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ABSTRACT

Organic Light Emitting Devices (OLEDs) with a linearly-graded mixed (LGM)
host architecture in the emissive layer (EML) were studied by the application of a newlydeveloped thermal deposition boat.
A new thermal deposition boat, featuring indirect deposition control and fast rate
response, was developed in order to make an evaporation coater of high space utilization
and to achieve a real time linearly-graded rate control during the device fabrication
process. A new design of dual-hole boat, based on the reduced wall resistance of the side
hole toward the vapor flow, enabled the indirect deposition rate control with sufficient
control accuracy by using the feature of the stable ratio of rates from top and side holes.
Minimizing the thermal mass of the body and designing a direct heat transfer with a coil
placed inside the boat resulted in the realization of the linearly-graded deposition rate
within acceptable deviation range. Thanks to the feature of fast rate response, it was
possible to control the linearly-graded rate of each host material during the process and to
apply the architecture to some of the fluorescent and phosphorescent OLED devices.
The reported efficiency improvement of a fluorescent OLED, based on stepgraded junction in the literature, was well reproduced in an OLED with a LGM
architecture, demonstrating that charge balance in the emissive layer can be further
improved using the LGM architecture.. By minimizing the internal energy barrier in the
LGM device, a higher EL efficiency was well demonstrated over the uniformly-mixed
(UM) host device, where residual internal interfaces were present
quenching sites in the EML.

as additional

vii

Similar effects were observed in blue phosphorescent OLED devices, where the
mobility of the hole transport material (HTM) was usually much higher than that of the
electron transport material (ETM) such that the recombination zone was more localized at
the EML/ETL interface. It was found that the main effect of the LGM host was to shift
the recombination zone inside of the EML and away from and ETL interface such that
luminance quenching near the interface was much lower compared to the UM host, where
the main recombination zone was localized near the interface and so more sensitive to the
interface quenching.
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Chapter 1

Introduction

1.1. Overview of Organic Light-Emitting Device (OLED)
During the past several decades, Organic Light-Emitting Devices (OLED) have
become one of the fastest growing research topics in the organic electronics area along
with other applications, such as Organic Field Effect Transistor (OFET), Organic
Photovoltaic Solar Cell (OPV), Radio Frequency Identification (RFID) and others. The
major motivation behind the fast growth is its unique features, such as wide color gamut
and its easy tuning, fast response, wide area application and many others. Huge
commercial interests were developed in many areas, especially for display and lighting
applications. After achieving significant breakthroughs in the materials, device
architectures, fabrication processes, etc, OLED technology has matured and some display
products have been successfully commercialized in the market. In parallel with the
development efforts in display, much research is actively focused on lighting application.
Lighting is considered to be a growing area with great potential since the conventional
incandescent bulb does not meet the required energy efficiency and hence it is being
replaced with other alternatives1. As shown in Fig. 1.1, the performance of OLED
lighting has been remarkably improved in a very short time and the device efficiency of
OLEDs is expected to overcome that of fluorescent lamps in the near future. Indeed, there
are some reports showing power efficiency of over 100 lm/W, which exceeds that of
fluorescent lamps.2

3

Figure 1.1. Historical and Predicted Efficiency of Light Sources 1.

In addition to the improvement of luminous efficiency, the OLED device lifetime
also has been increasing continuously. Recently, it is reported that the red and green
phosphorescent devices show over 100,000 hr lifetimes (at 1000cd/m2, LT 50%) and that
of the blue devices is also substantially improved 3. Compared to inorganic LEDs, which
are more developed and have higher luminous efficiency and longer lifetime, OLEDs
have significant advantages, in terms of diverse shape, higher color rendering index
(illumination that enables true colors of objects), lower cost and so on. Therefore,
OLEDs are expected to occupy their own applications in the near future4.
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1.1.1. Brief history
Since the initial discovery of electro-fluorescence in single organic crystals by
M. Pope et al. and W. Helfrich et al. in the 1960s5,6, the device performance was
remarkably improved with the application of a bi-layer hetero-junction structure by C. W.
Tang and S. A. Vanslyke in 19877. Compared to the early devices and that of W. Helfrich
et al., for example, which used a thick anthracene crystal (1 to 5mm), required over 100V
to generate light emission, the device with a bi-layer hetero-junction reduced the driving
voltage to less than 10 V using about 100nm of organic materials. High brightness of
over 1000cd/m2 and 1% of external quantum efficiency (EQE, emitted photons out of
device/ electrons injected into device) was achieved from the small molecular bi-layer
structure

device

using

a

hole

transport

material

(1,1-bis[(di-4-

tolylamino)phenyl]cyclohexane, TAPC) and an electron transport material (tris(8hydroxyquinolin) aluminum, AlQ) deposited by vacuum deposition. This result
eventually triggered successive research activities for the efficiency improvement of
OLED devices. After that, multiple layers were applied and doping was introduced to
improve luminous efficiency

8-9

. Meanwhile, polymer-based OLED (PLED) was

introduced in 1990 by J. H. Burroughes et al., where poly(p-phenylene vinylene (PPV)
was used as a luminescent layer, opening the possibility of new solution-based
processes10. Until this time, the efficiency of OLED was limited to the fluorescent
emission from the radiative decay of singlet state exciton (an electron and hole pair with
paired spin state). According to spin statistics, 25% of singlet state and 75% of triplet
state excitons are generated when the hole and electron carriers are recombined, hence
the majority of triplet state excitons result in non-radiative decay, leading to maximum

5

internal quantum efficiency (IQE) of 25%11. In 1998, however, M. A. Baldo et al.
reported phosphorescent emission from the triplet state exciton, where a transition-metal
complex, 2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine platinum(II) (PtOEP) was
doped in AlQ host, opening the way to 100% IQE from the radiative decay of both
singlet and triplet state excitons12. Later, Karl Leo group reported a significant driving
voltage reduction method through the application of the P, N doping concept, where
doping of the HTL and the ETL layer with p-type and n-type dopants respectively was
able to minimize the operating voltage by increasing the conductivity in the charge
transport layers 13. With these breakthrough improvements, OLED device efficiency and
lifetime have been significantly enhanced and the main issues were shifted to process and
fabrication areas, such as large area application, encapsulation and white color tuning 4.

