31]. The anode of the FEOLEDs
can be a multi-layered organic solid or an OLED . But both have the same structure, which
includes a hole injection layer (HIL), a hole transport layer (HTL) and a light emitting layer
(EML). The cathode of FEOLEDs is made of CNTs template as electron source. In such a
structure, it is not only difficult to protect the light emitting layer (EML) from high-energy
electron bombardment [32], but also not easy to control highly efficient emission.

Figure 4. The schematic diagram of a FEOLED.
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Since the basic structure of a FEOLED uses a direct current (DC), a protection layer is
needed. Additionally, it can be deposited on EML. Such a protection layer in FEOLEDs
increases the operating lifetime since this layer protects against electron
bombardment .To improve this, a few different structures of FEOLEDs are presented in
Figs.5. and 6.
Fig. 5 (a) shows the device structure of a FEOLED with the protection layer, which is made
of a secondary electron material used as an electron multiplier. By apply operating voltage
to FEOLEDs, the electron and hole recombination occurs in the EML by mechanisms similar
to OLEDs. As OLEDs are current injection devices, electron injection must be improved to
ensure their efficiency and stability. Therefore, as shown in Fig. 5(b), a field emission
electrons layer is introduced in OLEDs to increase the electron density, which exhibits a
higher luminous efficiency in FEOLEDs than conventional OLEDs [33]
Fig.6 shows the schematic diagrams of FEOLEDs with a dynode in (6a) and a strip
electron multiplier in 6(b). According to the above described mechanism of FEOLEDs, the
luminance intensity increases with the increase in electron injection. A common way to
solve this problem is to introduce a dynode or an electron multiplier into the FEOLEDs .
As shown in Fig.6 (a), dynode has holes whose whole inner surface is coated with a
secondary electron material such as Be, Mg, or Ca oxide to increase the electron
amplification factors. Fig.6 (b) shows a FEOLED device with strip electron multiplier. The
strip electron multiplier was first proposed here by the author, which consisted of a strip
of Al coated with another striped secondary electron material [3]. Both of the dynode and
strip electron multiplier used in FEOLEDs are made for increasing the number of
electrons and allow carriers to achieve a more balanced state in OLEDs and then enhance
the luminance efficiency of OLEDs.

Figure 5. Two configurations of FEOLEDs (a) with protection layer and (b).with Al metal cathode.
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Figure 6. Two configurations of FEOLEDs with (a).Dynode and (b).strip electron multiplier

4.2. Fabrication of FEOLEDs
A FEOLED is that an organic emission layer (organic EL) is utilized instead of inorganic
phosphor thin film in field emission display (FED). The organic EL in a FEOLED consists of
a hole injection layer (HIL), a hole transport layer (HTL) and light emitting layer (EML). A
FEOLED is able to attain higher luminance and low power consumption than conventional
OLED.
Fig.7 (a) shows the structure of a basic FEOLED. The anode of FEOLED is ITO on which are
coated the organic multi layers. The cathode consists of a field emission electron, which
provides the electron injection into the organic material layer. Fig.7 (b) shows the FEOLED
structure with a dynode, which acts as an electron multiplier to increase the number of
electrons injected into the organic layer.
Fig. 8 (a) shows the structure of FEOLED with the strip electron multiplier. Due to the
dynode is difficult to set in the narrow space of FEOLEDs. Therefore, the strip electron
multiplier was to be proposed. Refer to Fig. 7(b), the dynode can be of the metal channel,
box, line focus, or MPC type [1]. The secondary electron material in the dynode can be CuBe or Ag-Mg alloys. However, the strip electron multiplier was form with the secondary
electron material (MgO or CsI) and Al, as shown in Fig. 8 (b).

Figure 7. The components of FEOLED with (a) the basic device and (b) dynode structure.
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Fig. 8 (c) shows the operating principle of a dynode, which is a cross-sectional schematic
view of the metal channel type dynode. The secondary electron emission generated from the
dynode can be understood by the following processes: (a) the primary electrons penetrate
into a certain depth of an insulating layer (the secondary electron material); (b) through
collision the energy of primary electrons is transferred to bound electrons of the insulator to
release them and (c) released electrons migrate to the surface and escape into the vacuum as
secondary electrons.

Figure 8. Schematic structure of a FEOLED with (a) strip electron multiplier and (b) strip Al.
(c) the operating principle of a dynode and (d) A sheet of a dynode

4.3. Organic light emitting diode in FEOLED
In Fig. 8 (a) is shown a FEOLED with the strip electron multiplier formed on an OLED as a
part of anode. The organic multilayer structure of FEOLED is the same as that of OLED,
which works with the same mechanism.
One of the most important issues related with the characteristics of OLEDs is the number of
injected electrons and holes should be balanced. It is well know that the direct electron-hole
recombination in the light emitting layer occurs due to OLEDs. Therefore, an effective
cathode structure for efficient electron injection is critical to optimal performances of
OLEDs. A nanometer-size interfacial layer between the metal cathode and organic material
in OLEDs plays the critical role in the carrier injection efficiency. In order to improve the
injection efficiency of electrons, the low work function metal or alloys such as LiF are
usually used to form low energy barriers for electron injection from the cathode to the
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organic material [34]. It has been shown that LiF is very effective in terms of facilitating
electron injection. However, recently alkali metal carbonates (Cs2CO3) have also been
reported to be efficient electron injection material [35, 44-45]. We believe that if the electrons
are efficiently injected from the cathode to organic layer, then this will improve the charge
carrier balance in OLEDs and hence improve the device efficiency. This idea will work the
same way in FEOLEDs.

4.4. Carbon nanotubes field emission template in FEOLEDs
In this section, FEOLEDs are discussed for their optoelectronic characteristics in terms of
external electron supplement into the organic light emitting layer. Hence, FEOLEDs must
have an excellent field emission cathode to emit electrons. The carbon nanotubes (CNTs)
template is the best choice to be adopted in FEOLEDs as the field emission cathode. CNTs
can work in less stringent vacuum conditions (<1x10-5 torr) and have higher emission
currents than metal and semiconductor micro-tip field-emission sources. Iijima discovered
carbon nanotubes (CNTs) in 1991[36]. CNTs have a superior mechanical strength, good heat
conductance, and ability to emit cold electrons at relatively low voltages because of their
high aspect ratios and nanometer-scale tips.
The traditional method of fabricating field emitters is based on the use of multi-needle field
emission cathodes and precision technological processes based on electron lithography
techniques. Metal and semiconductors are usually used as cathode materials, which,
unfortunately, have rather high work functions (4-5eV) [37]. The application of CNTs in
field emission template is very extensive. For example, CNTs can be directly synthesized on
a substrate by CVD on an anodic aluminum oxide (AAO) template, and by screen print.
However, the fabrication of a CNTs template is time consuming. There is a new and more
convenient method to fabricate the CNTs templates by the spray method [38-39].
CNTs thin films are usually fabricated by two methods, such as: drop-drying from solvent
[41] and filtration and spin-coating [42], but these methods have severe limits in the film
quality, like in uniformity, homogeneity, and production efficiency. CNTs thin films
consisting of multi-walled CNTs (MWCNTs) are fabricated by the spray method, which is
an easy and convenient method to deposit CNTs and can achieve large area deposition [43].
The procedures of the fabrication of CNTs template are described as below: First CNTs are
suspended in 1, 2- dichloroethylene (DCE) and second, sonication of 30 mg CNTs in 50 ml
DCE solvent for 2 hours. To obtain good adhesion between CNTs and ITO glass substrate,
an indium (In) metal layer is deposited onto the ITO glass substrate by thermal evaporation.
After annealing at 300 °C for 15 min in N2 atmosphere, CNTs are firmly adhered to the In
layer and produce good field emission characteristics.

4.5. Operation principle of FEOLEDs
According to the above mentioned FEOLED structure, FEOLEDs can be divided into two
models: 1) Original type FEOLEDs and 2) triode devices.
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4.5.1. Original type FEOLEDS
As shown in Fig. 7 (a), FEOLEDs (original type) are similar to FEDs, but they use organic
light emitting material instead of a phosphor. In these FEOLEDs an ITO film is used as
anode and CNTs template as cathode. By applying the driving voltage to both the electrodes
(ITO and CNTs template), then electrons and holes move toward the interface between the
two transport layers (HTL, and ETL) and recombine to form excitons. Finally, these excitons
emit light through the ITO substrate..

4.5.2. Triode FEOLEDs with a dynode structure (strip electron multiplier)
As shown in Fig, 7 (b), FEOLEDs with a dynode structure are classified as triode devices. It
comprises the dynode and an organic EL light emitting layer and CNTs template. The
dynode is formed between the cathode and the organic EL lighting layers.
As shown in Fig. 8 (a), there is another kind of triode FEOLED, which is a FEOLED with a
strip electron multiplier. In this case a strip electron multiplier is used instead of a dynode,
but it is attached directly to the organic EL light emitting layer for protecting the electron
injection layer from high-energy electron bombardment and allows the electrons to disperse
evenly in the EML.

4.5.3. Luminescence mechanisms in FEOLEDs
To further confirm that the mechanism of operation of FEOLEDs is the same as that of
OLEDs, the following experiment was conducted. A hole blocking layer (BCP) is inserted
between the hole transport layer (NPB) and the emission layer (Alq3) of the organic
formation, as shown in Fig. 9(a). If an OLED is applied a voltage, hole carriers injected from
the ITO anode electrode to the hole transport layer would be blocked at the interface of the
NPB layer and the BCP layer. The electrons (emitted from the cathode and passing through
Alq3) would then recombine with the holes accumulated in the NPB layer. Refer to Fig. 3,
this NPB excitation generated by the recombination, according to the active energy levels of
OLEDs would give rise to blue light. The Alq3 layer in such case would generate no light. If
a cathode luminescence mechanism device is applied with the BCP layer, on the other hand,
electron bombardment on the organic material would generate light in the emission layer
Alq3, which should have green color. As such, when a BCP layer is inserted in FEOLEDs, if
blue light is observed, the luminescent mechanism of the FEOLED must be similar to that of
the conventional OLED: if green light is observed, the luminescent mechanism must be
similar to that of cathode luminescence. The experiment results showed that blue light was
observed, as shown in Fig. 9(b), which clearly illustrates that both FEOLEDs and OLEDs
operate on similar mechanism of emission.
Thus, the light emission in FEOLEDs also occurs via the following five processes as in
OLEDs: 1) both electrons and holes injected from anode and cathode into organic layers, 2)
these injected charge carriers are transported towards each other across the organic layer, 3)
formation of singlet excitons due to the Coulomb interaction between the injected electrons
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and holes, 4) migration singlet excitons to organic emitting layer and 5) radiative
recombination of single excitons.

Figure 9. (a) Structure of a FEOLED with Hole blocking layer and (b) emission of blue light.

4.6. A FEOLED with strip electron multiplier
As shown in Fig. 10, the typical structure of FEOLEDs in this work comprises a CNTs
template cathode and the strip electron multiplier formed on an OLED as a part of anode. It
can be assembled in a vacuum chamber.

4.6.1. Experimental
In this section, the current density (J)-applied voltage (V) characteristics and the optical
performances of a FEOLED with the strip electron multiplier are studied experimentally.
Fig.10 shows the configuration of FEOLED in this work, where the upper portion is an OLED
lower part is the external electron source of CNTs cathode. The Soled switch is use to control
OLED and Sext switch is used to control the external electron source of CNTs template.

Figure 10. Schematic presentation of an apparatus for characterizing a FEOLED with strip electron
multiplier
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The structure of an OLED is ITO glass/ m-MTDATA:V2O5(10 nm, 10 %)/ NPB (30 nm)/
Alq3:C545T (30nm, 3 %)/ Alq3 (10 nm)/ Cs2CO3(1 nm)/ Al, where, the V2O5 doped mMTDATA was chosen as the hole transport layer (HTL) and it has a high conductance,
intrinsically leading to the formation of many intrinsic carriers between ITO and the
organic surface significantly enhancing the hole injection and transport [46].
Additionally, the emission layer (EML) of OLED uses Alq3 as host and C545T dye as
green fluorescent material to trap the electrons to build up the space charge and decrease
the free electron distribution in the host Alq3 [47], subsequently reducing the current
density of the device. Moreover, Cs2CO3 and LiF were chosen as electron injection buffer
layer (EIL). And the strip electron multiplier was fabricated from the strip of Al (80 nm)
and strip of CsI (110 nm) and integrated with the organic material of FEOLEDs. The
entire organic material layer was prepared by using a high vacuum thermal evaporation
system.
Such a structure (Fig.10) is used to examine the current-voltage (J-V) characteristics of
OLEDs with a different electron injection layer to prove the electron injection capability of
Cs2CO3. Additionally, the J-V characteristics and luminance of the FEOLED are measured by
Keithly-2400, Keithly-237 and TOPCON PR-650, respectively. All the measurements are
performed in a high vacuum ambient of 6×10-6 torr at room temperature.

4.6.2. Results and discussion
In this section, the current density (J)-applied voltage (V) characteristics and the optical
performances of a FEOLED with Electron Multiplier are studied experimentally.
Fig.11 (a) shows the J-V characteristics of two OLEDs, one with LiF and the other with
CS2CO3 as the electron injection layer when Soled is closed and Sext is open ( Fig10). To
enhance the OLED performance, the CS2CO3 is used instead of LiF as the electron injection
material. The optimal thickness of CS2CO3 has been characterized and found to be 1 nm.
Under the same driving voltage of 10 V, the OLED with the electron injection layer of
CS2CO3 (1.0 nm) can get the current density of 93 mA/cm2 which was higher than that of
OLED with the electron injection layer of LiF (0.7 nm). The better performance of OLEDs
with Cs2CO3 can be attributed to Cs having a low-work function of 2.14 eV relative to Li (2.9
eV) [50]. The electron injection layer of Cs2CO3 in OLEDs seems to have induced strong ndoping effects in Alq3 and ultimately increases the electron concentrations in the electronstransport layer of Alq3. Moreover, OLED with an increased thickness of Cs2CO3 to 2 nm
have shift the J-V curve to a lower current density. Notably, the OLEDs performance
depends on the thickness of the Cs2CO3 layer.
Fig.11 (b) shows the luminance (L)-applied voltage (V) characteristics of the same two
OLEDs with LiF and CS2CO3 as the electron injection layer when Soled is closed and Sext is
open ( Fig10). According to Figure (b), the OLED with Cs2CO3 (1 nm) as the electron
injection layer can achieve a high luminance of 10,820 cd/m2 and a high EL efficiency of 12
cd/A at 10 V. In contrast, OLED with a LiF layer can achieve a luminance of 5,821 cd/m2 and
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an EL efficiency of 10.2 cd/A at 10 V. This demonstrates very clearly that the OLEDs, in
which Cs2CO3 is used as an electron injection layer, show an excellent performance. It
indicates that electrons are effectively injected from the cathode to the organic layer due to
the lower electron injection barrier, which improves the charge carrier balance and
subsequently increases the device efficiency.

Figure 11. (a) Current density (J)-Applied voltage (V) at SOLED closes and Sext is open and (b)
Luminance (L)-Applied voltage (V ) at Soled=closes and Sext is open(Fig.10)

Figure 12. The field emission current versus electric field (J-E) characteristics of a CNTs template when
Soled is open and Sext is closed, (Eext=Vext/d) (Fig. 10)

Fig. 12 shows the field emission current versus electric field (J–E) characteristics of a CNTs
template. The CNTs template is made as an external electron source for FEOLED [51]. A
field emission current density of approximately 127mA/cm2 is produced at an electric field
of 1.86 V/μm. The enhanced current density can be attributed to the satisfactory adhesion
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between CNTs and the ITO glass substrate. The current density increases with the electric
field. Based on the above results, the amount of electrons injected into the Al electrode can
be determined by adjusting the electrical field (Fig.10, Vext), which is applied to the CNTs
template. Detailed operations of FEOLEDs can be described as follows. Initially, Soled is
turned on to drive the OLED shown in Fig.10. The OLED emits a luminance of 10,820 cd/m2
as the driving voltage reaches 10 V and, simultaneously, Sext is switched on to attract the
electrons emitted from the CNT emitters.
Fig.13 shows the luminance-current density characteristics of OLEDs and FEOLEDs. The
curve in section A displays the characteristics of a conventional OLED (S0led=close, Sext=open,
as shown in Fig.10), where sections B and C show the FEOLED (Soled=close, Sext=close, as
shown in Fig.10). At a driving voltage of 10 V on an OLED, the luminance is enhanced from
10,820 cd/m2 to 27,393 cd/m2 while Sext is turned on. Obviously, applying an electrical field
(Eext) to the CNTs template can enhance the generation of the field emission electrons into
the OLED. Additionally, the current density of OLED is increased by the supplementary
electrons into the multilayer of the organic light emitting layer with the external electron
source (Soled=close, Sext=close, as shown in Fig.10). Moreover, the current density of the
OLED (Voled=10 V) with the external electron source increases from 93 mA/cm2 (Eext=0.8
V/μm) to 184.5 mA/cm2 (Eext=1.7 V/μm), and the luminance also increases from 10,820 cd/m2
to 27,393 cd/m2 simultaneously, as shown in Fig.13 (hole block line)
According to the above characteristics of FEOLED in comparison with the OLED under the
same operating current density (120mA/cm2), the FEOLED exhibits a higher luminous
efficiency of 18.6 cd/A than the luminous efficiency of 11.42 cd/A for OLED, as shown in
Fig.14. The FEOLED results can be attributed to the external electron injection into the
multilayer organic layer of OLED, thus balancing the hole and electron. Furthermore,
increasing the quantity of electrons by using an external electron source significantly
increases the current density of OLED and makes the luminance efficiency higher than that
of conventional OLED.

Figure 13. The Luminance (L)-Current density (J)-Electric field (E) of the OLED and FEOLED devices at
both Soled and Sext close (Eext=Vext/d) (Fig. 10)
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Figure 14. The Luminous efficiency (η)- Current density (J)-Electrical field (E) of the OLED and
FEOLED devices at both Soled and Sext close (Eext=Vext/d)

In a FEOLED, the electrical field under vacuum condition, accelerates the electrons emitted
from the CNTs cathode to affect the secondary electron material of CsI; they then pass
through the Al and transport are transported through the organic EL light emitting layer.
Field emission electrons with a sufficiently large electron energy supplement into OLED to
increase the current density. Notably, increasing the number of the electrons that reach the
organic EL light emitting layer also increases the luminous efficiency of the OLED.
Therefore, the ways in which the OLED and FEOLED differ can be easily observed under
the same current density. The luminance of FEOLED exceeds that of conventional OLED, as
shown in Fig.13. Our results further demonstrate that the curve of the FEOLED becomes
gradually saturated, especially for section C. Notably, injecting external electrons into the
OLED continuously does not allow the luminance of the FEOLED to increase linearly with
the current density since the quantity of electrons is larger than in the hole in section C. The
carrier has become imbalanced again, subsequently decreasing the luminance. Furthermore,
the electronic behavior shown in the FEOLED, it can be further demonstrates the amount of
electrons is less than holes.
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As describe above, we can see that the characteristics of the OLED and the FEOLED are
listed by Table 1, respectively.

Table 1. (1) The characteristics of the OLED and (2) The characteristics of the FEOLED

5. Conclusion and future direction
This work presents a novel FEOLED had further increase the luminous efficiency of OLEDs.
The characteristics of an OLED constructed in the FEOLED device are optimized by
inserting a thin Cs2CO3 electron injection layer between the Alq3 and Al electrode.
Experimental results indicate that the external field emission electrons can enhance the
luminance in FEOLED efficiently owing to balanced recombination of electrons and holes.
Additionally, FEOLED achieves a higher luminous capability than that of OLED under the
same current density. Mechanism detection of the FEOLED further reveals that the amounts
of holes are more than that of electrons in the emission layer of an OLED device.
Furthermore, the secondary electron material CsI deposited onto the Al electrode in a
FEOLED can provide multiple electrons as well as prevent the organic layer from electrons
bombardment. The proposed device’s construction is extremely important for characterizing
the emission mechanism of the FEOLED.
Another objective of this chapter is to provide background knowledge to readers from the
different fields to stimulate new ideas. For example, the flexible photovoltaic OLED
(PVOLED) and a tandem of organic solar cell (OSC) and white organic light emitting diode
(WOLED), although not addressed here, are now emerging. In PVOLEDs, the power
recycling efficiency of 10.133 % is achieved under the OLED of PVOLED operated at 9V and
at a brightness of 2110 cd/m2,when the conversion efficiency of OSC is 2.3%.[52]. In a
tandem of OSC and WOLED, which can be fabricated to generate electricity as well as
lighting for domestic and commercial uses [53].
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Polarized Light-Emission
from Photonic Organic Light-Emitting Devices
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1. Introduction
Since the early pioneering work on efficient Organic Light-Emitting Devices (OLEDs) that
was based on both small molecules and polymers, OLEDs have attracted a great deal of
research interest due to their promising applications in full-color flat-panel displays and
solid-state lighting [1-5]. Intensive research has been conducted into the development of
OLEDs for realizing strong and efficient electroluminescent (EL) emission. To date, almost
all previous work carried out on organic EL emission has involved unpolarized EL
emission. Nevertheless, a number of researchers have reported the results of experiments in
which linearly polarized EL emissions have been observed [6-17]. This particular avenue of
research has been considered to be important because polarized EL emission from OLEDs is
of potential use in a range of applications, not just those limited to high-contrast OLED
displays, but also in efficient backlight sources in liquid crystal (LC) displays, optical data
storage, optical communication, and stereoscopic 3D imaging systems [17]. In order to
design and manufacture these novel light-emitting devices, a high degree of polarization
ratio (PR) of emitting light is required, which has to be at least 30 ~ 40:1, between the
brightness of two linearly polarized EL emissions that are parallel and perpendicular to the
polarizing axis. Most cases of linearly polarized EL emission have been achieved through
the use of uniaxially oriented materials, such as LC polymers or oligomers, incorporated
within emissive layers. Methods that are commonly used for the uniaxial alignment of such
layers include the Langmuir-Blodgett technique [6], rubbing/shearing of the film surface [7,
8], mechanical stretching of the film [9, 10], orientation on pre-aligned substrates [11, 12],
precursor conversion on aligned substrates [13], epitaxial vapor deposition [14], and the
friction-transfer process approach [15, 16]. Although there have been a number of such
efforts to achieve linearly polarized EL emission, the polarization ratio and the device
performance (in terms of brightness and efficiency) reported are still insufficient for most
applications.
© 2012 Park, licensee InTech. This is an open access chapter distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Here we introduce an approach different from the conventional methods using uniaxially
oriented materials. As an alternative, for the purpose of improving device performance, we
suggest a technique to control the polarization of light emitted from OLEDs that are
achieved using an anisotropic photonic crystal (PC) film. It has been predicted that in
anisotropic PCs, the photonic band structure splits with respect to the state of polarization
of the interacting light, in contrast to the degenerated band structure of conventional
isotropic PCs, in which a certain energy range of photons is forbidden, giving rise to a
photonic band gap (PBG) [18-20]. Of these applications, the study of light emission at the
PBG edge is particularly attractive, as a result of the fact that the group velocity of photons
approaches zero and the density of mode changes dramatically at the PBG edge [21-24]. The
combination of PCs with OLEDs has also been reported to achieve high out-coupling
emission efficiency, as achieved in the micro-cavity OLEDs or multi-mode micro-cavity
OLEDs [25-27]. Moreover, by employing the anisotropic photonic structure, one may also
obtain the polarized emission of EL light.
In this chapter, we describe in brief a technique to control the polarization of EL light
emitted from photonic OLEDs that make use of a Giant Birefringent Optical (GBO) [28]
multilayer reflective polarizer [29-31] as the anisotropic PC film. When a large degree of
birefringence is introduced into the in-plane refractive index between adjacent material
layers of a multilayer photonic system, GBO effects begin to occur [28]. Pairs of groupings of
adjacent layers (unit cells) can produce constructive interference effects when their
thicknesses are scaled properly to the wavelength of interest. These interference effects in
multilayered structures result in the development of alternating wavelength regions of high
reflectivity (reflection bands) adjacent to wavelength regions of high transmission (pass
bands) [28]. A significant optical feature of these multilayer interference stacks is the
difference in the refractive index in the thickness direction (z axis) relative to the in-plane
directions (x and y directions) of the film. By appropriate adjustment of the refractive indices
of the adjacent layers, it is possible to construct a GBO multilayer reflecting polarizer using
an interference stack that is composed of multiple layers of transparent polymeric materials
[28]. The reflection band of the GBO polarizer exhibits a unique optical property, where the
reflectivity of interference polarizers either remains constant or increases with increasing the
angle of incidence. Furthermore, a graded unit cell thickness profile is normally used to
create a wider reflective band that accommodates wavelengths from the blue through to the
green and red color regions [28]. Such a multilayer polymer polarizer may routinely be used
for optical applications that require high reflectivity and wavelength selectivity. As an
example of this application, GBO multilayer polarizers have been used to create reflective
polarizers that make LC displays brighter and easier to view. By using this property of the
GBO polarizer, one might obtain highly linearly polarized EL light emission over a wide
range of optical wavelengths. These anisotropic photonic effects of GBO cause the reflecting
band structure to be polarized, and thus make it possible to show that such a combined
OLED device can achieve polarized light-emission with high brightness and efficiency,
resulting in a high PR value even for wideband EL emission from white light-emitting
OLEDs (WOLEDs).
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2. Polarized photonic OLEDs with GBO films
Three kinds of polarized photonic OLEDs are presented here to demonstrate the use of the
GBO film in the highly polarized OLEDs, exhibiting high brightness and efficiency.

2.1. OLEDs on the GBO polarizer substrates
In this section, we describe the polarization of EL light emitted from OLEDs that use a
flexible GBO multilayer reflecting polymer polarizer substrate, instead of the conventional
isotropic glass substrate. By using such a substrate, we demonstrate the potential for highly
polarized light emission from OLEDs. Luminous EL emissions are produced from the
polarized photonic OLEDs, and the direction of polarization for the emitted EL light
corresponds to the polarizing axis (transmission axis or passing axis) of the GBO reflecting
polarizer. The estimated polarization ratio between the brightness of two linearly polarized
EL emissions parallel and perpendicular to the polarizing axis can be achieved as high as 25
for the OLEDs on GBO substrates.

Figure 1. (a) Photograph showing the flexible transparent GBO reflecting polymer polarizer film and
(b) SEM image of the cross-section of the studied GBO film.

2.1.1. Device fabrication and materials used
Sample OLEDs were prepared by placing an EL layer between an anode and a cathode on a
flexible GBO reflecting polarizer film in the following sequence: GBO reflecting polarizer
film substrate / thin semi-transparent Au anode / hole-injecting buffer layer / EL layer /
electron-injecting layer / Al cathode. For the GBO reflecting polarizer film, a commercial
multilayer reflecting polymer polarizer film (3M) has been used. The film is approximately
90 m thick, and the wavelength of the reflection band is found to be in an approximate
range of 400 ~ 800 nm. This film is normally used in an LC display backlight unit as a
reflecting polarizer film. After routine cleaning of the GBO reflecting polarizer film using
ultraviolet-ozone treatment, a flexible semi-transparent thin Au layer was deposited (90 nm,
40 ohm/square) by sputtering onto the GBO reflecting polarizer to form the anode. This Au
anode is used in preference to the typical rigid indium-tin-oxide (ITO) anode in order to
preserve the flexibility of the GBO polarizer substrate. The optical transmittance of the Au
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electrode is about 60 % in the visible wavelength region. A solution of PEDOT:PSS (poly(3,4ethylenedioxythiophene): poly(4-styrenesulphonate), Clevios PVP. Al 4083, H. C. Starck
Inc.) is spin-coated onto the Au anode in order to produce the hole-injecting buffer layer.
Subsequently, to form an EL layer, a blended solution is also spin-coated onto the
PEDOT:PSS layer. This blended solution consists of a host polymer of poly(vinylcarbazole)
(PVK), an electron-transporting 2-(4-biphenylyl)-5-(4-tert-butylphenyl)-1,3,4 oxadiazole
(Butyl-PBD), a hole-transporting N,N'-diphenyl-N,N'-bis(3-methylphenyl)-1, 1'biphenyl-4,4'diamine (TPD), and a phosphorescent guest dye of Tris(2-phenylpyridine) iridium (III)
(Ir(ppy)3), whose emission peak wavelength is ~510 nm with a full width at half maximum
(FWHM) of ~85 nm [32]. A mixed solvent of 1,2-dichloroethane and chloroform (mixing
weight ratio 3:1) is used for the solution. The thicknesses of the PEDOT:PSS and EL layers
are adjusted to be about 40 nm and 80 nm, respectively. In order to form the electroninjecting layer, a ~1 nm thick Cs2CO3 interfacial layer is formed on the EL layer using
thermal deposition (0.02 nm/s) at a base pressure of less than 2 × 10-6 Torr with a shadowmask that had 3 × 3 mm2 square apertures. Finally, a pure Al (~50 nm thick) cathode layer is
deposited on the interfacial layer using thermal deposition under the same vacuum
conditions. For comparison, we have also fabricated a reference device using a glass
substrate in place of the GBO polarizer substrate. Apart from using different substrate
materials, the reference devices are fabricated in exactly the same way as the sample OLED
on the GBO polarizer substrate. Once the fabrication of OLEDs thus completed, the optical
transmittance and reflectance spectra are measured using a Cary 1E (Varian) UV-vis
spectrometer and a multichannel spectrometer (HR 4000CG-UV-NIR, Ocean Optics Inc., 0.25
nm resolution). A combination of a polarizer and an analyzer is also used to investigate the
polarization of the light emitted from the sample device. A Chroma Meter CS-200 (Konica
Minolta Sensing, INC.) and a source meter (Keithley 2400) have been used for measuring the
EL characteristics.

2.1.2. Results and discussion
Figure 1(a) shows a photograph of the flexible GBO reflecting polarizer substrate used in
this study. As shown in Fig. 1(a), the GBO substrate is easy to bend and quite transparent, in
contrast to conventional linear dichroic polarizer film made from light-absorptive materials.
Figure 1(b) shows a scanning electron microscopy (SEM) image of the cross-sectional
structure of the GBO polarizer film. The SEM image shows clearly that the uniform layers of
two alternating layered elements [a/b] are formed in multiple stacks with different refractive
indices, (nax, nay, naz) and (nbx, nby, nbz). The optical anisotropy of the GBO polarizer may be
seen by inspecting the polarized microphotograph of the GBO film between crossed
polarizers at four angles of sample rotation of the GBO film substrate, as shown in Figure
2(a). This figure shows that the GBO film has a clear optical birefringence. We can define the
orientation of the two optical axes, x and y, for the GBO film from the darkest views of the
polarized microphotographs. The polarized transmittance spectra from the GBO polarizer
film have then been observed for the two incident lights polarized linearly along the x and y
axes, as shown in Figure 2(b). From this figure, it is clear that the nature of the reflection
bands depends strongly on the polarization of the incident light, and the polarized
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transmission spectra are thus quite different from each other. When measured in the y
direction, the transmission spectrum shows a strong and broad reflection band, while in the
x direction, there is no reflection band in the wide visible wavelength range (350 ~ 800 nm)
that incorporates red, green, and blue light. This significant difference between the reflection
bands clearly indicates that in a GBO reflecting polarizer film, the refractive indices of
alternating layers are matched along both the x- and z- axes and mismatched along the yaxis. It is thus evident that the birefringence causes the reflecting band structure to be
polarized and that the x and y axes represent the ordinary (o) and extraordinary (e) axes,
respectively. Note that the o axis is consistent with the polarizing axis (or passing axis) and
the e axis represents the blocking axis of the GBO reflecting polarizer. The average extinction
ratio of the GBO reflecting polarizer used was estimated to be about 16:1 in the wavelength
region between 470 and 700 nm.

Figure 2. (a) Polarized microphotographs under crossed polarizers at four angles of sample rotation of
the flexible GBO reflecting polymer polarizer film. (b) Polarized transmittance spectra for incident light
polarized linearly along the x (ordinary) and y (extraordinary) axes.

On the design outlined above, we have prepared samples of OLEDs on the GBO reflecting
polarizer substrate. In order to study the EL characteristics of the sample OLEDs, we have
observed the current density-luminance-voltage (J-L-V) characteristics, as shown in Figure
3(a). It is clear from this figure that both the charge-injection and turn-on voltages are below
4.0 V, with sharp increases in the J-V and L-V curves. The EL brightness reaches ~4,500 cd/m2
at 14.5 V. This performance of the sample OLED with respect to luminescence is nearly the
same as that of the reference device using a conventional linear dichroic polarizer film,
which shows ca. 5,000 cd/m2 at 14.5 V. In contrast, as shown in Figure 3(b), the peak
efficiencies (6.1 cd/A and 2.0 lm/W) of the sample OLED are much higher than those of the
reference device (2.3 cd/A and 0.6 lm/W). The relatively high efficiencies of the sample
device may be caused by the improved transition probability of exciton (singlet and triplet)
relaxation with respect to the polarization along the transmission axis due to the reduced
transition probability of exciton relaxation with respect to the polarization perpendicular to
the transmission axis [20, 33].
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Figure 3. (a) Current density-voltage and luminance-voltage characteristics and (b) current efficiencyvoltage and power efficiency-voltage characteristics of the sample OLED on the flexible GBO reflecting
polarizer. The dotted curves show the characteristics of the reference device.

In order to interpret the observed EL characteristics of our sample device, we have also
measured its polarization characteristics, as shown in Figure 4. Figure 4(a) shows the
polarized EL emission spectra for the polarizations along the o (EL||) and e (EL┴) axes at
normal incidence (0o). The curves represented by the dotted lines show the total spectra (o +
e). It may be seen that the broad emission spectra are quite similar to that of the reference
device, which coincides with the EL emission spectra of conventional OLED devices that
have been reported elsewhere [32]. This figure also shows that polarized EL emission
spectra strongly depend on the polarization state (EL|| and EL┴), and that the sample OLED
exhibits highly polarized EL emission over the entire range of emission from 470 nm to 650
nm. The EL polarization ratio (PR) of the integrated intensities of the parallel (EL||) and
perpendicularly (EL┴) polarized EL emission is approximately 25. This ratio is significantly
higher than that of the reference device which shows a PR of 1 (unpolarized light emission).
Here, the PR is deduced using the ratio of the intensities, which were measured with
polarization parallel and perpendicular to the passing axis of the GBO film, respectively, i.e.
PR = EL|| / EL┴. These results show that this technique for assembling polarized OLEDs,
which utilizes a GBO reflecting polarizer, is at least as good as the previous approach, which
uses the alignment of uniaxially oriented polymers or oligomers.
Figure 4(b) shows the relative polarized L-V characteristics of the same OLED for the
polarizations along the o and e axes. This figure also gives quantitative results for polarized
light emissions that were observed along the o (||) and the e (┴) axes. The highly polarized LV characteristics give a high averaged PR value of 25 over the whole brightness range. (See
Figure 5)
Next, as shown in Figure 6 are photographs of the operating polarized OLED sample (3 × 3
mm2, 10 V) with the polarization along the o (EL||, left) and e (EL┴, right) axes of the flexible
GBO reflecting polarizer substrate. It may be seen from the figure that under a rotatable
linear dichroic polarizer (left), the OLED is relatively more luminous and highly polarized
along the ordinary axis of the GBO polarizer substrate. From these results, we may conclude
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that a flexible polarized OLED with a high polarization ratio can be fabricated successfully
using the GBO reflecting polarizer substrate.

Figure 4. (a) Polarized EL emission spectra along the o (EL||, blue solid curves) and e (EL┴, red solid
curves) axes for the fabricated polarized OLED. The dotted curves show the total emission spectra (o +
e). (b) The relative L-V characteristics for polarization along the o (EL||) and e (EL┴) axes of EL emission.

Figure 5. The polarization ratio characteristics obtained using the L-V characteristics shown in Fig. 4(b).

Figure 6. Photographs showing the operating polarized OLED sample (3 × 3 mm2, 10 V) for the
polarizations along the o (EL||, left) and e (EL┴, right) axes of the flexible GBO reflecting polarizer
substrate under a rotating linear dichroic polarizer film. The passing axis represents the polarizing axis
(or transmission axis) of the linear dichroic polarizer.
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2.1.3. Summary
In this section, we have presented the results of a flexible, polarized, and luminous OLED
using a flexible GBO substrate. It is shown that EL brightnesses over 4,500 cd/m2 can be
produced using the sample OLED, with high peak efficiencies in excess of 6 cd/A and 2
lm/W. The polarization of the emitted EL lights from the sample OLED corresponds to the
passing axis of the GBO polarizer substrate used. Furthermore, it is also shown that a high
polarization ratio of up to 25 can possibly be achieved over the whole emission brightness
range. These results show that use of GBO reflector enables the development of flexible
OLEDs with highly polarized luminescence emissions.

2.2. OLEDs with a quarter waveplate film and a GBO polarizer film
We present here an alternative approach to achieving highly linearly polarized EL emission
by resorting again on GBO films. We present a simple polarized OLED that can be driven by
a ‘photon recycling’ concept, which is similar to that developed by Belayev et al [34]. We
apply a quarter-wave retardation plate (QWP) film and a GBO reflective polarizer to a nonuniaxial OLED. The QWP film used in our study is a sheet of a birefringent (double
refracting) material, which creates a quarter-wavelength (/4) phase shift and can change the
polarization of the light from linear to circular and vice versa. Our combination of the QWP
film with a GBO reflective polarizer has enabled us to achieve a high degree of linear
polarization with high brightness and efficiency.

Figure 7. Schematic structures of polarized EL emitting OLEDs. Type 1: simple structure of a polarized
OLED with a GBO reflective polarizer, Type 2: Combined structure of a polarized OLED with a QWP
(/4 plate) film and a GBO reflective polarizer.

A schematic configuration of the device structure, designed to achieve highly linearly
polarized EL emission is shown as Type 2 in Figure 7. For comparison, we have also shown
the Type 1 device in Fig. 7, which is presented above in section 2.1. In this Type 2 device a
QWP film and a GBO reflective polarizer are assembled on an OLED device, at an angle of
45o between the fast optic axis of the QWP film and the passing axis (↕) of the GBO
polarizer, as shown in Fig. 7. Then the unpolarized EL light generated from the OLED gets
linearly polarization state by QWP and GBO polarizer, as follows; The EL emission that is
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polarized along the direction parallel to the passing axis (↕) of the GBO polarizer is
transmitted through GBO, whereas the other EL polarized perpendicular (☉) to the passing
axis of the GBO polarizer is reflected back selectively as a result of the photonic band of the
GBO polarizer. This reflected light changes its polarization to circular (i.e., right-handed
circularly polarized light) after its transmission through the QWP film. The sense of the
rotation of this right-handed circularly polarized EL light is then changed by reflecting it
from the surface of the metal cathode, i.e., it now becomes left-handed circularly polarized
light. Finally, by retransmitting it through the QWP film, the polarization of the light is
again changed from left-handed circularly polarized to linearly polarized (↕). Now as the
direction of polarization becomes parallel to the passing axis of the GBO it is transmitted
through the GBO reflective polarizer. By this method, all generated EL light can be
transmitted through the GBO reflective polarizer, has linear polarization (↕) along the
passing axis of the GBO polarizer.