1.1.2. Features of OLED
For display applications, OLEDs show remarkable advantages, especially
compared to its counterparts, for example, Liquid Crystal Display (LCD).
Some of the representative features are listed below.
Advantages:
- Self-emissive and wide viewing angle.
- Fine color tuning and wide color gamut.
- Thin, light and simple device structure.
- Fast response time (microsecond level).
- Design flexibility, etc.
Disadvantages:
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- Relatively short material life time.
- High production cost.
- Red, green and blue color balance, etc.

1.2. Basic working principle
Organic semiconductors are known to have very different features from their
conventional inorganic counterparts.
Inorganic semiconductors consist of regular arrays of unit cells, where charges
transported through the valance and conduction energy bands 14. They typically have high
intrinsic carrier density and mobility. (For example Si has carrier density over 10 10 cm-3
and high mobility of 100~1000 cm2/Vs)

15

. On the other hand, most polymer or low-

molecular weight organic semiconductors are known to have disordered, amorphous
structures with weak intermolecular attraction and transport charges mainly through a
localized inter-state hopping mechanism14. The electronic structure of an organic thin
film is based on the HOMO (highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) of individual molecules, hence narrow conduction and
valence bands are generated as each molecule interacts with weak Van der Waal’s force 11.
Consequently, organic semiconductors behave mainly as electrical insulators with very
low carrier density (105-1010 cm-3) and mobility (10-3-10-7 cm2/Vs)11. In addition, mobility
(  ) in organic semiconductors is known to be strongly dependent on temperature (T)
and applied electric field (E), as is indicated in the equation 1-111:

 ( E, T )   (0, T ) exp( E ),

(1-1)

where  (0, T ) is the low-field mobility and  is an empirically determined coefficient.
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1.2.1. Basic device structure and operation.
The basic device structure of an OLED consists of a transparent anode with high
work function (A) on a substrate, a cathode with low work function (C) and organic
layers between them, as shown in the simplified schematic in Fig. 1.2

14

. With the

application of a dc voltage, hole and electron carriers are injected from electrodes,
transported inside the organic layers, recombine to form excitons (bound pairs of a hole
and an electron) and finally undergo radiative decay. (Overall processes are indicated
with arrows for each step: ①, ②, ③ and ④ respectively).

Figure 1.2. Schematic of basic device structure and operation of OLED14.

1
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2
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Indium Tin Oxide (ITO) is used as a common anode electrode thanks to its high
transparency (over 90%) and high work function (4.5eV ~5.1eV, depending on the
surface treatments, such as UV-O3 or O2 plasma). Low work function materials, such as
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Ca(( ~3 eV), Mg ( ~3.7 eV), Al( ~4.3 eV), are used either as alloy or as double
layers with buffers (such as LiF, CsF) to reduce reaction to atmosphere and to improve
electron injection into the organic layer11. In high efficiency OLED devices, additional
layers and structural modifications, such as carrier injection layers, carrier blocking
layers, double emitting layers and guest doping in the host layer are used to improve
carrier injection, transport and device efficiency. Using electrodes of high and low work
function materials to reduce injection barriers (h, e for hole and electron) results in a
built-in potential (bi), which is derived from the contact-potential difference of the two
electrodes. As a result, the applied external voltage (V) needs to be higher than the builtin voltage, Vbi (bi /q) to achieve a net current in the forward bias direction.(That is,
positive effective voltage v, qv = qV - bi >0), as is shown in Fig. 1.2.

1.2.2. Charge injection and transport
When there is no carrier injection from the metal electrode into the organic layer,
there exists an energy barrier (qB0) between the Fermi level of the metal electrode (EF)
and the LUMO level of the adjacent organic layer. However, when a contact is formed
between the two interfaces, some electrons are injected into the organic layer and they
induce the same amount of hole carriers in the metal electrode. This results in an “image
force potential (Fimage force )” generated from the Coulomb attraction between the opposite
carriers and lowers the initial energy barrier at the interface, as in Fig. 1.3. When an
external electric field (E) is applied, the energy barrier (qbn) for electron escape is
reduced, as is indicated in the equation 1-2 and 1-3:

9

F with electric field = F with image force – qE

(1-2)

qBn = qBo - q

(1-3)

Consequently, the net energy barrier (qBn) for the electron from the metal
electrode to the LUMO level of the organic layer is reduced up to , which is called a
“Schottky effect” or “ Image force-induced lowering” , and this becomes the basis of the
Richardson-Schottky thermionic carrier emission model15.

Figure 1.3. Image force-induced lowering effect (Schottky effect)15.

E(x)
x
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qΔ

-qE

F with image force

qBn

F with electric field

EF
Metal

Organic

The charge injection at a low applied voltage is known to be mainly from thermal
emission of carriers through the localized energy levels via impurity or structural
defects11. The Schottky thermal emission current from metal to organic semiconductor is
expressed by equation 1-415:

J

q Bn
4qmk 2
T exp( 
)
3
kT
h

(1-4)
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where m is the effective mass of the electron (hole), k is Boltzmann’s constant, h is
Planck constant, T is the temperature, q is the elementary charge and Bn is the lowered
barrier height 15.
On the other hand, there is another model for the charge carrier injection, so
called, “Fowler-Nordheim (FN) tunneling”, where the energy barrier between the metal
electrode and the LUMO (HOMO) level of an organic layer is treated as a thin triangular
barrier at a relatively high field (~107 V/cm), such that charges can be injected through
tunneling the barrier. The FN tunneling current is described as equation 1-511:
3

4 2m   Bn
q 3 m0V 2
J
exp(
)
3qV
8hm   Bn

(1-5)

where m0 is the mass of the free electron, m* is the effective mass and V is the
applied voltage. Although these inorganic-semiconductor based models are pertinent in
the qualitative description of carrier injection in organic semiconductors, there exists an
inevitable limit in its application mainly due to the nature of the inorganic
semiconductors, such as, extended band states and large mean free path14.
Apart from the carrier injection, which mainly depends on the energy levels of
organic semiconductors, carrier transport is dominated by low carrier mobility and low
intrinsic carrier density. When the applied electric field is weak (lower than 10 4 V/cm),
the injected current density (nc) is less than the intrinsic charge density (n i), and so the
current flow is governed by Ohm’s law11. At higher fields, injected charges accumulate
near the interfaces of both anode and cathode due to the low carrier mobility of the
organic layer. This charge build-up enhances the internal electric field and the current is
governed by the space charges and is called “Space Charge Limited Current (SCLC)”. In
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case of a perfect insulator, which does not have intrinsic carriers, traps nor fieldindependent mobility, the SCLC (J SCLC) obeys the Mott-Gurney equation 1-614 :

J SCLC 

9 0 V 2
8d 3

(1-6)

Where  is the relative dielectric constant, 0 is the dielectric constant and L is the
thickness. The range of bias where J V2 is called space charge limited current range.
In most cases of organic layers, however, diverse traps are distributed in the layer
due to the impurities, defects and others and they will be filled with increasing electric
field. The equation (1-5) has to be then modified based on these factors from the traps
and the current, and is called “Trap Charge Limited Current (TCLC)” 14.

1.2.3. Carrier recombination and emission process16
When holes and electrons are transported into the emissive host in a guest-host
device, for example, they reach the distance RC, critical electron-hole separation, where
both carriers are attracted to each other by the Coulomb potential, E (e-h). At this
distance, the Coulomb potential is the same as the thermal energy k BT, as written in
equation 1-716:

E (e  h) 

e2
4 0 RC

 k BT

(1-7)

where e is the electron charge and 0 and  are the dielectric constants of the vacuum and
the host materials, respectively. Within this distance range, RC, both carriers are bound to
each other, forming what is called an “exciton”. In the case of guest-host systems, the
energy of the exciton generated in the host is transferred to the guest or the exciton is
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directly generated on the guest by charge trapping. Then, together with the diverse photophysical processes in the molecular excited state, such as, internal conversion,
intersystem crossing and relaxation, light is generated from the radiative decay of the
excited states into the ground energy state. According to quantum mechanical treatment,
the bound electron-hole states are described by four antisymmetrized wave-functions
with one singlet state and three triplet states 16. In early OLED studies, when fluorescence
emission from the singlet state exciton was the only possible route to the
electroluminescence, maximum internal quantum efficiency (IQE) was thought to be
limited to 25% based on the spin statistics. However, using organo-transition metal
compounds, which can harvest phosphorescence emission from triplet states as well as
emission from the singlet states, opened the way to achieving nearly 100% IQE.

1.2.4. Device efficiency and lifetime
Efficiency is one of the key issues for OLED devices, not only because it
determines the energy consumption but also because it affects the life-time of materials
used in the devices, that is, degradation of materials. A low power efficiency, for example,
requiring a high I-V product, results in high Joule heating in the device and leads to
material degradation11. The basic expression for the external quantum efficiency (EQE)
is11:

 EQE   IQE OUT  ( REC  S PL ) OUT

(1-8)

where EQE is the number of photons from the front face of device per injected
electron,

IQE is the internal quantum efficiency,
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REC is the probability of carrier recombination or charge balance factor,
S is the spin statistical factor,
PL is the photoluminescence yield.
OUT is the light out-coupling efficiency.
For relatively efficient OLED devices, REC is close to unity11. In order to
improve the charge balance between the hole and electron currents, energy barriers
between organic layers are carefully adjusted and additional inter-layers, such as,
electron/hole blocking layers are added to prevent opposite carriers from crossing and
leaving the emissive layer (EML) without recombination16. As mentioned previously, the
spin statistical factor (S) has improved to nearly 100% through the development of
phosphorescent devices that harvest both singlet and triplet excitons for light emission.
The PL quantum yield (PL) of many dyes is known to be almost 100% in dilute solution
and drops quickly with increased concentration, the so called, “concentration quenching
effect”11.

Some

well

known

phosphorescent

dopants,

such

as,

fac-tris(2-

phenylpyridinato)- iridium(III) [Ir(ppy)3], bis- [(4,6-difluorophenyl)- pyridinato -N,C2]
(picolinato) iridium- (III) [FIrpic] are reported to show nearly 100% PL efficiency. The
blue dopants, which have high triplet energy (ET, e.g. FIrpic has 2.6eV), show high
dependence of PL on the ET of the host molecules, which, to be effective, ET of host must
be higher than that of dopant17.
With these improvements in internal quantum efficiency, light out-coupling
efficiency (OUT) has become the major issue. Despite the achievement of nearly 100% of
IQE, the maximum device EQE was limited to only 20% due to the trapping of most of
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the internally-generated emission by total internal reflection. Diverse approaches have
been developed to overcome the theoretical limit, such as using micro-cavities, microlens arrays, nano-patterned photonic crystals, etc.18,19 A recently reported phosphorescent
OLED (Ir(ppy)3 as a dopant), for example, showed almost a factor of two increase in
EQE (max. 54% with out-coupling structure, 29% without out-coupling) 20.
In addition to device efficiency, lifetime has been a crucial issue in the
development of OLEDs, especially for commercial application. Early approaches to
device lifetime issues were related to the prevention of device degradation from extrinsic
factors mainly coming from the fabrication process, such as chemical impurities, oxygen,
moisture effects and so on11. However, with advances in device fabrication and
encapsulation processes, material degradation from these factors is considerably reduced.
Together with these improvements, the effect of intrinsic factors, causing the operational
degradation of materials in the device, has also been being studied21,22. Intrinsic factors
are primarily related material degradation, that is, chemical degradation of molecules,
from excited state or electrochemical reactions, morphological instability and charge
accumulation, etc.22 Eventually, they lead to the gradual decrease of luminance when the
devices are operated. Among these diverse issues related to the overall device efficiency
and lifetime, there have been a series of studies focusing on the effect of diverse EML
architectures on the OLED device efficiency and lifetime23-26. For example, the
conventional bi-layer hetero-junction EML architecture has been modified with a mixedhost architecture based on vacuum deposited small molecule devices, so called, “bulkheterojunction” and the device lifetime was dramatically improved due to the reduced
charge accumulation by eliminating hetero-interface in the emissive region 23. The EML
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architecture was then modified into the so called, “graded host architecture”, which
showed higher efficiency than that of the bulk-heterojunction host device24. One critical
shortcoming of the approximate architecture was that these graded host devices were
based on a discontinuous step-wise junction architecture due to the limited performance
of a conventional deposition coater, and so the EML host still had several internal energy
barriers. Another issue was that there have been few reported data regarding the effect of
the graded host architecture on the device, especially on the performance of
phosphorescent OLED devices. The motivation of this thesis is a more rigorous
implementation and understanding of EML architectures and their effects on device
lifetime and efficiency.