2.2.1. Device fabrication and materials used
The polarized OLEDs are prepared by placing an organic EL layer between an anode and a
cathode on a glass substrate, together with a QWP film and a GBO reflective polarizer, in the
following sequence: GBO reflective polarizer / QWP film / glass substrate / transparent ITO
(80 nm, 30 Ω/square) anode / hole-injecting buffer layer / EL layer / electron-injecting layer /
Al cathode (Type 2). A commercial QWPfilm (Edmund Sci.) approximately 110 m thick
and with a central operating wavelength of about 500 nm has been used. After a routine
cleaning of the ITO substrate using wet (acetone and isopropyl alcohol) and dry (UV-ozone)
processes, a solution of PEDOT:PSS is spin-coated onto the ITO anode in order to produce
the hole-injecting buffer layer. Subsequently, in order to form an EL layer, a blended
solution is also spin-coated onto the PEDOT:PSS layer. This blended solution consisted of a
host PVK polymer, an electron-transporting butyl-PBD, a hole-transporting TPD and a
phosphorescent guest dye of Ir(ppy)3. A mixed solvent of 1,2-dichloroethane and chloroform
(mixing weight ratio 3:1) was used for the solution. The thicknesses of the PEDOT:PSS and
EL layers were adjusted to about 40 nm and 80 nm, respectively. In order to form the
electron-injecting layer, a ~2 nm thick Cs2CO3 interfacial layer was formed on the EL layer
using thermal deposition (0.02 nm/s) at a base pressure of less than 2 × 10-5 Torr. Finally, a
pure Al (~50 nm thick) cathode layer was formed on the interfacial layer using thermal
deposition by means of a shadow-mask that had square (3 mm × 3 mm) apertures under the
same vacuum conditions. After the Al cathode had been formed, the QWP and the GBO
films were attached sequentially to the ITO glass substrate using index-matching oil. In
order to assess the effectiveness of our device, we also fabricated unpolarized conventional
reference devices, using exactly the same method as for the polarized OLEDs but without
the GBO and QWP films (1st reference device). For further comparison, 2nd reference device
was also fabricated using only the GBO film Type 1, Fig. 7). It may be noted that in both
type 1 and type 2 devices, the organic layer structure and organic materials used are
identical, and thus, electrical characteristics such as the current density-voltage (J-V) curve
are identical.
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Figure 8. (a) Photographs of the transparent QWP film (left) and GBO reflective polarizer (right). (b)
Polarized microphotographs at four angles of sample rotation of the QWP film.

2.2.2. Results and discussion
Figure 8(a) shows a photograph of the QWP film and the GBO reflective polarizer used in
this study. As it can be seen the QWP film and GBO reflective polarizer are quite
transparent. In Fig. 8(b), the optical anisotropy of the QWP film is shown in the polarized
microphotograph obtained between crossed polarizers for four angles of rotation. Figure
8(b) shows that the QWPfilm has a clear optical birefringence. The two darker views of the
polarized microphotographs enable us to obtain the orientation of the two optical axes for
the QWP film.

Figure 9. (a) Polarized L-V characteristics. (EL|| blue and EL┴ red) (b) Current efficiency-voltage
characteristics of the polarized OLEDs (solid curves). The dotted curves show the characteristics of the
2nd reference device.

The performance of the polarized OLEDs thus fabricated with the QWP film and the GBO
reflective polarizer are presented here. Figure 9(a) shows the polarized L-V characteristics of
the fabricated OLEDs for the polarizations along the passing (EL||, blue curves) and the
blocking (EL┴, red curves) axes. The figure indicates that the turn-on voltages are below 4.0
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V (1 cd/m2 in Fig. 9(a)) with sharp increases in the L-V curve for polarization parallel to the
passing axis. The polarized EL brightness (EL||) reaches ~13,400 cd/m2 at 17.0 V. This
performance with respect to luminescence approaches the luminescence of ca. 18,500 cd/m2
at 17.0 V for the unpolarized 1st reference device, in which the QWPfilm and the GBO
polarizer are omitted. The polarized L-V curves shown here also give quantitative results for
the polarized light emissions observed along both the passing and blocking axes. As shown
in Fig. 9(a), the highly polarized L-V characteristics for the polarized OLEDs give a high
average PR of at least 40 over the whole voltage range (4.0 ~ 17 V). This ratio is significantly
higher than that of the 1st and 2nd reference devices, which show PR of 1 (i.e., unpolarized
light) and 7.53, respectively. Fig. 9(a) also shows that the EL emission polarized along the
passing axis reaches only ca. 5,000 cd/m2 at 17.0 V for the 2nd reference OLED which only has
the GBO polarizer. This performance of the 2nd reference OLED with respect to polarized
luminescence along the passing axis of the GBO is only about the half. This relatively low
brightness of the 2nd reference device is due to the absence of the ‘photon recycling’ effect
mentioned above. It may also be seen that the EL brightness polarized along the blocking
axis for the polarized OLEDs is further reduced compared with that of the 2nd reference
OLEDs, as shown in Fig. 9(a). This is due to the reduced light intensity polarized along the
blocking axis in the polarized device, following the change in the polarization to a direction
parallel to the passing axis. Similarly, as shown in Figure 9(b), the peak efficiencies (10.3
cd/A and 3.63 lm/W) of the EL emission polarized along the passing axis for the polarized
OLED are nearly double of that of the 2nd reference device (4.0 cd/A and 1.71 lm/W), while
the efficiency of the EL emission polarized along the blocking axis for the polarized device is
further reduced compared with that of the 2nd reference OLED.
We also measured the polarization characteristics and Fig. 10(a) shows the polarized EL
emission spectra for polarizations along the passing (EL||, blue solid curves) and blocking
(EL┴, red solid curves) axes at normal incidence, for an applied voltage of 10 V. It may be
seen that the broad emission spectra are almost the same as those of the reference devices
and conventional OLED devices reported elsewhere [32]. This figure also shows that the
polarized EL emission spectrum depends very much on the polarization state, and that the
polarized OLED shows highly polarized EL emission over the whole emission spectrum
range. For the polarized device, PR of the integrated intensities of the EL|| and EL┴ lights is
always greater than 40. It may therefore be concluded that our polarized OLEDs a QWP film
and GBO reflective polarizer incorporated perform extremely well. Fig. 10(b) shows the PRL characteristics of our polarized OLEDs. As shown in Fig. 10(b), in comparison with PR =
7.5 of the 2nd reference device our polarized device has a PR of over 40 in the whole
brightness range.
The operation of the 2nd reference and polarized OLEDs (3 mm × 3 mm, 10 V) for
polarizations along the passing and blocking axes of the GBO reflective polarizer is shown
in Fig. 11. It may be seen from the figure that under a rotation of linear dichroic polarizer,
right OLED is more luminous (left fig.) and more highly polarized along the passing axis of
the GBO polarizer in comparison to the left 2nd reference device (right fig.). All these results
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demonstrate a successful fabrication of a highly polarized OLED with a high PR (> 40),
using a QWP film and a GBO reflective polarizer.

Figure 10. (a) Polarized EL emission spectra along the passing and blocking axes. (b) Polarization ratios
of the polarized OLED (blue curve) against luminance. The points in red show the characteristics of the
2nd reference device.

Figure 11. Photographs of the operating 2nd reference (left) and polarized (right) OLEDs for
polarizations along the passing (EL||) (a) and the blocking (EL┴) (b) axes of the GBO reflective polarizer
under a rotating linear dichroic polarizer film. The white arrow represents the transmission axis of the
linear dichroic polarizer and the blue arrow represents the transmission axis of the GBO polarizer.

2.2.3 Summary
In summary, we have described the fabrication and operation of a polarized and luminous
OLED using the combination of a QWP retardation film and a GBO reflective polarizer. A
peak polarized EL brightness of over ca. 13,000 cd/m2 is produced from the polarized OLED,
with high peak efficiencies in excess of 10 cd/A and 3.5 lm/W. The polarization direction of
the EL light emitted from the polarized OLED corresponds to the passing axis of the GBO
polarizer used. Furthermore, it has also been shown that a high polarization ratio greater
than 40 is possible over the whole emission brightness range. These results show that using
the QWP film and GBO reflective polarizer we can develop bright OLEDs with highly
polarized luminescence emissions.
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2.3. Polarized white OLEDs with achromatic QWP films on GBO substrates
Here we describe the third technique that can be used to achieve high linearly polarized
white EL emission based on the 'photon recycling' concept [34] for a wide visible
wavelength range including red, green, and blue light. We apply a GBO reflective polarizer
to a WOLED with a broadband (achromatic) QWP film whose phase retardation is
maintained at /2 for a wide range of wavelengths, in contrast to the narrow band QWP
used in section 2.2. The applied achromatic QWP film also creates a phase shift of a quarter
of a wavelength (/4), and can change the polarization of the broad EL emission from linear
to circular, and vice versa.
The configuration of the device is shown in Figure 12(a), which is nearly identical to Type 2
in presented in section 2.2 as shown in Figure 7. Here an achromatic QWP film and a GBO
reflective polarizer are attached to a WOLED with an angle of 45° between the fast optic axis
of the QWP film and the passing axis (↕) of the GBO polarizer. From the unpolarized EL
light generated from the WOLED EL (EL||) polarized along the direction parallel to the
passing axis (↕) of the GBO polarizer is transmitted through the GBO polarizer. The EL (EL┴)
polarized perpendicular (☉) to the passing axis of the GBO polarizer is reflected selectively
by the wide photonic band of the GBO polarizer. The polarization of this reflected light is
changed to right-handed circular (R) after its transmission through the achromatic QWP
film. The sense of rotation of this circularly polarized EL light is then reversed to lefthanded circular (L) by reflecting it from the surface of the metal cathode. Then by
retransmission of this light through the achromatic QWP film changes its polarization again
from circularly to linearly polarized (↕), which can be transmitted through the GBO
reflective polarizer. This method allows nearly all the generated white EL light to be
transmitted through the GBO reflective polarizer with a direction of linear polarization (↕)
parallel to the passing axis of the GBO polarizer.

Figure 12. (a) Polarized WOLED (S) combined with an achromatic QWP (/4 plate) film and a GBO
reflective polarizer: Type 2 and (b) Unpolarized EL spectra of the WOLED used for the polarized
WOLEDs.
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2.3.1. Device fabrication and materials used
The polarized WOLEDs were prepared by fabricating organic layers between an anode and
a cathode on a glass substrate, together with a commercially available achromatic QWP film
and a GBO reflective polarizer. The QWP film was approximately 110 m thick, and the
range of its operating wavelengths were approximately 420 ~ 650 nm. After routine cleaning
of the ITO (150 nm, 10 Ω/square) substrate using both wet (acetone and isopropyl alcohol)
and dry (O2 plasma) processes, the organic layers were deposited on the ITO anode to form
the structure of the tandem hybrid WOLED: ITO anode / short reduction layer (5 nm) / hole
injection layer 1 (10 nm) / hole injection layer 2 (25 nm) / fluorescent blue-light emitting
material layer (10 nm) / 8-hydroxy-quinolinato lithium (Liq)-doped electron injection layer
(20 nm) / Li doped electron injection layer (20 nm) / hole injection layer 3 (10 nm) / hole
transporting layer (55 nm) / phosphorescent green- and red-light emitting material layer (25
nm) / hole blocking layer (10 nm) / Liq doped electron injection layer (30 nm) / Al cathode. This
is similar to the structure reported in reference [35]. The organic layers and Al cathode (150
nm) were deposited consecutively by thermal evaporation in a chamber with a base pressure
of less than 1 × 10-6 Torr by means of a shadow-mask with square (1 mm × 1 mm) apertures.
When the cathode was ready, the achromatic QWP and the GBO films were combined
sequentially to the fabricated WOLEDs (device S). For comparison, we also fabricated
reference devices, using exactly the same method as for the WOLEDs, but with only the GBO
film (reference device R). The structure of the organic layer and the organic materials used
were identical for each of the devices described herein. Figure 12(b) shows the white-light EL
spectra (unpolarized) observed for the fabricated WOLED, in which three balanced emission
peaks may be seen at 463 (blue), 503 (green), and 563 (red) nm. The spectral shape of the EL
spectrum emitted from the device did not change significantly with applied voltage, and the
color coordinates varied by less than 10% for the applied voltages between 7 ~ 14 V.

Figure 13. Phase retardation () of the broadband achromatic QWP film used in this study.

2.3.2. Results and discussion
The phase retardation () of the achromatic QWP film used in this study is measured by
observing the transmission T (T = 1/2 sin2(2 sin2(/2)) through the QWP film placed
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between crossed polarizers. Here,  represents the angle between a fast axis of the
achromatic QWP film and a transmitting axis of the polarizer. The measured results are
shown in Figure 13. This figure shows clearly that the phase retardation of the achromatic
QWP film is about /2. Although the retardation decreases slightly as the wavelength
increases, the QWP film has a nearly uniform phase retardation of a quarter of a wavelength
(/4) in a wide visible range of wavelengths (420 ∼ 650 nm) that includes blue, green, and red
light.

Figure 14. (a) J-V and (b) polarized L-V characteristics of Reference (R, dotted curves) and Sample (S,
solid curves) WOLEDs.

Figure 14(a) shows the J-V curves of the fabricated WOLED devices S and R. For all the
WOLEDs described herein, the organic layers used are the same, and the electrical
characteristics (such as J-V curves) are therefore found to be identical for each device as
shown in Fig. 14 (a). Figure 14(b) shows the L-V characteristics of the WOLEDs for EL|| (blue
curves) and EL┴ (red curves). Figure 14(b) shows clearly that the devices operate at
relatively low turn-on voltages (~ 6 V) and have bright EL emissions, which indicate the
efficient emission of white EL from the WOLEDs. It is noteworthy that even without full
operational optimization of the polarized WOLED, its performance shows its potential
attractiveness. In particular, the WOLED with both the GBO and achromatic QWP films
(device S) exhibits excellent performance, in which operating voltages of about 7.0 and 8.7 V
are required to obtain brightnesses (EL||) of 100 cd/m2 and 1,000 cd/m2, respectively, with a
peak luminescence of ca. 14,600 cd/m2 at 14.5 V. It may be seen that the peak luminance
(EL||) of the device S under test is much higher than that of a previously reported polarized
WOLED (ca. 850 cd/m2 in Ref. 8) that used a uniaxially oriented polymeric material as an EL
layer. Figure 14(b) also shows that the EL|| reaches only ca. 8,400 cd/m2 at 14.5 V for device R,
whose performance with respect to EL|| is only about half as good as that of device S.
In Fig. 15 (a), we have shown the current efficiencies of S and R WOLEDs. For the EL|| of
device S, a current efficiency (C) of 16.5 cd/A is obtained at 100 cd/m2 (7.0 V), reaching C =
18.3 cd/A at 1,000 cd/m2 (8.7 V) and C = 16.5 cd/A at 14,600 cd/m2 (14.5 V). We have also
determined the power efficiency P for the EL|| of device S, which increases and reaches a
maximum of 7.4 lm/W before slowly decreasing, with increasing bias voltage as shown in
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Figure 15(b). These results indicate that the peak efficiencies (18.3 cd/A and 7.41 lm/W) for
the EL|| of device S are nearly double those of device R (9.63 cd/A and 3.71 lm/W). These
relatively high brightness and efficiency values of the EL|| of device S are achieved by the
'photon recycling' effect. It is noted that the brightness and efficiency of EL┴ for device S are
further reduced compared with those of device R, as shown in Figures 14 and 15. This is due
to the reduced EL┴ in device S that occurred after the change in polarization to the direction
parallel to the passing axis.

Figure 15. (a) Current efficiency-voltage and (d) power efficiency-voltage characteristics of Reference
(R, dotted curves) and Sample (S, solid curves) WOLEDs.

Next, we have estimated the relationship between polarization ratio and luminance PR-L for
the polarized WOLED S, thereby presenting quantitative results for the polarized emissions.
Figure 16(a) shows that the highly polarized characteristics of the polarized WOLED S give
a high average value of PR (EL|| : EL┴) of at least ~35:1 over the whole range of brightness. It
should be noted that this value of PR is significantly higher than that of device R (8.21:1). In
order to understand the characteristics of the polarized EL, we have measured the polarized
emission spectra for EL|| (blue curves) and EL┴ (red curves) for the device S under an
applied voltage of 10 V (Figure 16(b)). It may be noted that the spectral shape of the EL|| for
device S is very similar to that for device R. The observed color rendering index (CRI) of EL||
for device S is about 80.0, and the CIE XYZ color space is (0.285, 0.363, 0.353), with a
correlated color temperature (CCT) of about 7,600 K. These characteristics are also similar to
those of EL|| from device R, which has a CRI of about 74.0, CIE XYZ color space of (0.275,
0.342, 0.383), and CCT of about 8,500 K. At the same time Figure 16(b) also shows that the
polarized EL emission spectrum depends very much on the polarization state and that
device S produces highly polarized EL emission over the whole spectrum. For the device S,
the highest value of PR calculated from the integrated intensities of the parallel and
perpendicularly polarized EL spectra is approximately 35:1, which is significantly higher
than that of the white-light emitting devices that use uniaxially oriented materials [17].
These results prove that our polarized WOLED (S), which incorporates an achromatic QWP
film with a GBO reflective polarizer, outperforms all other similar devices.
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Figure 16. (a) Polarization ratios of the polarized WOLEDs against luminance. (b) Polarized EL spectra
of EL|| (blue curve) and EL┴ (red curve) of the sample WOLED S at 10 V.

Finally, we have shown in Fig. 17 the photographs of the performance of WOLEDs (1 mm ×
1 mm) operating under the same bias voltage of 8 V for polarizations along the passing
(upper) and blocking (lower) axes of the GBO reflective polarizer. Fig. 17 shows clearly that
under a rotating linear dichroic polarizer, the EL emission from device S is fairly brighter
and more highly polarized along the passing axis of the GBO polarizer, compared to that of
device R.

2.3.3. Summary
In summary, we have described the fabrication and investigation of the properties of a
polarized WOLED using a combination of an achromatic QWP and a GBO reflective
polarizer. By applying the achromatic QWP and the GBO polarizer to the WOLED,
polarized EL brightnesses in excess of ca. 14,600 cd/m2 can be obtained from the polarized
WOLED, together with high peak efficiencies of more than 18 cd/A (7.4 lm/W), which are
almost double of those obtained from the polarized WOLED with only the GBO polarizer.
We have also found that a high polarization ratio of ca. 35:1 is possible over the whole range
of brightness of the emissions. Although the PR value of the polarized WOLED is slightly
lower than that of polarized narrow band (green) OLED in section 2.2, it may be noted that
only the polarized WOLED can provide a polarized light source for a wide range of
wavelengths from the blue through to the green and red color regions.
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Figure 17. Photographs of the brightness obtained from the reference (R, left) and sample (S, right)
WOLEDs (at 8 V) for EL|| (a) and EL┴ (b) under a rotating linear dichroic polarizer film. The white and
blue arrows represent the transmission axes of the linear dichroic polarizer and the GBO polarizer,
respectively. The active areas of the polarized WOLEDs were 1 mm × 1 mm. (It may be noted that the
device R appears to be brighter than device S in Fig (b) because device S is more highly polarized along
the passing axis of the GBO polarizer, compared to that of device R.)

3. Conclusions
We have fabricated flexible, polarized, and luminous OLEDs using a flexible GBO reflecting
polarizer substrate. We have also described the fabrication and investigation of a polarized
and luminous OLED and WOLED using a combination of a QWP retardation film and a
GBO reflective polarizer. Polarized EL brightnesses of over 10,000 cd/m2 can be produced
from the polarized OLED, with high peak efficiencies in excess of 10 cd/A, which are almost
double those obtained from the polarized WOLED with only the GBO polarizer. The
polarization direction of the EL light emitted from the polarized OLED corresponds to the
passing axis of the GBO polarizer used. Furthermore, we have also shown that a high
polarization ratio of greater than 35∼40 is possible over the whole emission brightness
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range. These results show that using the (achromatic) QWP film and the GBO reflective
polarizer one can develop bright (W)OLEDs with highly polarized luminescence emissions.
It is also noted that the polarization ratio of the polarized WOLED can be further improved
by introducing a high quality achromatic QWP film for a wide range of wavelengths
including red, green, and blue light. By combining the devices presented here with the
luminous EL layers reported elsewhere [35], it may be possible to develop highly efficient
polarized OLEDs with a wide range of optical applications. For example, the device
structure used in this study can be applied to the design of special light-emitting devices,
such as polarized backlights for LC displays. Such devices can also be used for the
development of a new class of polarized OLEDs such as polarized surface emitting devices
for 3-D displays and/or the polarized light sources of optical waveguide devices.
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1. Introduction
The development in organic light emitting diodes (OLEDs) has been one of the fastest
growing research areas because of their potential applications in lighting and flat panel
displays. Some commercialization of OLED devices such as lightings and displays has
already been made. In particular, OLED displays are awaiting true commercialization
toward large market. However, there are still several problems to be solved. Particularly
two areas require ongoing improvements, 1) light extraction and 2) polarization. In this
chapter the research activities in these two areas are summarized.

2. Light extraction
As far as the material for organic light-emitting diodes (OLEDs) is concerned,
semiconductor-based organic light emitters are the obvious choice because semiconducting
organic light-emitting materials have reached a high level with internal quantum efficiencies
of ~100% [1]. Unfortunately, however, most of this light is trapped inside OLEDs, and only
20% can be outcoupled because of the total internal reflection [2-7]. In this section, various
light extraction technologies are reviewed to suppress guided light loss. In particular, the
enhanced light extraction efficiency by means of photonic structures onto OLEDs is
discussed in depth.

2.1. Limited light extraction and improvement strategy
OLEDs suffer from poor external efficiency that arises from Snell’s law; i.e., light generated
in a high-refractive-index layer tends to remain trapped in the layer due to total internal
reflection [2,3]. In fact, whatever the internal quantum efficiency might be, the light
© 2012 Jeong and Takezoe, licensee InTech. This is an open access chapter distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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extraction efficiency of OLEDs with flat multi-layered structures including no additional
surface modifications is typically only about 20% of the internal quantum efficiency [4,5]. In
such OLEDs, the extracted emission cone to air is very small and only a small fraction of the
light generated in the material can be outcoupled from the device but the rest is trapped
within by the total internal reflection. The emitted light has to travel from the emissive layer
(norganic = 1.6~1.7) through the ITO contact (nITO = 1.8~2.0) and the glass substrate (nsubstrate =
~1.5) and finally into air (nair = 1). By using ray optics, simply the amount of extracted light
out of incident light to the air  can be estimated by the following relation [8].

 

1
2n2

(1)

where n is the effective refractive index of the emissive layer with respect to the that of
outcoupled space (air) By taking account of Fresnel reflections at the glass/air interface [9]
the calculated extraction of light to the air is only about ~17%.
Resumption of at least part of the remaining trapped light (~80%) has been one of the most
important issues in fabricating OLEDs for practical applications over the past years. The
intense research efforts have been focused on, e.g., substrate surface roughening [10],
microlenses [11,12], monolayer of silica spheres as a scattering medium [13], insertion of
low-refractive-index materials [5], distributed Bragg reflectors (DBRs) [14-20], and onedimensional (1-D) or two-dimensional (2-D) photonic structures [21-28]. The research
developments in these areas are described below:
Light extraction by scattering: One of the low-cost methods for enhanced light extraction
efficiency is roughening the substrate surface as shown in Fig. 1(a). The roughness causes
random light scattering at the interface between substrate and air, and thus a guided light can
be extracted from OLEDs. Schnitzer et al. have demonstrated a 30% increase of external
efficiency in GaAs light-emitting diodes (LEDs) using nanotextured surface [29]. In case of
OLEDs, however, this surface roughening techniques have not been used widely because
semiconducting organic materials have relatively low refractive index of 1.7 compared with
inorganic materials (n=3.5). Although a randomly rusted surface can extract guided modes, it
also interrupts the external air modes (within critical angle) by non-transparent surface.
Therefore, inorganic LEDs with larger amount of guided modes have better extraction ratio
than organic LEDs.

Figure 1. Schematic structure of OLEDs with modified substrate surface and light extraction.
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To overcome this problem, an ordered monolayer of silica microspheres with a diameter 550
nm as a scattering medium has been used by Yamasaki et al. as shown in Fig. 1(b) [13]. They
have used hexagonally closed packed silica microspheres to enhance the light extraction by
a 2-D diffraction lattice. However, in this structure a spectral change is inevitable by the
periodic configuration of microspheres, and the device does not show Lambertian emission
with the increase of output polar angle from 0° to 90°.
Microlens array: Figure 2 shows a microlens that has been used as an array for light
extraction from the substrate modes [11,12]. The range of diameter of the semi-spherical lens
is typically from a few m to hundreds of m Without such lenses, light emitted into
substrate with large incidence angles is totally reflected internally by the flat interface
between the substrate and air. However, by introducing semi-spherical lenses, the
considerable degree of light is transmitted to the air with less total internal reflection
because the incidence angle with respect to the surface normal of the lens is now lower than
the critical angle. Recently this technology has mostly been used in OLEDs fabricated for
lighting because low-cost fabrication of light extraction films is possible via imprint
processes. However, the enhanced light extraction efficiency achieved so far is only 1.5-1.7
times of that of reference devices without lenses. To make the matter worse, the color
variation with increase of angle is inevitable, preventing the Lambertian emission which is
very essential for lighting. It is shown by Lim et al. that randomly fabricated microlenses can
solve this problem to a certain extent and improve the angle dependence [30].

Figure 2. Schematic structure of OLEDs with a microlens and light extraction.

Insertion of low-refractive-index materials: Tsutsui et al. [5] have used ultrathin organic emissive
layers as very poor waveguides with only a very few allowed modes. This allows a
considerable amount of light to leak into the substrate, and eq. (1) is no longer valid. In
addition, if the index of refraction of the substrate can also be lowered, the light output can
be improved significantly as shown in Fig. 3. Tsutsui et al. have proposed the use of aerogels
with a refractive index close to that of air (naerogel~1) and demonstrated that the out-coupling
efficiency gets doubled.
Distributed Bragg reflectors (Microcavity): Another promising light extraction technique is the
use of microcavity structures [18-20,31,32]. In microcavity devices, the internal emission can
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be effectively extracted via interference effects. In addition, microcavity provides us with
spectral narrowing and spatial redistribution of the emission. Microcavity using inorganic
distributed Bragg reflectors (DBRs) consisting of alternating inorganic layers with different
refractive indices has been extensively studied over the past several decades. The advantage
of DBRs is that they may have very high reflectivity and very low loss. These reflectors have
a selective reflectivity in a specific wavelength range, which can form constructive
interference, and effectively suppress other modes and induce a high reflectance over a
certain range of wavelengths depending on the difference in refractive indices of
constituting layers. This leads to spectral narrowing and intensity enhancement of
spontaneous emission in microcavity OLEDs.

(a)

n1
n2
n3

(b)

n1
n4
n2
n3

Figure 3. Schematic diagram of light extraction from OLED with (a) conventional structure and (b)
structure with a thin active layer and a low-refractive index layer.5 Copyright 2001, Wiley-VCH.

Figure 4. Schematic structure of microcavity OLEDs.

Effect of Photonic Structures in Organic Light-Emitting Diodes
– Light Extraction and Polarization Characteristics 69

The schematic structure of a microcavity is shown in Fig. 4. The total optical path difference
between direct emission and emission after single-round reflection L (see Fig. 4) is given by:

L

  neff 




  n L  m 
2  n  i i i 4

(2)

where neff is the effective refractive index, ni is refractive index of ith layer, φm denotes phase
shift. The first, second, and third terms stand for effective penetration depth, summation of
the optical thickness in each layer, and phase shift, respectively. Usually, the total thickness
of the organic materials in OLED structure is about 100 nm and the ITO thickness is
determined by considering good electrical conductance and high transparence. Therefore,
the optical length of the cavity can be modified by varying the second term in eq. (2). If
resonant condition for constructive interference is 2L=mλ, the light with λ is selectively
enhanced and the color purity is also enhanced.
Diffractive resonators: The application of Bragg grating to OLEDs has been reported by
Matterson et al. [21] and Lupton et al. [22]. They have demonstrated an increase in the light
extraction by Bragg-scattering of waveguided light using a corrugated photoresist layer.
However, in this device structure the light must transmit through the absorptive gold and
photoresist layers, which limit its absolute efficiency [24]. Later, Ziebarth et al. [23] have
demonstrated a more conventional ITO-based electroluminescent (EL) device using a
stamped Bragg grating into poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS) layer. Even though the soft-lithography is beneficial in fabricating large-scale
devices at low cost, waveguide absorption is strong in ITO and patterned PEDOT layers
[24]. This results in reduction of grating effect particularly in the shorter wavelength region.
Fujita et al. have also shown the improved electroluminescence from a corrugated ITO
device using this concept [27,28]. They have used vacuum evaporated EL materials and
square-shaped pattern substrates. Using vacuum evaporation, the organic materials
deposited on patterned substrates retain their pattern shape due to the low adatom mobility
of deposited organic molecules. This corrugated shape through all device structure
enhances the light extraction efficiency by not only waveguided light diffraction but also
surface plasmon. However, a square type pattern is not suitable for fabricating stable EL
devices because of possible electrical short problems.
The enhanced light extraction from OLEDs with diffractive resonators can be explained as
follows. First, waveguided light propagation along the in-plane direction of the device is
emitted to the surface direction by Bragg diffraction in the grating device. Figure 5
illustrates the mechanism of how the diffracted light can be extracted by Bragg diffraction in
a 1-D grating sample for simple consideration. If the light incident on a material with a
refractive index of n2 from that with n1, the diffraction condition is given by
m  dc  n1 sin 1  n2 sin  2 1  0, 2  0 

(3)
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where λ is the wavelength, ni (i=1 and 2) is the effective refractive index, dc is the grating
period, and m is the diffraction order. If we consider a waveguided light to have a high
incident angle (θ1~90°) and diffracted light has the lowest diffraction angle (θ2~0°), then eq.
(3) can be simplified as:
m  neff dc

(4)

where neff is the effective refractive index. For m=1, first-order diffracted light can be
extracted to surface normal direction resulting in an increased light extraction.

(a)

n2
n1
Emitted light
2nd order diffracted light
g
st
1 order diffracted light

(b)

k0 sin θ = ± k wg ± mk g
k0=free space wavevector
kwg=in-plane wavevector
of a trapped waveguide mode
2π

kg=Bragg vector (= Λ )
Figure 5. Typical structure of a diffractive resonator along one axis in the plane of the waveguide. 33
Copyright 2008, American Institute of Physics.

This diffraction relation can also be applied to the surface-emitting distributed feedback
laser. Here we consider a situation where the waveguided and diffracted lights have high
incident angles, i.e., θ1 = 90° and θ2 = - 90°. By substituting these angles into eq. (3), one
obtains:
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(5)

m  2neff dc

For m=2, second-order diffracted light makes the counter propagating mode, which results
in an optical feedback for lasing. Lasing does not occur along the guided direction because
of the low quality of side surfaces but it is outcoupled to the surface normal direction by
first-order Bragg diffraction.
Hence, the physical meaning of this relation is that both first- and second-order Bragg
diffractions of waveguided light occur simultaneously in different directions. That means
waveguided light satisfying the Bragg condition is perfectly extracted toward the surface
normal direction by the first-order Bragg diffraction until the second-order Bragg diffracted
light decays along in-plane direction.

2.2. Device fabrication with nano-patterned structures
Nano-patterned structures are prepared to fabricate corrugated OLEDs. For periodic and
quasi-periodic nano-patterned substrates, 1-D and 2-D grating and buckling structures,
respectively, are prepared as described below:

(a)
Mirrror

θ

Argon laser
((λ=488 nm))

θ
Azobenzene film

(b)
Beam 1

θ
Beam 2

Azobenzene
thinfilm

Glass
Figure 6. Schematic illustration of surface relief grating fabrication process.

To form a 1-D surface relief grating (SRG) structure, an azobenzene polymer thin film is
irradiated using two Ar+ laser (488 nm) beams. This is achieved due to the mass transport
from the region of constructive interference to that of destructive interference region in
azobenzene polymer, leading to a volume decrease in the highly irradiated (constructive
intereference) region with the increase in the irradiation time as shown in Fig. 6. This
process is quite different from the other more conventional microscopic processes such as
laser ablation and chemical etching. The major advantage of this photo-fabrication approach
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is the possible precise control of grating depth by adjusting the light exposure energy and
polarization states of writing beam.
The two recording lights are circularly polarized. Based on the following equation, the
periodicity of the SRG can be controlled by changing the crossing angle between two
recording laser beams.


laser

2sin

(6)

where λlaser is the wavelength of the laser and  is an incidence angle. The formed SRG
pattern is transferred onto a UV curable epoxy or a CYTOP (perfluoropolymer, Asahi Glass
Co. Ltd.,), so that a patterned substrate with an SRG is obtained.
For a buckling fabrication, standard commercial poly(dimethylsiloxane) (PDMS) materials
(Wacker ELASTOSIL RT 601) are mixed with a curing agent in a weight ratio of 9:1 and then
spin-coated on a pre-cleaned glass substrate. The coated PDMS is cured at 100 °C for 1 h and
then an aluminum layer is deposited on it. A structure thus prepared is heated to 100 °C with
an external radiation source by thermal evaporation at a pressure below 1 × 10-3 Pa. It is then
cooled to the ambient temperature by keeping it in a chamber for more than 30 min and
venting to atmosphere. The difference in the thermal expansion coefficients between the
aluminum film and PDMS generates a buckled structure on the PDMS film. The PDMS
replica is formed by pouring PDMS over the buckled PDMS master and by curing it at 100
°C for 1 h. The PDMS replica can be easily peeled off from the PDMS master. For the second
deposition of a 10-nm-thick aluminum layer, the buckled PDMS replica is used as the
substrate. After deposition, the buckling pattern of the replica is transferred to a glass
substrate after UV curing in curable resin (Norland Optical Adhesive 81) for 10 min. For the
third deposition of a 10-nm-thick aluminum layer, the buckled PDMS replica thus fabricated
is used as the substrate, and the above process is repeated. After the deposition, the buckled
resin master is again produced, from which, finally, the buckled PDMS replica mould for
making devices is fabricated.
The method of replicating nano-patterned structures (azobenzene film and buckling) onto
substrates is shown in Fig. 7 [34]. First, the patterned azobenzene polymer film or buckling
pattern is converted to a master mould of PDMS. After the heat treatment at 50 °C for 1 h
the silicon rubber becomes firm and it can easily be separated from azobenzene polymer
substrate as a free-standing film. The CYTOP solution (CTL-109A, Asahi Glass Co. Ltd.) is
drop-cast on a glass substrate and is heated under the patterned silicon rubber mould
pressed on it at 60 °C for 1 h. For the UV curable epoxy (Norland Optical Adhesive 81), UV
light is irradiated to harden the epoxy layer under silicon rubber mould. The patterned
structure is thus replicated onto a substrate.
We fabricated OLEDs on patterned nano-structured substrates. The device structures
introduced in this chapter are classified in two parts, organic and polymeric devices. The
organic layers in the organic device are coated by thermal evaporation (2-D grating &
buckling devices), whereas spin coating (1-D grating device) is used in the polymeric device.
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However, the basic concept is almost the same in both cases except for deposition method
and materials used.

Figure 7. Schematic diagram of nano-imprint process. 34 Copyright 2008, American Institute of Physics.

We prepared ITO or Au stripes as an anode using sputter deposition or thermal
evaporation. In case of organic EL devices, a two or three-layered structure consisting of
(CuPc: used in 2-D grating device))/TPD/Alq3 is deposited successively by vacuum
evaporation. For making the polymeric EL device, PEDOT doped with poly(styrenesulfonate) PSS is spin coated as a hole transport layer (HTL) and heated at 60 °C for
20 min (Tg of CYTOP : 108 °C) in an oven. Then MEH-CN-PPV is spin coated as an emissive
layer (EML) on the HTL successively.
After coating organic or polymeric layers using a metal mask, lithium fluoride (LiF) as an
electron injection layer (EIL) and Al as a cathode are deposited. The detailed experimental
conditions including thickness of each layer were explained elsewhere [33,35,36]. The pixel
with a size of 3 mm×3 mm was used for electroluminescence measurements.

2.3. Effects of periodic DFB grating structures in OLEDs
In this section, we examine light extraction characteristics from OLED devices with 1-D or 2D DFB grating substrates. The waveguided light is extracted to normal direction by an
imprinted low-refractive index layer (1-D DFB grating). Also, electrical characteristics in
OLEDs with 2-D hexagonally nano-imprinted periodic structures are investigated to
confirm the enhanced light extraction from this device (2-D DFB grating). We review
previously reported results in view of light extraction characteristics and electrical
characteristics from periodically corrugated OLEDs.
Optical characterization of corrugated OLEDs with periodic structures (1-D grating): Figure 8(a)
shows a schematic illustration of the Bragg diffraction process of waveguided light in periodic
structures. When waveguided light is incident on the grating structure, the light is reflected by
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a photonic band gap and simultaneously diffracted in the direction perpendicular to the
photonic crystal surface because the Bragg condition is satisfied in this direction. The angle θ
of the emission direction with respect to the surface normal is governed by the conservation of
momentum in the plane of the waveguide [21-24,37,38] given by
2 neff
2
k0 sin  
 kwg  k g 

m



(7)

where λ is the wavelength, kwg and kg are respectively the wavenumbers of the waveguided
light and the grating with a period Λ, neff is the effective refractive index of the waveguide
mode, k0 is the free-space wavenumber of the diffracted light, and m is the diffraction order.
If Λ and neff are known, eq. (7) gives the emission angle of extracted light as a function of
wavelength for the first-order Bragg diffraction of waveguided light.

Figure 8. (a) Schematic illustration of Bragg diffraction of waveguided light. (b) AFM image of
patterned azobenzene polymer. 33 Copyright 2008, American Institute of Physics.

Intensity (a.u.)

θ = 0°
0

θ = 1°
θ = 3°
θ = 5°

500
600
700
800
Wavelength (nm)

Figure 9. Angular dependence of electroluminescence spectra from OLED devices with flat (green
curve at θ =0°) and patterned CYTOP layer. 33 Copyright 2008, American Institute of Physics.
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Figure 9 shows the angle dependence of EL spectra for the two EL devices with and without
the grating structure. For measuring the EL spectra, a detector with a diameter of 5 mm is
located 10 cm apart from the device surface. A sharp peak (632 nm) has been observed in the
normal direction (θ =0°), and a peak splitting has been found to occur by increasing the
detection angle because the grating diffracted waveguided light travels in the opposite
direction. The wavelengths of the separated two peaks have been measured as a function of
the detection angle as shown in Fig. 10(a). The measured wavelength positions agree well
with the lines given by eq. (8) with θ3, which is given by
n

 n2

n



 3 arcsin
 sin  2  arcsin  2 sin  arcsin  1 sin 1   
 n3
 n2
  
 n3




(8)

considering all refractions in PPFVB/glass/air, as shown in Fig. 10(b). This means that
extraction angle of Bragg diffracted light is closely related to refractive indices of stacked
materials.

Wavelength (nm)
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750
700

Calculated (θ 3 )
Calculated ( θ1 )

650

Measured

600
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0
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15
20
Extraction angle (degrees)

(b)

Figure 10. (a) Measured extraction angles of Bragg diffracted light. θ1 and θ3 denote calculated
extraction angles in CYTOP and air, respectively. (b) Schematic illustration for refraction of Bragg
diffracted light in each stacked material. 33 Copyright 2008, American Institute of Physics.

To compare the effects of refractive indices of imprinted materials, we have calculated light
extraction angles from materials with various refractive indices, as shown in Fig. 11. The
wavelength of vertically emitted light is assumed to be 632 nm. According to eq. (8), as the
refractive index becomes high, the light extraction angle becomes wider. For n=1.80, the
extraction angle of light with wavelength of 800 nm is 65°, whereas the total light extraction
angle is only 23° for n=1.00. In the case of CYTOP (n=1.34), the total light extraction angle is
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35°. Thus nano-imprinted CYTOP layer can extract waveguided light with high
directionality. Such characteristics provide an advantage for small- or medium-size OLEDs,
which are mainly viewed from the forward direction [39].
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Figure 11. Calculated extraction angles in imprinted materials with various refractive indices as a
function of wavelength. 33 Copyright 2008, American Institute of Physics.