1.3. Device fabrication process
1.3.1. General overview
Two of the major fabrication processes of OLED devices are thermal vacuum
evaporation and solution coating, most appropriate to small molecule and polymer
respectively11. Both methods have pros and cons depending on the requirements of the
application, such as substrate size, cost effectiveness, resolution limit and substrate type
etc. The benefits of vacuum processing are accurate thickness control, multiple layerstacking, combinatorial compositional modification, impurity control etc. Disadvantages
include limited substrate size, material waste and high cost. One of the recent approaches
to overcome these limits is the so called, “Organic Vapor Phase Deposition (OVPD)”,
where organic material is transported as a vapor phase with carrier gas, and can be easily
applied for large area deposition27. However, the complex control and the need of
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additional equipment for the process still result in relatively high cost. On the other hand,
solution-based processes, such as spin coating, ink jet printing28, nano-imprinting29,30, are
known to be relatively simple processes, low cost and applicable to large area substrate.
They have some limitations in multiple stacking, accurate thickness control and lower
device performance. Among them, inkjet printing or spraying processes has looked
especially promising compared to vacuum processing thanks to the advantages mentioned
above, In fact, many prototype displays based on inkjet processes have been recently
demonstrated31-33.

1.3.2. Thermal vacuum evaporation process
Thermal vacuum evaporation (or deposition) has been used extensively for
OLED device fabrication, especially for small to medium size substrates. This process is
excellent for depositing a wide range of material types; from metals and inorganics to low
molecular weight organic materials. In parallel with the improved device performance

and the increasing demand for applications on large substrates, the performance of the
evaporation coater has also improved in many respects, such as long range uniformity
with a linear deposition source, combinatorial material evaluation and automated
substrate handling with high control accuracy

34-36

. Fig. 1-4 shows a general

schematic of a thermal vacuum evaporation coater and its components.
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Figure 1.4. Schematic of thermal vacuum evaporation coater.
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For a given input of a deposition rate to the controller, the controller sends a
corresponding signal to the power supply, which increases power (current and
voltage) and the corresponding temperature of the resistive boat, so that the material
in the boat can be evaporated at a chosen rate. The rate is monitored with a crystal
sensor at a certain period, with feedback being sent back to the controller. Based on
feedback from the sensor, the controller repeats this cycle to adjust the power to
optimize the output to achieve the desired deposition rate. The deposition is
evacuated to about 10-6 torr by a vacuum pump during the deposition, and a shutter is
installed beneath the substrate to control the thickness deposited on the substrate. In
order to pattern the organic layers for each color or the metal cathode, fine metal
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masks are placed underneath, in close proximity to the substrates. The shadowing
effect, which is due to the partial screening of the material flux by the edge thickness
of the mask hole, needs to be minimized and eventually this becomes the factor
limiting the maximum mask size. The thickness uniformity of evaporated film on the
substrate is dependent on the shape of the material sources, the distance between them
and the geometry of the deposition.
The material sources and sensors are positioned so as to avoid cross talk and
contamination during co-deposition. Due to space constraints, this limits the
maximum number of sources in the chamber and has been one of the main hurdles in
realizing a combinatorial coater, which requires loading of multiple sources to test
diverse combinations of materials in the same experiment.
In addition to the limited space-utilization in the chamber, another problem
with the conventional sources (crucible, metal boat, etc) is its limited function, that is,
relatively slow thermal response to the input power from the power supply. The main
requirement of those conventional sources has been durability, and so the relatively
slow nature of their thermal response to the power input was not considered.
However, the slow increase or decrease of deposition, following an input change from
the controller, made it impractical to control the rate in real time during the
deposition. While the material deposition has been done at a constant rate in the
conventional OLED fabrication process, the slow thermal response has become a
critical shortcoming in controlling the slope of the rate, a key requirement for the
fabrication of graded-mixed host OLED devices. Although there have been several
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reports37-40 on OLED devices with step-graded junctions, where all the step-layers
were made by depositing many co-deposited layers having different mixing ratios
with conventional type sources, there has been no report on the continuously-graded
host OLED devices based on material sources which enabled fast, real-time rate
control.
The requirement to improve the chamber space utilization and real-time
deposition rate control were the motivations to develop a new thermal deposition boat
and apply it to making linearly-graded mixed host EML OLED devices.

1.4. Organization of thesis
Chapter 2 is based on a published paper in the “Journal of vacuum science and
technology B” and gives details on the development of a new thermal deposition boat, its
characteristics compared to other conventional boats, and key factors determining the
control accuracy. Several modified version of boats are included and their advantages and
drawbacks are discussed.
Chapter 3 is based on a symposium paper, published in the “Euro-display 2011
conference” and introduces the control of the real time rate response of the boat and
application to the fabrication of fluorescent and phosphorescent OLED devices. The
effect of the linearly-graded mixed (LGM) host architecture was compared with the
uniformly-mixed (UM) host OLED devices.
Chapter 4 is based on one symposium paper published in the “SID 2012
conference” and one manuscript submitted for the “Applied Physics Letters”. Effects of
LGM and UM host architectures on the recombination zone in the EML were compared
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and the higher EQE of the LGM architecture was explained with experiments to vary the
region with emitter doping. A step-graded mixed (SGM) host device was compared with
a LGM host device and the effect of removing the internal energy barrier in the EML was
used to explain the improved device EQE as a result of the reduced quenching with a
graded-junction architecture in the EML.
Chapter 5 gives an overall conclusion of this work and proposes future work
related to applications of the new boat design and the new LGM architecture to other
devices.
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Chapter 2

Development of a new thermal deposition boat

2.1. Introduction
The improved capability of thermal deposition coaters has been accompanied by
continuous enhancement of OLED device performance. Two main directions, which have
become the motivation of this research, are efficient vacuum chamber space utilization
and real time deposition rate control. The former issue has been well recognized
throughout the users and makers, and nowadays, there are several models developed for
this purpose, the so called, “combinatorial coater”1,2. However, the latter issue has drawn
little attention until OLEDs with step-graded junction architectures showed improved
performances, compared to those with the usual bi-layer or bulk-heterojunction
architecture made by conventional deposition coating systems3-5. Reported device
architectures, such as those using a step-graded mixed layer, were made by conventional
stepwise co-deposition with varying host concentration ratios, but can still result in
formation of abrupt energy barriers at each mixed-layer interface. These barriers can
result in additional charge build-up and non-uniform interfaces as well as potential
contamination by continually interrupting the deposition process. It was expected that a
linearly-graded device, which should have no abrupt junction barriers, might give better
performance than a step-graded device. However, limitations of standard thermal
evaporation methods made it hard to achieve linearly-graded mixed layers in the devices.
Because a thermal deposition process uses rate control or temperature control to achieve
the desired rate, there is always a rate fluctuation issue during the process, which is
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mainly related to the slow thermal response of the deposition boat. This occurs especially
at the beginning of deposition, and this fluctuation makes it difficult to implement
gradual rate changes during the process which is why almost all results have been made
with the step-graded mixed structures.

In 2007, The Junji Kido group published a

breakthrough method to realize the continuously-graded mixed OLED device in a solid
state lighting conference and showed that it had better lifetime compared with
conventional hetero-junction devices6. Unfortunately, they did not publish any
performance data comparing both continuously-graded and step-graded devices, so it was
difficult to know how effective the continuously-graded structure would be for longer
lifetimes. In their process, the substrate was placed on top of two host material sources
and was moved during co-deposition from one side of the chamber to the other at a
controlled speed. This ensured that the substrate received a continuously varying amount
of material, which allowed for a gradual concentration change without process
interruption7. Despite some of the limits in this process, such as requirement of additional
moving dopant boat for fixed dopant concentration, non-linear rate profile, this could be
an innovative approach in controlling the deposition rate gradually without causing any
interruption during the deposition. Their new approach to graded-junction architectures
together with the demand on the efficient space utilization of the deposition chamber
became the motivation for this research and led to the development of a new thermal
deposition boat.
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2.2. Development progress of a new thermal deposition boat
There have been many modifications during the development of a new thermal
deposition boat. The initial focus was on the new boat design to enable the compact
chamber configuration by reducing the inter-boat distance. This resulted in the
introduction of a new dual-hole controllable boat. After experiencing several critical
issues, such as unstable rate control and slow thermal response, the main focus was
shifted to increasing the thermal response during the deposition process in the second
version of boat design. Finally, another modified design was applied to the requirement
of fast response and dual-hole control and its performances were analyzed.

2.2.1. 1st version: Aluminum boat with dual-hole control function.
The study of a new thermal deposition boat initially focused on the dual-hole
deposition control that aimed at maximizing space utilization by reducing the inter-boat
distance and inter-sensor distance. In case of conventional deposition coaters, the sensor
had to be placed between substrate and the boat so as to monitor and control the rate of
the vapor flux from the source, and this is indicated as “top sensor” in Fig. 2-1.
In the new boat design, however, the side sensor alone, which is placed near the
side hole, would be able to read and control the deposition rate indirectly during the
single or co-deposition without experiencing any cross-talk of materials from adjacent
boats, based on the assumption that the ratio of rate from the top hole and that from the
side hole would be kept constant during the deposition process.
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Figure 2.1. Schematic of chamber configuration with dual-hole boats.
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Shutter
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Boat 2

Stage

Side
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Typical vacuum systems require large space in order to separate boats and
sensors to eliminate cross-talk and contamination. The new design significantly reduced
the total space needed by giving the conventional top sensor’s function to the side sensor
and by placing the boats closely together with proper partition, and eventually led to a
very compact chamber configuration.
The initial boat study was conducted by Mohan Ahluwalia, a Master program
student in early 2008, and his design was updated to include an Aluminum-based dualhole boat, as illustrated in Fig. 2-2. A hexahedron boat (1 inch wide, 0.75 inch long and 2
inch high) was made of aluminum with one hole positioned horizontally (diameter,
0.025inch) and the other vertically (diameter, 0.09 inch) as in Fig. 2.2 (a). A light bulb of
75W power (b) was selected as a heat source and the Al bodies were able to be mounted
on a stage very close to each other (c) and the body was slimmed to reduce the thermal
mass, and finally the boat module was fabricated to test multiple material deposition (d).
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Figure 2.2. (a) Design of aluminum boat, (b) heating bulb, (c) its image before and after
body slimming and (d) boat module.
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Side hole and
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(b)
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The material in the container space was designed to be evaporated by heat from
the light bulb placed inside the body, flowing through the channels to both holes,
evaporating out to the substrate and to the side sensor at the same time. It was assumed
that when the light bulb reached a certain temperature, the internal pressure of the
evaporated vapor would force a portion of gas to come out of both holes and the ratio of
the deposition rate from both holes would become a constant value. From the preliminary
test, the ratio of rates from both holes was tested to be roughly stable with still some
variation at a normal deposition rate range, meaning it was possible to use the concept of
using side sensor alone to monitor and predict the thickness of the deposited layer on the
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substrate with the obtained ratio. This compact system was expected to reduce power by
using a common light bulb as a heat source, which consumed less than one thirds the
power of a normal resistance heater (Tantalum or tungsten boat) and was cheaper than
other types of boats. In addition, material waste was also reduced due to a smaller top
hole and a close distance between the substrate and top hole.
After finishing boat fabrication and chamber configuration as shown in Fig. 2-1,
the ratio of rates from each hole was analyzed for a wide range of deposition rates. As
shown in Fig. 2-3, the rate from the top hole and that of side hole was independently
measured and the ratio was calculated to see the stability throughout the range of
deposition rates. While the ratio maintained stable level (about 4.2 with  5% deviation)
for the range of high rate (10Å/s from the top sensor), it became quite unstable with a
high degree of fluctuation (over 20% deviation) below 10Å/s, which is the practical
process range. Unstable ratios of rate would lead to an increased error in predicting the
top rate indirectly and so eventually make the control accuracy unreliable.
Various modifications of the design, such as, channel expansion, hole size change,
protruded hole length change, were tried to minimize the fluctuation, especially at low
deposition rate (0.1Å/s to 5Å/s). However, the fluctuation level and error range were not
reduced much, remaining at an unacceptable level of about  20% deviation. Another
issue was the slow response time of the deposition rate toward the input signal from the
controller. The response of the deposition rate corresponding to the thermal response of
the boat, that is, temperature change of the boat, toward the power input from controller.