The effect of a grating on normally-directed EL has been observed by collecting EL spectra
between ±18.4°, as shown in Fig. 12. The enhancement of EL spectra in the device with
patterned CYTOP layer has been observed over the wavelength range from 540 nm to 728
nm. However, it should be noted that the highest EL intensity is observed only around 650
nm, whereas vertically directed emission peak position is 632 nm. This results from different
transmittance of ITO at various wavelengths as shown in Fig. 12. Because the wavelength of
the highest EL intensity is closely related to both natural fluorescence and waveguide
absorption in ITO layer, the light can be extracted more efficiently due to the high
transmittance and fluorescence at 650 nm. Hence, the grating effect is higher in longer
wavelength region which has higher transmittance. If ITO with high transparency is
possible to be deposited at room temperature, the grating effect of CYTOP with high
transmittance will be increased.
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Figure 12. Overall EL spectra within ±18.4° from OLEDs with flat and patterned CYTOP layers. Two
dotted lines show transmittance of CYTOP/Glass and ITO/CYTOP/Glass, respectively.33 Copyright 2008,
American Institute of Physics.
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Electrical characterization of corrugated OLEDs with periodic structures (2-D grating): The
current–voltage (I-V) characteristics of an EL device with a 2-D grating (2-D grating device)
has been measured and compared with those of an EL device without grating (non-grating
device). The 2-D grating device shows a higher current level compared to the non-grating
device, as shown in Fig. 13(a). Both EL devices show a power-law dependence of I~V6-7 over
a large current and voltage range. Because of large trap concentration and low mobility in
organic semiconductors, the carrier transport in OLEDs is trap-charge-limited current
(TCLC) [40], which is known to show power law dependence.
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Figure 13. (a) Current-voltage plot measured from a 2-D grating and non-grating devices. (b)
Magnified current-voltage plots in low voltage region.35 Copyright 2008, The Japan Society of Applied
Physics.

One may intuitively think that higher current effect in 2-D grating devices is simply due to
the increase of interface contact area by corrugation between electrode and organic
semiconductors. However, this cannot explain the increase of transition voltage (Vtr) at
which the conduction model changes from ohmic to TCLC, as indicated by two arrows in
Fig. 13(a). If the increase in the interface contact area is a major effect, Vtr in the grating
device must be shifted to a voltage lower than that of the non-grating device because higher
current must satisfy TCLC conduction more quickly.
At low voltages, low-mobility ohmic conduction via thermally generated free charge is
observed. In this case, the current density J is described by
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J  qnn0V / dt ,

(9)

where q is the electronic charge, μn is electron mobility, n0 is a thermally generated
background free charge density, V is the applied voltage, and dt is the organic layer
thickness. In order to find what induces the low voltage ohmic current, we have examined
the I-V plot in the low voltage range. According to Fig. 13(b), the 2-D grating device shows a
higher ohmic current than that of the non-grating device. This means that the 2-D grating
device has a lower total resistance Rtotal which is a sum of junction resistance (RJ), bulk
resistance (RB) of organic layers and electrode resistance (REL) and is given by:
Rtotal  R J  RB  REL

(10)

Here the ohmic resistance induced by Al and Au (REL) and the junction resistance (RJ)
induced by interfacial barrier between electrode and organic layer are the same in both
samples. Hence RB in the 2-D grating device must be smaller than that in the non-grating
device. This result may be understood from the concept of ‘partial reduction thickness of
organic layers’ proposed by Fujita et al. [27,28]. They have observed improved
electroluminescence from a corrugated ITO where the reduction of thickness of organic
layers is effectively induced by each edge of Al and ITO square-shape patterned electrodes
shown as black areas in Fig. 14(a). At the edge of each patterned electrode, a higher electric
field develops (See Fig. 14 (a)) and this results in reduction of operating voltage. Thus, the
increased low voltage current in the 2-D grating device may be explained due to the lower
bulk resistance (RB) and hence the lower total serial resistance.

Figure 14. Calculated static field distribution between (a) square- and (b) sinusoidal-shape patterned
electrodes. (c) AFM image of a patterned UV epoxy layer. (d) Depth profile along a red line in (c).35
Copyright 2008, The Japan Society of Applied Physics.

Effect of Photonic Structures in Organic Light-Emitting Diodes
– Light Extraction and Polarization Characteristics 79

Even though the depth of patterned shape is only 50 nm, the 2-D grating device does not
show any breakdown during applying voltage. Generally thin EL devices can easily suffer
from breakdowns because the internal field distribution is very sensitive to interface
roughness and dust particles. It is therefore very important that the patterned electrode
shape must be optimized for the stability of EL devices. Otherwise, the patterned electrode
may result in worse device condition without realizing any high light extraction efficiency.
Because of this reason, one should use those patterned electrode structures which give
minimal ‘partial reduction thickness of organic layers’. This means that if the field
distribution between cathode and anode is uniform, the possibility of breakdown may be
reduced even when the depth of patterned shape is high. For studying the effect of the
shape of patterned electrodes, we have calculated the static field distribution in EL devices
for patterned electrodes of square and sinusoidal shapes. Although the light is diffracted by
500-nm-pitched lines, which has the same width as the interfered periodicity of the two Ar+
laser beams (Fig. 6(b)), the electric field distribution is related to the distance between closest
protrusions. Hence the distance used for the calculation is 580 nm. (See Fig. 14(c)). As shown
in Fig. 14(a), a high electric field gets localized at the edges of square-shaped cathode and
anode electrodes. However, if the patterned electrodes are of sinusoidal shapes the field
distribution becomes almost uniform. Figure 14(b) shows static field distribution in
sinusoidal-shaped electrode. Note that we use different ranges of relative field intensity in
Fig. 14(a) and (b) to clearly visualize the field distribution as color variations. Although the
field is concentrated in the intermediate regions between the top and bottom of the
patterned electrodes (see Fig. 14(b)), the field distribution becomes much more uniform
compared with the case of Fig. 14(a). Figure 14(d) represents the depth profile of a patterned
azobenzene film obtained along a red line in the AFM image shown in Fig. 14(c). The shape
at the upper region is approximated as sinusoidal. This shape results in no breakdown of 2D grating devices even though leakage current is high.
Next, we describe the relationship among the reduction of thicknesses, current efficiency,
and diffraction effects. Figure 15(a) displays the external current efficiency versus current
density. In the 2-D grating device, a higher efficiency is obtained in a high current density
region. However, below a current density of 3×10-5A/cm2, the efficiency of the non-grating
device is found to be slightly higher than that of the 2-D grating device, as shown in Fig.
15(b). How can we explain this? As mentioned above, the major difference between a 2-D
grating device and a non-grating device is in RB or effective thickness of the bulk layer; i.e.,
RB is lower and the layer is thinner in the 2-D grating device than that in the non-grating
device. Hence, we should discuss the dependence of current efficiency on the emitter
thickness [41]. For this purpose, the recombination probability (Prec), which is directly
proportional to the EL yield, is considered. Prec is defined by the ratio of the recombination
time τrec and the transit time τt of the charge carriers as:
Prec   t /  t   rec   1 /  1   rec /  t 

(11)

This gives Prec = 1 when τrec/τt=0 and Prec decreases with increasing τrec/τt. The thickness
dependence in t comes only from:
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where dt is the emitter layer thickness,  the carrier mobility, and F the applied electric field
operating on the sample. According to eqs. (11) and (12), at a given electric field, increasing
emitting layer thickness will increase τt and hence Prec. Employing this theory, 2-D grating
device must show lower current efficiency due to the short transit time by reduction of
thickness.
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Figure 15. (a) Extracted current efficiency against current density measured from a 2-D grating and
non-grating devices. (b) Magnified extracted efficiency vs current density in low current density region.
35 Copyright 2008, The Japan Society of Applied Physics.

It should be noted, however, that a higher current efficiency in the 2-D grating device
increases even though the non recombined current is higher. The enhanced current
efficiency in the 2-D grating device can be explained as follows. First, the waveguided light
propagating along the in-plane direction of the device is emitted to the surface direction by
Bragg diffraction in the 2-D grating device. Figure 16(a) shows how the diffracted light can
be extracted by Bragg diffraction in a 1-D grating sample for simple consideration. If the
light incident on a material with the refractive index of n2 from that of n1, the diffraction
condition is given by

m

dc ( n1sin1  n2sin 2 )

(13)

where dc is a periodic distance and m is a diffraction order. Because the refractive indices are
n1=1.7 and n2=1.5 in EL layer and epoxy/glass, respectively, the 1st-order diffracted light (m =
1) can be emitted, as shown in Fig. 16(b) and (c). In flat devices without grating, only EL
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Figure 16. (a) Schematic illustration of diffraction of the guided light. (b) Schematic illustration of the
angle range for total reflection and diffraction at 500 nm wavelength. (c) The diffraction limit of
incidence angle θ1 for the first diffraction as a function of wavelength. 35 Copyright 2008, The Japan
Society of Applied Physics.

light to an angle below the critical angle (61°) can be emitted due to the total internal
reflection. However, in grating devices, the incident light within the angle range between θ1
and 90° is diffracted and then emitted at an angle between θ2 and -90°. For example, in the
case of a light with 500 nm wavelength, θ1 and θ2 are 0° and 7.6°, respectively. This means
that the incident light within the angle range between 0° and 90° can be emitted at an angle
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in the range between 7.6° and -90°. It should be noted that an incident light within 61°~90°
cannot be emitted in flat devices without a grating. In other words, the light diffracted from
the incidence angle in the range between 61° and 90° contributes to additional light
extraction in 2-D grating devices obtained, resulting in an increase in the of light output.
Another aspect of enhancing the light extraction in a 2-D grating device is by recovering the
quenched light coupled with surface plasmon mode. This effect can be observed in an Alq3based system because the excitons have no preferred orientation in an Alq3 layer, whereas
conjugated polymer systems show a lower effect because the dipole moments lie in the
plane of the film due to spin casting. Hobson et al. [42] have found that a further recovery of
the trapped light can be obtained by the surface plasmon with the help of a periodic grating
formed on substrate particularly in Alq3-based EL devices. This effect can also explain the
increased current efficiency in Alq3-based EL devices because the corrugation remains intact
on the Al electrode layer.

2.4. Effects of quasi-periodic buckling structure in OLEDs
Buckling patterns are produced spontaneously by thermal evaporation of Al films on
poly(dimethylsiloxane) (PDMS) substrates preheated to 100 °C using an external heat
source. Al layers with a thickness of 10 nm are deposited on thermally expanded PDMS.
After cooling to ambient temperature, the buckling process spontaneously occurs, releasing
the compressive stress induced by the difference between the thermal expansion coefficients
of PDMS and Al films [43-45]. Figure 17(a), (b) and (c) shows atomic force microscopy
(AFM) images of buckles formed by a 10-nm-thick Al layer applied once, twice and three
times, respectively. The vague symmetric ring in the fast Fourier transform (FFT) pattern
shows that the buckling structure has a characteristic wavelength with a wide distribution
and without preferred orientation of the periodic structure. The characteristic wavelength
can be obtained by the power spectrum of FFT as a function of wavenumber k=2π/λ. Figure
17(d) presents the power spectra of various buckles plotted against the wavelength instead
of the wavenumber for direct comparison with outcoupled spectra of OLEDs. The buckling
structure of the 10-nm-thick Al layer shows a peak periodicity at wavelengths of ~400 nm
(Fig. 17d), resulting in a ~1.4% increase in the surface area ratio of the buckled to flat PDMS
with a buckle depth as low as 25–30 nm as shown in Fig. 17(a).
In general, the depth of buckling structure D depends on the buckling periodicity λ, which
is proportional to the thickness d of thin films and the imposed compressive strain (stress) Δ
as D~λ Δ1/2 [46,47]. The buckles need to have a large depth for efficient diffraction and
require a shorter buckling periodicity than that shown in Fig. 17(a) to be effective for an
emission peak at a wavelength of ~525 nm. However, there is a trade-off between these
factors, because D is proportional to λ. We have therefore adopted an alternative method
assuming that the larger the compressive stress, the deeper are the buckles at a constant
wavelength [48]. We have introduced additional compressive stresses by further deposition
of a 10-nm-thick Al layer, once or twice more, on a buckled PDMS replica fabricated from a
buckled PDMS mould after the first deposition of an Al layer (Figs. 17(b) and (c)).

Effect of Photonic Structures in Organic Light-Emitting Diodes
– Light Extraction and Polarization Characteristics 83

Figure 17. AFM analysis of buckling pattern. (a) Buckled structure formed by a 10-nm-thick Al layer.
(b),(c) Buckled structures formed by deposition of a 10-nm-thick Al layer twice and three times,
respectively. Resin layers imprinted with a buckled PDMS replica were used for measurement. Inset:
FFT patterns of each image. (d) Power spectra from FFTs as a function of wavelength for buckled
patterns obtained with deposition of a 10-nm-thick Al layer once (black), twice (red) and three times
(blue).36 Copyright 2010, Nature Publishing Group.

The observation that the FFT ring patterns are of similar size indicates that the characteristic
wavelength does not change after redeposition. Moreover, the FFT ring patterns after
multiple deposition processes display more diffuse patterns, indicating a broader
distribution. The power spectra in Fig. 17(d) represent the unchanged peak wavelengths at
~410 nm and the broader distributions in the long wavelength side for the multiple
depositions. In addition, the surface area ratio after deposition twice and three times
significantly increases from ~1.4% to ~9.0% and 11.3% corresponding to depths of 40–70 nm
and 50–70 nm, respectively.
The devices with buckling show higher current density (J) and luminance (L) than those
without buckling and a device with triple buckling shows higher J and L than that with only
double buckling (Fig. 18(a)). It has been reported that the larger J in the corrugated device
mainly results from a stronger electric field because of the partially reduced organic layer
thickness in the intermediate region between the peak and valley of the sinusoidal patterned
gratings [27,35]. Measurements have also been made on devices without buckling but with
the organic layer thickness decreased by 20% and 40%. As mentioned in 2.3, current density
(J) for these devices is shown by dotted and dashed curves in Fig. 18. The current density in
the device with triple buckling lies between that in the reference devices and in devices with
thinner organic layers. This suggests that the thickness of the organic layers on buckling is
partially reduced by ~20–40%. In the devices with double, triple and without buckling, the
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Figure 18. Device performance. (a) Current density–luminance–voltage characteristics of typical
OLEDs without buckling (black) and with double (red) and triple (blue) buckling. The dotted and
dashed lines represent the current density of devices without buckling but with the organic layer
thickness decreased by 20% and 40%, respectively. (b) Current efficiency (cd/A) and power efficiency
(lm/W) as a function of luminance (cd/m2) for OLEDs without buckling (black) and with double (red)
and triple (blue) buckling. 36 Copyright 2010, Nature Publishing Group.

current efficiencies are found to be 3.05 cd/A (double buckling), 3.65 cd/A (triple buckling)
and 1.67 cd/A (without buckling), and the power efficiencies 1.64, 2.1 and 0.73 lm/W,
respectively, at a luminance of 2,000 cd/m2. These efficiency increases correspond to
enhancements of ~83% with double buckling, and 120% with triple buckling in the current
efficiency and 120% with the double buckling and 190% with triple buckling in the power
efficiency (Fig. 18(b)). We attribute the greater enhancement of efficiencies in the devices
with triple buckling than those in double buckling to an increase in the optical confinement
factor due to the greater buckling depth [28]. The observed enhancement in the power
efficiency higher than in the current efficiency may be attributed to the reduction in
operating voltage due to the partial decrease in the organic layer thickness in the corrugated
structure (see Fig. 18(a)). One may expect that the decreased thickness of the N,N'-bis(3methylphenyl)-N,N'-diphenylbenzidine (TPD) and Alq3 layers may lead to a better charge
balance with a better internal quantum efficiency because of the stronger electric field
dependence of electron mobility in the Alq3 layer than that of hole mobility in the TPD layer.
However, the devices without buckling but with decreased thickness of the organic layer
show no improvement in the current efficiency. The device with a decrease in thickness of
40% shows a significantly decreased current efficiency of 0.86 cd/A at 2,000 cd/m2. This is
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consistent with the reported studies in which, as the Alq3 layer thickness decreases below 30
nm, the carrier recombination probability decreases and the exciton-quenching effects at the Al
cathode increase, thereby decreasing the internal quantum efficiency of the devices
[25,40,49,50]. Therefore, the great enhancement of current and power efficiency in the devices
with buckling is obviously caused not by a change of internal quantum efficiency, but by an
increase in the outcoupling efficiency, that is, enhanced extraction of the waveguide light.
To investigate the outcoupling of the TE0 and TM0 modes, we have measured the
electroluminescence spectra of these devices. Contrary to the enhancement emerging as new
sharp peaks in conventional corrugated OLEDs [21-24,27,28,33], our buckled devices exhibit
enhancement over the entire electroluminescence spectrum (Fig. 19(a)). We have evaluated

Figure 19. Electroluminescence spectral characteristics. (a) Electroluminescence spectra of devices without
buckling (black) and double (red) and triple (blue) buckling, measured from the surface normal at a
current density of 5 mA/cm2. (b) Enhancement ratio of intensity by buckling as a function of emission
wavelength, obtained by dividing the spectrum of the device with double (red) and triple (blue) buckling
by that without buckling. The wavelengths of the TE0 and TM0 modes are indicated by arrows at 655 and
720 nm, respectively. (c) Angular dependence of light intensity for devices without buckling (black) and
with double (red) and triple (blue) buckling. All data were normalized with the intensity of the devices
without buckling in the normal direction. Each dashed line represents a guide to the ideal Lambertian
emission pattern. All devices with and without buckling show the Lambertian emission pattern with a
maximum intensity in the normal direction. 36 Copyright 2010, Nature Publishing Group.
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the wavelength dependence of the enhanced emission by considering the intensity ratio of
the two spectra in the devices with and without buckling (Fig. 19(b)). The calculated peak
wavelengths of the TE0 and TM0 modes for the first-order diffraction are consistent with the
broad peak intensities in Fig. 19(b), although the enhancement due to the TM0 mode is not
distinct because of the weak emission intensity above 700 nm. The relatively flat
enhancement by a factor of ~2.2 around λ0=525 nm in the devices with triple buckling is
partially due to the relatively weak first- and second-order diffraction TE0 and TM0 modes,
whereas the remarkable enhancement (factor of 4.0) around 655 nm is mainly due to the
strong first-order diffraction in TE0 and TM0 modes (see Fig. 19(b)). These results indicate
that a further enhancement of more than a factor of at least 2.2 can be expected if the peak
wavelength of the buckles is optimized for the TE0 and TM0 modes to be diffracted at
around 525 nm in the normal direction. Moreover, the broad distribution of periodicity in
the buckling structure suggests that the entire emission wavelength range over blue, green
and red in white OLEDs can be simultaneously outcoupled by only one grating structure.
The angular dependence of the light intensity for the devices is shown in Fig. 19(c). It is
interesting to note that all devices with and without buckling show a Lambertian emission
pattern with a maximum intensity in the normal direction. According to the Bragg equation,
the first-order diffraction angles of the TE0 and TM0 modes around the main emission
wavelength of 525 nm by the grating period of 410 nm are expected to be between 20° and
40°. However, because kG has random orientation and broad periodicity due to the buckling,
it is distributed over all azimuthal directions in contrast to one- or two-directional kG in
conventional corrugated OLEDs [21-24,27,28,33]. Thus, the outcoupled emission
concentrates into the normal direction, resulting in the Lambertian emission pattern.

3. Polarized electroluminescence
The polarization control of light is important for optical information processing, display and
storage devices. Although linearly polarized light has already been applied to various
optical devices, there are only a few reports on circularly polarized devices. However, the
potential applications of circularly polarized light have been suggested for optical data
storages and flat panel displays. Recently, the research for active devices that can emit
polarized light has gained attention [51-58]. Peeter et al. [56] have first demonstrated
circularly polarized (CP) EL from a polymer LED using a chiral π-conjugated poly(pphenylenevinylene) (PPV) derivative as an active layer, although the degree of circular
polarization was very low. Later, Oda et al. [57] have succeeded in obtaining a high CP-EL
using main-chain polymer liquid crystals (LCs) and chiral-substituted polyfluorenes (PF) as
an active layer. However, the degree of circular polarization was still insufficient for
applications in optical devices. More recently, Grell et al. [58] have proposed a new idea for
CP-EL without using chiral active materials and succeeded in achieving high degree of
circular polarization. They used a simple CP-EL device that can be driven by nonchiral
polymer LED using “photon recycling” concept developed by Belayev et al. [59]. Belayev et
al. and Grell et al. used a chiral nematic liquid crystal (cholesteric liquid crystal; CLC) cell
attached to the glass side of polymer LED and obtained a high degree of circular
polarization at the center of the stop band. However, the degree of circular polarization

Effect of Photonic Structures in Organic Light-Emitting Diodes
– Light Extraction and Polarization Characteristics 87

outside of the stop band rapidly decreased, because the emissive material had wider
emission band than the stop band width formed.
For evaluating the degree of circular polarization at a certain wavelength λ, a g-factor is
used which is defined as:

I L ( )  I R ( )
r(  )  1

g(  ) 2
2
I L ( )  I R ( )
r(  )  1

(14)

where IL/R is the intensity of left/right-handed CP (L-CP, R-CP) light, and r is the left/righthanded intensity ratio, IL(λ)/IR(λ). It is evident that |g(λ)| is zero for nonpolarized light
(r()=1) and is equal to -2 for pure, single-handed circularly polarized light (r()= ∞ or 0).
The g(λ) values found were 0.001 [56], 0.25 [57], and 1.6 [58], but only in a narrow
wavelength range. Woon et al. and Geng et al. respectively reported circularly polarized PL
[60] and EL [61] with a constant g(λ) value over a wide spectral range covering most of the
emission band. However, the bandwidth [60] and g(λ) value [61] were still insufficient for
application to commonly used emissive materials with wide emission band.
To achieve a tunable polarization of electroluminescence, we have used combination of
voltage dependent nematic liquid crystal (NLC) phase retarders and photon recycling
concept [62,63]. The phase retardation arises between two optical eigenmodes during light
propagation in an anisotropic medium as a phase retarder. Upon emerging from the phase
retarder, the relative phase of the two eigenmodes is found to be different from that at the
incidence, and thus their polarization state becomes different as well [64-66]. Now suppose
we apply a voltage (V) across the cell filled with NLC, by which the liquid crystal molecules
change their orientation toward the field direction, if the NLC has positive dielectric
anisotropy. With increasing the voltage, the birefringence n  E  
ne  E  – n0 decreases,
where ne and no are refractive indices for extraordinary-(e-) and ordinary-(o-) light waves,
respectively, and the retardation () decreases as well. Hence, as the e- and o-waves
propagate through the NLC cell, their relative phase difference changes, and the state of
polarization of the wave also changes.
We have introduced another polarization characteristics, namely polarization conversion in
surface plasmon (SP) coupled emission by buckling structures. In section 2.4, we have
demonstrated that the quasi-periodic buckling structures with broad distribution and
directional randomness can effectively enhance the light-extraction efficiency by
outcoupling the waveguide modes without introducing spectral changes and directionality
[36]. In this study, however, we could not differentiate the outcoupling of transverse electric
(TE) mode from that of the surface-plasmon (SP) mode (transverse magnetic (TM) mode) by
buckles because of the broad periodicity of the buckling structure and the similar
propagation vectors of the TE and SP modes. The explanation of polarization conversion in
the surface-plasmon-coupled emission presented here is based on a trial method for
distinguishing TE and TM modes in light enhancement in OLEDs with buckling pattern.
However in this trial approach, an interesting phenomenon of polarization conversion in SP
coupling has been observed.
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In this section, we have summarized and introduced our studies regarding not only
circularly polarized EL and its tunability but also the polarization conversion in surface
coupled emission from corrugated OLEDs with buckling structures.

3.1. Device fabrication
We have fabricated multi-layered polymer CLC (PCLC) films for using them
reflectors or single-layered films for polarization-tunable OLEDs. As an
method for fabricating single-layered PCLC films is a part of fabricating
PCLC films, we introduce here only the fabrication of multi-layered films
fabrication of single-layer films.

as wide-band
experimental
multi-layered
and skip the

The fabrication process of multi-layered polymer PCLC films is shown in Fig. 20. Mixtures
of two aromatic polyester liquid crystalline polymers (Nippon Oil Corporation; currently, JX
Nippon Oil & Energy Corporation) are used to make PCLCs. One of the polymers (chiral
polymer) contains 25% chiral units in its chemical composition and the other contains no
chiral unit. By changing the ratio of the amounts of the two polymers, the helical pitch of
PCLC (photonic band gap wavelength) is controlled.

Figure 20. Fabrication process of multi-layered PCLC films.

For fabricating three-layered PCLC films for use as a wide band reflector, the PCLC (λp=610
nm; chiral polymer 72 wt%) is spin-cast on glass substrates with unidirectionally rubbed
polyimide (PI ; AL1256, JSR). Then, aqueous solution of polyvinyl alcohol (PVA) is spin-cast
and the film surface is rubbed again unidirectionally. Another PCLC (λp= 510 nm; chrial
polymer 87 wt%) is spin-cast on the rubbed PVA surface. The same procedure is repeated
for preparing the third PCLC film (λp= 530 nm; chrial polymer 82 wt%). Finally PCLC films
thus fabricated are cured for 30 min at 160 °C.
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The fabrication method of a tunable phase retarder is as follows. The single-layered PCLC
films are fabricated by spin coating the solution onto ITO glass substrates coated with PI
rubbed unidirectionally at room temperature. The coated PCLC films are cured for 30 min at
a temperature over 160 °C in a bake oven, and then quenched to room temperature. The
sample cell is made of L-PCLC and PI coated glass substrates and is sustained by spacer.
The NLC (ZLI2293, Merck) is introduced into an empty cell using capillary action. The
illustration of the fabrication of the final cell is shown in Fig. 21
The OLED structure used here is fabricated in the same way as described in section 2.2. The
vacuum evaporated OLEDs with structure of ITO/CuPc/TPD/Alq3/LiF/Al are described in
section 3.2, an spin-coated OLEDs with structure of ITO/PEDOT:PSS/MEH-CN-PPV/LiF/Al
are given in section 3.3.

Figure 21. Schematic illustration of tunable phase retarder. 63 Copyright 2008, American Institute of
Physics.

3.2. Highly circularly polarized electroluminescence
The device configuration for highly CP-EL from OLEDs is illustrated in Fig. 22. We have
simply attached an L-PCLC reflector to an OLED device. After generating the unpolarized
light by electrical pumping, the R-CP-EL transmits through the PCLC reflector, whereas LCP-EL is reflected by the selective reflection of the L-PCLC. This reflected light by the PCLC
is still L-CP and changes the polarization to R-CP by getting reflected at the metal surface,
and gets transmitted trough the L- PCLC reflector. Thus all the transmitted light has the
same sense of rotation, R-CP.
In comparison with the previous work [58] here the band width of the reflector is wider. For
fabricating a wide-band CLC reflector, the use of PCLCs has two advantages compared with
general low-molecular-weight CLCs. First advantage is that PCLCs used here have higher
optical anisotropy (ne-no=0.22), resulting in a wider photonic band gap (PBG). The second
advantage is that PCLC films can be easily stacked to multi-layered films by spin-casting.
Using these technical advantages we have fabricated a wide-band PCLC reflector using
multi-layered PCLC films with different selective reflection bands.
The structure of a three-layered PCLC film with a wide stopband width is shown in Fig.
23(a). The fabrication method of multi-layered PCLC films is already explained in section
3.1. Figure 23(b) shows the reflectance spectra of single-layered and three-layered PCLC
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films and the emission spectrum of the active EL material, Alq3 (see below). A wider
selective reflection band formed due to the overlap of the selective reflection bands of the
three-layered PCLC films extends to the whole emission band, although the selective
reflection band of the single-layered PCLC film covers only the emission peak region.

Figure 22. Schematic illustration of a ‘photon recycling’ device. 62 Copyright 2007, American Institute of
Physics.
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Figure 23. (a) The structure of a three-layered PCLC film. (b) Normalized electroluminescence
spectrum of Alq3 and reflectance spectra of single-layered and three-layered PCLC films. 62 Copyright
2007, American Institute of Physics.

To evaluate the degree of circular polarization quantitatively, R-polarizer and L-polarizer
are inserted between the EL device and detector. We confirmed that R- and L-polarized EL
intensities are almost the same in OLEDs without a PCLC reflector. In contrast, OLEDs with
narrow (single-layered)-PCLC and with wide (three-layered)-PCLC reflectors emit high
intensity R-circularly polarized EL within the stopband of PCLC as shown in Fig. 24(a) and
24(b). The R- and L-CP-EL spectra from OLEDs with the narrow-PCLC film are almost the
same as that with the wide-PCLC film in the selective reflection region of narrow-PCLC
(480nm–560nm) as a result of ‘photon recycling’. Outside of the stopband of narrow-PCLC,
however, both R- and L-CP components from the narrow-PCLC device do not show any
prior circularly polarization characteristics due to the lack of ‘photon recycling’ (Fig. 24(a)),
whereas the wide-PCLC device shows the highly R-circularly polarized light over the whole
emission spectrum range, as shown in Fig. 24(b).
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It is also noted that the degree of circular polarization is high in the wide-PCLC device over
the whole emission band. Figure 25 shows the wavelength dependence of the g-factor [eq.
(14)] for light emitted from each device. At the center of the stopband, |g(λ)| approaches to
1.67 in both the devices with PCLC films. However, the difference is that |g(λ)| remains
same over the whole emission band in the wide-PCLC device but it suddenly decreases
outside of the stopband in the narrow-PCLC device.
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Figure 24. R- and L-CP-EL spectra from OLED devices with (a) narrow- and (b) wide-PCLC films.
Reflection spectra for the narrow- and wide-PCLC films are also shown using dotted curves.62
Copyright 2007, American Institute of Physics.

Figure 25. Calculated g-factor values in each device over the whole wavelength range of the emission
band of Alq3.62 Copyright 2007, American Institute of Physics.
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3.3. Polarization-tunable organic light-emitting diodes
In this section, we examine the electro-tunable polarization of electroluminescence by
combination of circularly polarized OLEDs (same concept as explained in section 3.2) and
tunable phase retarder. A voltage controllable liquid crystal cell is adopted as a tunable
phase retarder for tunable polarization characteristics.
The device configuration for polarization-tunable OLEDs with a phase retarder is shown in
Fig. 26. For the phase retardation, NLC is filled between the glass substrates with a rubbed
PI layer. The phase retarder is simply attached to one of the glass sides of OLEDs. After the
generation of unpolarized light from OLED, the whole EL light is extracted as R-CPL by
photon recycling. This R-CP-EL can be transformed into arbitrary polarizations by changing
the orientation of NLC through applying a voltage. The phase retardation at a
wavelength can be expressed by:



2



dn

(15)

where d is cell thickness and n is birefringence of NLC.

Figure 26. Schematic illustration of the principle of polarization-tunable OLED and polarized light with
different polarization.63 Copyright 2008, American Institute of Physics.

If the wavelength and cell thickness are constant, phase retardation between e- and o-waves
can be varied by applying an electric field. Then the effective birefringence of NLC n() is
determined by the angle between the director and the substrate surface; i.e., n(=0°)=n
and n(=90°)=0. If dn() is equal to (2 m  1) / 2 (m = 0, 1, 2…), NLC layer acts as a halfwave plate. On the other hand, if dn() is equal to (4 m  1) / 4 (m = 0, 1, 2…), the NLC
layer acts as a quarter wave plate. It should be noted, however, that the maximum phase
retardation must be over half-wavelength (λ/2) to realize four kinds of different
polarizations. Hence we have fabricated a cell with the thickness satisfying 3λ/2 retardation
condition in the absence of a field.
Figure 27 shows the voltage dependence of transmittance spectra through R-, L- circular and
linear polarizers with the direction of +45° and -45°. The applied voltages of 0, 4.5, 6 and 7.5

Effect of Photonic Structures in Organic Light-Emitting Diodes
– Light Extraction and Polarization Characteristics 93

V correspond to 3λ/2, 5λ/4, λ, 3λ/4 wave plates, respectively. When the R-polarizer is
inserted, the spectrum shows a selective reflection band at 0 V (=3λ/2) as shown in Fig. 27(a).
This is because the transmitted R-CPL changes its polarization to L-CPL through L-PCLC,
and the transmittance decreases down to 0.15 within the selective reflection band. As the
voltage increases up to 6 V (=λ), the spectral shape shows no selective reflection band
because the phase retarder acts as a full-wave plate. On the other hand, the situation is
reversed in L-polarizer as shown in Fig. 27(b).
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Figure 27. Polarization characteristics of voltage dependent transmittance spectra of a phase retarder.
Transmittance spectra of (a) R-CPL, (b) L-CPL, (c) LPL(+45°) and (d) LPL(-45°) under fields of 0, 6, 4.5
and 7.5 V, respectively. 63 Copyright 2008, American Institute of Physics.

Conversion to linearly polarized light is also possible by 4.5 (=5λ/4) and 7.5 V (=3λ/4)
applications. If the phase retardation is a quarter-wave, R-CPL changes the polarization
condition to linearly-polarized light (LPL). Figure 27(c) and (d) shows LPL with electric field
direction of +45° and -45°, respectively. At 4.5 V, the phase retardation is 5λ/4 resulting in a
LPL (+45°) as shown in Fig. 27(c). The transmitted R-CPL changes into LPL (-45°) and shows
a selective reflection band when the direction of linear polarizer is +45°. On the other hand,
if the phase retardation is 3λ/4 (=7.5 V), the transmitted R-CPL changes into LPL (+45°) after
transmitted through the linear polarizer. As a result, no selective reflection is observed in
the transmittance spectrum. Reversed situation is also observed when the direction of linear
polarizer is -45°, as shown in Fig. 27(d).
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In order to apply this concept to OLEDs, we have attached a phase retarder to an EL device.
This situation is different from the transmittance measurement system because here the EL
device has a metallic mirror as a cathode. The output of EL light is R-CP-EL, as explained in
Fig. 26. Hence different polarization states are also possible by controlling the birefringence
of the NLC layer. To evaluate the degree of polarization quantitatively, R-, L-circular or
linear polarizer with the direction of +45° and -45° is inserted in the emissive EL devices
between the phase retarder and detector. The output of EL light transmitted from the L-PCLC
is R-CP-EL within the wavelength range corresponding to the stopband. The emitted R-CP-EL
can be changed into a different polarization by the phase retardation. Figure 28 shows the
polarized EL spectra with different polarizations as applied voltage increases from 0 (Fig.
28(a)) to 4.5 (Fig. 28(c)), 6 (Fig. 28(b)), and 7.5 V (Fig. 28(d)). Thus EL light with different
polarizations can be selectively emitted by varying the voltage. Outside of the stopband of
PCLC, the intensity of opposite polarized light becomes higher because the stopband of
PCLC cannot cover a wide wavelength range. It should be noted, however, if a
multilayered-PCLC with different pitches is used, the polarization rate can be high over all
wavelength [62,67].
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Figure 28. Measured polarized electroluminescence from OLED. Selectively emitted light of (a) L-CPEL, (b) R-CP-EL, (c) LP-EL(+45°) and (d) LP-EL(-45°) under fields of 0, 6, 4.5, and 7.5 V, respectively. 63
Copyright 2008, American Institute of Physics.
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3.4. Polarization conversion in surface-plasmon-coupled emission from
corrugated OLEDs with buckling structures
The fabrication process of buckling and OLED devices is almost the same as described in
section 2.2. The only difference is the use of a thinner ITO (40 nm) than previous one (120
nm) to extract TM mode preferentially by a surface plasmon coupled emission [68].
To characterize the outcoupled SP mode by buckles, we have calculated its in-plane
propagation vectors and plotted the grating period for the emission angles of 0°, 20°, 40°, and
60° as a function of the wavelength of the outcoupled light in Fig. 29(a). Considering the
distribution maximum of the buckling periodicity at ~410 nm, it is reasonable that the main
diffraction of the SP mode for the normal direction occurs at the emission wavelength of ~690
nm. In addition the FWHM of the periodicity distribution from 300–600 nm allows
outcoupling of the SP mode over the entire emission wavelengths by the first- and secondorder diffractions. As the emission angle increases, the main diffraction wavelength shifts from
~690 nm for 0° to ~580 nm, ~490 nm, and ~440 nm for 20° , 40° , and 60° , respectively.
We have measured the linearly polarized electroluminescence spectra of the devices with and
without buckles at the emission angles of 0°, 20°, 40°, and 60°, and then calculated the lightenhancement ratio (the intensity ratio of the two spectra in the devices with and without
buckles) as a function of emission wavelength. Figure 29(b) presents the enhancement ratio of
the TM-polarized light. The broad peak intensities for each emission angle are consistent with
the main diffraction wavelengths calculated in Fig. 29(a), as indicated by arrows. It is very
interesting to note that the TE-polarized light also gets enhanced by buckles as shown in Fig.
29(c). This enhancement is even greater than that for TM-polarized light, particularly at larger
emission angles, although generally the SP mode is considered to be excited only by TMpolarized light and the diffraction gratings do not convert the polarization state of an incident
light upon diffraction. However, it is also known that the polarization conversion can occur if
the grating wavevector is not parallel to the plane of incidence [69-73]. So-called conical
diffraction occurs at 0°–90° azimuthal angles by the grating with different wavevectors with
respect to the incidence plane, where even TE-polarized light may excite the SP mode because
of the existence of the electric field component parallel to the grating vector. In other words,
the SP mode excited by a TM-polarized light can be outcoupled to the TE- as well as TMmodes radiation. As the azimuthal angle increases from 0° to 90°, the outcoupled TM mode
decreases and the outcoupled TE mode increases by the conical diffractions [69,70]. As far as
we know, this was the first report on the polarization state of the extracted SP mode, although
a qualitative description on the polarization state can be found for the outcoupled SP mode
from a silver cathode with a 2-D corrugated structure [74].
Because the grating vectors in a buckling structure are random over all azimuthal angles,
the SP mode in the device with buckles also experiences conical diffractions at all azimuthal
angles and then the polarization conversion of the outcoupled light occurs. For example,
k0sinθ, kSP, and kG for the emission wavelength at 600 nm are graphically presented in Fig.
30. Here only one grating wavevector from a 1-D grating with a periodicity of 410 nm is
assumed. The radius of the solid circle (blue) corresponds to kSP, the momentum space
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Figure 29. (a) Relation between the outcoupled emission wavelength and the grating period for the
emission angles of 0° (black), 20° (red), 40° (green), and 60° (blue), satisfying the first- and second-order
(only for 0°) diffractions condition. The dashed horizontal line represents the peak wavelength of 410 nm
in the periodicity of the buckles used as the grating. (b) Enhancement ratios of TM-polarized light by
buckles at the same angles as (a), 0° (black), 20° (red), 40° (green), and 60° (blue) from top to bottom,
obtained by dividing the spectrum (measured through a polarizer) of the device with buckles by that
without buckles. (c) Enhancement ratios of TE-polarized light by buckles with the same information as (b).
68 Copyright 2011, Wiley-VCH.
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within the solid circle (black) represents the escape zone to air mode, and that between the
dotted and solid circle (black) indicates the glass mode. As the azimuthal angle of the SP
vector increases, the polar and azimuthal angles of the outcoupled light increase and
simultaneously the polarization conversion to the TE mode becomes strong. At an angle of
35°, below the azimuthal angle, the SP mode is outcoupled to the air mode by the grating,
between 35°–55° it is trapped to the glass substrate, and above 55° it propagates into the
ITO/organic layer with the highly TE-converted polarization. In such a restricted condition
of a one-directional grating with a definite periodicity, this ITO/organic mode does not
outcouple. However, a conical diffraction to air is expected to occur in our buckling
structure over all the possible azimuthal angles, 0–360° because of the grating wavevector
distributed over all azimuthal directions. Therefore, the enhancement of the TE-polarized
light is observed as shown in Fig. 29(c). However, the greater enhancement of the TEpolarized light than that of the TM-polarized light for all polar angles indicates that more
TE-polarized light must be outcoupled to the air mode through the diffraction by buckles,
because of the polarization conversion to the TE mode being weak at low azimuthal angles
below 35°. Considering the dimension of the emitting area (3 mm × 3 mm) and glass
thickness (1.0 mm), most light propagating to the glass substrate cannot undergo reflection
or scattering at the corrugated Al layer. Hence the scattering of the glass mode by buckles
can be ignored. We believe that the TE-converted light propagating to the ITO/organic layer
by the diffraction at an azimuthal angle above 55° can be coupled to the TE0 leaky guided
mode [75], which can then be outcoupled again by the diffraction through the grating
vectors with different directions. The broad periodicity and random orientation of buckles
contribute to the additional extraction of the TE-polarized light for all polar angles, thereby
producing a higher enhancement of the TE-polarized light over all polar angles.