30

Figure 2.3. Deposition rate (Angstrom per second) from top and side sensor and ratio of
rate of dual-hole Al boat.

This thermal response is determined by the thermal mass (MT) of the body of the
boat, as was expressed in equation 2-1:

Q  M T T , M T  mCp

(2-1)

where Q is the thermal energy transferred, M T is the thermal mass of the body, T is the
temperature change, m is the mass of the body, and Cp is the specific heat capacity of the
material of the body. When the mass of the deposition boat is large, it will also have a
large thermal mass and require more heat energy to increase its temperature, leading to a
slower response time and a higher fluctuation in the deposition rate. Figure 2.4 shows the
high fluctuation level at each set rate resulting from the slow thermal response. The
fluctuation is more severe especially at the lower range of rate, which makes it
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impossible to control the deposition rate within an acceptable deviation range. The ratio
of rate is accompanied by the ratio of thickness, which is more convenient since it was
less susceptible to the process noise.

Figure 2.4. Rate fluctuation caused by slow thermal response at several rate ranges (from

rate(A/s)

0.7 to 2.5 Å /s).
6
5.5
5
4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

set rare :
0.7A/s

fluctuation level
42%

1A/s
30%

1.5A/s
25%

2.5A/s
17%

avg side
rate
avg top
rate
ratio
rate(s/t)

14 17 20 23 26 29 32 35 38 41 44 47 50 53
time(min)

ratio
thick(s/t)

In this case, the ratio became more unstable at the low rate range, which would be
a critical issue for this boat. It was discovered that the slow response was not improved
much even with further slimming the body of the boat, indicating that the heat transfer
mechanism from bulb to material container was not efficient with this design, either. In
the case of the unstable ratio of rate from both holes, the influence of wall-resistance in
fluid-dynamics was applied to the dual-channel design. In order for the vapor flux to have
the same degree of resistance from the channel wall, both channels and holes need to
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have the same diameter. However, considering the close distance between the boat and
the side sensor, the side hole has to be smaller than that of top hole to reduce the rate on
the side sensor. This requirement became the limiting factor in reducing the deviation
range of the ratio of rate. Later, it was suggested that both hole diameter and the channel
length could affect the overall resistance from the wall and so both effects needed to be
minimized to achieve a stable ratio. This postulate was further supported by the known
phenomena, so called, “Knudsen diffusion”, where the collision between gas molecules
and the channel wall is the dominant factor when the diameter of the hole is similar with
that of mean free path of gas molecules 8. As noted in this explanation, the diameter of the
side hole is small and so the resistance from the collision would be a dominant factor on
the ratio of rates. Therefore, the channel length must be minimized because the diameter
of the side hole is already limited by the distance from the sensor.
According to the analytical data and reasoning about the ratio and response time
of the Al boat, it was concluded to have the boat design revised to further minimized the
thermal mass of the body and reduce the wall thickness for the side hole.

2.2.2. 2nd version: Graphite boat with improved thermal response.
The research focus was shifted to improving the thermal response, that is, faster
rate response since the original Al boat showed two critical limits in controlling the rate
ratio and rate response. In this new version, only the thermal response was considered as
the main issue and a conventional point source made of graphite was used as a test model.
The graphite boat was placed into a tungsten coil

heating element (W-coil, 1mm

diameter) fixed on a stage9 as is shown in Fig. 2.5. Graphite shows relatively high
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temperature stability (about 500°C) during thermal heating in a vacuum and is soft
enough for machining. In order to investigate the effect of the thermal mass of the body,
the wall of a graphite boat (0.06 inch thickness) was thinned into half of the thickness as
in (a) and their rate responses were compared by using the tungsten coil (b) covered with
a thin metal sheath on a stage (c).

Figure 2.5. (a) Graphite boat, (b) heating coil and (c) boat stage.
Original graphite boat

Slimmed boat

0.06 inch

0.03 inch

(a)
W-coil

Ni-Cr coil

(c)

(b)

Fig. 2.6 shows the rate response Vs time of each boat before and after body
slimming. The effect of the reduced thermal mass on the rate was clearly demonstrated
from the improved rate response of the slimmed boat. The period of the rate change of
the boat was reduced from 70 seconds to 40 seconds by reducing the thickness of the boat,
that is, thermal mass of the body of boat.
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After this result, the tungsten coil was tested to check the efficiency of heat
transfer from the coil to the body of boat. Because of the hardness of tungsten, it was not
possible to reduce the coil diameter, instead, the tungsten coil was replaced with more
malleable NiCr coil (1mm diameter), as in Fig. 2.5 (b).

Figure 2.6. Rate response of graphite boat with tungsten coil, before and after body
slimming.