Figure 30. Momentum representations of SP mode (blue circle, kSP), glass light-line (black dotted circle),
air light-line (black solid line), grating wave vector (red arrow, kG), and the outcoupled light to air mode
(black arrow, k0sinθ) for the emission wavelength of 600 nm. θ and φ represent the polar and azimuthal
angle, respectively. Only one-directional grating vector from one-dimensional grating with a periodicity
of 410 nm is assumed. 68 Copyright 2011, Wiley-VCH.
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To confirm the polarization conversion by buckles on diffraction, a buckled resin layer on a
glass substrate, coated with a 100-nm-thick Al layer, is irradiated using a linearly polarized
He–Ne laser (632.8 nm) at an incident angle of 60° and the scattered light from the surface
normal observed through a linear polarizer. We have found that the incident TM-polarized
light is largely converted into the TE mode upon diffraction. The ratio of TE- to TMpolarized light intensities was around 0.7, irrespective of the incident azimuthal angle. This
result is consistent with the enhancement of the TE-polarized light by buckles in the device
structure shown in Fig. 29(c).

4. Summary
After summarizing methods for enhanced outcoupling in OLED devices, we reviewed
enhancement methods using photonic structures at a surface. As explained in sections 2.3
and 2.4, corrugated EL devices with periodic or quasi-periodic nanostructures show
enhanced light extraction performance compared with the reference flat device without such
structures. The principle of light extraction is the same in both device configurations;
however, periodically corrugated EL device shows higher light extraction only at a specific
wavelength because of the well-defined corrugation pitch. This anisotropic angular
dependence does not satisfy the Lambertian emission pattern, which is an important
requirement in the lighting technologies. On the other hand, spontaneously formed buckling
patterns on OLEDs towards air are effectively used as a quasi-periodic structure to extract
light from the waveguide modes. The characteristics of the broad periodicity distribution
and randomly oriented wave vectors of buckles provide an invaluable advantage of possible
outcoupling of the waveguide light propagating along any direction with a wide spectral
range. Namely a buckling device shows a Lambertian emission pattern with an increase in
emission angle, which satisfies the requirement of OLED lighting. In particular, it enhances
the outcoupling of waveguide modes at various wavelength ranges due to the broad
distribution of the periodicity that can be applied to white OLEDs. We may conclude that
the buckling device structure overcomes the limitation of periodic nanostructures and it can
be used in the development of white OLEDs for lighting.
We have also demonstrated the generation of highly circularly polarized EL and its
tunability using a liquid crystal phase retarder. A wide-band reflector has enabled us to
obtain high ratio of brightness between R-CP-EL and L-CP-EL with the overall intensity ratio
of about 10 and g-factor of about 1.6 over the whole emission band. Also, using a voltage
dependent phase retarder, we have confirmed that there is no limitation for choosing emissive
materials to obtain the tunable polarized EL light. We have also shown that the devices with
buckles have double current and power efficiencies over the entire emission wavelengths and
emission angles. This is achieved without any spectral changes even though ITO thickness is
thin (40 nm) to outcouple the only SP (TM) mode which would otherwise be lost into the Al
cathode layer of OLED devices. It is also found that the diffraction of the SP mode by buckles
causes polarization conversion to the TE mode with a higher light intensity than in the TM
mode, which occurs due to the random orientation of the buckling structure.
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1. Introduction
Organic semiconductors hold the combined properties of inorganic semiconductors such as
silicon and more desirable properties of plastics [1,2]. Since, the inception of the field of
plastic electronics, various organic semiconductors including conjugated polymers and
small molecules have been synthesized, studied, and applied to optoelectronic
semiconductor device structures in order to improve efficiency, reduce cost or realize new
applications that are difficult to achieve with silicon-based technology [3,4].
Recently, the exploitation of polymer as an active layer in organic electronic displays has
received a particular attention. In this direction, greater efforts have been devoted to seek
new possibilities for use in optoelectronic devices such as Polymer Light Emitting Diodes
(PLEDs) [5-11], Polymer Photovoltaic Cells (PPCs) [12-23] and Polymer Field Effect

Transistors (PFET) [24-33]. The field of PLEDs is still an active research area since the first
conjugated conducting or semiconducting polymeric material, poly(p-phenylene-vinylene)
(PPV), was reported by Burroughes et al. in 1990 [34]. In fact, only polymers can enable
manufacturing of large-area light-emitting displays. These electronic devices need special
polymers with specific and adapted properties. Since then, there have been increasing
interests and research activities in synthesis and design of new polymeric materials for
organic electronic devices. However, their properties and those of the related devices are
still poorly understood.
© 2012 Alimi et al., licensee InTech. This is an open access chapter distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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One of the requirements for efficient PLEDs is balanced charge injection from the two
electrodes and efficient transport of both holes and electrons within luminescent layer in the
device structure [35]. More recently, much effort has been devoted to develop wide band
gap conjugated polymers for application in light emitting diodes. Then, a number of
conjugated polymers including poly(p-phenylene-vinylene) (PPV) [36,37], poly(pphenylene) (PPP) [38-41], polythiophene (PT) [42,43] and polyfluorene (PF) [44] have been
widely used as light-emitting materials in devices. However, one major problem with these
polymers is that they are -excessive in nature and hence are much better at accepting and
transporting holes than electrons. Another series of polymers containing -deficient heterocycles like pyridine [45] and oxadiazoles [46] show greater tendency to transport electrons
than holes [47].
To tune the emission properties of PLEDs, sophisticated control of the polymer
luminescence color, efficiency, and charge transport properties are required. The emission
wavelength depends on the extent of conjugation/delocalization, and can be controlled by
the modification of the configuration or conformation of the polymer and by interactions
with the local environment [48,49]. This can be achieved by grafting functional moieties
such as electron donor or acceptor groups, which allow the modulation of the electronic
structure of the conjugated backbone [50,51]. Donor–acceptor (D–A) organic molecules are
among the most important conjugated polymers, that produce low bad gap useful in
technological fields novel materials, by adjusting the HOMO and LUMO levels [52-54]. The
low optical band gaps of the compounds should result by alternating the electron-rich unit
of donor segments and the strong electron-deficient unit of acceptor segments in the
structure. Then, superior transport properties in organic materials can be achieved with
planar and highly conjugated chains [55-57]. Many investigations have proven that
conjugated D-A type polymers play important roles in their balanced charge transporting
properties and show unique optical properties. The HOMO and LUMO energy levels of
these systems are important for understanding charge injection processes in the luminescent
devices [58-60].
On the other hand, due to their interesting electrical, optical and optoelectronic properties,
conjugated oligomers represent a prominent class of compounds from the viewpoint of
theory, synthesis, and applications in materials science [61-65]. Moreover, they are model
compounds for the corresponding polymers [66,67]. In parallel to recent experimental work
on oligomers, theoretical efforts have also begun complementing the experimental studies in
the characterization of the nature and the properties of their ground- and lowest electronic
excited states [68-73]. In addition, these approaches have provided significant insight into
the electronic and optical properties of conjugated polymers. In the absence of structural
information, the experimental measurement, in conjunction with molecular orbital theory, is
a valuable tool in analyzing the electronic structure of polymers. This enables an estimate
not only of the relative energies of the electronic levels but also of their detailed distribution
over the whole molecule. The ionization Potential (IP), electron affinity (EA), molecular
electronic structure of the ground and lowest excited states as well as the nature of
absorption and photoluminescence obtained through quantum calculations are of great
interest prior to fabricating organic devices.
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In this context, two new alternating donor-acceptor conjugated copolymers, both of which
may be used in organic electronics, are investigated here. The first one is a copolymer
containing thienylene-dioctyloxyphenyle-thienylene (TBT) and bipyridine (BIPY) units as
shown in Fig. 1 that can be used as an active layer in PLEDs. It is constructed with
dioctyloxy substituted phenylene incorporated between two electron-rich-thiophene units,
abbreviated as TBT unit, and a bipyridine (BIPY) unit (Fig. 1). It was obtained by the Stille
reaction method and the detailed synthesis procedures and characterization have already
been reported [74,75]. The soluble copolymer has a well-defined structure and exhibits
excellent optical properties. The number average (Mn) and weight average (Mw) molecular
weights of the copolymer, determined by gel permeation chromatography (GPC) using
polystyrene as standard, are obtained as 3098 and 3477, respectively. The corresponding
polymerization degree, DPn, is found to be 5 corresponding to 25 cycles of number. Photophysical properties of copolymer including Raman scattering, UV-Visible optical absorption
and emission are studied.
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Figure 1. Chemical structure of TBT-BIPY copolymer.

Introducing long alkoxy pendants at 2 and 5 positions of the phenyl ring improves the
solvent processability which is a prerequisite for fabricating organic light-emitting diodes
(OLEDs) by the spin coating method.
The second part of this chapter concerns a composite based on Benzothiadiazole mixed with
carbazole, or hexylthiophene that can be used for fabricating Polymer Solar Cells (PSCs).
PSCs based on the bulk heterojunction (BHJ) structure have attracted broad attentions in
recent years [76,77]. The requirements for the structure and properties of polymeric donors
are low band gap, broad absorption range, high mobility and appropriate HOMO and
LUMO levels [78]. Among the polymers tested for suitability as an active layer, poly(3hexyl-thiophene) (P3HT) and poly(carbazole) (PCz) have emerged as promising candidates
for applications in optoelectronic devices because of their exceptional properties [79,80].
However, alternative copolymers of [2,1,3]-benzothiadiazole (BT) acceptor units with
various donor units have attracted particular attention for using them in high performance
PSCs [81-83]. To optimize the material properties, conjugated polymers with alternating
electron-rich and hole-rich units along their backbone have been extensively developed
because their absorption spectra and band gap can be readily tuned by controlling the intramolecular charge transfer (ICT) from donors to acceptors [84].
However, in these linear D-A polymers, the molecular interactions and packing orientation
of the conjugating moieties need to be carefully controlled to ensure proper process ability
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and charge transporting properties [85]. A fundamental understanding of the ultimate
relations between structure and properties of these materials is necessary for using them in
photovoltaic cells. A number of studies demonstrate that the interplay between theory and
experiment is very important in providing useful insights in understanding the molecular
electronic structure of the ground and excited states as well as the nature of absorption and
photoluminescence [86]. To rationalize our theoretical results, the simulated data are
compared with the available experimental data [87].
In what follows, we elucidate the photophysical properties of the benzothiadiazole
derivative compounds with structures as shown in Fig. 2 (a,b). These two D-A polymers
provide a basis for a more comprehensive study of the backbone ring, heteroatom and fused
ring effects on polymer properties. Therefore, it is of practical significance to extend our
previous work to a comprehensive theoretical investigation on these two types of BTDbased derivatives. Moreover, poly(3-hexyl-thiophene) (P3HT) units have relative higher
charge mobility in comparison with other conjugated polymers and have been widely used
as π-conjugating spacers [88,89]. Its insertion in the polymer backbone serves the dual
purpose of transporting carriers and providing sites for exciton dissociation [90]. Moreover,
the incorporation of electron-withdrawing moieties (3HT) as side chains leads to some
useful properties which can further widen the absorption spectrum.
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Figure 2. Chemical structure of compounds under study: (a): P3HTBT, (b): PCzBT.

Recently, the conjugated P3HT2BTCz compound, built as carbazole-thiophenebenzothiadiazole, has been copolymerized onto the backbone of the copolymer as shown in
Fig. 3. This compound has been synthesized and experimentally characterized, using only
photoluminescence and optical absorption spectroscopy. Their related intense and broad
absorption bands as well as favorable excited-state energy levels make them good
candidates for fabricating PSCs. Thus, if P3HT2BTCz compound is blended with [6,6]phenyl-C61-bytric acid methyl ester (PCBM) fullerene derivative into BHJ photovoltaic
devices [87], then the conversion efficiency may be increased.
Here further investigations of geometrical parameters, electronic structures, photo-physical
and vibrational properties of these compounds are carried out, on the basis of quantumchemical calculations, providing a reasonable interpretation of the experimental results and
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better understanding of the relationship between the structure and resulting properties.
Finally, the parameters that influence the photovoltaic efficiency are elucidated. We think
that the presented study of structural, electronic, optical, and charge transfer properties for
this compound will help the design more efficient functional photovoltaic copolymers.
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Figure 3. Chemical structure of P3HT2BTCz compound.

The objective of the presented result here is not to develop or optimize any applications, but
to understand why and how the combined theoretical and experimental studies on
copolymers can be conducted in developing optimized Polymer Light Emitting Diodes
(PLEDs) and Photovoltaic Cells (PPCs).

2. Theoretical methodology
All molecular calculations are performed in the gas phase using Density Functional Theory
(DFT) implemented in the GAUSSIAN (03) program [91]. We have used the B3LYP (Becke
three-parameter Lee-Yang-Parr) exchange correlation functional [92,93] with 3-21G* and 631G* as basis sets. In the first part, the calculation of conformational characteristics has been
done by varying the torsion angle in steps of 20° from  = 0° to  = 180°. For each increment,
the dihedral angle is held fixed while the remainder of the molecule is optimized. The
energy differences in electronic states are always calculated relative to the corresponding
absolute minimum conformation and then the relative potential energy surfaces are drawn.
In the optimization procedure of these compounds, the alkyl chains at the N-9 positions of
carbazole (Cz) motifs and dioctyloxy groups in TBT-BIPY copolymer are replaced by methyl
and methoxy groups, respectively. This has been proven that the presence of alkyl/alkoxy
groups does not significantly affect the equilibrium geometry and hence the electronic and
the optical properties [94]. Hexyl groups in 3HT motifs are then replaced by methyl groups.
The optimization of the composite (P3HT2BTCz: PCBM) is done in two steps. First
optimization with PM3 semi-empirical method was carried out, then the resulting structure
was re-optimized by DFT/B3LYP/3-21G* to find the equilibrium geometrical structure.
Optical absorption spectra are calculated using the Time-Dependant Density Functional
Theory (TDDFT) [95] based on optimized ground state geometries [96]. Theoretically the
transition energies and their respective intensities in a given configuration interaction (CI)
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expansion of singly excited determinants are determined [97]. The electronic configurations
for the lowest 50 singlet-singlet transitions are obtained using the same basis set. Then, the
obtained data are transformed using the SWizard program [98] into simulated spectra as
described in the literature [99]. Finally, the nature and the energy of vertical electron
transitions (the main singlet-singlet electron transitions with highest oscillator strengths) of
molecular orbital wave functions are presented. The photoluminescence (PL) spectrum has
been derived from CIS/TDDFT calculation [100]. Similar procedures are applied on TBTBIPY model compound on the basis of ground and lowest singlet excited-states, but with
two additional methods (CIS/3-21G* and the semi-empirical quantum-chemical ZINDO
levels) for absorption and emission properties [101]. The vibrational properties as well as
force constants are also examined through results derived from the Molecular Orbital
Package (MOPAC 2000) [102].

3. Part I: TBT-BIPY copolymer for Light Emitting Diodes (PLEDs)
3.1. Raman scattering spectroscopy
The Raman spectrum recorded for the excitation line of 1064 nm is presented in Fig. 4a. We
have found that the Raman spectrum is dominated by bands originating from the
thiophene, the di-alkoxy-substituted phenylene and pyridine rings vibration. According to
the literature [103,104], the major band in the spectrum can be attributed to C=C stretching
vibration of the thienyl ring at roughly 1444 cm-1 and the relatively weaker band at about
1604 cm-1 can be assigned to the C=C stretching vibration of the phenylene ring. The 1302
cm-1 can be attributed to the interring Cthienyl-Cphenyl vibration. In addition, we notice a strong
asymmetry in intensity of the dominant triplet, occurring at 1444, 1543 and 1604 cm-1,
resulting from the short conjugation length of the material [105].
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Figure 4. (a) Experimental and theoretical normalized Raman spectra and (b) Selected Raman
vibrational modes of the calculated frequencies of TBT-BIPY copolymer.
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3.2. Optical absorption and emission properties
The optical properties of the copolymer were studied, in chloroform solution and recorded
at ambient temperature, by using UV-Vis and fluorescence emission spectroscopies (Fig. 5).
The TBT-BIPY solution showed a sharp peak absorption maximum at 436 nm corresponding
to the * electronic transition in the polymer backbone. This band appears at 517 nm for
the polymer film. Obviously, the red shift of about 79 nm in the film state is due to the π-π*
stacking effect [106]. The optical band gap, defined by the onset absorption of the polymer
in the chloroform solution state is 2.43 eV. The polymer showed low band gap when
compared to that of TBT-BIPH (2.48 eV). This may be due to the strong interaction between
electron acceptor (TBT) and strong electron acceptor segments (BIPY) in the polymer
backbone. Then, this optical band gap of the copolymer could be attributed to the D-A
structure of polymer matrix.
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Figure 5. Normalized optical absorption and photoluminescence spectra of TBT-BIPY copolymer. The
PL deconvolution spectrum was given in the same figure.

Fig. 5 includes also the fluorescence spectrum of copolymer that gives a bright blue-greenish
fluorescence with the maximum emission wavelength of 498 nm with the excitation
wavelength at 450 nm in chloroform solution state. This emission is corresponding to the
onset of * transition of the electronic absorption spectra. The band gap of the polymer
(2.43 eV) estimated from the onset position of the absorption (510 nm) essentially agrees
with the max value (498 nm, 2.48 eV) of the main fluorescence peak, indicating that the
fluorescence takes places by migration of electrons in the conducting band to the valence
band. It is worthy to note that the PL spectrum of the compound shows well-resolved
structural features with maxima at 498, 527 and shoulder at about 580 nm assigned to the 0–
0, 0–1, and 0–2 intra-chain singlet transition, respectively (the 0–0 transition, the most
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intense) [107]. The stocks shift was found to be 62 nm (0.35 eV). This shift points to large
structural differences between the ground and excited states in the material. In addition,
from PL deconvolution spectrum, it should be noted that the energy difference (~ 0.18 eV)
agrees well with that of the most intense Raman vibration modes at around 1450 cm−1.

3.3. Theoretical part
3.3.1. Conformational analysis
In the absence of structural information, we have assumed that the oligomer tends to be
planar because of two reasons: (i) interchain interactions (packing force) tend to significantly
reduce the torsion angles between adjacent units in the solid state and (ii) electronic and
optical properties are weakly affected by small changes in torsional angels. To determine
the minimum energy configuration, we perform fully geometrical optimizations on TBTBIPY with B3LYP/3-21G*. Since there is only one type of substitution on the phenyl ring
(substitution 2 is equivalent to the site 5), three different conformation types can occur in
TBT-BIPY copolymer structure. The potential energy surface (PES) of copolymer is obtained
by partial optimization as shown in Fig. 6.

Figure 6. Potential energy curves of thienylene-2,5-di-methoxy-phenylene, BIPY and TBT-BIPY
obtained from DFT/B3LYP/3-21G* level of theory.

As these structures show flexibility in the molecule, first of all, individual torsion potentials
for the two structures of thiophene-di-methoxy-phenylene (TDMP) and bipyridine (BIPY)
are obtained for each molecule as a function of the inter-ring C-C dihedral angle φ1
(torsional angle between the thiophene and di-methoxy-phenylene rings) and φ4 (torsional
angle between the two pyridine rings) by varying them from 0° (syn-planar) to 180° (antiplanar) in steps of 20°. Therefore, to construct the potential energy curve for TBT-BIPY

Photophysical Properties of Two New Donor-Acceptor Conjugated Copolymers and Their Model Compounds:
Applications in Polymer Light Emitting Diodes (PLEDs) and Polymer Photovoltaic Cells (PPCs) 113

copolymer, φ1 and φ4 are held fixed and the torsional angle φ3 (dihedral angle between the
thiophene and pyridine rings) is calculated in the same way by varying the torsional angles
(φ1 and φ4) as described above. From the conformational analysis of TDMP and BIPY, it is
found that both show a minimum at the torsional angle around 0°, and they adopt co-planar
conformations. However, when BIPY is connected to TBT unit, molecules get twisted out of
the planarity with an angle φ3 = 40°. Accordingly, all the inter-ring dihedral angles are kept
constant at φ1 = φ2 = φ4 = 0° and φ3 = 40° during the geometry optimizations.

3.3.2. Ground- and excited-state structures
The optimized structure of TBT-BIPY optimized using DFT//B3LYP/3-21G* is shown Fig. 7.
The selected bond lengths and twist angles are collected in Table 1.

Figure 7. Ground state B3LYP/3-21G* optimized structure of 2-TBT-BIPY copolymer. The values
written in red (blue) color represent S--O (N--H) distances in Angstrom. n (n=1-9) represents the
dihedral angle between rings and the values expressed in degree are the C-O-C angles.

As shown in Table 1, the two TBT and bipyrdine units of 2-TBT-BIPY adopt planar
conformations with dihedral angles inferior to 1°. Whereas, the dihedral angles 3, 5 and 8
for 2-TBT-BIPY are twisted out of plane of ~24°. In addition, the C-O-C angles are not
affected along the polymer chains and are evaluated to be 119.5°.
Dihedral Angle (°)

Ground State

Excited State

1

-0.28

-0.21

2

-0.39

-0.31

3

23.61

20.31

4

0.007

-0.72

5

-24.52

-2.42

6

-0.20

-0.34

7

-0.55

-0.41

8

23.86

1.85

9

-0.088

-0.091

Table 1. Calculated dihedral angles in their ground- and excited-states of 2-TBT-BIPY copolymer.
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It is worth noting that the interaction forces between the oxygen atom (negatively charged)
and the sulfur atom (positively charged) in the TBT unit are attractive [108-110]. Similar
results are found for the Bipyridine unit; in which intra-molecular interaction occurs
between non-bonded nitrogen and hydrogen atoms (the atomic charges are listed in Table 2
referred to the individual atoms in the numbering sequence shown Fig. 8). In fact, the
calculated bond lengths of S--O (N--H) bonds are found to be ~2.62 Å (~2.44 Å), which
correspond to ~79% (~92%) of the sum of their Van der Waals radii, fall inside the Van der
Waals contact distance of the S--O (3.32 Å) and N--H (2.64 Å) and outside of their covalent
contacts of 1.70 Å for S-O and 0.91 Å for N-H. In this case, the planar conformations are
stabilized by the non-bonded S--O and N--H interactions [111].
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Figure 8. 2-TBT-BIPY copolymer structure with individual atoms in the numbering sequence.

Atomic charges (e)
Atoms

Ground State

Excited State

S5/O14

0,459/-0,565

0,513/-0,757

S20/O12

0,492/-0,566

0,560/-0,759

N25/H

-0,619/0,220

-0,764/0,287

N28/H

-0,619/0,219

-0,767/0,287

S37/O46

0,494/-0,565

0,568/-0,760

S52/O44

0,494/-0,565

0,569/-0,760

N57/H

-0,618/0,220

-0,767/0,286

N60/ H

-0,605/0,221

-0,753/0,288

Table 2. Atomic charges of sulfur, oxygen, nitrogen and hydrogen atoms in S--O and N--H intramolecular interactions.

Further, the highest occupied molecular orbital (HOMO), lowest unoccupied molecular
orbital (LUMO) as well as the HOMO-LUMO energy gap (LUMO-HOMO) are studied.
Accordingly, for 2-TBT-BIPY, the HOMO is at -4.922 eV, LUMO at -2,152 eV and the energy
difference between these levels is thus 2.77 eV. To further understand the optical property
changes, Fig.9 illustrates the three highest occupied and three lowest unoccupied orbital
levels for the 2-TBT-BIPY copolymer.
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Figure 9. The DFT//B3LYP/3-21G* calculated energy levels for 2-TBT-BIPY copolymer.

The vibrational Raman frequencies are calculated using the same method on geometryoptimized structure and are directly compared to those obtained from the Raman
spectroscopy measurements. In Fig. 4a, we have plotted the normalized theoretical and
experimental Raman spectra of the TBT-BIPY copolymer compound. It is relevant to note
here that the vibrational spectrum calculated by DFT methodology agree satisfactorily with
the experimental spectrum both in relative intensities and peak positions. The deviation
between the measured Raman scattering and theoretically vibrational frequencies are less
than 30 cm-1. Moreover, it was found that there were no negative vibrational frequencies,
which indicate that optimized structure was at the energy minimum. This implies that the
theoretically determined structure of copolymer is the most accurate description of the
electronic structure. Accordingly, the experimental and calculated Raman bands at 1444 and
1457 cm-1, respectively, assigned to the thiophene ring vibrations [103-104], are strongly
resonant with the * electronic transition of compound. The most important Raman
vibrational modes are shown in Fig.4b.
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By combining the experimental data (optical band gap and Raman frequencies) with DFT
calculations, two units of TBT-BIPY copolymer were considered as model structure for
predicting the optical and emission properties.

Bond Length Difference (Å)

For better understanding of the optical and emission processes, we have firstly computed
the bond lengths of the ground and excited states, where the changes of bond lengths can be
compared. The values of bond lengths for the 2-TBT-BIPY copolymer, in their ground- and
excited-states are shown in Fig. 10. It can be seen that some bond lengths increase and some
decrease in the excited state. Furthermore, we find that all the bond lengths of two
bipyridine as well as those of C-O-C are shortened. Whereas, in the left TBT unit, the C-C
single bond of thiophene rings as well as that connecting the thiophene ring to phenylene
and bipyridine rings increase. In addition, in the second TBT unit, double bonds of
thiophene rings and single/double bonds of substituted phenylene rings also increase.
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Figure 10. Bond length variation of ground (a) and excited (b) states of 2-TBT-BIPY copolymer as well
as the difference in bond length between the excited and ground states (in Å) (c). The horizontal axis
labels represent the bonds between adjacent atoms in the numbering sequence shown in Figure from
the bottom.
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On the other hand and whatever the state is, the non-bonded S--O and N--H contacts were
found to be considerably shorter than the sum of their Van der Waals radii. These distances
vary from ~2.62 Å to ~2.64 Å (S--O) and from ~2.43 Å to ~2.46 Å (N--H), when excited from
the ground to excited states, which confirm the occurrence of non-covalent intra-molecular
interactions. We believe that attractive interaction forces can modify the C-O-C angles in the
excited state. This indicates that the singlet excited state should be much more planar than
their ground state.

3.3.3. Electronic transitions
We have applied a variety of theoretical approaches, including CIS/3-21G*, TD-B3LYP/321G* and ZINDO methods to study the optical and emission properties of TBT-BIPY
copolymers. The theoretical results thus obtained are compared with the experimental ones.
All the energy levels calculated using the Time Dependent Density Functional Theory (TDDFT), the CIS/3-21G* and the semi-empirical quantum-chemical ZINDO are used to predict
the optical absorption and emission spectra of the ground (S0) and first excited (S1)
optimized structures. The assignment of electronic transitions and their oscillator strengths
are also calculated using these three methods.
From theoretical calculations, the wavelength of transitions from the ground to the first
excited state (S0S1) and from the first excited state to ground state (S1S0) having the
largest oscillator strength as well as their corresponding molecular orbital character for 2TBT-BIPY are listed in Table 3. The corresponding experimental optical absorption and
emission wavelengths measured in TBT-BIPY copolymer in chloroform solution are also
listed in the same table. Clarke et al [112] suggest that the importance of the HOMO-LUMO
transition may be easily understood from the spectral distribution of molecular orbitals.
Accordingly, to a first approximation, a significant overlap found between HOMO and
LUMO implies an intense transition between HOMO to LUMO and vice-versa. Here, the
vertical S0S1 transition dominates the HL excitation by 60-81%.
Optical absorption properties of
Method of
ground state (S0S1)
calculation max f MO/Character Coefficient
(nm)
(%)
60
CIS
357.2 4.364
HL
22
H-1L+1
9
H-2L+2
TD-DFT 481.6 2.943
HL
78
ZINDO
Exp

439.4 3.781

HL
H-1L+1
436 nm

81
5

Emission properties of excited state Stokes shift
(S1S0)
(nm/eV)
max f MO/Character Coefficient
(nm)
(%)
80
41.5
398.7 3.055
L H
5
(0.36)
L+2H-2
508.8 3.224

L H

82

519.2 4.352

L H

89

498-527 nm

27.2
(0.13)
79.8
(0.43)
62 (0.35)

(H=HOMO, L=LUMO, L+1=LUMO+1, etc.), f: Oscillator strength

Table 3. The vertical transition energies (nm) and their oscillator strengths of absorption from the
ground to the first excited state (S0S1) and emission from the first excited to ground (S1S0) states of
TBT-BIPY copolymers calculated by CIS/3-21G*, TD//B3LYP/3-21G* and ZINDO methods.
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3.3.4. Frontier molecular orbitals (HOMO and LUMO)
To gain insight into the excitation properties and the ability of electron or hole transport, we
have shown in Fig. 11 HOMO and LUMO together known as frontier molecular orbitals
which contribute significantly to the electronic transitions between the ground and excited
states in 2-TBT-BIPY.

LUMO+2
240a

LUMO+1
239a
LUMO
238a
HOMO
237a

HOMO-1
236a

HOMO-2
235a

(a)

(b)

Figure 11. Contour plots for the HOMO and LUMO molecular orbitals which contribute significantly to
the electronic transitions in 2-TBT-BIPY copolymers: (a) absorption from ground to excited and (b)
emission from excited-to ground states.

We have examined and found that the presence of methoxy side chain does not have a
significant effect on the molecular orbital distribution. In the HOMO, the C=C segments are
-bonding and have anti-bonding character with respect to their neighboring C=C units.
Whereas, in the case of LUMO, the C=C units are anti-bonding and bonding in the bridge
single bond. In general, excitation of a -electron from HOMO to LUMO leads to increase
the localization of electron density on the acceptor part of the molecule. Here, the promotion
of one electron from HOMO to LUMO is explained by the frontier molecular orbital. For the
TBT-BIPY copolymer, the LUMO favors the inter-ring mobility of electrons, while the
HOMO only promotes the intra-ring mobility of electrons [116]. As outlined before, in the
excited state of copolymer, both the HOMO and LUMO frontier molecular orbitals topology
are significantly affected, particularly in the left TBT unit indicating their contribution to the
excitation processes. In fact, in the ground state, the spatial distribution of the molecular
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orbitals is rather delocalized over the molecule. Changing to the excited state geometry, they
become more localized.

3.3.5. Mulliken charge distribution for TBT-BIPY
A schematic representation for the intra-molecular charge transfer (CT) in the ground and
excited states of 2-TBT-BIPYcopolymer, calculated as the average of the summation of
Mulliken charge distribution of the TBT and BIPY units, is displayed in Fig.12. In general,
intra-molecular charge transfer is generated through the alternating donor-acceptor
conjugated systems [117]. From this figure, we think that the alternating TBT (positively
charged) and BIPY (negatively charged) can be used as donor and acceptor, respectively. We
have separately examined their HOMO and LUMO levels, which indicates that for the TBT
unit, the HOMO is at -4.29 eV and the LUMO at -1,29 eV and for bipyridine unit we get -6.52
eV for the HOMO and -1.33 eV for the LUMO. Although the LUMO levels for both are quite
similar, a weak intra-molecular charge transfer in these molecules can established. Based on
the comparison between ground and excited-state geometries for 2-TBT-BIPY, we deduce
that the charge distributions are predominantly restricted to the substituted phenylene and
thiophene units.

Figure 12. Illustration of the 2-TBT-BIPY copolymer structure with Mulliken charges distributions for
TBT and BIPY units at the ground and excited states. All segments presented with dotted line separate
the sub-units involved in the copolymer structure.

We can also predict the geometrical structure changes between the ground (S0) and singlet
excited (S1) from the molecular orbitals. Therefore, to better understand the excitation
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process in TBT-BIPY copolymer, we have investigated the molecular orbitals involved in the
electronic transition.

3.3.6. Simulated optical and emission spectra for TBT-BIPY copolymer
In Fig.13, we have depicted the simulated results of the optical absorption and emission
spectra for 2-TBT-BIPY copolymer using the above three methods. To select the accurate
method for predicting these optical properties, we show the potential energy surface (PES)
of the ground (Ug) and excited (Ue) states along with their normal coordinates for 2-TBTBIPY copolymer in Fig. 14 and Table 4. In Fig. 14, the two potential energies surfaces (PES)
are plotted along with their normal coordinate q and the absorption and fluorescence
spectra obtained from the transition between these two PES, using CIS/3-21G* and TDDFT, respectively. The optical absorption energy (EVA), emission energy (EVE) and the
relaxation energy (���� � ���� ) are presented in Table 5. The Stokes shift (SS), which is defined
as the difference between the absorption and emission energies (EVA-EVE), is usually related
with the band widths of both the absorption and emission bands [118] and it is a measure of
the energy loss due to the molecular relaxation. It can be expressed as: �� = ���� � ���� =
��� −EVE. From the results given in table 5, we show that the SS calculated by CIS/3-21 G* is
about two times higher than that calculated by TD-DFT. Accordingly, due to the neglect of
the effects of electron correlation and higher order excitations, the geometrical relaxation
after the excitation contributes much to the Stokes shift calculated by CIS/3-21 G*. It is well
known that the absorption energy (EVA) is usually considered to be maximum in the
absorption spectrum, but it must be corrected for the zero-point vibrational energy (ZPE). In
our case, compared with the results given in Table 4, SS energies calculated by CIS/3-21G*
and TD-DFT methods as given in Table 5 deviate only by 0.084 eV and 0.088 eV,
respectively. This difference of about 0.08 eV probably represents the value that needs to be
used to correct the theoretical data. By such correction to the experimental value an excellent
agreement is obtained with the result calculated by ZINDO method as shown in Table 4 for
2-TBT-BIPY copolymer.

CIS/3-21G*

TD//B3LYP/3-21G*

EVA (eV)

7.613

2.899

EVE (eV)

7.169

2.681

���� (eV)

0.25

0.099

0.194

0.119

SS (eV)

0.444

0.218

���� (eV)

Table 4. The optical absorption energy (EVA), emission energy (EVE), relaxation energy ����� � ���� ) and
Stokes shift (SS) calculated by CIS/3-21G* and TD//B3LYP/3-21G* methods for 2-TBT-BIPY.
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Figure 13. The simulated optical absorption and emission spectra of 2-TBT-BIPY copolymer with CIS/321G* (a), TD-B3LYP/3-21G* (b) and ZINDO (c) methods.
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Figure 14. Schematic representation of the potential energy surface (PES) of the ground (Ug) and
excited (Ue) states along with their normal mode coordinates of 2-TBT-BIPY copolymer calculated by
CIS/3-21G* (a) and TD//B3LYP/3-21G* (b) methods. The parameters indicated are the absorption energy
(EVA), emission energy (EVE) and relaxation energy ����� � ���� ).
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For understanding better the results optical absorption and emission spectra calculated by
ZINDO method experimental results are presented in Fig. 15. All curves are normalized to
unity at their respective maximum. Prior to comparing the results calculated by ZINDO
with those of obtained from experiments, it may be noted that no solvent effects have been
taken into account in the ZINDO calculation. Keeping this in mind and comparing the
spectra shapes, we believe that ZINDO results are in agreement with the experimental ones.
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Figure 15. Normalized experimental optical absorption and photoluminescence spectra of TBT-BIPY
copolymer () and those calculated by ZINDO method for 2-TBT-BIPY copolymer (- - -).

3.4. PLEDs architecture
In general, conjugated organic materials have smaller hole injection barriers than electron
injection barriers due to the electron richness in a -conjugated system, leading to poor
electron transport ability in these materials. There are two possible approaches to improve
this poor electron-transporting ability in organic materials used for fabricating LEDs. The
most straightforward modification is to deposit a low work function (WF) metals such as
Mg or Ca as cathode by high vacuum sublimation. However, the sensitivity of these metals
towards oxygen and moisture limits their practical applications. The other more practical
approach is to design or invent a material with lower LUMO energy by increasing its
electron affinity, so that LUMO is to WF of the cathode material.
The electron injection energy barrier (Ee) is determined by the electron affinity (EA) or by
the difference between LUMO and WF of the cathode (c), while the hole injection energy
barrier (Eh) is determined by the difference between IP or HOMO and WF of the anode
(a). In the most simple case, a single organic layer OLED, the organic layer is sandwiched
between two electrodes of different work functions, one of which has to be transparent to
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light. For this electrode ITO coated glass substrates are frequently used. As for the counter
electrode aluminum is used mostly.
The energy barriers between the emitting polymer and electrodes can be estimated by
comparing the work function of the electrodes with HOMO and LUMO energy levels of
emitting polymer. Thus, the hole-injection barrier is Eh = EHOMO-4.8 eV, where 4.8 eV is the
work function of the ITO anode and the electron-injection barrier is Ee = X - ELUMO, where
X is the work function of cathode. The difference between the electron- and hole-injection
barriers (Ee-Eh) is a useful parameter to evaluate the balance in electron and hole injection.
Lower the (Ee-Eh) better the injection balance of electrons and holes from the cathode and
anode, respectively. For TBT-BIPY copolymer, we have shown in Fig.16 the energy level
diagrams of a single-layer PLED.
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Figure 16. Energy-level diagrams of a single-layer PLED (ITO/TBT-BIPY/AL, Mg or Ca).

The ionization potentials (IP) and electron affinity (EA) are calculated by DFT/B3LYP/321G*on the geometry of the neutral, cationic and anionic states to estimate the energy barrier
for the injection of both holes and electrons into TBT-BIPY copolymer. The calculated values
are obtained as 5.62 eV and 1.35 eV, respectively. From Table 5, we showed that low work
function metals such as Mg or Ca are typically used to minimize the barrier and then to
provide for an ohmic contact.
X
Al
Mg
Ca

X (eV)
4.2
3.6
2.8

Eh (eV)
0.12
0.12
0.12

Ee (eV)
2.05
1.45
0.65

Ee-Eh (eV)
1.93
1.33
0.53

Table 5. Parameters to evaluating the balance in electron and hole injections in PLED.
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4. Part II: Donor-acceptor polymers for photovoltaic cell devices
4.1. Results and discussion
4.1.1. Conformational study
As first step, an accurate representation of the bond rotations in the chain is extremely
important, since the properties of such polymers depend strongly on the conformational
statistics of polymer chains [119]. Besides, the geometries obtained for the most stable
conformations are used as input data for full optimization calculations. DFT/B3LYP
calculations are performed on the following three model compounds, poly(3hexylthiophene)-benzothiadiazole (P3HTBT), poly (carbazole-benzothiadiazole) (PCzBT)
and poly(3-hexylthiophene)- di-benzothiadiazole-carbazole (P3HT2BTCz).
In conformational part, two basis sets 3-21G* and 6-31G* have been used for the sake of
comparison. We note that the results derived from these two basis sets are almost similar.
The relative energy for the first model (Fig. 17) shows two local minima in both sides of the
spectrum (0° and 180°) and a maximum at about 90°.
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Figure 17. Potential energy curves of: (a) P3HTBT and (b) PCzBT monomer simulated at DFT/B3LYP
level with () 3-21G* and () 6-31G* basis sets.

The results indicate that the P3HTBT is completely planar with the inter-ring torsion angle
0°. It’s obvious that this planarity is caused by intra-molecular repulsion between sulphur
atoms in the main polymer backbone. In the case of benzothiadiazole copolymerized with
carbazole, the conformational behaviour is completely different. The twisted conformations
have two torsion angles 1 and 2 at around 40° and 140°, respectively. The latter
conformation (140°) is slightly more stable by about 0.5 kcal.mol-1.

4.1.2. Structural and characteristic parameters
The fully optimized structures with DFT/B3LYP/3-21G* method, with the respect to the
torsion angles of both P3HTBT and PCzBT copolymers are shown in Fig. 18.
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(a)

(b)
Figure 18. DFT/B3LYP/3-21G* optimized structure of: (a) (P3HTBT)4 copolymer and (b) (PCzBT)4
copolymer.

Based on these optimized structures, the principal physico-chemical parameters of the two
copolymers are collected in Table 6. Along with the torsional angle () (the deviation from
co-planarity between the donor and acceptor units), intra-molecular charge transfer
(DCT) (the summation of all charges for the donor unit 3-hexyl thiophene (3HT) and
carbazole (Cz)), bridge length (LB) (the bond length between the donor and acceptor) are
summarized.
LB (Å)

DCT (e)

 (°)

P3HTBT

1.458

0.038

0.0

PCzBT

1.482

0.063

147.0

Table 6. The optimum characteristic parameters (LB, DCT, and ) of P3HTBT and PCzBT model
compounds.

Considering the most stable conformation, we can deduce that the optimized structure of
the PCzBT appears under a twisted configuration with a large torsional angle ( = 147.0°).
This suggests that a strong steric hindrance effect exists between the donor and acceptor
moieties, whereas the P3HTBT structure has perfectly a planar structure. Moreover,
compared to PCzBT, the order of the LB of P3HTBT remains smaller indicating the formation
of the mesomeric structures induced by intra-molecular charge transfer, that is, DAD+=A-. The large intra-molecular charge (DCT) of PCzBT copolymer backbone is
probably originating from the nitrogen atoms with high electronegativity in the main
backbone of Cz donor group. DCT significantly enhances the -electron delocalization
which is largely dependent on  rather than on the acceptor strength.
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The optimized structure of the resulting P3HT2BTCz composite and its main geometrical
parameters (torsion angle and interring bond length) are illustrated in Fig. 19. The
inspection of these data reveals that the resulting composite shows an almost non planar
conformation which is more underlined on both sides of carbazole units to reach the values
of 45° and 49°. Moreover, compared to those of P3HTBT and PCzBT, the central bonds
connecting the two neighbouring central rings are slightly shorter, showing that this
compound is more conjugated to extend the delocalization on all the chain backbone.

Figure 19. DFT/B3LYP/3-21G* optimized geometric structure of the resulting P3HT2BTCz composite.

4.1.3. Optical properties and electronic structures
As firstly discussed, the oligomer geometries and their corresponding band gap are
calculated using DFT/B3LYP method with 3-21G* and 6-31G* basis sets. The band gap is
estimated as the difference between the HOMO and LUMO energies. In our case, the band
gap of (P3HTBT)n and (PCzBT)n (n = 1-4) oligomers are listed in Table 7.

Polymer

P3HTBT

PCzBT

Band gap energy (Eg) (eV)

Number of
monomer

B3LYP/3-21G*

B3LYP/6-31G*

1

3.23

3.26

2

2.67

2.45

3

2.11

2.12

4

1.94

1.96



1.61

1.55

1

3.10

3.09

2

2.80

2.82

3

2.71

2.63

4

2.68

2.61



2.52

2.44

Table 7. Band gap energy Eg of (P3HTBT)n and (PCzBT)n (n: from 1 to 4 units).
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By using the linear extrapolation technique [120], it can be seen from Fig. 20 that this value
decreases with increasing the chain length from monomer to quatermer. Moreover, the
theoretical data resulting from the two considered basis sets are very close and no
significant changes are noticed when going from 3-21G* to 6-31G* basis set calculations.
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Figure 20. Representation of the band gap energy (Eg) as function of inverse chain length (1/n) for
P3HTBT and PCzBT calculated by DFT/B3LYP with 6-31G* and 3-21G*basis sets.

The band gap of P3HTBT is found to be around 1.55 and 1.61 eV with 6-31G* and 3-21G*
basis sets, respectively. These values are lower than that of pristine P3HT (1.90 eV) [121],
due to the presence of benzothiadiazole in the main backbone copolymer. In parallel, a wide
band gap for PCzBT is estimated to be 2.44-2.52 eV (Fig. 20). Nevertheless, the band gap of
resulting composite P3HT2BTCz is found to be 2.31 eV which is in agreement with the
experimental values Eg  1.97 eV (derived from the UV-visible absorption spectrum in
chloroform solution) [87]. These results are in close agreement with the experimental data
by taking into account the packing effects (interchain interaction) in the solid state [122]. The
HOMO level energy is estimated to be - 4.9 eV making this copolymer photo-chemically
stable.
The TDDFT method was applied on the basis of the ground state optimized geometry of
different compounds under study. As shown in Fig. 21, the absorption spectrum of the
P3HT2BTCz composite seems to be the superposition of the two absorption spectra of
P3HTBT and PCzBT copolymers. Compared to PCzBT and P3HTBT polymers, the
absorption spectra is broader due the red shifted absorption, which may be attributed to the
much better conjugation along the polymer backbone. Besides, the simulated absorption
spectra show that the P3HT2BTCz compound absorbs from the UV at a wavelength of 600
nm, with two main absorption peaks centred at 478 and 319 and a weak peak at 260 nm. The
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band located at 319 nm arises from the delocalized * transition in the polymer and the
visible absorption peak located at longer wavelength centered at 478 nm could be assigned
to the intra-molecular charge transfer transition between the Cz donor moiety and the BT
acceptor unit [123].

Normalized Absorbance

1,0

PCzBT
P3HTBT
P3HT2BTCz

0,8
0,6
0,4
0,2
0,0

200

300

400

500

600

Wavelength (nm)
Figure 21. TD/B3LYP/3-21G* simulated UV-Visible optical absorption spectra: of PCzBT, P3HTBT and
P3HT2BTCz.

The vertical excitation energy and their corresponding oscillator strength along the main
excitation configuration are listed in Table 8. The first optically allowed electronic transition
of P3HT2BTCz populates the HOMOLUMO excitation with high oscillator strength (f =
1.0898). The two other transitions are mainly assigned respectively to HOMOLUMO+1
and HOMO-1LUMO+3 excitations. All intermediate states with low oscillator strength,
so-called dark states, have intra-molecular charge transfer (ICT) character. Through this
study, it is found that the calculated results reproduce very well the corresponding
experimental data [87].

a

Electronic
transition

Wavelength
(nm)

Oscillator
Strength (f)

Main MO/character

Coefficient

Experimental
value (nm)

S0S1

478

1.0898

HOMOLUMO

80%

504a
518b

S0S2

319

0.6912

HOMOLUMO+1

51%

327a
338b

S0S3

260

0.1905

HOMO-1LUMO+3

54%

----

in chloroform solution [87]
in solid film [87]

b

Table 8. Main electronic transitions in P3HT2BTCz composites and their assignments.
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In order to study the emission properties of P3HT2BTCz compounds, the TD/B3LYP method
was applied to the geometry of the lowest singlet excited state optimized at the CIS level
with 3-21G* basis set [124]. The normalized photoluminescence (PL) spectrum of
P3HT2BTCz (Fig. 22) shows a maximum at 649 nm with strongest intensity (f = 0.8415),
compared to 630 nm in experimental spectrum as indicated in Table 9. This may be regarded
as an electronic transition reverse of the absorption corresponding mainly from LUMO to
HOMO. Moreover, the observed red-shifted emission in the PL spectra is found to be in
reasonable agreement with the experimental one by taking into account the packing effects
(inter-chain interaction) in the solid state (0.49 eV (124 nm)) [87].
Electronic
transition
S1S0
a

Emission
Emission
wavelength
energy (cm-1)
(nm)
649

15400

Oscillator
Strength (f)

MO/character

Coefficient

Experimental
value (nm)

0.8415

HOMOLUMO

75%

630a

in chloroform solution [87]

Table 9. Emission energy of P3HT2BTCz obtained by the TDDFT/B3LYP/3-21G* method.

We also find relatively high values of Stokes Shift (SS) in P3HT2BTCz (0.62 eV (172 nm))
(Fig. 22).

Figure 22. Experimental and TD-DFT calculated normalized absorption and emission spectra of
P3HT2BTCz.

Based on the above results, the energy band structures are plotted in Fig. 23. When
carbazole (Cz) is replaced by 3-hexylthiophene (3HT), the energy of HOMO level increases,
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while that of LUMO decreases. This change on the electronic structure facilitates both the
hole and electron-transporting ability. The electronic structure differs greatly from one
model to another, showing the effect of donor units in D-A architecture polymer and it
results from the coupling behaviour of 3HT, Cz and BT in the main backbone. Moreover,
further insights are obtained comparing the DFT calculated density of states (DOS) of the
P3HTBT and PCzBT with that of P3HT2BTCz composite. This comparison is showed in Fig.
23 (at the right). Two striking things immerge from DOS diagram: 1) the ground state
interaction between the donor and acceptor units and 2) this interaction induces intra-gap
charge transfer states lying inside the gap of the PCzBT. As a result, P3HT2BTCz composite
orbitals are shifted towards higher energies compared to the isolated PCzBT orbitals and
towards lower energies compared to the isolated P3HTBT orbitals.
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Figure 23. Electronic structure and DOS diagram of P3HTBT, PCzBT and P3HT2BTCz, simulated using
DFT/B3LYP/3-21G* method.

The electron density iso-contours of HOMO and LUMO of P3HT2BTCz compound are
plotted in Fig. 24. It can be seen that an asymmetric character within the rings and between
subunits prevails for the HOMO orbital of this copolymer. Moreover, the localization of
electronic charge lies mainly in the side part of HOMO orbital, which is typically expected
due to the chain-end effects, which changes the shape of LUMO orbital. Due to the nonplanarity observed for the P3HT2BTCz compound geometry, in its ground state, electrons
are mainly localized on the benzothiadiazole units, as result of the weak interactions
between the two building blocks. This fact is particularly noticeable in the LUMO orbital
with a symmetric character between the subunits.
According to our calculations, electron densities in the first excited state namely LUMO and
LUMO+1 are delocalized on BT and P3HT units with a symmetric character. Whereas, for
higher energy levels, e.g., LUMO+2 levels take part in electron transitions on the P3HT and
Cz units. Yet, the charge density of HOMO, HOMO-1 shows that the charge density spreads
over the main chain of the compound to become much concentrated around the P3HT and
Cz units in HOMO-2.
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HOMO

LUMO
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HOMO-2

LUMO+2

Figure 24. Contour plots for the main HOMO and LUMO molecular orbitals of P3HT2BTCz
compound.

4.1.4. Vibrational study and force constant analysis
The most intense calculated bands of the infrared absorption (IR) of these compounds,
shown in Fig. 25 are collected in Table 10 together with their corresponding assignments.
PBT
υ (cm-1)
I

P3HTBT
υ (cm-1) I

PCzBT
P3HT2BTCz
υ (cm-1) I υ (cm-1) I

707

m

725

w

728

w

-

956
1080

s
s

957
961
1024

w
w
s

960
1037

vw
w

947
1037

-

Assignments
Out of plan C-H wagging (BT + Cz).

- Ring breathing (BT and P3HT).
vw S-N Scissoring (BT).
vw S-N stretching (BT) + Rocking CH3 (P3HT and
Cz).
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1234

vw

1234

w

1231

w

1224

w C-H Rocking (3HT + Cz) + C-H wagging (BT)

-

-

1445
1514
-

s
vw
-

1350
1445
1516
-

w
vw
m
-

1372
1432
1582

w
w
m

1347
1372
1429
1516
-

w
w
m
-

CH3 Wagging (3HT).
CH3 Scissoring (Cz).
C=C stretching (Cz).
Ring vibration.
Ring vibration + C-H Rocking.
Aromatic C-H and C-C stretching (Cz and BT).

1621
-

w
-

1607
1675

m
w

1646
-

m
-

1652
1652

s
s

C=C ring stretch (P3HT and BT).
C-C Bending vibration (BT).
C=C bending (Cz).
Antisymmetric C=C stretching (3HT).

-

-

1690

w

-

-

1689

w Symmetric C=C stretching (3HT).

1792

m

m
-

1792
1841

s
m

1791
1841

- C-C Bending (BT).
s Symmetric C-C stretching (Cz).
w C-N Scissoring and C-C stretching (Cz).

S

3312

s

-

-

-

1787
-

3330

vs

3310

-

C-H stretching (BT).

Table 10. Main selected infrared modes of PBT, P3HTBT, PCzBT and P3HT2BTCz and their
corresponding assignments (υ: frequency, I: intensity, s: strong, vs: very strong, m: medium, w: weak,
vw: very weak).
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Figure 25. Theoretical infrared spectra of: (a) PBT, (b) P3HTBT, (c) PCzBT and (d) P3HT2BTCz.
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A large number of bands appear with very high peaks due to an induced strong dipolar
moment. All characteristics of infrared bands in P3HT [125], PCz and BT vibration modes
are observed.
The inspection of these spectra shows that after combining the two copolymers to obtain the
P3HT2BTCz composite, some bands undergo slight changes in their positions and
intensities. The main vibrational modes of PBT persist following the addition of 3HT, Cz
groups in the P3HT2BTCz composite. Firstly, a down shift of the band assigned to C-H
stretching in benzothiadiazole unit is observed at high frequencies with strong intensity
located at 3330 cm-1 in (P3HTBT)4 and (PCzBT)4.. The band at 1785 cm-1 assigned to the antisymmetric C=C stretching mode becomes clear in the other PCzBT and P3HT2BTCz
compounds and the C-C bending vibrational mode located at 1621 cm-1 in PBT becomes
clearly pronounced in PCzBT and P3HT2BTCz with a high energy shift of about 20 cm-1.
The signal attributed to the S-N stretching at 1073 cm-1 completely disappears in the
functionalized composite following a significant interaction of different groups. This effect is
also confirmed by the shift (from 1486 to 1550 cm-1 and from 1443 to 1513 cm-1) observed in
IR bands ascribed to symmetric and anti-symmetric C=C stretching, respectively, as a
consequence of the presence of more conjugated backbone. The band at 707 cm-1, ascribed as
out-of-plane C-H wagging of PBT polymer, decreases in intensity in the first two
copolymers and disappears completely in the case of the P3HT2BTCz composite. This effect
is due to a significant interaction between donor Cz as donor and BT as acceptor acceptor
groups. Thus, this analysis highlights the effective charge transfer in the main backbone of
these compounds targeted for photovoltaic applications.
In order to support the above discussed results further, the force constant analysis of
benzothiadiazole unit in P3HTBT, PCzBT copolymers and P3HT2BTCz composite, have
been investigated as shown in Fig. 26.
Generally, the bond stretch depends on two main parameters, the bonding energy (E0) and
the force constant k. The latter represents the potential energy surface (PES) curvature near
�� �

the minimum�� � ���� )���� . The force constant (k) is proportional to the strength of the

covalent bond [126]. Considering the BT unit as shown in Fig. 26, one can deduce that the
bond length variation marks important changes in benzothiadiazole bonding, depending on
the electronic configuration and hence force constant. One can also notice that the inter-ring
force constants (F1 and F12) increase dramatically with a significant decrease in their
corresponding bond length, leading to a more conjugated composite compared to P3HTBT
and PCzBT. It clearly shows that the intra-ring delocalization is larger for P3HT2BTCz than
for P3HTBT or PCzBT. In addition, the modifications on benzene moiety are clearly seen
through the force constants F5 and F7. On the thiadiazole part, force constants such as F8, F9,
F10 and F11 are very similar but a slight variation can be noticed in the case of the composite
because of the presence of Cz and BT together in the main backbone structure with 3HT as
spacer. This configuration can enhance the charge transfer between donor and acceptor
units. These observations are consistent with the above discussed properties.
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Figure 26. Main force constants and bond lengths of equivalents benzothiadiazole sites.

4.2. Photovoltaic properties
Favorable values of HOMO and LUMO levels, band gaps, and strong absorptions in the
visible region suggest that the P3HT2BTCz may be used as active layer in PSCs devices
when blended with [6,6]-phenyl-C61-butyric acid methyl ester (PCBM), which is the most
broadly used acceptor in solar cell devices [127-128]. After an optimization procedure via
the semi-empirical PM3 method, the resulting blend geometrical structure of the composite
(P3HT2BTCz:PCBM) in weight ratio of 1:1 is then re-optimized by DFT/B3LYP/3-21G* as
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shown in Fig. 27, where the substituents in the case of PCBM play the role of the spacers
between the donor and C60 acceptor units. This stable configuration is governed by the
interaction of oxygen of the PCBM with the sulphur atom of thiophene units on both sides
of carbazole motives.

Figure 27. Optimized geometric structure of P3HT2BTCz:PCBM (1:1) simulated by DFT/B3LYP/3-21G*
method.

Based on the comparison between the donor and the acceptor compounds, the resulting
composite shows some interesting electronic properties, such as a low band gap of 1.93 eV
and a lower HOMO energy level of -5.32 eV which indicate that this composite can be used
as an active layer in photovoltaic cells. The corresponding structure of a photovoltaic device
is schematically presented in Fig. 27. The difference in the LUMO energy levels of
P3HT2BTCz and PCBM is close to 1.0 eV, suggesting that the photo-excited electron transfer
from P3HT2BTCz to PCBM may be sufficiently efficient in photovoltaic devices [129-130].
Energetically, in comparing different anode and cathode metals as shown in Fig. 28 one can
notice that the transparent ITO (Indium Tin Oxide) anode and Al, Ag or Mg (Aluminium,
Silver or Magnesium) as cathode are the most suitable metals for for effective charge
collection on two electrodes.
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Figure 28. Schematic energy diagram of the proposed bulk heterojunction solar cell.

The photovoltaic efficiency performance data of the photovoltaic cell (power conversion
efficiency (PCE) values, including the open circuit voltage (Voc), short circuit current (Jsc), fill
factor (FF) and incident-light power (Pin), are derived from the following equation: PCE =
Voc. Jsc. FF/Pin. The maximum open circuit voltage (Voc) of the BHJ solar cell is related to the
difference between HOMO of the electron donor and LUMO of the electron acceptor, taking
into account the energy lost during the photo-charge generation [131-133]. The theoretical values
of open-circuit voltage Voc have been calculated from the following expression [134]:
��� � |������������ | − |��������������� | − 0.3

Based on this formula, it can be seen that the Voc value of P3HT2BTCz: PCBM is about 0.97 V
but it depends on the difference of the output of the electrodes [135]. Starting from the above
results, P3HT2BTCz composite seems to be a good candidate for photovoltaic application
due to its high Voc and wider absorption range broader than the range of absorption of other
copolymers. Based on Scharber model [136], the maximum power-conversion efficiency of
the photovoltaic solar cell, with P3HT2BTCz:PC61BM (1:1) composite as active layer can be
up to 5%.

5. Conclusion
The aim of this chapter is to combine experimental analyses and theoretical calculations to
present a comprehensive study of the structural and optical properties of organic electronic
devices. Based on model compounds, Highest Occupied Molecular Orbital (HOMO),
Lowest Unoccupied Molecular Orbital (LUMO) levels, Ionization Potential (IP), Electron
Affinity (EA) as well as electronic structures for two samples are examined. The
optoelectronic parameters studied here are essential for better understanding of the
exchange between polymer and electrodes in PLEDs and PPCs. The experimental and
computational results are compared and discussed.

Photophysical Properties of Two New Donor-Acceptor Conjugated Copolymers and Their Model Compounds:
Applications in Polymer Light Emitting Diodes (PLEDs) and Polymer Photovoltaic Cells (PPCs) 137

The first part of this chapter shows how important it is to combine thienylene,
dialkoxyphenylene and bipyridine fragments to obtain compounds with a strong electronic
delocalization. As a result, analysis of the results obtained in the gas phase has allowed us to
understand the crucial role played by the intra-molecular S--O and N--H interactions in
determining the planarity of the compound. This leads to the formation of a donor–acceptor
type of arrangement within the polymer backbone and an intra-molecular charge transfer
for the TBT-BIPY copolymer model compound. In addition, we have presented the optical
and emission properties of these compounds by studying the ground and first excited states
of copolymer models.
In the second part, we have used the density functional theory DFT/B3LYP to investigate the
photo-physical properties of some copolymers in alternate donor-acceptor structure. In fact,
the modification of chemical structures can greatly modulate and improve the electronic and
optical properties of pristine copolymers. Hence, added to benzothiadiazole units, the
introduction of carbazole motives in the copolymer backbone results in a better overlap of the
absorption spectrum with the solar spectrum. In addition, the hexylthiophene linkage is found
not only as a conjugated bridge but also it reduces the steric interaction between aromatic
rings and thus enhances the effective charge transfer between donor and acceptor units.
In fact, the obtained theoretical data derived from DFT/B3LYP/3-21G* method are in good
agreement with the available experimental data. The resulting optimized BHJ active layer
shows a -stacking configuration governed by a Wander walls interaction. A model energy
band diagram is introduced, simulating the energy behaviour of this active layer. Based on
this design concept, the PSC using the blend of P3HT2BTCz with fullerene derivatives,
exhibit a promising performance with a PCE up to 5%. This approach provides great
flexibility in fine-tuning of the absorption spectra and energy levels of the resultant
polymers for achieving high device performance.
Finally, these results clearly indicate that these new compounds with alternating donoracceptor structures are promising materials for application in optoelectronic devices.
Devices fabrication and characterization are in progress and will be published elsewhere.
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1. Introduction
1.1. General descriptions of OLEDs
In general, an organic light emitting diode (OLED) contains a system of thin organic layers
sandwiched between two electrode layers (anode and cathode). When a voltage is applied,
light is generated within the system of organic layers and emerges through one of the
transparent electrodes. The OLED fabricated onto a glass substrate is considered as a surface
light source less than 2 millimeters (mm) thick. In contrast to conventional light sources,
OLEDs emit wide-area light with high-quality color rendering, which is very pleasant for
the human eye, and also needs no reflectors to reduce glare. As a result, OLEDs are one of
the hottest research areas being intensely developed in the photonic industry.
The thin organic layers of an OLED can be prepared either via the vacuum deposition or
solution casting, with a total thickness of approx. 200-400 nanometers (nm). If the solution
casting is employed to make organic or polymeric thin films, the under layer must be free
from the destruction brought by the solvent of the upper layer, therefore, solution-processed
OLEDs often have only one or two organic layers. However, if the vacuum deposition is
adapted to make organic small-molecule thin films, the upper layer causes no harm to the
under ones. Thus, vacuum-deposited OLEDs are always multi-layered. Compared to the
solution casting, the vacuum deposition enables OLEDs to have much higher injection
efficiency, luminance, and lifetime.

1.2. Hole injection in OLEDs
The light emission from an electrically driven OLED occurs due to the recombination of
positive and negative charge carriers, hereafter called as holes and electrons, respectively
© 2012 Qin and Zhang, licensee InTech. This is an open access chapter distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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[1]. The number of holes (or the hole current) is limited by the hole injection from anode to
organic layer, which is controlled by the Schottky barrier height at the anode/organic
interface. If pristine based organic hole transporters are used, for example, N,N'-bis-(1naphthl)-diphenyl-1,1'-biphenyl-4,4'-diamine (NPB), 4,4’-N,N’-dicarbazole-biphenyl (CBP),
4,4’,4’’-tris(N-3-methylphenyl-N-phenylamino)triphenylamine (m-MTDATA), because the
Fermi level of the high-work function anode is pinned at about 0.5-0.6 eV above the energy
level of highest occupied molecular orbital (HOMO) of organic hole transporters [2, 3], the
injection barrier is always no less than 0.5 eV, leading to inefficient hole injection and
thereby high driving voltage in such OLEDs. However, if the p-doped materials are utilized,
an efficient hole injection can be achieved. In this case, athough the barrier height of hole
injection remains almost the same and unchanged by the intervention of the p-doped layer,
holes can easily tunnel into organic layer of an OLED through the very thin depletion zone
formed at the interface of p-doped material and anode even at very low driving voltage [4].
In this chapter, we introduce a method of efficient hole current generation at the interface of
electron donor and acceptor, in clear contrast to the above-mentioned hole injection
technologies, and discuss its potential applications in OLEDs [5-7].

1.3. Electron injection in inverted OLEDs
The active matrix displays based on OLEDs have been successfully applied to portable
electronic devices, e.g., mobile phones and music players. In order to facilitate the large-scale
commercialization for active matrix OLED displays, it is of great necessity to reduce their
fabrication cost. Hence, the n-channel amorphous silicon thin-film transistor technology may
preferably be utilized to drive the light emitting elements, but requires the OLED structure
with inverted layer sequence [8, 9]. Compared to the regular OLEDs, higher driving voltages
are always obtained in the inverted ones due to the poor electron injection as a consequence of
the inefficient metal penetration into organics [10,11]. Thus, the n-doped electron transport
layers (n-ETLs) are adopted to enhance the electron current in inverted OLEDs [4], e.g., lithium
doped bathcuproine (BCP). However, the electron injection from the cathode into n-ETL in the
inverted OLED is found always less efficient than that in the regular OLED. Thomschke et al.
[12] improved the electron injection in a n-i-p OLED via inserting an interlayer of Bphen
double-doped with cesium and silver between the silver cathode and cesium-doped Bphen,
followed by the thermal annealing of the whole device. Though this method led to almost the
same electrical properties in the inverted OLEDs as those in the regular OLEDs, it is relatively
complicated and therefore unsuitable for use in the mass production of the active matrix
OLED displays. Here, we introduce the increased electron injection in inverted bottomemission OLEDs (IBOLEDs) via using the combination of two n-ETLs [13-16].

2. Experimental methods
100-nm-thick indium tin oxide (ITO) thin film coated glass substrates were commercially
bought with a sheet resistance of 10-30  per square, used as the anode in the conventional
OLEDs and as the cathode in the inverted OLEDs. After being cleaned in acetone, alcohol,
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and de-ionized water sequentially by an ultrasonic horn, the patterned ITO substrates were
blown dry by nitrogen gun and then treated in UV-ozone for 15 min. The base vacuum
pressures of the thin film and device fabrications were 110-5 to 410-4 Pa.
Copper phthalocyanine (CuPc, electron donor) and 3, 4, 9, 10 perylenetetracarboxylic
dianhydride (PTCDA, electron acceptor) were used to form the interfaces of generating
holes and electrons. Molybdenum oxide (MoO3) and NPB were adopted as hole injection
and transport materials, respectively. Tris(8-quinolinolato) aluminum (Alq3) and BCP were
chosen as the emissive and electron transport materials, respectively. The lithium carbonate
was selected as an n-dopant to the PTCDA and BCP. 1,4,5,8-naphthalene-tetracarboxylicdianhydride (NTCDA) was also chosen to form an n-doped material with ITO.
The current versus voltage (I-V) characteristics of the devices were measured by a
programmable Keithley 2400 sourcemeter or a Keithley electrometer 617, and the device
luminance was recorded by an ST-86LA spot photometer. The optical absorption spectra of
organic thin films were obtained using a Cary 300 spectrophotometer or an UV-3100
spectrophotometer. The X-ray diffraction (XRD) measurements were performed on an X-ray
diffractometer (D/max-RB).

3. Results and discussion
3.1. Hole generation at the interfaces of electron donor (CuPc) and acceptor
(PTCDA) in OLEDs
Pairs of organic donors and acceptors have been applied in organic solar cells to realize the
efficient photo-to-electricity conversion since 1986 [17]. The underlying mechanism for
organic photovoltaic devices is the photoinduced electron transfer from donor to acceptor,
generating free holes in donor and electrons in acceptor. The donors and acceptors in
organic photovoltaic devices constitute either planar interfaces or mixed interfaces.
Recently, the planar donor/acceptor interfaces have been successfully used to realize the
ambipolar transport in organic field effect transistors [18, 19]. The recent work shows that
the planar and mixed interfaces of donor and acceptor can generate very efficient hole
current in OLEDs [5-7].

3.1.1. The hole generation at the planar CuPc/PTCDA interface
We firstly fabricated the following light emitting devices:
Device 1: ITO/ CuPc 5 nm/ NPB 75 nm/ Alq3 60 nm/ Mg:Ag/ Ag;
Device 2: ITO/ PTCDA 10 nm/ NPB 70 nm/ Alq3 60 nm/ Mg:Ag/ Ag;
Device 3: ITO/ PTCDA 20 nm/ NPB 60 nm/ Alq3 60 nm/ Mg:Ag/ Ag;
Device 4: ITO/ PTCDA 10 nm/ CuPc 5 nm/ NPB 65 nm/ Alq3 60 nm/ Mg:Ag/ Ag;
Device 5: ITO/ PTCDA 20 nm/ CuPc 5 nm/ NPB 55 nm/ Alq3 60 nm/ Mg:Ag/ Ag;
Note that, the devices 4 and 5 are fabricated with planar PTCDA/ CuPc interfaces for hole
injection.
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Figure 1. Characteristics of (a) I-V, (b) luminance-voltage (L-V), and (c) efficiency-current density of
devices 1, 2, and 4. The external quantum efficiencies are calculated, provided that all of the devices are
assumed to function as Lambertian sources.
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Fig. 1 shows the properties of devices 1, 2, and 4. As shown in Fig. 1(a), device 4 reaches a
current density of 130 mA/cm2 at a voltage of 10 V, which is 4.6 times higher than that of
23.2 mA/cm2 for device 1 and 12.3 times higher than that of 9.8 mA/cm2 for device 2. There is
a decrease in the operating voltage at a given current density in the order of device 2 >
device 1 > device 4, clearly demonstrating the structure of ITO/ PTCDA 10 nm/ CuPc 5 nm
can generate much enhanced hole current than the structures of ITO/ CuPc 5 nm and ITO/
PTCDA 10 nm. Likewise, Fig. 1(b) shows that device 4 also exhibits much higher luminance
than devices 1 and 2. As seen in Fig. 1(c), there is a decrease in the external quantum
efficiency (EQE) in the order of device 1 > device 2 > device 4, mostly resulting from some
absorption in CuPc and PTCDA over the Alq3 emission; nevertheless, the power efficiency
at a certain current density decreases in an order of device 4 > device 1 > device 2. It may
thus,be concluded that the structure of ITO/ PTCDA 10 nm/ CuPc 5 nm outperforms the
structures of ITO/ CuPc 5 nm and ITO/ PTCDA 10 nm in OLEDs.
In order to figure out the hole generation in OLEDs with the ITO/ PTCDA (10 and 20) nm/
CuPc structure, the influence of the PTCDA layer thickness on the device current has been
studied. We have shown the observed I-V characteristics of devices 2, 3, 4 and 5 in Fig. 2. It
shows that the device 2 (10 nm) has got nearly the same I-V characteristics as device 3 (20
nm), indicating that the hole generation in the ITO/ PTCDA (10 and 20) nm structure is
weakly dependent on the PTCDA thickness [20], while device 4 gives much increased
current density than device 5, implying that the hole generation in the ITO/ PTCDA (10 and
20) nm/ CuPc structure is strongly subject to the PTCDA layer thickness. It may therefore be
concluded that besides a minor process of ITO injecting holes directly into the PTCDA layer
[20, 21], devices 4 (10 nm) and 5 (20 nm) possess a major hole-generating process which
devices 2 and 3 do not have.

Figure 2. The I-V characteristics of devices 2 (10 nm PTCDA), 3 (20 nm PTCDA), 4 (10nm PTCDA/
CuPc) and 5 (20 nm PTCDA/ CuPc).

Fig. 3 depicts the major hole generation process in the ITO/ PTCDA (20) nm/ CuPc structure.
Under the forward bias, due to the influence of holes accumulated at the ITO/ PTCDA
interface [22], the PTCDA/ CuPc interface may become polarized, that is, half electrons from
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the highest occupied molecular orbital (HOMO) of CuPc are transferred into the lowest
unoccupied molecular orbital (LUMO) of PTCDA, which is possibly favored by the
following three reasons: Firstly, the PTCDA/ CuPc interface can effectively dissociate the
photo-generated excitons into hole and electrons and then prevent them from recombining
[23]; secondly, there is a strong Coulomb force between PTCDA and CuPc [7], thereby
making the overlap between the HOMO of CuPc and LUMO of PTCDA significant, and
furthermore the electric field can assist electrons in the HOMO of CuPc overcoming 0.6 eV
energy barrier to get into the LUMO of PTCDA; thirdly, the interfacial dipole at the PTCDA/
CuPc interface can facilitate the generation of hole-electron pairs [19] instead of excitons.
After electrons get transferred into the LUMO of PTCDA, the vacancies (holes) are
generated in the HOMO of CuPc, and those transferred into the PTCDA layer are rapidly
transported into the ITO anode, generating very efficient hole current. For the ITO/ PTCDA
(10 and 20) nm/ CuPc structure, when the thickness of the PTCDA layer increases, the
electrostatic inducement effect of holes accumulated at the ITO/ PTCDA interface on the
PTCDA/ CuPc interface, presumably considered proportional to the inverse of the square of
the PTCDA layer thickness, decreases, and accordingly the charge generation at the PTCDA/
CuPc interface becomes less efficient, accounting for the decreased current density in device
3 as compared to that in device 4.

Figure 3. Schematic flat-band energy level diagram for description of the major hole-generating process
in devices 4 and 5. The energy level alignments at the PTCDA/ CuPc interface have been ignored for
simplicity.

3.1.2. Characterization of OLEDs with ITO/ CuPc and ITO/PTCDA:CuPc anodes
We compare the performance of two devices with structures of ITO/CuPc 5 nm/NPB 75
nm/Alq3 60 nm/Mg:Ag and ITO/PTCDA:CuPc (1:2 in mass ratio) 10 nm/NPB 70 nm/Alq3 60
nm/Mg:Ag, respectively. As shown in Fig. 4(a), the device with the ITO/ PTCDA:CuPc
anode has higher current density and luminance at the same driving voltage compared to
the device with the ITO/CuPc anode. In addition, as shown in Fig. 4(b), the latter has better
current and power efficiencies than the device with the ITO/CuPc anode. For example, at a
brightness of 2000 cd/m2, the device with the ITO/PTCDA:CuPc anode has a current
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efficiency of 2.7 cd/A and a power efficiency of 1 lm/W, whereas the device with the
ITO/CuPc anode has 2.3 cd/A and 0.7 lm/W, respectively. Therefore, the ITO/PTCDA:CuPc
anode structure is more efficient than the ITO/CuPc anode structure.

Figure 4. (a) I-V-L and (b) efficiency-luminance characteristics of two OLEDs with structures of
ITO/CuPc 5 nm/NPB 75 nm/Alq3 60 nm/Mg:Ag (filled squares) and ITO/PTCDA:CuPc (1:2 in mass
ratio) 10 nm/NPB 70 nm/Alq3 60 nm/Mg:Ag (open circles), respectively.

The influence of PTCDA:CuPc thickness on the device performance was studied. Fig. 5(a)
shows that the maximum current efficiencies of the devices with 10 and 20 nm PTCDA:CuPc
are slightly different and higher than those of the devices with 5 and 30 nm PTCDA:CuPc.
The driving voltage for the devices with 10, 20, and 30 nm PTCDA:CuPc, such as at I=50
mA/cm2 or I=150 mA/cm2, is very close and all are lower than that for the device with 5 nm
PTCDA:CuPc. Fig. 5(b) shows that the power efficiency of the devices with 10 and 20 nm
PTCDA:CuPc is nearly the same and both are higher than those of the devices with 5 and 30
nm PTCDA:CuPc. It may therefore be concluded that the ITO/ PTCDA:CuPc anode
structure is better when the thickness of PTCDA:CuPc is changed from 10 to 20 nm.

Figure 5. (a) Maximum current efficiency and driving voltage vs PTCDA:CuPc thickness and (b) plots
of power efficiency as a function of current density for OLEDs with structure of ITO/1:2 PTCDA:CuPc x
nm/NPB 80-x nm/Alq3 60 nm/Mg:Ag (open circles), where the PTCDA:CuPc thicknesses are 5, 10, 20,
and 30 nm, respectively.
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Figure 6. (a) XRD patterns and (b) absorption spectra for 100 nm CuPc, PTCDA, and 1:2 PTCDA:CuPc
thin films deposited on quartz glasses.

The structural and optical properties of 1:2 PTCDA:CuPc composite have also been studied.
As shown in Fig. 6(a), for the mixed PTCDA:CuPc thin film, there is a prominent peak
present at 2 =6.8°, corresponding to diffraction from the (200) plane of the α-CuPc phase
[18], and a broad peak present at 2 =21.0°, assigned to the reflection from the quartz
substrate. This clearly demonstrates that some CuPc aggregates are crystalline, while almost
all PTCDA aggregates are amorphous in the 1:2 PTCDA:CuPc film. Intermolecular
hydrogen bonding is possibly formed between the outer ring of CuPc and carboxylic
dianhydride of PTCDA [25]. Thus, during the codeposition, CuPc could be bonded to
PTCDA and accordingly destroy PTCDA (102) aggregates, but PTCDA does not affect all of
the CuPc (200) stacks, presumably ascribed to the smaller amount of PTCDA than CuPc. Fig.
6(b) displays the electronic absorption spectra of CuPc, PTCDA, and PTCDA:CuPc films. In
the low-energy Q band of CuPc, as compared to CuPc film, PTCDA:CuPc film shows a
decreased relative intensity of the CuPc dimeric peak at λ=629 nm to the CuPc monomeric
peak at λ=693 nm, consistent with the earlier analyses of XRD data [25]. In the high-energy
zone, there is a prominent absorption peak at λ=536 nm for PTCDA:CuPc film; the broad
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absorption feature at λ=539 nm for neat PTCDA film [26] is strongly suppressed in
PTCDA:CuPc film .
Hole generation in the ITO/PTCDA:CuPc anode cannot be simply described as holes being
directly injected from ITO to PTCDA:CuPc, as the hole injection barrier from ITO to
PTCDA:CuPc is not reduced, as compared to that from ITO to CuPc [5]. In order to figure
out the working mechanism of the ITO/PTCDA:CuPc hole injection structure, the
dependence of the device performance on NPB spacer thickness was studied. As shown in
Fig. 7(a), with increasing NPB spacer thickness, the device current decreases significantly;
but when the NPB spacer thickness is greater than or equal to 20 nm, the devices exhibit
nearly identical I−V characteristics. Fig. 7(b) shows that the device efficiency decreases with
increasing NPB spacer thickness.

Figure 7. (a) I-V and (b) efficiency-current density curves for OLEDs with structure of ITO/ NPB spacer
x nm/ PTCDA:CuPc 10 nm/ NPB 70-x nm/ Alq3 60 nm/ Mg:Ag, where NPB spacer thicknesses are 0 nm
(open circles), 10 nm (filled circles), 20 nm (upward triangles), and 30 nm (downward triangles),
respectively.

The variation of device current with NPB spacer thickness indicates that static-induced holeelectron pairs generation is likely to take place in PTCDA:CuPc composites, expressed as
SI

CuPc  PTCDA  CuPc   PTCDA  ,

(1)

where SI stands for static inducement. One paired electron in the HOMO of one CuPc
molecule can be transferred to the LUMO of one PTCDA molecule in proximity, favored by
(i) the PTCDA/CuPc interface can effectively dissociate the photogenerated excitons into
holes and electrons and prevent them from recombining [23] and (ii) there is intermolecular
hydrogen bonding between PTCDA and CuPc, and consequently the overlap between the
HOMO of CuPc and the LUMO of PTCDA becomes significant. Thus, via process (1) holes
and electrons can be efficiently generated in the HOMO of CuPc and in the LUMO of
PTCDA, respectively, in PTCDA:CuPc composites. Note that the static inducement effect
decreases rapidly with increasing NPB spacer thickness and almost vanishes when the NPB
spacer thickness is greater than or equal to about 20 nm, as shown in Fig. 7(a). The working
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mechanism of the ITO/PTCDA:CuPc anode is described as follows: when the ITO is biased
positive, holes confined at the ITO/PTCDA:CuPc interface may effectively polarize
PTCDA:CuPc pairs, efficiently generating holes in CuPc and electrons in PTCDA, and then
holes are transferred into the NPB layer by CuPc aggregates and electrons into the ITO by
PTCDA aggregates, thus generating a very efficient hole current. The static-inducement for
very efficient hole-electron pair generation in PTCDA:CuPc is the reason why the
ITO/PTCDA:CuPc anode structure is superior to the ITO/CuPc anode structure. For the ITO/
PTCDA:CuPc anode structure, if the thickness of the PTCDA: CuPc composite (such as 5
nm) is smaller than the optimal thickness of 10–20 nm, the number of PTCDA:CuPc pairs
involved in hole-electron pair generation is smaller, hence generating less efficient hole
current and resulting in reduced device performance. If the thickness of the PTCDA:CuPc
composite is larger (e.g. 30 nm) than the optimal thickness of 10–20 nm, there is no more
enhancement of hole-electron pairs generation, but the absorption of PTCDA:CuPc
composite over Alq3 emission becomes remarkable, causing the degradation in device
performance.

3.1.3. The significance and future development of the donor/ acceptor interface in OLEDs
Very recently, the planar and mixed donor/acceptor interfaces have also been used as very
efficient interconnecting structures for tandem OLEDs [27], showing the versatility of the
donor/acceptor pairs. However, it should be noted that all the donors and acceptors
currently used to form the hole-generating interfaces in OLEDs exhibit significant
absorption in the visible-light range, thus reducing the light out-coupling from the devices.
Therefore, it is of great importance to develop wide-bandgap donors and acceptors. In
addition, in order to increase the amplitude of hole current at the donor/acceptor interfaces,
it is of much necessity to narrow down the offset between the HOMO of donor and LUMO
of acceptor.