Using new NiCr coil, the boat was more tightly contacted with the surface of the
coil, the heating efficiency was increased and the response time (period of rate cycle) was
reduced from 40 to 30 seconds, as shown in Fig. 2.7.
When the two factors, tight coil and slimmed body, were applied together, the
final response time became less than 20 seconds as shown in Fig. 2.7, where the unslimmed boat showed 30 second period and the slimmed boat showed 20 second.
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Together with this improvement in the response time, the overall deviation range of rate
fluctuation was also reduced to  5% of the set rate. The test result from the 2nd boat
design using a graphite tube and outer heating coil clearly demonstrated the effect of the
reduced thermal mass of the body on the rate response and gave an important clue for
designing a new thermal deposition boat, which will be introduced in the next part.

Figure 2.7. Rate response of two different graphite boats with tight NiCr coil.

2.2.3. 3rd version: Glass tube boat with optimized function.
On the basis of the previous results, minimal thermal mass of the body of the boat
and tight contact between coil and boat are key features for the development of a new
boat. In order to further improve these factors, a standard glass test tube was suggested
instead of graphite tube and the NiCr coil was placed inside the boat to increase the
heating efficiency from the coil to the material in the boat. A glass test tube has a thinner
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wall than the graphite tube and shows high temperature stability (up to 500°C) for the
deposition of typical small molecule organic materials. Fig. 2.8 shows the design of boat
and its rate response with respect to time. The coil is lowered nearly to the surface of the
material inside the tube and the heat energy from the coil is directly transferred to the
surface of the material, resulting in a very high heating efficiency. Accordingly, the rate
response increased significantly with reduced fluctuation and it took less than 50 sec
changing the rate from 3Å/s to 5 Å /s, a positive sign for application to the graded-rate
control. One issue for this design was connecting the electrodes to the NiCr coil inside
the boat, which required good insulation to prevent shorting. This caused the electrical
connection to be complicated and required fabrication of additional components.

Figure 2.8. Glass tube boat with coil inside and its rate response.
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Despite these minor issues related to the configuration of components, this boat
was considered as an intermediate design of the new thermal deposition boat which has
the new concept of fast rate response and dual-hole control. From these advantages of the
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initial glass boat, another modification was attempted to see whether this boat was
appropriate for the dual-hole controllability.
Following these results, another new thermal deposition boat was fabricated with
a glass tube based on a design concept that splits the vapor stream into two directions,
one being the main vertical stream and the other a horizontal stream from the side of the
boat, as shown in Fig. 2.9. The horizontal stream from the side hole (5) in (a) is used to
monitor the rate of evaporation of the main vertical vapor stream indirectly with a sensor
(7). This side-control boat in (a) consists of a glass tube (2 inch long (50 mm), 0.03 inch
thick (0.76 mm) and 0.5 inch in diameter (13 mm)) fitted with a teflon (or a ceramic)
stopper (3) and a Ni-Cr heating coil (4). The side hole diameter is about 0.06 inch (1.5
mm) (5).

Figure 2.9. (a) Schematic of a side-control boat, (b) o-deposition, (c) boat module.
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The heating coil is placed inside the boat to provide effective heat transfer from
the coil directly to the material in contact with the coil.
The thermal mass of the boat is minimized by using a very thin tube to reduce the
heating and cooling time during the deposition. Fig. 2.9 (b) shows the configuration of
crystal sensors (7, 8) near the side streams during co-deposition onto a substrate (6). A
compact boat module is made on a small stage in (c), where ten boats can be mounted on
the stage within two inch distance from one another. The stage is placed on a rail and
moved in the chamber by a linear feed-through to align the position of each boat below
the substrate and with the fixed side crystal sensors. Indirect deposition monitoring is
made possible by the fact that the ratio of rates is approximately constant over a wide
range of deposition rates, because of the reduced flow resistance of the thin wall toward
the vapor flux of side hole. Thus it is not necessary to place the crystal sensors near the
substrate as in conventional thermal deposition systems. The new control with side
sensors enables a compact combinatorial deposition system with efficient space
utilization.

2.3. Results and Discussion
The key requirement of the indirect deposition rate control is that the ratio of the
actual rate of deposition on the target substrate to the rate registered by the side crystal
sensor is constant over a wide range of rates. To verify the constant ratio of rates, two
sensors are used: one at the top of the boat near the substrate and the other at the side
hole of the boat. The top sensor is used for rate control. Fig. 2.10 shows the measured
rates and the ratio of the accumulated thicknesses of NPB (N, N-bis(naphthalen-1-yl)--
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bis(phenyl)-benzidine), which is a typical hole transport material. For clarity, Fig. 2.10
(a) shows three rate steps (1, 3, 5A/s) and Fig. 2.10 (b) shows five rate steps below 1A/s
(0.1, 0.3, 0.5, 0.7, 1A/s). The corresponding rates at each step from the side stream are
monitored at the same time by the side sensor and the top-to-side thickness ratios are
calculated accordingly.