3.2. Increasing electron current in IBOLEDs via the combination of two n-doped
layers
The n-doped organic electron acceptors, e.g., n-NTCDA, n-PTCDA, n-C60, possess markedly
higher conductivities but markedly lower capabilities of injecting electrons into electron
transport layer (such as BCP, Alq3, etc.), as compared to the frequently used n-doped
materials (such as n-BCP, n-Alq3, etc.) in OLEDs. However, recent work [13-16] shows that
the combination of the above two classes of n-doped materals may increase current in
IBOLEDs as described below.

3.2.1. Inverted OLEDs incorporated with the combination of Li2CO3:PTCDA and
Li2CO3:BCP
Here first we will describe the optical and structural properties of n-doped materials and
then the prperties of OLEDs fabricated from these materials.
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3.2.1.1. Optical and structural properties of Li2CO3:PTCDA and Li2CO3:BCP
The optical properties of 1:2 Li2CO3:PTCDA and 1:4 Li2CO3:BCP are studied here and
presented in Fig. 8. As seen in Fig. 8(a), compared to the intrinsic PTCDA, Li2CO3:PTCDA
exhibits much lower intermolecular optical absorption at 558 nm [26], indicating severe
distortion of the ordered - stack of PTCDA molecules caused by the doping with
Li2CO3. In addition, a new sub-gap absorption centered at a wavelength of 686 nm
appears, indicating the formation of the charge transfer state between the matrix and
dopant in Li2CO3:PTCDA composite [28]. Fig. 8(b) shows that the edge of the optical
absorption for 1:4 Li2CO3:BCP was slightly blue-shifted relative to that of intrinsic BCP,
which implies the occurrence of electron transfer from the O2- bonded to Li to BCP 1:4
Li2CO3:BCP composite [29].

Figure 8. UV-vis absorption spectra for the 20 nm PTCDA and 1:2 Li2CO3:PTCDA thin films (a), and the
20 nm BCP and 1:2 Li2CO3:PTCDA thin films (b). The inset in (b) is the molecular structure of PTCDA.

3.2.1.2. Electrical properties of Li2CO3:PTCDA and Li2CO3:BCP
For studying the electrical properties we have fabricated the following two devices:
Device 6: ITO (anode)/ 1:4 Li2CO3:BCP 10 nm/ 1:2 Li2CO3:PTCDA 5 nm/ Alq3 65 nm/
Al (cathode);
Device 7: ITO (anode)/ 1:4 Li2CO3:BCP 5 nm/ 1:2 Li2CO3:PTCDA 10 nm/ Alq3 65 nm/
Al (cathode).
In device 6 with the structure of ITO (anode)/1:4 Li2CO3:BCP x nm/1:2 Li2CO3:PTCDA 15-x
nm/Alq3 65 nm/Al (cathode), the electron current passes through Alq3 to 1:2 Li2CO3:PTCDA
and to 1:4 Li2CO3:BCP connected in series. Therefore, the relative conductivity of 1:2
Li2CO3:PTCDA to 1:4 Li2CO3:BCP can be detected by observing the influence of 1:4
Li2CO3:BCP thickness on the device current. Fig. 9 exhibits that the current of device 6 is
much lower than that of device 7 at a given driving voltage, demonstrating that 1:2
Li2CO3:PTCDA is much more conductive than 1:4 Li2CO3:BCP. This can be due to the
following two factors: firstly, the charge carriers are more efficiently generated in 1:2
Li2CO3:PTCDA than in 1:4 Li2CO3:BCP due to the lower LUMO level of PTCDA than that of
BCP. Secondly, the electron mobility of intrinsic PTCDA (310-6 cm2·V-1·s-1) is much higher
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than that of BCP (610-7 cm2·V-1·s-1). Therefore, it might be feasible to improve the
performance of IBOLED via the introduction of the Li2CO3:PTCDA composite onto the ITO
cathode for enhancing current conduction.

Figure 9. I-V characteristics for devices 6 and 7. As there is no Alq3 emission observed from the two
devices in the measurement range, the current in both the two devices is considered to be comprised of
electrons only.

3.2.1.3. Inverted OLED using the combination of Li2CO3:PTCDA and Li2CO3:BCP
We have fabricated the following three inverted devices and studied
characteristics.
Device 8: ITO (cathode)/ 1:2 Li2CO3:PTCDA 5 nm/ 1:4 Li2CO3:BCP 5 nm/ Alq3 40 nm/
NPB 40 nm/ MoO3 10 nm/Al (anode);
Device 9: ITO (cathode)/ 1:4 Li2CO3:BCP 10 nm/ Alq3 40 nm/
NPB 40 nm/ MoO3 10 nm/Al (anode);
Device 10: ITO (cathode)/ 1:2 Li2CO3:PTCDA 5 nm/ BCP 5 nm/ Alq3 40 nm/
NPB 40 nm/ MoO3 10 nm/Al (anode).

their

Fig.10 shows the performance of devices 8 and 9. It can be seen in Fig. 10(a) that the
driving voltage of device 8 for achieving a given current was reduced than that of device
9. To generate a current density of 100 mA/cm2, device 8 needs a driving voltage of 7.1 V,
smaller than that needed by device 9 (8.3 V). Device 8 also gives higher luminance than
device 9 as shown in Fig. 10(b). At a driving voltage of 8 V, the luminance of device 8 is
6983 cd/m2, in contrast to that of 1354 cd/m2 for device 9. Fig. 10(c) shows that the current
efficiency of device 8 is slightly lower than that of device 9, mostly because 1:2
Li2CO3:PTCDA exhibits some absorption over Alq3 emission, while 1:4 Li2CO3:BCP is
nearly transparent in the visible-light range. Nevertheless, due to the marked reduction of
driving voltage, device 8 provides higher power efficiency than device 9. It can be
concluded that the two-layer combination of 1:2 Li2CO3:PTCDA and 1:4 Li2CO3:BCP
outperforms the single 1:4 Li2CO3:BCP with regard to promoting the current conduction
for the IBOLED.
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Figure 10. (a) I-V characteristics, (b) L-V characteristics, (c) current and power efficiencies versus
current density of devices 8 (filled squares) and 9 (filled triangles). Both the devices give nearly the
same Alq3 emission.

Figs. 10 (a) and (b) show that device 8 performs better that device 9, which may be
attributed to the enhanced electron current due to the following : (i) In device 8, the electron
injection is realized not only via tunneling, but also via thermionic emission due to relatively
smaller energy barrier from ITO into the LUMO of PTCDA. (ii) The conductivity of 1:2
Li2CO3:PTCDA is higher than that of 1:4 Li2CO3:BCP, leading to reduced ohmic loss of
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current conduction. Fig. 10(c) shows that the current efficiency of device 8 is slightly lower
than that of device 9, mostly because 1:2 Li2CO3:PTCDA exhibits some absorption over
Alq3 emission, while 1:4 Li2CO3:BCP is nearly transparent in the visible-light range.
Nevertheless, due to the marked reduction of driving voltage, device 8 provides higher
power efficiency than device 9. In terms of device 8, the issue of the efficient electron
transfer from 1:2 Li2CO3:PTCDA into 1:4 Li2CO3:BCP needs to be addressed, since the
LUMO level (4.6 eV) of PTCDA is 1.6 eV lower than that (3.0 eV) of BCP. In quest of the
mechanism of electron transport over such a big Schottky barrier, device 10 is fabricated and
characterized. As seen in Fig. 11, device 10 shows poor current-voltage and luminancevoltage characteristics. At a driving voltage of 10 V, it exhibits a current of 2.3 mA/cm2 and a
luminance of 4.1 cd/m2, in clear contrary to 531 mA/cm2 and 10492 cd/m2 achieved at a
driving voltage of 8.4 V in device 8. This greatly improved performance of device 8 relative
to device 10 implies that the energy barrier for electron injection from PTCDA into BCP can
be significantly reduced by fulfilling the double-sided n-doping to the Schottky interface.

Figure 11. The I-V and L-V characteristics for device 10.

3.2.1.4. The working mechanism of the combination of Li2CO3:PTCDA and Li2CO3:BCP
The electronic structures of the interfaces of 1:2 Li2CO3:PTCDA/BCP and 1:2
Li2CO3:PTCDA/1:4 Li2CO3:BCP are schematically shown in Fig. 5. The LUMO-LUMO offset
at organic heterojunction can be varied by the interfacial dipole  given by [30]:


1 1 1 
  1  (  )  (CNL1  CNL2 )initial ,
2 1  2 


(2)

where 1 and 2 are the low frequency dielectric constants for the two organic materials, CNL1
and CNL2 represent their charge neutrality levels. In the case of 1:2 Li2CO3:PTCDA/BCP
heterojunction, considering that the dielectric constant of n-doped PTCDA is larger compared
to that of the undoped PTCDA (1.9) and taking BCP1.4, (1/1+1/2) is estimated to be 0.7.
Provided that the CNL for n-doped PTCDA is roughly equal to that of undoped PTCDA(-4.8
eV) due to the Fermi level pinning [22] and CNL of BCP-3.8 eV, Eq. (2) yields an interface
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dipole 1=-0.65 eV, resulting a 0.65 eV downwards shift of the vacuum level (VL) on the BCP
side LUMO as shown in Fig. 12(i). Thus, the electron injection barrier from the LUMO of 1:2
Li2CO3:PTCDA to hat of BCP reduces roughly to 0.95 eV. This shows that the electron
transport through the 1:2 Li2CO3:PTCDA/BCP interface can be small in device 10. For the 1:2
Li2CO3:PTCDA/1:4 Li2CO3:BCP heterojunction, the term (1/1+1/2) is assumed to be 0.2,
because the low-frequency dielectric constants of the doped materials are larger compared to
the undoped materials. Provided the CNL for n-doped PTCDA-4.8 eV and the CNL for ndoped BCP3.2 eV [31], Eq. (2) yields an interface dipole 2= -1.44 eV, leading to a 1.44 eV
downwards shift of the vacuum level (VL) in the doped BCP side, as shown in Fig. 12(ii).
Accordingly, the electron injection barrier at the 1:2 Li2CO3:PTCDA/1:4 Li2CO3:BCP
heterojunction is estimated to be 0.16 eV, suggesting that the double n-doping can induce
significant realignment of molecular levels of organic-organic heterojunction. Thus, the
contact becomes ohmic, resulting in efficient electron current and increasing device
performance (the case of device 8).

Figure 12. Schematic diagram for depicting the electronic structures of the interfaces of 1:2
Li2CO3:PTCDA/BCP (i) and 1:2 Li2CO3:PTCDA/1:4 Li2CO3:BCP (ii), both deposited onto the ITO substrates.
For simplicity, the gap states are not shown. The EF, HOMO, and horizontal dotted arrow represent the
Fermi level, highest occupied molecular orbital, and the electron-injecting process, respectively.

3.2.2. Inverted OLEDs incorporating the combination of MoO3 and Li2CO3:BCP
There has been some controversy about the intrinsic property of MoO3, which has been
intensively investigated in OLEDs for improving the hole injection. It is considered by some
groups that MoO3 should act as a hole conductor with highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) levels of 5.4 eV and 2.3 eV,
respectively [32]. Recently, however, it is suggested [33] that due to being doped by oxygen
vacancy defects MoO3 intrinsically offers n-typed conduction with deep-lying HOMO and
LUMO levels of 9.7 eV and 6.7 eV, respectively. The enhanced hole injection by the MoO3
intervention may be attributed to the process that one electron in the HOMO level of organic
hole-transporting material can be easily transferred into the LUMO level of MoO3 because
the Fermi level of MoO3 is necessarily pinned close to the HOMO level of p-typed organic
conductor [33]. Here, we investigate MoO3 as electron injection layer in IBOLEDs and show
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that MoO3 in association with an n-doped layer of BCP can enable the efficient electron
injection.
3.2.2.1. Conductivity of MoO3 and Li2CO3:BCP
For comparing the conductivity due to the incorporation of MoO3 and Li2CO3:BCP in
OLEDs, We have fabricated the following two devices:
Device 11: ITO (cathode)/ MoO3 10 nm/ 1:4 Li2CO3:BCP 5 nm/ Alq3 80 nm/ Al (anode);
Device 12: ITO (cathode)/ MoO3 5 nm/ 1:4 Li2CO3:BCP 10 nm/ Alq3 80 nm/ Al (anode).
The conductivity of an organic thin film can be measured via a vertical sandwiched
structure. However, the diffusion of the top metal electrode into organic thin film enables
the chemical reaction between metal atoms and organic molecules, leading to the
unavoidable alteration for the intrinsic property of organic thin film. Thus, devices 11, 12 are
fabricated to qualitatively compare the conductivities of MoO3 and 1:4 Li2CO3:BCP. In the
electron-only device with structure of ITO (cathode)/ MoO3 x nm/ 1:4 Li2CO3:BCP 15-x nm/
Alq3 80 nm/ Al (anode), the electrons are firstly injected into MoO3, then transported
through MoO3, 1:4 Li2CO3:BCP, and Alq3 in sequence, and finally transfered into Al. Thus,
the study of the I-V characteristics with the varying thickness of MoO3 can be studied from
devices 11 and 12 as shown in Fig. 13. As seen in Fig. 13, the current density of device 11 is
greater than that of device 12 in the whole applied voltage range. This clearly indicates that
MoO3 (10 nm thick) is more conducting than 1:4 Li2CO3:BCP (10 nm thick) composite. Thus,
MoO3 can be expected to act as a better electron transport layer in the IBOLED

Figure 13. The I-V characteristics of devices 11 (open circles) and 12 (fill squares). No Alq3
electroluminescence is detected in the measurement range for these two devices.

3.2.2.2. Inverted OLEDs using the combination of MoO3 and Li2CO3:BCP
We have fabricated and studied the characteristics of the following IBOLEDs:
Device 13: ITO/ MoO3 5 nm/ 1:4 Li2CO3:BCP 5 nm/ Alq3 40 nm/ NPB 60 nm/ MoO3 10 nm/Al;
Device 14: ITO/ 1:4 Li2CO3:BCP 10 nm/ Alq3 40 nm/ NPB 60 nm/ MoO3 10 nm/Al;
Device 15: ITO/ MoO3 5 nm/ BCP 5 nm/ Alq3 40 nm/ NPB 60 nm/ MoO3 10 nm/Al;
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Device 16: ITO/ MoO3 5 nm/ 1:4 Li2CO3:BCP 5 nm/ Alq3 50 nm/ NPB 60 nm/ MoO3 10 nm/Al;
Device 17: ITO/ MoO3 5 nm/ 1:4 Li2CO3:BCP 5 nm/ Alq3 60 nm/ NPB 60 nm/ MoO3 10 nm/Al;
Device 18: ITO/ MoO3 5 nm/ 1:4 Li2CO3:BCP 5 nm/ Alq3 70 nm/ NPB 60 nm/ MoO3 10 nm/Al;
Fig. 14 shows the performances of devices 13 and 14. Device 13 shows nearly the same I-V
characteristics as device 14, but the luminance and current efficiency of device 13 are higher
than those of device 14. At a luminance of 100 cd/m2, device 13 achieves a driving voltage of
7.51 V and a current efficiency of 1.39 cd/A, in comparison with 7.72 V and 1.08 cd/A,
respectively, reached in device 14. At a luminance of 1000 cd/m2, device 13 exhibits a driving
voltage of 8.86 V and a current efficiency of 2.0 cd/A, in comparison with 9.04 V and 1.62
cd/A obtained in device 14. The improved performance of device 13 over device 14 may be
attributed to the reduced dopant diffusion from Li2CO3:BCP into Alq3 as a result of the
thinner Li2CO3:BCP in device 13.

Figure 14. (a) I-V and L-V characteristics and (b) current efficiency versus current density
characteristics for devices 13 (circles) and 14 (squares).

3.2.2.3. Mechanism of operation in the combination of MoO3 and Li2CO3:BCP
Despite that MoO3 exhibits better electron conduction than 1:4 Li2CO3:BCP composite, device
13 produces nearly the identical electron current as device 14, demonstrating that there must
be some voltage drop across the MoO3/1:4 Li2CO3:BCP interface in device 13. In an effort to
investigate the mechanism of the electron transfer from MoO3 to 1:4 Li2CO3:BCP, the
characteristics of device 15 is studied as presented in Fig. 15, which shows that device 15
exhibits poor I-V characteristics with no Alq3 electroluminescence observed, suggesting there
is a big Schottky barrier for electron injection from MoO3 to BCP. The marked performance
difference between devices 13 and 15 indicates that the LUMO-LUMO offset at the MoO3/BCP
interface can be remarkably lowered due to doping Li2CO3 into BCP, which can be explained
by the interfacial dipole calculated by Eq. (2). In the case of the MoO3/BCP heterojunction,
taking MoO320 and BCP1.4 [30], the item of (1/1+1/2) is estimated to be 0.76. Considering
that the CNL (work function) of MoO3 is -6.9 eV [33] and that of BCP-3.8 eV, Eq. (2) yields an
interface dipole 1=-1.92 eV. This results in a 1.92 eV downward shift of the vacuum level on
the BCP side. Thus, the Schottky barrier for the electron injection from the LUMO of MoO3 to
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that of BCP is roughly 1.78 eV, determining that the electron transport through the MoO3/BCP
interface is very inefficient in the case of device 15. For the MoO3/1:4 Li2CO3:BCP
heterojunction, the item of (1/1+1/2) is assumed to be 0.1, because the low-frequency
dielectric constant of the doped BCP is larger compared to the undoped one [30]. Provided
that the CNL of MoO3-6.9 eV and that of n-doped BCP-3.2 eV [20], Eq. (2) yields an interface
dipole 2=-3.52 eV, leading to a 3.52 eV downwards shift of the vacuum level on the doped
BCP side. Thus, the electron injection barrier at the MoO3/1:4 Li2CO3:BCP heterojunction is
estimated to be roughly 0.18 eV, favoring the efficient electron injection in MoO3 and hence
better device performance (the case of device 13). In addition, the intrinsic Schottky barrier for
electron injection from Li2CO3:BCP to Alq3 is estimated to be 0.4 eV according to Eq. (2).

Figure 15. The I-V characteristics of device 15. There was no Aq3 electroluminescence detected in the
measurement range, suggesting that the electron current was very inefficient in device 15.

3.2.2.4. The dopant diffusion in the Li2CO3:BCP
Fig. 16(a) shows the I-V characteristics of devices 13, 16, 17 and18 and Fig. 16(b) presents the
plot of the voltage drop as a function of the thickness of Alq3 film. The inset of Fig. 16(a)
displays the luminance properties of these devices. Fig. 16(b) indicates that the driving
voltage across the device varies linearly with the Alq3 thickness when the device current (I)
increases from 2 to 100 mA/cm2. Thus, the average internal electric field in the Alq3 layer (Fav,
Alq3) of device 13 is calculated [34, 35] as shown in Fig. 17. It can be seen in Fig. 17 that Fav, Alq3
increases monotonously as I increases from 2 to 30 mA/cm2, and becomes gradually saturated
when I  30 mA/cm2. The turning point at I = 30 mA/cm2 of the Fav, Alq3 versus I characteristics
can be due to the efficient diffusion of Li2CO3 from Li2CO3:BCP into Alq3, which can not only
lead to some exciton-quenching effect in the emissive layer, coincident with the observations
in Fig. 14(b), but also it can leave the emissive layer n-doped, thereby reducing the interfacial
energy barrier [13] and making Alq3 more conductive. Also seen in Fig. 17 is that when I
varies between 2 and 30 mA/cm2, the total device current versus the average electric field in
Alq3 appears to follow a Richardson–Schottky (RS) behavior, I  exp [(Fav,Alq3)1/2], due to the
good linear fit (R2=0.997) to the log I versus F1/2av, Alq3 plot. Accordingly, the coefficient  is
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calculated to be 28.1 (MV/cm)-1/2, approximately one and half times larger than the value of
RS=11.6 (MV/cm) -1/2, implied by the RS formula of RS = (e3/4π0r)1/2/kBT (taking r 1.6). This
discrepancy is consistent with the other reported observations [34]. It should be stressed here
that the electric field at the Li2CO3:BCP/Alq3 interface, responsible for electron injection, may
be different to the average electric field in the Alq3 layer. Interestingly, when I exceeds 30
mA/cm2, the total device current versus the average electric field in Alq3 diverts from the RS
behavior due to the deteriorated linear fit (R2=0.989) to the log I versus F1/2av, Alq3 plot. This
diversion is likely to be attributed to the fact that the conclusive electron injection process
shifts from the Li2CO3:BCP/Alq3 interface to the MoO3/1:4 Li2CO3:BCP heterojunction as a
result of the efficient Li2CO3 diffusion towards the anode in device 13.

Figure 16. (a) The I-V characteristics of devices 13 (solid squares), 16 (solid circles), 17 (solid triangles),
and 18 (open squares). (b) The total voltage drop across device versus the Alq3 thickness at various
current densities (I in mA/cm2). The dashed lines represent the linear fits to the plots, and their slopes
denote the the average internal electric fields in the Alq3 layer (Fav, Alq3 in MV/cm). R2 represents the
linear-fit correlation coefficient. The inset (a) shows the L-V characteristics for devices 13, 16, 17 and 18.

Figure 17. The average internal electric fields in the Alq3 layer (circles, bottom X + left Y) and the
dependence of of the total current density on the average internal electric field (squares, top X + right Y)
in device 13. The two straight lines with correlation coefficients (R 2) mean the linear fits.
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3.2.3. The inverted OLEDs incorporating the combination of n-NTCDA and Li2CO3:BCP
To maximize the performance for the combination of two n-ETLs, the n-ETL contacting the
cathode needs to meet the two requirements: high conductivity and good transparency over
the visible light range. Thus, the n-NTCDA was chosen to function with Li2CO3:BCP.
3.2.3.1. The properties of the NTCDA deposited onto the ITO
NTCDA is a class of n-type organic semiconductor with a LUMO level at 4.0 eV [36]. It can
have the electronic interactions with the active metals like In or Mg at room temperature,
which is attributed to the partial charge transfer from the metal to carbonyl oxygen of
NTCDA [37]. It is also reported that NTCDA shows strong electronic interaction with metal
atoms in an ITO substrate to form charge transfer (CT) complexes or gap states [38]. The
formation of a CT complex can not only lower the energy barrier for hole injection from ITO
into N,N'-bis-(1-naphthl)-diphenyl-1,1'-biphenyl-4,4'-diamine, but also can offer a
conducting path to assist hole transport [38]. Thus, the introduction of NTCDA onto the ITO
anode can significantly improve the hole current and thereby the performance of regular
OLED. Nevertheless, it needs to be stressed that the electronic interaction between active
metal and NTCDA can leave NTCDA n-doped via the spontaneous charge transfer from
metal atom to NTCDA [37].
The four NTCDA thin films have been fabricated and characterized in Fig. 18. Fig. 18(a)
shows that the NTCDA thin films both deposited on ITO and glass are crystalline, proven
by their same diffraction peaks at 2=11.8o. Fig. 18(b) shows the UV-VIS absorption spectra
of the four NTCDA thin films. All the NTCDA thin films gave two peaks at the wavelengths
of 368 nm and 390 nm assigned to π-π*. Compared with the 15 nm NTCDA thin film on
glass, the 15 nm NTCDA thin film on ITO shows a broad absorption peak from 420 nm to
600 nm, which becomes weaker with the decreasing thickness of the NTCDA on ITO [39].
The emergence of a new sub-gap absorption indicates the formation of the CT complex
between NTCDA and ITO as a result of the upward diffusion of In atoms from ITO into
NTCDA and the concomitant interaction between In and anhydride groups of NTCDA.
Thus, the NTCDA thin films on the ITO are conclusively crystalline and n-doped. The
conductivity of the n-doped NTCDA (n-NTCDA) is reported to be as high as 9.29×10-4 S/cm
[4], almost two orders of magnitude higher than that of n-BCP [31]. Hence, according to the
concept of using two n-ETLs mentioned above, the NTCDA on the ITO may be applied as
the first n-ETL to enhance the electron conduction in IBOLEDs.
3.2.3.2. The comparison between the electron injection structures of ITO/ BCP:Li2CO3 (4:1)
10 nm and ITO/NTCDA 3 nm/ BCP:Li2CO3 (4:1) 7 nm
For this study we fabricated the following IBOLEDs:
Device 19. ITO/ BCP:Li2CO3 (4:1) 10 nm/ Alq3 40 nm/ CBP 60 nm/ MoO3 10 nm/Al;
Device 20. ITO/NTCDA 3 nm/ BCP:Li2CO3 (4:1) 7 nm /Alq3 40nm/CBP 60 nm/
MoO3 10 nm/Al;
Device 21. ITO/NTCDA 3 nm/ BCP 7 nm /Alq3 40nm/ CBP 60 nm/ MoO3 10 nm/Al;
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Device 22. ITO/NTCDA 5 nm/ BCP:Li2CO3 (4:1) 5 nm /Alq3 40nm/ CBP 60 nm/
MoO3 10 nm/Al;
Device 23. ITO/NTCDA 7 nm/ BCP:Li2CO3 (4:1) 3 nm /Alq3 40nm/ CBP 60 nm/
MoO3 10 nm/Al.

Figure 18. The XRD (a) and UV-Vis absorption spectra (b) of the 5, 10, 15 nm NTCDA thin films on the
ITO and the 15 nm NTCDA thin film on the glass. Due to the limitation of the instrument, we were
unable to detect the sub-gap absorption in the 5 nm NTCDA on the ITO. Note that, the 3 nm NTCDA
thin film on the ITO is also confirmed to be crystalline.

Fig. 19(a) shows the I-V characteristics of devices 19 and 20. As expected, device 20 showed
higher current density than device 19 at a given voltage between 3 and 10 V. To generate a
current density of 100 mA/cm2, device 20 needed a driving voltage of 8.0 V, smaller than
that for device 19 (9.0 V). Fig. 19(b) shows device 20 also exhibits enhanced luminance than
device 19. At a driving voltage of 10 V, the luminance of device 20 is found to be 11706
cd/m2, in comparison with 4016 cd/m2 for device 19. Fig. 19(c) shows that the maximum
current efficiency in device 20 is 2.29 cd/A, 38% higher than that of 1.66 cd/A in device 19,
mostly attributed to the following two factors: firstly, the intervention of the NTCDA
improved the hole-electron balance in device 20 relative to device 19; secondly, the NTCDA
was nearly transparent in the visible-light range. Hence, it may be concluded that the
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combination of n-NTCDA and 1:4 Li2CO3:BCP excels the single 1:4 Li2CO3:BCP in promoting
the current conduction and efficiency of the IBOLED.

Figure 19. The I-V (a), luminance versus voltage (b), current efficiency versus current density (c)
characteristics for devices 19 (squares) and 20 (circles).

3.2.3.3. The mechanism of electron transport from n-NTCDA into BCP:Li2CO3 (4:1)
In device 20, how the electrons are efficiently transported from n-NTCDA into 1:4
Li2CO3:BCP needs to be addressed, since the LUMO level (4.0 eV) of NTCDA is 1.0 eV lower
than that (3.0 eV) of BCP. In quest of the relevant mechanism, device 21 is fabricated and its
characteristics are shown in Fig. 20. As seen in Fig. 20, device 21 exhibits poor current-voltage characteristics. At a driving voltage of 10 V, it yields a current of 3.63 mA/cm2 and
no light emission, which is clearly contrary to 601 mA/cm2 and 11709 cd/m2 achieved in
device 20. The greatly improved performance of device 20 relative to device 21 indicates that
the energy barrier for electron injection from n-NTCDA into BCP is significantly reduced by
fulfilling the n-doping on the BCP side [13].
The electronic structures of the interfaces of n-NTCDA/BCP and n-NTCDA/1:4
Li2CO3:BCP are schematically shown in Fig. 21. The LUMO-LUMO offset at the organic
heterojunction can be varied by the interfacial dipole (∆) expressed as Eq. (2). In the case
of n-NTCDA/BCP heterojunction, considering the dielectric constant of n-NTCDA is large
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Figure 20. The I-V characteristics of device 21. Note that, there was no Alq3 emission observed in the
measurement range.

Figure 21. Schematic diagrams for depicting the electronic structures at the interfaces of nNTCDA/BCP (i) and n-NTCDA/1:4 Li2CO3:BCP (ii), both deposited onto the ITO substrates. For
simplicity, the gap states are not shown. The EF, HOMO, and horizontal dotted arrow represent the
Fermi level, highest occupied molecular orbital, and the electron-injecting process, respectively.

compared to that (1.6) of the undoped NTCDA and taking BCP1.4, (1/1+1/2) is estimated to
be 0.7. Provided that the CNL for n-NTCDA is roughly -4.2 eV due to the Fermi level
pinning [22] and taking the CNL of BCP-3.8 eV, Eq. (2) yields an interface dipole 1=-0.26
eV, which results in a 0.26 eV downward shift of the vacuum level (VL) on the BCP side as
seen in Fig. 21(i). Thus, the energy barrier from the LUMO of n-NTCDA to that of BCP is
estimated to be about 0.74 eV, determining that the electron transport through the nNTCDA/BCP interface is very poor in the case of device 22. For the n-NTCDA/1:4
Li2CO3:BCP heterojunction, (1/1+1/2) is assumed to be 0.2, because the low-frequency
dielectric constants of the doped materials are larger compared to the undoped materials.
Provided that the CNL for n-NTCDA -4.2 eV and the CNL for n-BCP-3.2 eV, Eq. (2) yields
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an interface dipole 2=-0.90 eV, leading to a 0.90 eV downward shift of the VL in the n-BCP
side, as as shown in Fig. 21(ii). The electron injection barrier from n-NTCDA to 1:4
Li2CO3:BCP is estimated to be roughly 0.10 eV. Thus, the interface becomes ohmic, enabling
the efficient electron conduction and hence enhaced device performance (the case of device
20).
3.2.3.4. The effect of the NTCDA thickness on the current conduction of IBOLED
It is found that the device performance is strongly influenced by the thickness of the
NTCDA on ITO as a hole injection layer [39]. Therefore, the dependence of the IBOLED
performance on the NTCDA on ITO as n-ETL has been investigated and the observed
characteristics are shown in Fig. 22 for devices 20, 22, and 23. It can be seen that the current
density of the IBOLED using the 3 nm NTCDA is found to be higher than that of the
IBOLEDs using the 5 and 7 nm NTCDA at a given voltage between 3 and 10 V. It may be
explained as follows. When the thickness of the NTCDA exceeds 3 nm, the formation of the
CT complex near the NTCDA top surface starts to vanish [38], that is, the surface density of
the CT complex near NTCDA top surface starts to decrease, leading to a reduced generation
of free electrons therein. Thus, the electron conduction across the whole NTCDA thin film
decreases and gives rise to the decreased IBOLED current.

3.2.4. The tandem OLEDs incorporating the combination of Li2CO3:PTCDA and
Li2CO3:BCP
Tandem OLEDs consisting of two light emitting units stacked vertically in series have been
demonstrated [40, 41]. Compared to the single light emitting unit, the two-unit tandem
OLED can provide the prolonged working lifetime and higher luminance but nearly the
same power efficiency, because the driving voltage of the tandem OLED is twice that of the
single light emitting unit at a given current density. Therefore, the tandem OLEDs have
been widely recognized as a promising technology for organic flat-panel displays and solidstate lighting sources in the market competition. The future development of the tandem
OLEDs is to further reduce their high driving voltage via both the structure optimization of
the single light emitting unit and the improvement of the interconnecting structure.
It has been recognized that the voltage drop across the interconnected structure is the key to
determining the operation voltage of the tandem OLEDs [40]. In order to minimize the
series resistance of the interconnected structure, it is of great necessity to reduce the ohmic
loss of the current conduction in this structure provided that the energy losses due to the
internal charge generation and injections have already been optimized. Thus, it is
meaningful to seek for a higher-conductivity alternative to the conventional n-doped
organic electron transporters. Recently, the n-doped PTCDA has been used to reduce the
driving voltage of OLEDs due to its higher conductance than the conventional n-doped
organic electron conductors (BCP and Alq3) [13, 42], implying that the n-doped PTCDA
may act as a potential candidate for the n-type section to reduce the current loss in the
tandem structure.
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Figure 22. The I-V characteristics of devices 20 (circles), 22 (uptriangles), and 23 (downtriangles).

Here, a 5 nm lithium carbonate doped PTCDA (1:2 Li2CO3:PTCDA) has been incorporated in
the n-type section of the interconnected structure. Compared to the tandem OLED of 5 nm
Li2CO3 doped BCP (1:4 Li2CO3:BCP)/ MoO3, the tandem OLED of 5 nm 1:2 Li2CO3:PTCDA/ 5
nm MoO3 showed the enhanced electrical and luminous performance, due to the higher
electron conductivity of 1:2 Li2CO3:PTCDA than that of 1:4 Li2CO3:BCP. The working
mechanism of the improved interconnecting structure is also discussed.
3.2.4.1. The optical properties of the IS1 and IS2
Fig. 23 shows the optical transmittance of two interconnected structures. It can be seen that
the 5 nm 1:2 Li2CO3:PTCDA/ 5 nm MoO3 (IS1) is nearly transparent in the visible-light
range, but the 5 nm 1:4 Li2CO3:BCP/ 5 nm MoO3 (IS2) shows slight light absorption from 400
to 700 nm, due to the narrow optical band gap of PTCDA (1.7 eV).

Figure 23. The optical properties of the IS1 and IS2 deposited on the quartz glasses.
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3.2.4.2. The electrical properties of the IS1 and IS2
For studying the electrical properties, we have fabricated the following two devices:
Device 24: ITO (anode)/ 1:2 Li2CO3:PTCDA 5 nm/ MoO3 5 nm/ NPB 80 nm/ Al (cathode).
Device 25: ITO (anode)/ 1:4 Li2CO3:BCP 5 nm/ MoO3 5 nm/ NPB 80 nm/ Al (cathode).
The I-V characteristics of devices 24 and 25 are shown in Fig. 24. Because the ITO anode is
unable to inject holes into n-doped PTCDA and BCP, and the Al cathode provides very
inefficient electron injection into NPB, the current versus voltage plots of devices 24 and 25
mostly represent the internal charge generation and transport in the devices IS1 and IS2.
Because devices 24 and 25 have the same interfaces of 5 nm MoO3 and 80 nm NPB, the
internal charge generation and hole conduction for the two devices are identical. Therefore,
the difference between the I-V characteristics of devices 24 and 25 exhibit mostly the electron
conduction through the IS1 and IS2. The current density of device 24 shown in Fig. 24 is
found to be greater than that of device 25, indicating the resistance of IS1 is less than that of
the IS2. Hence, the IS1 tandem structure is advantageousthan IS2 because IS1 results in less
ohmic loss of electron conduction than IS2.

Figure 24. The I-V characteristics of devices 24 (blak curve ) and 25 (red curve).

The LUMO-LUMO offset at the 1:2 Li2CO3:PTCDA/MoO3 interface can be estimated via
calculating the interfacial dipole through Eq. (2). The term (1/1+1/2) is assumed to be 0.1,
taking 120 and 220 because the low-frequency dielectric constant of the doped PTCDA is
larger compared to the undoped one. Provided that the CNL for n-doped PTCDA-4.8 eV
[30] and the CNL for MoO3-6.9 eV, Eq. (2) yields an interface dipole =2.0 eV, leading to a
2.0 eV upward shift of the vacuum level on the MoO3 side. Thus, the electron injection
barrier at the 1:2 Li2CO3:PTCDA/MoO3 heterojunction is estimated to be roughly 0.1 eV,
favoring the very efficient electron injection from MoO3 into 1:2 Li2CO3:PTCDA. Likewise,
the electron transport barrier from MoO3 to 1:4 Li2CO3:BCP is estimated to be 0.18 eV [14],
meaning that the electron current can flow from MoO3 into 1:4 Li2CO3:BCP very efficiently
as well. As a result, the increased electron transport in the IS1 over IS2 may be mostly
attributed to the higher electron conductivity of 1:2 Li2CO3:PTCDA than 1:4 Li2CO3:BCP [13].
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3.2.4.3. The performance comparison between the S, T1, and T2 devices
A single OLED S with structure of ITO/ NPB 80 nm/ Alq3 55 nm/ 1:4 Li2CO3:BCP 5 nm/ Al
and two tandem OLEDs, T1 and T2, have been fabricated for this study as shown in Fig. 25.

Figure 25. The schematic diagrams for the structures of the T1 and T2 device.

Fig. 26 shows the electroluminescent spectra of S, T1, and T2 devices. It is obvious that these
three devices produce nearly the same Alq3 emission peaking at a wavelength of about 520
nm, demonstrating that IS1 and IS2 behave as good optical spacers without bringing any
appreciable microcavity effect.
The electrical and luminous properties of the three devices are shown in Fig. 27. As
expected, the T1 device gives higher current density than T2 device, which may be mostly
attributed to the more efficient current conduction in IS1 than in IS2. Accordingly, the device
T1 is also brighter than the device T2. At a driving voltage of 19 V, the luminance of T1 is
3656.8 cd/m2, brighterr than 2323.9 cd/m2 of T2 device. Because of some absorption in IS1
over the Alq3 emission, the T1 device shows slightly less current efficiency than T2 device
when the current density ranges from 0.1 to 80 mA/cm2. The maximum current efficiency of
T2 device (4.86 cd/A) is found to be almost twice that of S device (2.51 cd/A). However, due
to the reduced working voltage required for T1 than for T2, these two tandem OLEDs show
comparable power efficiencies when the current density ranges from 0.1 to 80 mA/cm2. Both
of them have the maximum power efficiency of about 0.84 lm/W, slightly greater than that
of the single-unit device S (0.80 lm/W). Note that, compared to both T1 and T2 devices, S
device gives much lower power efficiency at a current density ≤ 10 mA/cm2 and slightly
increased power efficiency at current density  45 mA/cm2.
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Figure 26. The I-V (a), luminance versus voltage (b), current efficiency versus current density (c), and
power efficiency versus current density (d) characteristics of the S, T1, and T2 devices.

In Table I are listed the performance data of S device at a driving voltage of 9 V and those of
T1 and T2 devices at a driving voltage of 18 V. The current density of T2 device at 18 V is
lower than that of the S device at 9 V, while the luminance and current efficiency of the T2
device are nearly twice of those of the S device, and the power efficiencies of the T2 and S
devices were nearly same. This indicates that the IS2 can effectively connect the two units in
T2 device but with a marked voltage drop across it. The current density of T1 device at 18 V
is 50% higher than that of S device at 9 V, its luminance is about three times that of S device,
its current efficiency is twice that of S device, and its power efficiency is equal to that of S
device. The current density of T1 device at 18 V is more than that of S device at 9 V. This
may be attributed to the following two factors. Firstly, the voltage drop across IS1 is
markedly lower compared to IS2 and secondly, the NPB layer in the upper unit is of much
less thickness than that in the bottom unit.
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Figure 27. The electroluminescent spectra of the S, T1, and T2 devices.

Table 1. The performance data of the devices S, T1, and T2 . I, L, CF, and PF represent current density,
luminance, current efficiency, and power efficiency, respectively.
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It should be pointed out that, due to the poor ability of Li2CO3:PTCDA to inject electrons
into the traditional electron transport materials (e.g., Alq3, BCP), an n-doped layer with
high-lying LUMO level, n-doped BCP must be involved to facilitate the electron injection
from n-doped PTCDA into the traditional electron transport materials [13]. Thus, IS1 cannot
only reduce the ohmic loss of current conduction, but also can offer comparable electron
injection into the bottom unit, relative to IS2.

3.2.5. The design concept of uniting two n-doped layers and its significance in OLEDs
The n-doped organic electron acceptors, e.g., n-NTCDA, n-PTCDA and n-C60, possess
markedly higher conductivities but lower capabilities of injecting electrons into electron
transport layer (such as BCP, Alq3, etc.), as compared to the frequently used n-doped
materials (such as n-BCP, n-Alq3, etc.) in organic light emitting diodes (OLEDs). In this
section, we study the combination of the above two classes of n-doped materals, called the
structure of uniting double n-doped layers (n-ETL1/ n-ETL2/ ETL). The characteristics for the
structure of n-ETL1/ n-ETL2/ ETL are as follows: n-ETL1 features the LUMO level greater
than 4.0 eV (i.e., the LUMO level lies below 4.0 eV) and possesses higher conductivity of
transporting electrons; n-ETL2 features the LUMO level less than 3.4 eV (i.e., the LUMO
level lies above 3.4 eV) and possesses better capability of injecting into ETL; at the n-ETL1/ nETL2 interface, due to the quasi Fermi level alignment. In this caes, the energy barrier for the
electron injection from n-ETL1 to n-ETL2 is usually less than 0.2 eV. Such a constructed
combination cannot only significantly reduce ohmic loss in electron conduction, but also
possess strong capability of injecting electrons into ETL. It has been demonstrated that the
structure of uniting double n-doped layers enables remarkable enhancement in both
electron current and luminous performance for inverted and tandem OLEDs. Therefore, it
can be considered as an advanced electron injection technology, which can significantly
push forward the commercializations of organic flat-panel displays and solid-state lighting.

4. Conclusions
Currently, the commerical application of organic lighting is being held back by the fact that
the power efficiency of OLEDs drops drastically with the increase in active area.This means
that the luminous flux of OLEDs does not increase automatically if the emissive area is
increased. Thus, it becomes the top priority to develop the charge injection techniques which
can increase the power and emittance of OLEDs. The charge injection techniques discussed
in this chapter are still in their very early stages, and their further development depends
mostly by inventing new materials which can meet all the requirements listed above.
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1. Introduction
In typical organic light emitting devices (OLEDs), light originates from radiative
recombination of molecular excited states formed by electrons and holes injected from
electrodes and localized on individual molecular sites. That is, the results are interpreted as
due to Frenkel exciton generation and recombination [1,2]. In particular, this is applied to
the bilayer OLEDs composed of metal 8-hydroxyquinolates Mq3 (M = Al, Ga, In, or Sc) as an
electron-transporting and emitting layer and amines like triphenylamine derivative (TPD) as
a hole-transporting layer. The electroluminescence (EL) spectra of these devices are close to
the photoluminescence (PL) spectra of corresponding Mq3 molecules [1-3]. The similarity of
the EL and PL spectra was also observed for zinc complexes with hydroxy-substituted
quinolines, benzothiazoles and related ligands [4-6].
In some bilayer devices, interactions of donor and acceptor molecules at the organic/organic
interface can lead to formation of an exciplex state. Exciplex is a kind of excited state
complex formed between donor and acceptor, with one in the excited state and the other in
the ground state. Exciplex usually leads to the red shifted emission and broadened spectrum
relative to the emissions of the individual acceptor or donor [7-10].
Exciplex formation at the solid interface between Alq3 and the electron-rich multiple
triarylamine hole-transporting materials m-MTDATA and t-Bu-TBATA was observed in a
study by Itano et al., [11]. Exciplexes can also be observed in the PL spectra of donoracceptor blends [10,12-15].
Sometimes, another sort of bimolecular excited complex called electroplex can be generated
around heterojunction. Unlike exciplex emission which can be observed under both photoexcitation and electric field excitation, electroplex emission can not be typically observed
under photo-excitation and can be formed only in the presence of high electric field in some
OLEDs. [16-19].
© 2012 Kaplunov et al., licensee InTech. This is an open access chapter distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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The intrinsic luminescence of the emitting layer is quenched by the formation of exciplexes [2024]. So, for pure monochromatic OLEDs, exciplexes should be avoided [25-27]. On the other
hand, exciplexes were proposed to tune the OLED emission color [28-30] and to design white
OLEDs [12,18,31-35]. The use of exciplex emission simplifies the structure of white OLEDs.
Efficient white electroluminescence from a double-layer device based on a boron complex was
demonstrated by Liu et al. [36]. High-efficiency nondoped white organic light-emitting device
based on the triarylamine derivative was demonstrated by Tong et al. [37] and Lai et al. [38]. For
some OLEDs, pure exciplex emission was obtained by Wang et al. [39] and Nayak et al. [40].
One of the problems in utilizing the exciplex effects in devices is finding systems with high
exciplex EL efficiency, so design of new materials and investigation of the active factors for
efficient exciplex emission are a subject of significance.
Recently, spectral properties of the electroluminescent devices based on the novel zincchelate complexes of sulphanilamino-substituted quinolines and benzothiazoles were
investigated and some exciplex phenomena were found [41-46]. The structures of zinc
complexes are shown in Figure 1.
Most presently known metal complexes used for OLEDs contain the chelate cycles including
the C-O-M-N chains [2-4,6,22,27,47]. In the amino-substituted complexes, the oxygen atom
in the chelate cycles is replaced by a nitrogen atom of the sulphanylamino groups forming
the C-N-M-N chains. The presence of a spatially extended, electron-rich amine segment in
the zinc complex molecule can enhance its ability of intermolecular interactions with the
molecules of the hole-transporting layer and hence magnify the possibility of exciplex
forming. This chapter presents a review of electroluminescent properties of
sulphanylamino-substituted zinc complexes.

2. EL spectra of OLEDs based on sulphanilamino-substituted zinc-chelate
complexes
We have prepared and measured the EL spectra of the following OLED devices based on
zinc complexes with sulphanilamino-substituted ligands.













device D1: ITO/PTA/NPD/Zn(PSA-BTZ)2/Al:Ca
device D2: ITO/PTA/Zn(PSA-BTZ)2/Al:Ca
device D3: ITO/PTA/NPD/CBP/Zn(PSA-BTZ)2/Al:Ca
device D4: ITO/PTA/CBP/Zn(PSA-BTZ)2/Al:Ca
device D5: ITO/PEDOT:PSS/Zn(PSA-BTZ)2/Al:Ca
device D6: ITO/PTA/NPD/Zn(TSA-BTZ)2/Al:Ca
device D7: ITO/PTA/Zn(TSA-BTZ)2/Al:Ca
device D8: ITO/PTA/NPD/Zn(POPS-BTZ)2/Al:Ca
device D9: ITO/PTA/NPD/CBP/Zn(POPS-BTZ)2/Al:Ca
device D10: ITO/PTA/NPD/Zn(DFP-SAMQ)2/Al:Ca
device D11: ITO/PTA/Zn(DFP-SAMQ)2/Al:Ca
device D12: ITO/PTA/CBP/Zn(TSA-BTZ)2/Al:Ca
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Figure 1. Structures of zinc complexes and of materials for hole-transporting layers.
Zn(PSA-BTZ)2: bis{2-[2-(phenylsulphanylamino)phenyl]benzothiazolate}zinc; Zn(TSA-BTZ)2: bis{2-[2(4-methylphenylsulphanylamino)phenyl]benzothiazolate}zinc; Zn(POPS-BTZ)2: bis{2-[2-(4penthadecyloxyphenylsulphanylamino)phenyl]-benzothiazolate}zinc; Zn(DFP-SAMQ)2: bis[8-(3,5difluorophenylsulphanylamino)-quinolato]zinc; NPD: N,N’-bis(1-naphthyl)-(1,1’-biphenyl)-4,4’diamine; PTA: oligo(4,4’-(4’’-methyl)triphenylamine); CBP: 4,4′-bis(N-carbazolyl)-1,1′-biphenyl;
PEDOT:PSS: poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate).

Methods of preparing the devices and measuring their properties are described elsewhere [4244]. Materials of hole-transporting layer were triaryl derivatives: PTA, olygomer of
triphenylamine with high glass-transition temperature [48] and a well-known N,N’-bis(1naphthyl)-(1,1’-biphenyl)-4,4’-diamine (NPD). The carbazol derivative 4,4′-bis(N-carbazolyl)1,1′-biphenyl
(CBP)
and
poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate)
(PEDOT:PSS) were also used for forming the hole-transporting layer. The structures of these
compounds are also shown in Figure 1. In some devices, both PTA and NPD deposited in
succession were used as materials for hole-transporting layers. In any case, the EL spectrum of
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the device is determined by the hole-transporting material, which is in contact with the zinc
complex. The devices are typically characterized by bias voltages of light appearance about 2.5
to 3 V and brightness of 103 cd/m2 at 10 V.

2.1. EL spectra of OLEDs based on Zn(PSA-BTZ)2
Figure 2 shows the EL spectra of Zn(PSA-BTZ)2 in two electroluminescence devices: device
D1, ITO/PTA/NPD/Zn(PSA-BTZ)2/Al:Ca, (Figure 2a, curve 1) and device D2,
ITO/PTA/Zn(PSA-BTZ)2/AlCa, (Figure 2b, curve 1). For comparison, curve 2 in Figure 2a
shows the PL spectrum of Zn(PSA-BTZ)2 powder.

1,0

I, a.u.

0,8

1

0,6
0,4

2

3

4

0,2
0,0

1,0

400 450 500 550 600 650 700
, nm
(a)

1

2

I, a.u.

0,8
0,6
0,4
0,2
0,0

400 450 500 550 600 650 700
, nm

(b)
Figure 2. Spectra of Zn(PSA-BTZ)2 in the devices D1 to D5. (a): EL spectrum of the device D1
ITO/PTA/NPD/Zn(PSA-BTZ)2/Al:Ca (1); PL spectrum of Zn(PSA-BTZ)2 powder (2); EL spectrum of the
device D3 ITO/PTA/NPD/CBP/Zn(PSA-BTZ)2/Al:Ca (3); EL spectrum of the device D5
ITO/PEDOT:PSS/Zn(PSA-BTZ)2/Al:Ca (4) (b): EL spectrum of the device D2 ITO/PTA/Zn(PSABTZ)2/AlCa (1); EL spectrum of the device D4 ITO/PTA/CBP/Zn(PSA-BTZ)2/AlCa (2)
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The EL spectrum of device D1 contains two bands with maxima at 460 and 560 nm.
Maximum of the first band is close to that of the PL peak of Zn(PSA-BTZ)2 powder at 450
nm and may be attributed to the intrinsic luminescence of Zn(PSA-BTZ)2. The second peak
may be probably due to exciplex formation between NPD and Zn(PSA-BTZ)2. For device D2,
the EL spectrum exhibits only wide band with a maximum at 553 nm, which may be
attributed to exciplex formation between PTA and Zn(PSA-BTZ)2. Exciplex can be formed
between the ground state of a donor molecule and the excited state of an acceptor molecule
[12]. In our case, the donor molecule is presented by NPD or PTA, and the acceptor
molecule by Zn(PSA-BTZ)2 complex. Exciplex band corresponds to the transition from the
excited state of the acceptor and the ground state of the donor and has lower transition
energy compared to the intrinsic emission band corresponding to the transition between the
excited and ground state of the acceptor molecule [7-10,12].

2.2. EL spectra of OLEDs based on Zn(TSA-BTZ)2
Figure 3 shows the EL spectra of Zn(TSA-BTZ)2 in the electroluminescence devices: (a)
device D6, ITO/PTA/NPD/Zn(TSA-BTZ)2/Al:Ca, (b) device D7, ITO/PTA/Zn(TSABTZ)2/AlCa and device D12, ITO/PTA/CBP/Zn(TSA-BTZ)2/Al:Ca. The PL spectrum of
Zn(TSA-BTZ)2 powder is shown for comparison (Figure 3a, curve 2).
For the devices D6 and D7, intensive exciplex EL bands are observed in the yellow region
with the maxima around 585 nm. Only a weak shoulder in the region of the intrinsic
Zn(TSA-BTZ)2 emission at about 460 nm is observed. For device D7, the EL spectra are
shown for different bias voltages from 3.5 to 6.0 V. The spectra are normalized to obtain
equal intensities of exciplex bands for all voltages. A small continuous growth of intrinsic
emission relative intensity is observed. A small blue shift of exciplex band maximum from
585 nm at 3.5 V to 575 nm at 6.0 V is also observed. This is in contrast with previously
reported strong dependence of EL bands positions on bias voltages [11,49,50] where field
induced shift of EL band of about 50 nm could be attributed to the overlap of the emission
from different excited states. As showed Kalinowski et al. [51], the field dependence of EL
spectrum in such systems is a result of electric field mediated interplay among localized
(monomolecular) excitons, exciplexes, and electroplexes in conjunction with their specific
environment. For the device D12, no exciplex band is observed which is discussed in
section 4.

2.3. EL spectra of OLEDs based on Zn(POPS-BTZ)2
Figure 4 shows the EL spectra of Zn(POPS-BTZ)2 in the devices D8
ITO/PTA/NPD/Zn(POPS-BTZ)2/Al:Ca (curves 1) and D9 ITO/PTA/NPD/CBP/Zn(POPSBTZ)2/Al:Ca (curve 3). The PL spectrum of Zn(POPS-BTZ)2 powder (curve 2) is shown for
comparison. Strong exciplex band in the green region with the maximum at about 540 nm
and shoulder at about 460 nm due to intrinsic emission of Zn(POPS-BTZ)2 is observed in the
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EL spectra of the device D8. The normalized EL spectra are shown for different bias voltages
from 4.0 to 6.0 V. A small continuous growth of intrinsic emission relative intensity and a
small blue shift of exciplex band maximum from 545 nm at 4.0 V to 535 nm at 6.0 V are also
observed. For the device D9, no exciplex band is observed which is discussed in section 4.
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Figure 3. Normalized EL spectra of the devices based on Zn(TSA-BTZ)2 and the PL spectrum of
Zn(TSA-BTZ)2 powder. (a): Normalized EL spectrum of the device D6 ITO/PTA/NPD/Zn(TSABTZ)2/Al:Ca (1) and the PL spectrum of Zn(TSA-BTZ)2 powder (2); (b): Normalized EL spectra of the
device D7 ITO/PTA/Zn(TSA-BTZ)2/Al:Ca for bias voltages 3.5 V (blue curve), 4.0, 4.5, 5.0, 5.5 V (black
curves) and 6.0 V (red curve) (1) and normalized EL spectrum of the device D12 ITO/PTA/CBP/Zn(TSABTZ)2/Al:Ca (2).
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Figure 4. Spectra of Zn(POPS-BTZ)2 based devices: Normalized EL spectra of the device D8
ITO/PTA/NPD/Zn(POPS-BTZ)2/Al:Ca for bias voltages 4.0 V (blue curve), 4.5, 5.0, 5.5 V (black curves)
and 6.0 V (red curve) (1), PL of Zn(POPS-BTZ)2 powder (2) and the EL spectrum of the device D9
ITO/PTA/NPD/CBP/Zn(POPS-BTZ)2/Al:Ca (3)

2.4. EL spectra of OLEDs based on Zn(DFP-SAMQ)2
Figure 5 shows the EL spectra of Zn(DFP-SAMQ)2 in the devices D10 ITO/PTA/NPD/Zn(DFPSAMQ)2/AlCa (curve 1) and D11 ITO/PTA/Zn(DFP-SAMQ)2/AlCa (curve 2). For comparison,
the PL spectrum of Zn(DFP-SAMQ)2 powder with maximum at 465 nm is shown (curve 3).
Exciplex bands with maxima at about 560 nm and no intrinsic emission are observed in the EL
spectra both for devices with both PTA and PTA/NPD hole-transporting layers. Exciplex
emission can also be observed in the PL spectra of the films containing blends of zinc complex
and hole-transporting material (curve 4) which is discussed in section 3.
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Figure 5. Spectra of Zn(DFP-SAMQ)2 based devices: EL spectra of the devices D10
ITO/PTA/NPD/Zn(DFP-SAMQ)2/AlCa (1) and D11 ITO/PTA/Zn(DFP-SAMQ)2/AlCa (2); PL spectra of
Zn(DFP-SAMQ)2 powder (3) and of PTA:Zn(DFP-SAMQ)2 mixed film (4).
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3. The PL spectra of the films containing blends of zinc complex and of
hole-transporting material
One of the main evidences of the exciplex nature of long-wave bands in the EL spectra is the
presence of such bands in the PL spectra of blends of donor and acceptor materials [1215,17,40,53].
For the zinc-chelate complexes with sulphanilamino-substituted ligands, the exciplex longwave bands were observed in the PL spectra of their blends with hole-transporting
materials by Kaplunov et al. [44-45]. It was shown previously that the PL spectra taken from
the layered structure exhibiting the exciplex EL OLEDs do not contain long-wave bands but
only the intrinsic bands of components [46]. This is due to the extremely small thickness of
the contacting interface of the two layers, which is responsible for EL. To observe the longwave bands in PL, films containing blends of zinc complex and hole-transporting material
were prepared by casting from toluene solutions containing both components in
appropriate concentrations. In such films, contacts between the two kinds of molecules take
place in the whole volume of the film, unlike the bilayer OLED structure with very thin
contact interface.
Kaplunov et al. [44] studied the PL spectra of the films containing blends of Zn(DFPSAMQ)2 with PTA. The spectra contain no intrinsic luminescence of zinc complex or PTA
and exhibit only the exciplex band with maximum at 555 nm (figure 5, curve 4). Kaplunov et
al. [45] studied the PL spectra of the films containing PTA, Zn(DFP-SAMQ)2 and their
blends in different ratios. For the films with a relatively low fraction of PTA where
PTA:Zn(DFP-SAMQ)2 = 0.5:1 and 1:1 (mass), the PL bands are close to that of Zn(DFPSAMQ)2 with λmax = 490 nm (intrinsic emission). For the films with a higher PTA fraction
where PTA:Zn(DFP-SAMQ)2 = 2.6:1 and 4:1 (mass), the exciplex PL band with λmax in the
region of 560 nm is observed. This result shows that the exciplex PL can be observed for
donor-acceptor blends with proper relation between components, which guarantees large
amount and good quality of intermolecular donor-acceptor contacts.

4. Elimination of exciplex emission for the devices based on zinc
complexes with amino-substituted ligands
4.1. Elimination of exciplex emission by introducing an intermediate layer
between the hole-transporting and the emitting layers
To prove the exciplex origin of the long-wavelength EL, we have fabricated several control
devices in which the long-wave EL bands are eliminated.
One of the methods for preventing exciplex emission is the insertion of an additional layer
between the hole-transporting and electron-transporting materials [22,25-27]. CBP is
considered as one of the materials appropriate for such layers [27,54,55]. We have fabricated
two control devices with Zn(PSA-BTZ)2 as emitting layer and CBP as the intermediate layer:
ITO/PTA/NPD/CBP/Zn(PSA-BTZ)2/Al:Ca (device D3) and ITO/PTA/CBP/Zn(PSA-
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BTZ)2/Al:Ca (device D4). Figure 2 shows the EL spectra of devices D3 and D4 (Figure 2a,
curve 3 and Figure 2b, curve 2, respectively). In both cases, the EL spectra contain no wide
band around 560 nm and exhibit only one band in the blue region with the maximum at 471
nm (device D3) and 469 nm (device D4), which may be attributed mainly to the intrinsic
emission of the Zn(PSA-BTZ)2 complex.
Similar to the devices based on Zn(PSA-BTZ)2, the exciplex band can be eliminated by
introducing the intermediate layer of CBP between NPD and Zn(POPS-BTZ)2 or PTA and
Zn(TSA-BTZ)2. The EL spectrum of the device ITO/PTA/NPD/CBP/Zn(POPS-BTZ)2/Al:Ca
(device D9) is shown in Figure 4 (curve 2). The exciplex band in the region of 540 nm is
absent, and only the intrinsic emission of Zn(POPS-BTZ)2 at λmax = 460 nm is observed. The
EL spectrum of the device ITO/PTA/CBP/Zn(TSA-BTZ)2/Al:Ca (device D12) is shown in
Figure 3b (curve 2). The exciplex band in the region of 580 nm is absent, and only the
intrinsic emission of Zn(TSA-BTZ)2 at λmax = 465 nm is observed.

4.2. The role of amino groups in exciplex formation
Exciplex can be formed at the solid interface between a hole-transporting layer and an
electron-transporting layer, in case when there is a significant spatial overlap between the
lowest unoccupied molecular orbitals (LUMOs) of the constituent species [56].
It should be noted that both NPD and PTA, as well as many other materials usually used to
form the hole-transporting layer, are the derivatives of triarylamines. One may suppose that
the interaction of the nitrogen atoms in the amino groups of the hole-transporting molecules
and the amino groups of the zinc complexes (due to their spatial overlap) determines the
exciplex formation in the studied systems. Evidence in favor of this supposition comes from
our results on using other materials different from triarylamine derivatives for holetransporting layers. Figure 2a, curve 4 shows the EL spectrum of device
ITO/PEDOT:PSS/Zn(PSA-BTZ)2/Al:Ca (device D5) where the hole-transporting layer is
presented by PEDOT:PSS, a hole injecting and transporting material which does not contain
nitrogen atoms at all. This spectrum does not contain a wide band around 560 nm and
exhibits only one band with a maximum at 466 nm, which is close to the Zn(PSA-BTZ)2
powder PL band (450 nm) and may be attributed mainly to the intrinsic emission of
Zn(PSA-BTZ)2 complex. One may suppose that the formation of exciplex in this case is
suppressed by the absence of nitrogen atoms in the hole-transporting layers.
Commonly, the reason for preventing the exciplex emission by changing the holetransporting material is argued to be the relation between the energy levels of the donor and
acceptor molecules. Materials like CBP with low highest occupied molecular orbital
(HOMO) energy level are considered as appropriate ones [22,25-27]. Really, the HOMO
level of CBP is 6.1 to 6.3 eV below vacuum level [47,57,58], which is appreciably lower than
that of NPD (5.2 to 5.7 eV) [58-60].
On the other hand, the highest occupied energy level of PEDOT:PSS is 5.2 eV below vacuum
level [61], which does not differ from that of NPD. So, the fact that NPD produces exciplexes
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with the studied complexes and CBP and PEDOT:PSS do not may be explained not only by
positions of energy levels but also by other reasons. Good spatial overlap of donor and
acceptor molecular orbitals seems to be one of the most important factors promoting the
formation of exciplexes.
From this point of view, molecules with amino groups are most appropriate for exciplex
formation because of high electron density at nitrogen atoms. Zinc complexes studied in the
present work contain amino groups bonded to metal atom and produce exciplexes in pair
with triarylamine molecules NPD and PTA. Note that the analogs of our complexes
containing oxygen atom bonded to metal such as Mq3, Znq2, Zn(BTZ)2 do not exhibit
exciplexes in their EL spectra when triarylamine hole-transporting materials like NPD or
TPD are used [1,3-6,47]. At the same time, the derivatives of Alq3 containing amino groups
bonded to quinoline species exhibit EL exciplex bands for the devices with NPD [27].

5. The relation between intrinsic and exciplex bands in the devises
containing NPD/Zn(TSA-BTZ)2 interface

I, a.u.

Some of the EL devices based on amino-substituted zinc complexes demonstrate the EL
spectra with only exciplex bands, other demonstrate the intrinsic EL bands either. The
relation between intrinsic and exciplex bands can be affected by different factors: materials
of contacting layers [22], thicknesses of layers [17,29,30,31,62], applied voltage and current
[20,63-64]. The dependence of the relation between intrinsic and exciplex bands in the EL
spectra of the devices based on amino-substituted zinc complexes on the thickness of holetransporting layer and on the applied bias voltage were studied for the devises based on
Zn(TSA-BTZ)2 as an illustrative example.
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Figure 6. Normalized EL spectra of ITO/PTA/NPD/Zn(TSA-BTZ)2/Al:Ca devices with different
thicknesses of NPD layer: 8 nm (1), 15nm (2), 30 nm (3) and 45 nm (4). Spectra are measured at the same
current 7.4 mA/cm2 for all devices.
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Figures 6 and 7 show the EL spectra of the devices ITO/PTA/NPD/Zn(TSA-BTZ)2/Al:Ca
(device D6) with different thicknesses of NPD layer 0, 8, 15, 30 and 45 nm. Thicknesses of
other organic layers are constant: about 100 nm for PTA and about 30 nm for Zn(TSA-BTZ)2.
Spectra are measured at different bias voltages from 3.5 V to 10 V.
The shape of the EL band strongly depends on the NPD layer thickness (Fig.6). For
thicknesses of 8, 15 and 30 nm, the exciplex band with maximum in the region of 590 nm is
observed. Further increase in thickness leads to some shift of the exciplex band maximum
position. For the thickness of 45 nm, the exciplex band in the region of 540 nm is observed.
Devices with 8 nm NPD layer thickness exhibit no intrinsic band in the EL spectra. Devices
with 15, 30 and 45 nm NPD layer thickness exhibit intrinsic EL band in the region of 450-460
nm in addition to exciplex bahds.
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Figure 7 shows the dependence of the EL spectra of Zn(TSA-BTZ)2 based devices with
different thicknesses of hole-transporting NPD layer on the applied bias voltages and
corresponding currents through the device. With increasing voltage, maximum of the
exciplex band shifts to lower wavelength by 5-8 nm, maximum of the intrinsic band
practically does not change. The increasing voltage leads also to appearance of additional
exciplex peak at 540 nm in the EL spectra of the devices with the NPD layer thicknesses of
15 and 30 nm (figure 7b,c).
Shift of exciplex bands maxima with change of the layer thicknesses and of the applied
voltage may be due to plurality of excited states in the excited donor-acceptor complexes
[28,51].
The relation of intensities of intrinsic and exciplex bands depends on applied bias voltage
and corresponding currents. With increasing voltage, the intensity of the intrinsic band
relative to the exciplex band increases. For the device with 30nm NPD layer thickness, the
intrinsic band becomes more intense than the exciplex band at some voltages. Growth of the
intrinsic band can be attributed to the shift of the carrier recombination zone from the
NPD/Zn(TSA-BTZ)2 interface to the bulk of the emitter layer and increasing number of holes
injected into the emitter layer due to increasing electric field [29,63,65].

Lintr / Lexc

It should be noted that the intensity of electroluminescence depends on the number of
recombinating electrons and holes that is on current through the device. So the dependence
of the EL spectra on the applied bias voltage should more properly be considered as the
dependence on the current.
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Figure 8. Plot of relative intensities of the intrinsic EL band and that of exciplex band as a function of
the current for the devices ITO/PTA/NPD/Zn(TSA-BTZ)2/Al:Ca with NPD layer thicknesses 30 nm (1,
squares) and 45 nm (2, circles). Solid curves represent only guide to an eye.

Figure 8 shows the relation of the intensity of the intrinsic EL band (Lintr) to that of exciplex
band (Lexc) for the devices with thicknesses of NPD layer 30 and 45 nm depending on

Exciplex Electroluminescence of the New Organic Materials for Light-Emitting Diodes 189

current. The intensity of the intrinsic band relative to that of the exciplex band increases
with the increase in current and saturates at large currents. The saturation may be due to
extending the carrier recombination zone to the whole Zn(TSA-BTZ)2 layer.

6. White OLEDs based on zinc complexes with amino-substituted ligands
The combination of narrow intrinsic band and wide exciplex band gives a very wide
emission spread over the whole visible spectrum, which is a way to obtain white light
emitting diodes [8,12,36,37].
For the novel zinc-chelate complexes of sulphanilamino-substituted ligands, the
combination of narrow intrinsic band in blue region and wide exciplex band in yellow
region can be observed for some devices with NPD as hole-transporting layer. For example,
the device 1 based on Zn(PSA-BTZ)2, gives the EL emission (Figure 2a, curve1) with the CIE
chromaticity coordinates x = 0.31 and y = 0.34 which is close to that of the white light (x =
0.33, y = 0.33). Corresponding point on CIE color diagam (Figure 9) is marked by open circle.

Figure 9. The emission of the devices ITO/PTA/NPD/Zn(PSA-BTZ)2/Al:Ca (open circle) and
ITO/PTA/NPD/Zn(TSA-BTZ)2/Al:Ca with the NPD layer thickness of 30 nm (filled circles) on the CIE
color diagram.

For the devices based on Zn(TSA-BTZ)2, the presence of both intrinsic and exciplex emission
bands in the EL spectra can be observed for the devices with appropriate NPD layer
thickness. The EL spectra of the device ITO/PTA/NPD/Zn(TSA-BTZ)2/Al:Ca with the NPD
layer thickness of 30 nm exhibit both intrinsic and exciplex emission bands with the relation
depending on bias voltages (figure 7c). The device emits nearly white light. The CIE color
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coordinates (x, y) corresponding to the emission spectra of the device at bias voltages 3.5,
4.0, 5.0 and 5.5 V are (0.40, 0.38), (0.37, 0.36), (0.34, 0.33) and (0.33, 0.33) respectively.
Corresponding points on CIE color diagram (figure 9, filled circles) are close to the black
body emission line between color temperatures 3500 and 6000 K.
As an example, Fig. 10 shows a photograph of a light-emitting diode based on the
electroluminescent structure ITO/PTA/Zn(TSA-BTZ)2/Al:Ca. The area of the luminescent
surface is 6×6 mm2 and the operation voltage is 6–8 V. The efficiency of such light-emitting
diodes reaches 5–6 lm/W.

Figure 10. Photograph of an organic light-emitting diode based on an ITO/PTA/Zn(TSA-BTZ)2/AlCa
electroluminescent structure.

7. Conclusions
The novel zinc-chelate complexes of sulphanilamino-substituted quinolines and
benzothiazoles are proper materials for OLEDs, with efficient exciplex emission giving rise
to white OLEDs and OLEDs of different colors including blue, green, and yellow. Exciplex
emission can also be observed in the PL spectra of the films containing blends of zinc
complex and hole-transporting material. The main reason of effective exciplex formation for
these compounds is probably the presence of a spatially extended, electron-rich amine
segment in the zinc complex molecule which can enhance its ability of intermolecular
interactions with the molecules of the hole-transporting layer and hence magnify the
possibility of exciplex forming. Material of the hole-transporting layer is crucial for the
efficiency of exciplex formation. Triarylamine derivatives like NPD or PTA seem to be the
most proper materials for exciplex formation. Exciplexes can be eliminated with only
intrinsic bands remaining in the EL spectra when the hole-transporting layer is not a
triarylamine drivative. This may be due not only to positions of energy levels but also to
good spatial overlap and high electron density on amino groups of both zinc complex and
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triarylamine derivatives. The relation between intrinsic and exciplex EL bands for the EL
devices depends not only on the material of hole-transporting layer but also on the applied
voltage. This may be due to to the shift of the carrier recombination zone from the interface
of hole-transporting and emitting layers to the bulk of the emitter layer.
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1. Introduction
Low molecular mass organic compounds with internal charge transfer properties are widely
adopted for organic photonics such as materials for the creation of molecular electronics
elements, organic magnets, solar cells and organic light emitting diodes (OLEDs) for full
display panels [1-3]. One of the most widely used red light-emitting materials contains
pyranylidene (4H-pyran-4-ylidene) or isophorene (5,5-dimethylcyclohex-2-enylidene)
fragments as backbone of the molecule (see Fig.1), which are conjugated in a system with
electron acceptor and electron donor fragments [1,4-24]. In many cases the light-emitting
layer from such commercially available compounds is prepared by thermal evaporation in
vacuum [1-2, 25-27]. Some of them are used as dopants in a polymer matrix and spin-coated
onto a hole transport layer from solution [1,12]. However the doping amount of luminescent
compound is limited by self crystallization and photoluminescence quenching at higher
concentrations which reduce the quantum efficiency of fabricated devices significantly [1112]. Therefore it is important to synthesize low molecular mass light-emitting organic
compounds which do not crystallize and form thin amorphous solid films from volatile
organic solvents. Such compounds, which can make a solid-state glassy structure prepared
from solutions, could facilitate technological processes in the production of many devices in
optoelectronics, for example, light emitting devices by low-cost deposition such as wet
casting methods and easier light-emitting material synthesis. Some of these red lightemitting compounds have been introduced by us [28-32].
In this chapter we present complete synthesis, thermal, optical, photoelectrical and glass
forming properties of new organic glass-forming pyranylidene and isophorene fragment
containing derivatives with bulky trityloxy groups in their molecules. The optical
properties, both in solution and solid state, are compared. The dependance of
© 2012 Zarins et al., licensee InTech. This is an open access chapter distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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photoelectrical properties and energy structure of glassy films on molecular structure will
be discussed. The most popular derivatives of pyranylidene and isophorene used in OLEDs
are shown in Fig.1.

Pyranylidene type red
luminiscent compounds
A

Isophorene type red
luminiscent compounds
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;

;
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Figure 1. Most widely used pyranylidene and isophorene type red-emitters used as OLED emission
layer materials

2. Synthesis
The synthesis procedure of pyranylidene and isophorene D-π-A type luminophores (see
Fig.1) with either one or two electron donor fragments can be divided into three main
parts:
1.

2.

3.

Synthesis of a backbone fragment: Synthesis of derivatives of 4H-pyran-4-one, which in
their molecules contain not only a carbonyl group, but also at least one methyl group
and are able to react further with aromatic aldehydes.
Addition of an electron acceptor fragment to the backbone: Condensation reaction of
4H-pyran-4-one derivatives synthesized in 1) with active methylene group containing
compounds.
Synthesis of pyranylidene and isophrene D-π-A type red emitters: Final addition of
electron donor group containing aromatic aldehydes to compounds obtained in 2).
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2.1. Synthesis of the backbone fragment: 2,6-disubstituted-4H-pyran-4-ones
The simplest of 2,6-disubstituted-4H-pyran-4-ones is 2,6-dimethyl-4H-pyran-4-one
(compound 2 in Fig.2), which is obtained in 86% yield from dehydroacetic acid (compound 1
in Fig.2) by acidic rearrangement with following decarboxylation (see Fig.2) [32-33].
OH

O
CH3

H3C

O

1

O

conc. HCl or
10% H 2SO4
-CO 2
86%

O

H3C

O

2

CH3

Figure 2. Synthesis of 2,6-dimethyl-4H-pyran-4-one. Dehydroacetic acid (compound 1) is suspended
either in concentrated hidrochloric acid (conc. HCl) or 10% aqueous sulfuric acid (10% H2SO4) and
heated. During the heating carbon dioxide (CO2) is liberated and 2,6-dimethyl-4H-pyran-4-one
(compound 2) is formed.

2,6-Dimethyl-4H-pyran-4-one (compound 2 in Fig.2) has one carbonyl group which can
further react with active methylene group containing compounds in Knoevenagel
condensation reactions. It also has two activated methyl groups, which can react in the same
type of condensation reactions with one or two molecules of aromatic aldehydes.
Another method for the syntheis of 2,6-disubstituted-4H-pyran-4-ones, which contain at
least one active methyl group, is using 4-hydroxy-6-methyl-2H-pyran-2-one (compound 3 in
Fig.3) as starting material [11,34]. Its further reaction with isobutyryl chloride (compound 4
in Fig.3) in trifluoroacetic acid (TFA) gives 6-methyl-2-oxo-2H-pyran-4-yl isobutyrate
(compound 5 in Fig.3). Without separating the compound 5 from the reaction mixture it was
subjected to Fries rearrangement resulting in 4-hydroxy-3-isobutyryl-6-methyl-2H-pyran-2one (compound 6 in Fig.3). In its decarboxylation and further acidic cyclization reactions 2isopropyl-6-methyl-4H-pyran-4-one (compound 8 in Fig.3) is obtained with 80% yield.
Compound 8 also contains a carbonyl group, just as the previously synthesized 2,6dimethyl-4H-pyran-4-one (compound 2 in Fig.2). Since it now contains just one activated
methyl group, only one aromatic aldehyde containing fragment can be added to the
backbone of pyranylidene derivative 8 (shown in Fig.3).
One of the most preferred 2,6-disubstituted-4H-pyran-4-ones is 2-tert-butyl-6-methyl-4Hpyran-4-one (compound 13 in Fig.4) [7,11,35]. The first synthesis method starts from 3,3dimethylbutan-2-one (compound 9 in Fig.4). Treating it with acetic anhydryde (Ac2O) and
boron trifluoride (BF3) a boron enolate (compound 10 in Fig.4) is obtained. Its further
condensation reaction with 1,1-dimethoxy-N,N-dimethylethanamine (compound 11 in Fig.4)
produces N,N-dimethylamino-vinyl group containing boron enolate (compound 12 in
Fig.4). Then following an acidic treatment gives 2-tert-butyl-6-methyl-4H-pyran-4-one
(compound 13 in Fig.4). However this method has a drawback because two synthetic
reactions towards our target compound had low yields (30-40%), which results in a very low
overall yield for synthesis of 2-tert-butyl-6-methyl-4H-pyran-4-one (compound 13 in Fig.4).
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Figure 3. Synthesis of 2-isopropyl-6-methyl-4H-pyran-4-one (compound 8). TFA - trifluoroacetic acid,
HCl - hidrochloric acid, AcOH - acetic acid, CO2 - carbon dioxide, conc. H2SO4 - concentrated sulfuric
acid.
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Figure 4. Conventional synthesis of 2-tert-butyl-6-methyl-4H-pyran-4-one (compound 13). Ac2O - acetic
anydryde, BF3 - bornon trifluoride, DMA - dimethylamine, HClO4 - perchloric acid, EtOH - ethanol.

Fortunately, there is another method for synthesizing 2-tert-butyl-6-methyl-4H-pyran-4-one
(compound 13 in Fig.4) with good yields [7] using pentane-2,4-dione (compound 14 in Fig.5)
as starting reactant.
In its Aldol reaction with methyl pivalate (compound 15 in Fig.5) a 7,7-dimethyloctane-2,4,6trione (compound 16 in Fig.5) was formed. Without separating the compound 16 from
reaction mixture it was subjected to acidic cyclization producing 2-tert-butyl-6-methyl-4H-
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pyran-4-one (compound 13 in Fig.5) with a good overall yield (60%). As with 2-isopropyl-6methyl-4H-pyran-4-one (compound 8 in Fig.3), the resulting 2-tert-butyl-6-methyl-4H-pyran4-one (compound 13 in Fig.5) also contains one carbonyl group and one activated methyl
group with the possibility of also adding only one aromatic aldehyde containing fragment.
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Figure 5. Improved synthesis of 2-tert-butyl-6-methyl-4H-pyran-4-one (compound 13). NaH - sodium
hydryde, conc. H2SO4 - concentrated sulfuric acid.

One of oldest, but no less important methods known for the synthesis of 2,6-disubstituted4H-pyran-4-ones is to obtain them from 3-substituted-vinylcarbonyl-4-hydroxy-6-methyl2H-pyran-2-ones (compounds 17 in Fig.6) [33]. Compounds 17 are obtained from
dehydroacetic acid (compound 1 in Fig.6), in which the methyl group in the acetyl fragment
is activated to react preferentially with aromatic aldehydes (see Fig.6) giving 3-substitutedvinylcarbonyl-4-hydroxy-6-methyl-2H-pyran-2-ones (compounds 17 in Fig.6) [33, 36].
Details on the obtained compounds 17 and their dependence on substituents (R) in their
molecules are given in Table 1. They serve as precursors for further synthesis of
pyranylidene type compounds.
OH

O

O
CH 3

H3 C

O
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O
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OH
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O
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Piperidine
CHCl3
22-85%

H3C

O

O
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Figure 6. Synthesis of 3-substituted-vinylcarbonyl-4-hydroxy-6-methyl-2H-pyran-2-ones (Compounds
17). Above the arrow are different aromatic aldehydes with different substituents R (see Table 1), which
all react with dehydroacetic acid (compound 1) the same way. CHCl3 - chloroform.

Using this approach it is possible to obtain many different mono-styryl-substituted 4Hpyran-4-ones (compounds 17 in Fig.7). However only a few of previously synthesized
compounds 17 give 2-styryl-substituted-6-methyl-4H-pyran-4-ones (compounds 18 in Fig.7)
by acidic decarboxylation under the reaction conditions reported in [30, 33] (see Fig.7) as
summarised in Table 2.
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R (of compounds 17)

Yield, %

M.p., °C

Recrystallized from

Phenyl

55

130-132

methanol

o-Nitrophenyl

65

161-163

acetic acid/water

m-Nitrophenyl

60

192

chloroform

p-Nitrophenyl

22

165-167

chloroform/ethyl acetate

p-Nitrophenyl

47

246-247

dioxane

p-Dimethylaminophenyl

71

198-200

Chloroform, ethyl acetate, benzene

p-Diethylaminophenyl

58

150

Chloroform, ethyl acetate

o-Hydroxyphenyl

67

186-188

methanol

m-Hydroxyphenyl

61

181-183

ethanol

p-Hydroxyphenyl

69

260-262

dioxane

p-Methoxyphenyl

73

153-154

ethanol

2,3-Dimethoxyphenyl

47

147

ethyl acetate

3,4-Dimetoxyphenyl

46

185

benzene/ethyl acetate

3,4-Diethoxyphenyl

43

163

ethyl acetate

o-Chlorophenyl

36

116-117

ethanol

p-Chlorophenyl

54

155-156

ethanol

3,4-Dichlorophenyl

46

185

ethyl acetate, benzene/chloroform

p-Isopropylphenyl

65

139-141

methanol

1-Naphtyl

62

190

ethyl acetate

β-styryl

57

185

chloroform/ethyl acetate

2-Furyl

85

144

benzene/ethyl acetate

R - substituents of aromatic aldehydes which also remain in the structure of compounds 17 after reactions.
Yield - the practical production of the particular compound 17 in the reaction of dehydroacetic acid (compound 1 in
Fig.6) with the corresponding aromatic aldehyde. M.p. - melting point of the particular compound 17. Recrystallized
from - organic solvent, which is used for the particular compound 17 final purification.

Table 1. Synthetic information on pyranylidene compounds 17 (see Fig.6).

OH
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R

H 3C

O

17
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O
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45-82%
-CO 2

H 3C

O
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Figure 7. Synthesis of 2-styryl-substituted-6-methyl-4H-pyran-4-ones (compounds 18).

R
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R (of compounds 18)

Yield, %

M.p., °C

Recrystallized from

p-Dimethylaminophenyl

82

156

ethyl acetale/petroleum ether

p-Diethylaminophenyl

68

128-130

methanol/water

o-Nitrophenyl

53

187-189

methanol/water

p-Isopropylphenyl

45

110-112

ethanol/water

R - substituents of aromatic aldehydes which also remain in the structure of compounds 17 after reactions.
Yield - the practical production of the particular compound 17 in the reaction of dehydroacetic acid (compound 1 in
Fig.6) with the corresponding aromatic aldehyde. M.p. - melting point of the particular compound 17. Recrystallized
from - organic solvent, which is used for the particular compound 17 final purification.

Table 2. Fries rearrangement possibility [33] of pyranylidene precursors 17 (Fig.7).

Some works can be found on red luminescent compounds where the pyranylidene fragment
is hidden as a substructure in the molecule [8, 23-24]. For example, chromene type
derivatives of pyranylidene are synthesized from 1-(2-hydroxyphenyl)ethanone (compound
19 in Fig.8) [23-24]. In the Claisen condensation reaction (see Fig.8) with ethyl-acetate in the
presence of a strong base, 1-(2-hydroxyphenyl)butane-1,3-dione (compound 20 in Fig.8) is
obtained. After separation it was subjected to acidic dehydrocyclization giving 2-methyl-4Hchromen-4-one (compound 21 in Fig.8) with an overall 45% yield.
OH
CH 3

OH

CH3COOC 2H5
EtOH/Na

CH 3
O

O

CH 3

45%
O

O

21

20

19

O

AcOH/HCl

Figure 8. Synthesis of chromene fragment containing derivative of pyranylidene (compound 21).

For obtaining the benzopyran derivative of pyranylidene [8, 24], a two-stage synthesis
procedure is started from 2-methylcyclohexanone (compound 22 in Fig.9).
O
O
CH 3

N

O

O

O

N
CH 3

H

H3 C

O

CH 3

O

CH 3
O

22

23

CH3

24

Figure 9. Synthesis of the benzopyran fragment containing derivative of pyranylidene (compounds 24).

In the first stage of synthesis, treatment with morpholine gives us enamine 23 (4-(6methylcyclohex-1-enyl)morpholine). In the second stage of synthesis in reaction with 2,2,6trimethyl-4H-1,3-dioxin-4-one,
a
2,8-dimethyl-5,6,7,8-tetrahydro-4H-chromen-4-one
(compound 24 in Fig.9) is sucessfully obtained. Once the desired pyranylidene compound is
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obtained, the addition of electron acceptor and electron donor fragments becomes a more
simplified process, which will be described in detail below in this chapter.

2.2. Addition of electron acceptor fragments to derivatives of 4H-pyran-4-ones
and 3,5,5-trimethylcyclohex-2-enone
The next step towards synthesizing fully functional pyranilydene and isophorene type red
luminescent organic compounds is the addition of electron acceptor fragments to the
previously obtained 2,6-disubstituted-4H-pyran-4-ones (see Fig.10) and 3,5,5trimethylcyclohex-2-enone (see Fig.11).
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Figure 10. Synthesis of electron acceptor fragment containing derivatives of pyranylidene. Electron
acceptors are marked in red while structure backbone, which serves as π-conjugated system remain in
black.
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Many different electron acceptor fragments (compounds 25-35 in Fig.10) can be introduced
in 2,6-disubstituted-4H-pyran-4-ones [1,4-18, 28-30,32] using acetic anhydride (Ac2O) as
solvent and catalyst. From these, malononitrile (compounds 25 in Fig.10) is the most
commonly used. Since isophorene (3,5,5-trimethylcyclohex-2-enone) (compound 36 in
Fig.11) is an inexpensive reagent, which can be purchased from chemical suppliers - such as
ACROS and ALDRICH, all that remains is to add electron acceptor and electron donor
fragments. As with 2,6-disubstituted-4H-pyran-4-ones, the electron acceptor fragments are
added in Knoevenagel condensation reactions [18-21, 31, 37] with active methylene group
containing compounds 37-39 (see Fig.11).
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O
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N
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CH 3
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38 Et

S

O
H 3C
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O

39

Figure 11. Synthesis of electron acceptor fragment containing derivatives of isophorene (compounds
37-39). As in Figure 10, the electron acceptors are marked in red while the structure backbone remains
in black.

The electron acceptor fragment containing derivatives of isophorene (3,5,5trimethylcyclohex-2-enone) (compounds 37-39 in Fig.11) thus obtained are not always
isolated from the reaction mixture [31, 37]. Once they are formed, the electron donor
fragment containing aromatic aldehyde is added in the mixture for further reaction with the
aldehyde.

2.3. Synthesis of pyranilydene and isophorene type red luminescent compounds
by final addition of electron donor fragments
Once the electron acceptor fragment is introduced, the last step for obtaining a fully
functional pyranylidene and isophorene red luminescent compounds is to add one or two
electron donor fragment containing aldehydes. They are added in Knoevenagel condensation
reactions with electron acceptor fragment containing derivatives of isophorene as shown in
Fig.12 and pyranylidene shown in Fig.13, which contain one or two activated methyl groups.
For isophorene type compounds one electron donor fragment (40-44) is always introduced
after an electron acceptor fragment is already in the molecule (see Fig.12) [18-21, 31, 37].
Many different structures of electron donor fragments are introduced (compounds 45-57 in
Fig.13) in the pyranylidene backbone after introducing the electron acceptor fragment [1,418,27-29,31]. In cases where only one methyl group reacts with the aldehyde, a mono-styryl

206 Organic Light Emitting Devices

derivative of pyranylidene is obtained (see Fig.13). However, as all possible combinations
shown in Fig.13 have not yet been synthesized, it presents a working opportunity for many
organic chemists to contribute. If a pyranylidene type compound has two active methyl
groups, like compound 25a, (see Fig.10) it will react with one or two aromatic aldehyde
molecules producing chromophores 58-66 (see Fig.14). The reaction product will most likely
be a mixture of mono- and bis- condensation products, which are difficult to separate and
purify [32]. In reaction with two methyl groups bis-styryl derivatives of pyranylidene are
obtained (see Fig.14).

A
H3 C
H 3C

37-39

O

CH 3

H
D
Piperidine
CH3CN

A
H3C
H 3C

40-44

D

OH
H 3C

D

N

=

H3C

CH3

N
N H

N

40

41

42

43

N CH 3

44

Figure 12. Synthesis of fully functional derivatives of isophorene (compounds 40-44). CH3CN acetonitrile. Electron acceptor fragments are marked in red and electron donor fragments are marked in
blue, while the backbone structure fragments remain in black and serve as a π-conjugated system.

A good summary on dicyanomethylene-pyranylidene type red-emitters has been made by
Guo et al. [24], according to which the mono electron donor fragment containing
pyranylidene-type materials (45a-c to 57a-c in Fig.13) usually have high luminescence
quantum yield but their chromaticity is not sufficiently good. At the same time two electron
donor fragment derivatives of pyranylidene (compounds 58-66 in Fig.14) have better
chromaticity, but their luminance efficiency is relatively low, particulary those with larger
conjugations leading to a broad light-emission peak above 650 nm extending to the NIR
region, which decreases the efficiency of red electroluminescent materials.
Both chromene (compounds 47,49-50 in Fig.13) and benzopyran (compounds 47,49,51 in
Fig.13) type derivatives of pyranylidene have only one electron donor fragment in their
molecules, but their optical properties are different. Since chromene type derivatives of
pyranylidene have an additional conjugated aromatic ring in its molecule, its optical
properties are similar to those with two electron donor fragment derivatives of
pyranylidene (compounds 58-66 in Fig.14). At the same time benzopyran pyranylidene
compounds 45,46,49 have a simple cyclohexene ring without additional conjugation, so their
optical properties are more similar to pyranylidene-type red-emitters, compounds 45a-c to
57a-c.
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Figure 13. Synthesis of fully functional mono-styryl substituted derivatives of pyranylidene. Electron
acceptors are marked in red, electron donors is blue and structure backbone remains in black.

If a pyranylidene backbone with different electron acceptor fragments contains two active
methyl groups, then in reaction with a two aldehyde group containing compounds a
polymer is formed during the reaction (see Fig.15) [38]. The resulting polymers 70-72 are
also reported to be red light-emitting materials.
All derivatives of pyranylidene and isophorene reported so far in this chapter are deposited
on the OLED hole transport layer either by thermal evaporation in vacuum or used as
dopants in a polymer matrix in limited concentrations.
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3. Synthesis and properties of trityloxy group containing glassy
derivatives of pyranylidene and isophorene
Our key for obtaining glass forming materials is the synthesis of such electron donor
substituent containing aldehyde which would ensure the formation of an amorphous
structure of our newly synthesized derivatives of pyranylidene and isophorene. We have
synthesized such a compound - 4-(bis(2-(trityloxy)ethyl)amino) benzaldehyde [31-32] 75, in
Fig.16.

3.1. Preparation of molecular glasses
For obtaining a red luminescent glass forming derivative of isophorene, we start with (3,5,5trimethylcyclohex-2-enone) (compound 29 in Fig.16) as already described in Fig.9. It is
subjected to the Knoevenagel condensation reaction with malononitrile (28). However, 2-(3,5,5trimethylcyclohex-2-enylidene)malononitrile (61) which is formed during the reaction is not
isolated because 4-(bis(2-(trityloxy)ethyl)amino) benzaldehyde (75) is added to the reaction
mixture after 2 hours [31, 37] for further reaction. 2-(3-(4-(Bis(2-(trityloxy)ethyl)amino)styryl)5,5-dimethylcyclohex-2-enylidene)malononitrile (IWK) was obtained in good yield after its
separation and purification by liyquid column chromatography as described in [31].
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Figure 16. "One pot" synthesis of IWK. (See previous figures for explanation of color significance).

For obtaining red luminescent glass forming derivatives of pyranylidene, we use three
different electron acceptor fragment containing derivatives of pyranylidene (compounds 25a
in Fig.17). Malononitrile (in compounds 74a and 75a), indene-1,3-dione (in compounds 74b
and 75b) and barbituric acid (in compounds 74c and 75c) are used as electron acceptor
fragment carrying compounds [32].
In the Knoevenagel condensation reaction with compound 25a and 4-(bis(2(trityloxy)ethyl)amino) benzaldehyde (73) a mixture of mono- (ZWK-1, DWK-1, JWK-1) and
bis- (ZWK-2, DWK-2, JWK-2) condensation products is obtained. Their separation is
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complicated but nevertheless a large part of each product was separated by liquid column
chromatography (silicagel and dichloromethane for ZWK-1 and ZWK-2, dichloromethane:
hexane = 4:1 for DWK-1 and DWK-2, dichloromethane: ethyl acetate = 4:1 for JWK-1 and
JWK-2). The physical properties of compounds WK-1, WK-2 and IWK are described in
detail further in this chapter.
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Figure 17. Synthesis of glass forming derivatives of pyranylidene. Py - pyridine. (See previous figures
for explanation of color significance). Since compounds 74a-c and 75a-c are our obtained red lightemitting materials, we have assigned specific names for each (ZWK-1, ZWK-2, DWK-1, DWK-2, JWK-1
and JWK-2) [28-30, 32, 46].

3.2. Thermal properties
The thermogravimetric analysis (TGA) of trityl group containing pyranylidene type
compounds is used to measure their thermal decomposition temperatures (Td). Td of
compounds WK-1 and WK-2 are determined in the temperature range from +30°C to +510°C
at a heating rate of 10°C/min [32] at the level of 10% weight loss (see Fig.18).
Pyranylidene type compounds with two N,N-ditrityloxyethylamino electron donor
fragments (ZWK-2, DWK-2, JWK-2) are slightly more thermally stable than compounds
containing only one such fragment, i.e. ZWK-1, DWK-1 or JWK-1. The increase in thermal
stability of pyranylidene type compounds by adding another electron donor fragment is as
high as 10°C from ZWK-1 to ZWK-2, 19°C from JWK-1 to JWK-2 and 29°C from DWK-1 to
DWK-2. The most thermally stable compound is a two electron donor fragment containing
derivative of pyranylidene with malononitrile as electron acceptor in it (DWK-2).
Differential scanning calorimetry (DSC) measurements are used to measure the glass
transition temperatures (Tg) of the compounds WK-1 and WK-2. Three thermo cycles are
performed for the determination of Tg. The first scan was done within the temperature range
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Figure 18. Thermogravimetric analysis of compounds WK-1 and WK-2. A sample of each compound is
constantly weighed during heating. At some temperature (Td) the mass of the sample starts to decrease
rapidly - this indicates when the respective compound starts to decompose and is no longer thermally
stable.

from +25°C to +250°C at a heating rate of 10°C/min [32]. After the first heating scan samples
of the compounds were cooled to 25°C at a rate of 50°C/min and heated for a second time
from +25°C to +250°C at a rate of 10°C/min. The Tg value is obtained from the second
heating scan (see Fig.19) and for almost all compounds is higher than 100°C. We could not
obtain usable DSC curves for DWK-1. The compounds with two N,N-ditrityloxyethylamino
electron donor fragments have higher Tg compared to those with only one electron donor
fragment, which may be attributed to the different numbers of bulky trityloxyethyl groups
attached to the two electron donor fragment. In a larger number of bulky groups Tg
increases by 8°C from ZWK-1 to ZWK-2 and 7°C from JWK-1 to JWK-2. Pyranylidene type
compounds with barbituric acid as electron acceptor, e.g. JWK-1 and JWK-2 have the
highest Tg values compared to ZWK-1, ZWK-2 and DWK-2, which may be due to the
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additional formation of intermolecular hydrogen bonds by N-H groups of barbituric acid
fragments in the molecules.

Figure 19. DSC thermogramms of compounds WK-1 and WK-2. Since amorphous compounds have
several solid state phase modifications, the glass transition temperature (Tg) indicates when compound
solid structure transitions from a more kinetically stable phase (with more free volume) to a more
thermodynamically stable phase (with less free volume). During such phase transitions some ammount
of heat is absorbed (endothermic process) which appears as a small drop on the DSC curves.

The TGA analysis of IWK is conducted as previously described [32]. The thermal
decomposition temperature (Td) of IWK is found to be even higher than that of
pyranylidene type compounds WK-1 and WK-2 (see Fig.20). However its glass transition
temperature (Tg) is lower by 18°C to 35°C degrees compared to that of pyranylidene type
glasses. Despite the lower thermal stability, the pyranylidene type compounds WK-1 and
WK-2 have better glass forming properties than the isophorene type compound IWK.
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Figure 20. TGA and DSC analysis of IWK. (Please see Fig.18 and Fig.19 for a more detailed
explanation).

3.3. Glass forming properties
Thin films are deposited on quartz glass by the spin-coating technique. Before the
deposition of the layers, the quartz glass substrates are cleaned in dichloromethane. The
solutions are spin-coated onto the substrates for 40 s at 400 rpm and acceleration 200 rpm/s.
In all cases, pure films obtained from two electron donor fragment containing pyranylidene
compounds (ZWK-2, DWK-2 and JWK-2) have an almost pure smooth and amorphous
surface, but pyranylidene compounds with one electron donor fragment (ZWK-1, DWK-1
and JWK-1) show several crystalline state areas (see Fig.21). Both glasses containing
barbituric acid as an electron acceptor fragment (JWK-1 and JWK-2) show the least amount
of small crystal formations on their pure film surface. The higher stability of their
amorphous state could be explained by an enchancement of N-H group hydrogen bonds in
the molecules. Pure films obtained from malononitrile electron acceptor fragment
containing compounds (DWK-1 and DWK-2) contain small crystal dots, especially DWK-1.
This could be due to small steric dimensions of malononitrile group, which allows more
DWK-1 molecules to be concentrated in the same volume to allow closer interaction with
other molecules enabling higher possibility to form agreggates and crystallites.
Information obtained from the surfaces of the pure films is consistent with the measured
glass transition temperatures (Tg). Glasses having higher Tg values are found to have less
crystalline dots on their pure film surface. As we were unable to determinate Tg for DWK-1,
according to above mentioned trend its glass transition temperature is expected to be below
110°C.
Thin film containing only pyranylidene type compound WK-1 and WK-2 are amourphous
despite of small crystalline dots in it. Till now only way to prepare amourphse films which
contain pyranyliden derivatives was doping them in glass forming compound. In that case
maximum doping concentration was considered to be 2wt% due to self crystallization [1112]. However, incorporation of bulky trityloxy groups in their molecules or using glasses
WK-1 and WK-2 could increase this concentration limit more then 10 times.
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Figure 21. Optical mircroscope images of the pure films of the compound WK-1 and WK-2. Dots on the
pure film surface represent compound crystalline state while the remaining smooth area shows
amorphous solid state.

3.4. Absorption and luminescence properties
The absorption and fluorescence spectra of the synthesized compounds in diluted
dichloromethane solution and pure films are shown in Figs. 22 and 23.
A DWK-1 molecule, whose backbone consists of the laser dye 4-(dicyanomethylene)-2methyl-6-[p-(dimethylamino)styryl]-4H-pyran (DCM), in dichloromethane solution has its
absorption maximum at 472 nm, which is 8 nm red shifted with respect to the pure DCM
molecule in the same solution [9]. It shows that the bulky trityloxyethyl group has only a
small influence on the energy structure of the molecule. The peaks of the absorption spectra
in solution of the molecules with indene-1,3-dione (ZWK-1) and barbituric acid (JWK-1)
electron acceptor substituents in the backbone are red-shifted by approximately 40 nm
compared to DWK-1. A stronger electron acceptor group gives larger red shifts.
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Figure 22. 1) Absorption and 2) Photoluminescence spectra of compounds WK-1 and WK-2 in
dichloromethane solution

Figure 23. 1) Absorption and 2) Photoluminescence spectra of compounds WK-1 and WK-2 in thin
solid films

The photoluminescence (PL) spectrum of the DWK-1 solution was found to be Stokes
shifted by about 115 nm (peak position at 587 nm) with respect to the absorption spectra (see
Fig.22). The PL spectra of JWK-1 and ZWK-1 molecules exhibited similar shapes, with their
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maxima red-shifted to 635 and 627 nm, respectively. The photoluminescence spectra are
unstructured and strongly Stokes shifted in accordance with intramolecular charge-transfer
nature of the excited states [39]. For compounds containing two 4-((N,N-ditrityloxyethyl)
amino)styryl electron donor fragments the absorption and luminescence spectra of the
solution are observed to be red-shifted and have larger extinction coefficients, which is due
to the larger absorption cross section of these molecules. The peaks of the absorption spectra
of DWK-2 and ZWK-2 are red shifted by 17 and 11 nm, respectively, compared to molecules
with a single electron donor fragment. A similar red shift has been reported for the molecule
with two electron donor fragments bis-DCM compared with DCM molecules with a single
electron donor fragment [40]. It is observed that molecules with two electron donor
fragments have a larger conjugation length. A second reason could be simultaneously
functioning two donor groups which give stronger electron donor properties. The shape of
the absorption spectrum of JWK-2 is found to be different from that of JWK-1 and the
oscillator strength of the absorption band of JWK-2 at about 502 nm becomes more intense
(see Fig.22(1)).
The fluorescence spectra of molecules with two electron donor fragments are broader and
further Stokes shifted than molecules with only one electron donor fragment. This may be
attributed to the different conjugation lengths as indicated by the absorption spectra. The
peak positions of DWK-2, ZWK-2 and JWK-2 are observed at 640, 678 and 701 nm,
respectively. The red shift of the absorption spectra of solutions increases corresponding
sequentially to ZWK, JWK and DWK, as stronger electron acceptor fragments induce
larger red shifts. This could be explained by their electron withdrawing properties, which
differ among our investigated electron acceptor fragments. The shift of luminescence
spectra did not maintain the same sequence due to the larger Stokes shift for the JWK
molecules.
The absorption spectra of thin solid films of the molecules with one electron donor
fragments are practically unchanged with respect to the solutions spectra. They are slightly
broader with small red-shift indicating a weak excitonic interaction in the solid state, which
is typical for glass-forming amorphous materials. For the molecules with two electron donor
fragments ZWK and DWK the absorption spectra are found to shift by 21 nm and 22 nm,
respectively. The peak positions of the absorption spectra for JWK molecules remain
unchanged by the incorporation of a second electron donor fragment. However, the
fluorescence spectra of all films are red-shifted in comparison with those of solution.
For molecules with one electron donor fragment, the shape of the fluorescence spectra of
thin films is very similar to that in solution, which confirms that for these compounds the
excited states in the aggregates in the solid state are not very different from those in
molecules. However, the derivatives with two electron donor fragments exhibit an
additional band at longer wavelengths in thin films, which becomes more intense going
from weaker to stronger electron acceptor fragments in the studied molecules. In the case of
ZWK-2 in thin films the additional band even becomes dominant.
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In the case of IWK, the absorption and luminescence spectra of thin solid films are also
found to be practically unchanged compared to its solutions spectra as shown in Fig.24.

Figure 24. 1) Absorption and 2) Emission of IWK in solutions and thin solid film

The same relation is observed for IWK emission properties in solution as well as in thin
films. However, in solid state its emission is very weak compared to pyranylidene type
compounds, which may limit the usefulness of IWK in OLED applications.

3.5. Photoluminescence quantum yields
Photoluminescence quantum yield (PLQY) of the investigated compounds in solution and in
thin films is measured by using an integrating sphere (Sphere Optics) coupled to a CCD
spectrometer [41]. PLQY thus measured for all compounds are summarised in Table 3.
Compounds with more polar groups attached exhibit PLQY up to 0.54 in dilute solutions,
which is slightly higher than for DCM dye in similar surroundings [42, 43]. PLQY depends
slightly on the acceptor group as can be seen from Table 3. That means that compounds
with a stronger electron acceptor group have higher PLQY. JWK and ZWK molecules with
two electron donor groups have lower PLQY in comparison with one electron donor group.
However, the opposite is observed with DWK compounds, as molecules with two electron
donor groups exhibit larger PLQY. This may be due to the shielding of the acceptor group
by bulky trityloxyethyl groups. PLQY of pure films is found to be more than one order of
magnitude lower than that in solution. This reduction is particularly strong in the case of
molecules with two donor groups. PLQY values of these compounds correlate with the
intensity of the long wavelength fluorescence band, as PLQY is lower in materials with a
stronger low energy fluorescence band. Molecular distortions taking place during formation
of solid films are probably responsible for both of these effects. Compound molecules with
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two bulky acceptor groups are probably strongly distorted in solid films, so that molecular
chains connecting acceptor and donor moieties are twisted. Such twisting usually leads to a
red-shift in the molecular fluorescence and to fast non-radiative relaxation [44]. The twisted
molecules form energy traps in solid films, which may be populated during the excitation
diffusion. Therefore, even a small fraction of distorted molecules may significantly affect the
fluorescence spectrum and PLQY. We were unable to measure PLQY in IWK pure thin solid
films. Moreover, it also shows the lowest value in solution and therefore cannot be used as a
light-emitting material.
DWK-1
DWK-2
JWK-1
JWK-2
ZWK-1
ZWK-2
IWK

Solution
0.32
0.43
0.47
0.32
0.54
0.4
0.098

Thin film
0.026
0.009
0.011
0.007
0.01
0.003
-

Table 3. Photoluminescence quantum yield of investigated molecules in dichlormethane solutions and
pure thin films.

It is worth mentioning that DCM molecules do not show any photoluminescence from pure
films due to the small distance between molecules which results in high molecular
interaction. Therefore, host-guest films of transparent polymethylmethacrylat (PMMA)
polymer with varying dye doping were prepared in order to observe the impact of
concentration on photoluminescence quenching. The dependence of PLQY on concentration
of DWK-1 and DWK-2 molecules is shown in Fig.25.

Figure 25. The dependence of PLQY on concentration of DWK-1, DWK-2 and DCM dyes in PMMA
matrix.

For comparison the PLQY of DCM in PMMA are also included in Fig.25. PMMA films
doped with DWK-1 and DWK-2 at low concentration (<1 wt%) exhibit somewhat lower
PLQY as compared to that obtained in solution (See Fig.24 and Table 3). This discrepancy
may be attributed to the sensitivity of molecules to the polarity of the surrounding media.
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At higher concentrations (>3 wt%) the DWK-1 molecule shows negligible
photoluminescence quenching dependence on concentration. On the other hand molecules
with two donor groups exhibit pronounced quenching. Fluorescence efficiency of the
polymer film doped with 10 wt% of DWK-2 molecules decreases 2-times compared to that
of films doped with 10 wt% DWK-1 molecules. The reason for the lower PLQY could be the
same as for different PLQY of the pure films. The laser dye DCM dispersed in the polymer
matrix at high concentration shows a remarkable fluorescence quenching. For example, at a
10 wt% concentration of DCM molecules, up to a 4-time decrease of quantum yield is
observed in comparison with the same concentration of DWK-1 molecules. Thus,
incorporation of bulky trityloxyethyl groups prevents the formation of aggregates of the dye
molecules and remarkably reduces the fluorescence quenching dependence on
concentration, enabling the use of higher doping levels in emissive layers.

3.6. Amplified spontaneous emission properties
DCM molecule is a well known laser dye. In a previous work light amplification was
demonstrated in DCM:Alq3 (see Fig.25 and Fig.26) thin films [45].
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Figure 26. Tris(8-hydroxyquinolinato)aluminium (Alq3) is a well known light-emitting material.

In order to test the light amplification prospects of our synthesized compounds, we
prepared pure thin films of all the compounds on a quartz substrate and measured their
amplified spontaneous emission (ASE). Such emission was observed only for four of six
compounds, DWK-1, DWK-2, JWK-1 and ZWK-1, as shown in Fig.27 [46].
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Figure 27. ASE spectrum in pure films of compounds ZWK-1, DWK-1, DWK-2 and JWK-1
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From the other two samples of JWK-2 and ZWK-2 no ASE signal has been observed. The
peak positions of ASE are red shifted as compared to the fluorescence band maxima (see
Fig.27 and Fig.22). The red shift values were found to be 14, 18, 10 and 31 nm for DWK-1,
DWK-2, JWK-1 and ZWK-1, respectively. Variations in the peak intensity of ASE spectra as a
function of the pump beam pulse energy are shown in Fig.28, from which ASE threshold
values are estimated to be 90±10, 330±20, 95±10, 225±20 μJ/cm2 for DWK-1, DWK-2, JWK-1
and ZWK-1, respectively. These values are larger in comparison with the threshold values (of
the order of micro joules per square centimeter) reported for some other materials [46, 47].
However, a direct comparison is difficult because the ASE threshold, in addition to material
properties, depends also on the sample and excitation geometries, film thickness, optical
quality and excitation pulse duration.
Nevertheless it has not been observe ASE in pure DCM films, but we have measured it in
DWK-1 which is the same DCM with additional trityloxyethyl group. It should also be
noted that some sample degradation has been observed at the highest excitation intensities;
however no noticeable degradation is observed when excitation intensity is 1.5 - 2 times
exceeding the ASE threshold.

Figure 28. ASE intensity as a function of irradiation pulse energy in DWK-1, DWK-2, JWK-1, ZWK-1
compounds in thin solid film. Lines are guides for the eye.

ASE develops in the spectral position where the light amplification coefficient has the
maximal value. The amplification coefficient may be described as:
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a( ) n * [( em ( )   * ( )]  ( N  n*) 0 ( )

(1)

where n* is the density of excited molecules, N is the total density of molecules,
0(),em()and *() are cross-sections of the ground state absorption, stimulated emission
and excited state absorption, respectively. As it can be seen from Eq. (1) even weak ground
state absorption may strongly reduce the amplification coefficient or make it negative. This
is because only a small fraction of molecules is usually excited even under high intensity
excitation conditions, i.e., N>>n*. Thus, the absorption band tails, which overlap with
fluorescence band, are evidently responsible for the red shifts in ASE spectra in comparison
with the maxima of the fluorescence. Note, that the light propagation length is limited by
the film thickness in the absorption measurements, while ASE emission can propagate a
much longer way along the film.

3.7. Photoelectrical properties and energy structure of glassy thin films
Information about the location of energy levels enables one to determine the best sample
structure for electroluminescence measurements. To characterize the energy gap in organic
solids several methods are applied. In organic crystals as well as amorphous solids charge
carriers do not emerge as “bare” quasi-free electrons and holes but as a polaron type quasiparticle, dressed “in electronic and vibronic polarization clouds” [48, 49]. Electronically
relaxed charges may be formed far enough from each other which give rise to a wider
optical band gap EGOpt [49, 50]. The optical energy gap EGOpt may be obtained from the low
energy threshold of the absorption spectra of organic thin films. The vibrationally and
electronically relaxed charge carrier states contribute to the adiabatic energy gap EGAd. It
could be attributed to the threshold energy of photoconductivity Eth which can be estimated
from the spectrum of the quantum efficiency of photoconductivity β(hυ) [49]:

 ( h ,U ) 

jph ( h ,U )
k( h )I ( h ) g( h )

(2)

where jph is the density of photocurrent at a given photon energy hand applied voltage U,
I(h) is the intensity of light (photons/cm2s), k(h) is the transmittance of the
semitransparent electrode and g(h) is the coefficient which characterizes the absorbed light
in the organic layer.
Eth can be determined from a sample where the organic compound is sandwiched between
two semitransparent electrodes, which in our case are ITO and thermally evaporated
aluminum. The sample is irradiated through the electrodes and current changes are
measured as shown in Fig.29(1). Efficiency of photoconductivity at different light energy is
calculated using Eq. (2) and is plotted as a function of the photon energy in Fig.29(2). The
sample is illuminated from both aluminum and ITO side when positive and negative
voltage is applied to them. Eth is determined by plotting 2/5 as a function of the photon
energy. The intersections of tangents at low photon energy on the curve of 2/5 plotted as a
function of the photon energy and photon energy axis gives Eth as shown in Fig.29(3).
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Figure 29. 1) Photocurrent at different wavelength for JWK-2 compound ,2) Dependency of
photoconductivity efficiency on photon energy for JWK-2 compound,3) Determination of Eth from
photoconductivity efficiency spectral dependence.

Optical band gap EGOpt, photoconductivity threshold value Eth and reduction-oxidation
potential Uredox, determined from cyclic voltamperogramme, for investigated compounds are
presented in Table 4.

DWK-1
DWK-2
JWK-1
JWK-2
ZWK-1
ZWK-2

EGOpt (eV)
2.20
2.10
2.08
1.88
2.08
1.96

Eth (eV)
1.92
1.78
1.62
1.78
1.68

Uredox (V)
2.35
1.99
2.01
1.90
2.04
2.00

Table 4. Optical band gap EGOpt, photoconductivity threshold value Eth and red-ox potential Uredox for
the compunds DWK-1, DWK-2, JWK-1, JWK-2, ZWK-1, ZWK-2.

According to Table 4, the redox potential of DWK, JWK and ZWK is higher for compounds
with one electron donor group compared to compounds with two electron donor groups
(see Fig.17). The same relation is found for optical band gap as well.
The photoconductivity threshold value cannot be obtained for DWK-2 thin films due to the
low value of photocurrent. For other compounds we obtain an excellent linear correlation
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between optical band gaps and photoconductivity threshold values with correlation
coefficient 0.993. The slope of this linear relation is found to be 1 and intercept 0.28 as shown
in Fig.31

Figure 30. Cyclic voltamperogramme curves of compounds WK-1 and WK-2. Posistive values are
oxidation potential and negative values reduction potential.

Photoconductivity threshold
value (eV)
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2
1.95
1.9
1.85
1.8
1.75
1.7
1.65
1.6
1.55
1.5
1.8

1.85

1.9

1.95

2

2.05

2.1

2.15

2.2

2.25

2.3

Optical band gap (eV)

Figure 31. Linear correlation between optical band gap and photoconductivity threshold value. Line is
the best fit with slope coefficient one.

The energy of the photoconductivity threshold is defined as the difference between the
conduction levels of holes and electrons [51]. The value of the intercept implies that the
optical band gap is 0.28 eV larger than the difference between the conduction levels of holes
and electrons. It shows a constant energy difference between optical band gap and adiabatic
gap despite the various molecule structures.

3.8. Electrical properties
Electrical properties of WK-1 and WK-2 compounds are investigated in the regime of space
charge limited current (SCLC) [52-54]. Similar sandwich type samples as used for
photoelectrical measurements are prepared for this study as well. The thickness of the
organic thin film is at least 500 nm.
The current-voltage characteristics of compounds ZWK-1, ZWK-2, JWK-1, JWK-2 and
DWK-2 in thin solid films are shown in Fig.32.
The current-voltage characteristic of DWK-1 films could not be measured due to unstable
current. This may be due to formation of small crystallites (see Fig.21) around 1 m in size.
Such aggregates are found throughout the sample and induce instability in the current. In
all other cases the current-voltage characteristics have similar shapes with three regions. In
the first region, 0-2 volts, the current is found to depend linearly on voltage. In the second
range, 2 to 50 volts the current increases superlinearly with voltage, following Child’s law.
In the third region, > 50 V, the current depends on voltage to the power of at least ten, which
may be attributable to charge trapping in the local trap states. More details of this aspect will
be discussed further below.
Usually the work function of ITO should be near the ionisation energy level of the organic
compound while that of aluminium (Al) should be around the middle of the energy gap.
This provides efficient hole injection from ITO and electron injection from aluminium when
a positive voltage is applied to ITO. Holes may also be injected from the aluminium when
positive voltage applied to it. Electron injection may be more difficult in the second case due
to the large difference between the ITO work function and electron affinity potential of the
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organic compound. This is confirmed by the current voltage characteristics shown in Fig.32.
A similar current is observed at the lower voltage where only holes are injected either from
ITO or aluminium when biased with a positive voltage. At higher voltage current is higher
when ITO is positive in comparison with positive aluminium.

Figure 32. Current-voltage characteristics of pure thin films of ZWK, JWK, DWK compounds. Solid
line – compounds with one electron donor group, dashed line - compounds with two electron donor
group.

The temperature modulated space charge limit current (TM SCLC) method is used to
analyse the charge carrier local trapping states in solid films [55]. The condition for using
this method (TM SCLC) is monopolar injection, which is achieved in our case when a
positive voltage is applied to the aluminium electrode. The measured activation energy is
plotted as a function of the applied voltage for the investigated compounds as shown in
Fig.33.
No charge carrier local trap states are found in films of compounds with one electron donor
group due to only one plateau which reaches zero. All compounds with two electron donor
groups are found to have charge carrier trap states. The additional plateau of activation
energy, which can be clearly seen from Fig.33 means that the thin films contain local trap
states. The hole shallow trap depths are found to be 0.1, 0.24 and 0.3 eV in ZWK-2 JWK-2
and DWK-2, respectively. Such trap states decrease the efficiency of electroluminescence
and should be avoided in fabricating high efficiency light emitting diodes. The activation
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energy increases at lower voltage for compounds JWK-1, JWK-2 and DWK-2. This is
indicative of a contact problem where the electrode – organic interface also works as
additional charge carrier traps.

Figure 33. Activation energy dependence on applied voltage of the investigated compounds in solid
films. Positive voltage was applied to aluminium electrode.

3.9. Electroluminescence of ZWK-1 and ZWK-2
A multilayer structure is used for electroluminescence (EL) measurements.
Polyethylenedioxythiophenne:polystyrenesulfonate (PEDOT:PSS) (from H.C. Starck) is used
as the hole injection layer and LiF as electron injection layer. PEDOT:PSS and organic
compounds are sequentially spin coated on ITO glass. Then LiF and Al are thermally
evaporated in vacuum. The final structure of the device has a structure of
ITO/PEDOT:PSS(40nm)/ZWK1 or ZWK-2(~90nm)/LiF(1nm)/Al(100nm) and is not
encapsulated.
The EL spectrum of the device is estimated in International Commission on Illumination
(CIE) coordinates: x=0.65 and y=0.34 for ZWK-1 and x=0.64 and y=0.36 for ZWK-2. The
spectral maximum peak is observed at 667 nm and 705 nm in ZWK-1 and ZWK-2,
respectively, as shown in Fig.34. These peaks are slightly red shifted compared with those of
PL spectrum of ZWK-1 and ZWK-2 thin films. This red shift may be attributed to the
interaction of molecules and injected charges.
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Figure 34. a) Electroluminescence spectrum and b) light intensity dependence on voltage of ZWK-1
(line) and ZWK-2 compounds (doted line)

The light emission is observed at 6 V in the electroluminescent device with ZWK-1
molecules and 9 V in with ZWK-2 molecules. The light intensity is one order less in ZWK-2
molecules compared to that in ZWK-1. This may be due to the lower PLQY and shallow
charge carrier trap states in ZWK-2.

4. Conclusions
The absorption and emission bands of the synthesized pyranylidene type compounds ZWK1, DWK-1, JWK-1 are comparable with those of other already known one electron donor
fragment DCM and benzopyran type derivatives of pyranylidene within the spectral region
studied here. Similar conclusions can be drawn about ZWK-2, DWK-2, JWK-2, which have
similar properties to IWK and two other already known electron donnor group containing
derivatives of pyranylidene. These properties are also similar to those of one electron donor
fragment chromene red-emitters. However, incorporation of bulky trityloxy groups in such
molecules not only enchances glass transition temperatures by 5° to 20°C compared to
previously published pyranylidene type compounds containing one and two electron donor
groups, but also enables the formation of a glassy structure in the solid state from volatile
organic solvents. In addition, no glass transition values have been observed so far for low
molecular mass isophorene type compounds. The photoluminescence quantum yield of
investigated molecules in solution is up to 0.54 and is also comparable with the quantum
yield of pyranylidene and isophorene derivatives already reported. Most of the thin solid
films obtained from WK-1, WK-2 have almost no crystals in the sample. Newertheless the
photoluminescence quantum yield is reduced by one order of magnitude due to the closer
intermolecular distance between molecules, resulting in strong excitonic interaction.
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Emission from the IWK film is too weak to detect, which may be attributed to the higher
photoluminescence quenching in IWK than in glassy pyranylidene films. However, using
the doping approach, the compounds we have introduced enable up to 3 times higher
doping concentration without losing optical properties compared to other already known
red-emitters.
Four investigated compounds - ZWK-1, JWK-2, DWK-1 and DWK-2 show amplified
spontaneous emission from pure solid films. Obtained threshold values are larger than
those previously reported, but it should be mentioned that for pyranylidene type
compounds, amplified spontaneous emission has been observed only in the doped systems
until now.
Electrical properties are found to be better in compounds with one electron donor group
due to absence of local trap states in their thin films. In the case of molecules with two
electron donor groups shallow hole trap states have been observed, which may decrease
efficiency of electroluminescence and should therefore be avoided in fabricating high
efficiency light emitting diodes.
Even though we are able to prevent pyranylidene and isophorene type red-emitters from
self crystallization in the solid state, their concentration in the emission layer would still be
limited due to photoluminescence quenching caused by the short distance between
molecules. Nevertheless, the glass materials can still be used not only as dopants for OLED
applications, but also for lasing applications. Good thermal properties present a possibility
of using them also for nonlinear optical (NLO) property studies.
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