Figure 2.10. (a). Rates of top and side sensors and ratio of thickness at high rate range,
(b) low rate range.
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The thickness ratio, which is equivalent to the rate ratio, is used since it has an
improved signal to noise ratio. The resulting top-to-side thickness ratio is 2.0 ± 0.1
(±5% deviation) for deposition rates between 0.1A/s and 5 A/s. Except for the
unstable ratio at the lowest rate of 0.1 A/s, the rate ratio is found to be stable throughout
the wide range of rates, indicating that there is no uneven evaporation from the side hole
by introducing initial pre-heating step in the process. The same stable ratio, regardless of
the material type, is reproduced from host and dopant materials used in the experiment.
In order to check the control accuracy during the deposition of a real film on
substrate, the thickness of the film was measured and compared to the set value based on
the ratio of rate. For three boats of organic host materials (N,N'-diphenyl-N,N'- bis(1napthyl)-1,1'-biphenyl-4,4'-diamine (NPB), tris(8-hydroxyquinoline) aluminum (Alq3), a
relatively small range of control deviation ( 5%) was obtained for each single material.
However, in spite of the promising features from the glass-tube boat, the
maximum deposition temperature is limited to the glass transition temperature of the tube,
about 500°C, which is too low for inorganic materials used in the OLED device, such as,
MoO3 and LiF. A machinable ceramic was used for these materials in a preliminary test,
and showed that a very fast heating response was obtained even at a much lower power
(one third of the power of the conventional crucible or metal type boat), which resulted
from the direct heating mechanism. Except for the difficulty in machining the ceramic
rod, it was found that a ceramic tube could be a good alternative to the glass test tube,
especially for boats requiring a high deposition temperature.
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2.4. Summary
A new thermal deposition boat was developed through a series of studies on the
thermal response and ratio of rates of each boat design, with a goal of maximizing space
utilization and achieving fast rate control in real time. The two main factors determining
the performance of the boat were minimizing flow resistance from the wall to the vapor
stream and reducing the thermal mass of the body of the boat. The former was optimized
through reduction of the wall thickness so as to minimize the flow resistance toward the
vapor stream from the side hole, while the main flow from the top hole did not
experience the resistance from the wall. The latter was achieved by reducing the mass of
the body and by putting the heating coil inside the body so as to transfer heat energy
directly to the material. A new glass tube boat showed a relatively stable ratio of
deposition rate within  5% error range and the rate response was very fast (less than 50
sec to switch from 3 Å/sec to 5 Å/sec deposition rates with NPB) with a small rate
fluctuation ( 5%), compared to the previous boat design (over 150sec with high
fluctuation). This feature of fast rate response led to the application of real-time rate
control to the fabrication of a linearly-graded mixed host OLED device. A new thermal
deposition chamber was built with the new boats, featuring a very compact and efficient
design from the indirect side hole control mechanism and finally applied to the
fabrication of OLED devices.
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Chapter 3

Control of linearly-graded deposition rates and its application to OLED devices

3.1. Introduction
Since the early reports of improved device efficiency through use of a stepgraded EML architecture1-4, there have been several trials, which were differentiated from
using conventional coaters, to realize gradual concentration change and eliminate
interfaces inside the EML5-8. For example, co-evaporating two host materials of different
evaporation temperature is a simply way to make gradual concentration changes within
the device structure. However, this method was limited to very few material candidates,
the necessary properties together with the different evaporation temperature 5. A new
method of moving the substrate position with respect to the evaporation source was tried.
The challenges faced in this method are that it requires a special chamber setup, control
of dopant source and non-zero deposition rate at the edge of the EML, etc6. Using a boat
with very slow thermal response was introduced to show some improved results in device
efficiency and lifetime, but there still remained poor control in the graded slope and
uneven dopant concentration7-8. On the basis of the pros and cons of those previous
methods, the requirements of a source for realizing linearly-graded mixed host
architecture were clear, that is, facile control of the linear concentration slope, simple
configuration in the chamber, material independence. The newly-developed side-control
glass boat was evaluated in terms of these three view points in order to see whether it
would show sufficient performance during the device fabrication.
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It was clear that the new boat showed good space utilization with a compact
module design, and so the boat met one of the requirements with sufficiency. In order to
check the suitability of the boat for the other two requirements, that is, the controllability
of linear slope and material independence, its thermal response was analyzed and
different materials were tested as was shown in the following experimental section. After
confirming the proper rate controllability and relatively small material dependency, the
new linearly-graded host architecture was applied to fluorescent and phosphorescent
OLED devices.

3.2. Experimental
3.2.1. Control of linear increase and decrease of deposition rate
The test of linearly-graded deposition rate was performed with two typical
fluorescent host materials, NPB and Alq3, for hole and electron transport type films,
respectively. The rate of NPB host deposition was required to gradually decrease while
that of Alq3 was gradually increased during the mixed host deposition. Another important
feature of the process was the deposition time of dopant material in case of uniformlydoped device, that is, the process time for host deposition would have to be the same as
that of dopant deposition so as to make a constant dopant concentration throughout the
EML layer. This required both host to keep the same process time as that of dopant.
Fig.3.1. shows a rate profile, ratio of thickness and film thickness during natural cooling
of NPB rate. (Rate and thickness profile are from that of top sensor and those from side
sensor are omitted for simplicity). The range of rate was set to change from 5Å/s to 0 Å/s
within about 90 sec. The NPB needed to show fast cooling rate profile within the process
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time in order to meet the time of two other materials during the deposition. After 90 sec,
the rate of NPB reached nearly 4% (about 0.2 Å/s) of the original set rate (5Å/s), which
was a relatively small rate considering the concentration of the residual NPB at the end of
process time (less than 0.5%, for 90sec at total 5Å/s). The dashed line represents the ideal
rate profile during the set time period. The thickness increased parabolically during the
deposition and the ratio of rate between the two sensors was maintained at a constant
value, indicating the ratio was stable during the process time.

Figure. 3.1. Profile of rate, ratio and thickness during the natural cooling of NPB rate.
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In order to adjust the slope of the rate to follow linear change, multiple subdivided zones of rates were programmed into a SQM-242 controller, as is shown in Fig.
3.2 (shown as multiple rectangles). Using the concept of multiple sub-rates was based on
the fact that the rate response of the boat was so fast as to show a very small degree of
rate fluctuation during the power adjustment. After tuning the sub-steps in programming,
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it was found that the cooling rate was following the linear trace line with relatively small
degree of deviation. Compared to the original rate profile during the cooling time, the
adjusted rate profile was found to be controllable through modification of the multiple
sub-steps in real time. Although the slope was modified to follow a linear profile, the
final rate at the end of process time became higher than that of original rate profile. This
was mainly due to the residual heat energy in the body of the boat, however, the
instantaneous deposition rate remained at 0.5Å/s at the end of process time. Considering
the ratio of NPB thickness at that time, it was still a low concentration level (less than
0.5%), indicating an acceptable level of rate increase for the device fabrication.

Figure. 3.2. New profile of NPB rate after adjusted with multiple sub-rates in control.
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In the same way, the rate response during the gradual increase period was
measured with a electron transport material, Alq3, for the same process time and range
from 0 Å/s to 5 Å/s, as is shown in Fig. 3.3. In order to make the device with graded host
architecture, the rise time of the rate of the Alq3 needs to be smaller or equal than that of
process time, that is, the gradual falling time of NPB, to synchronize the overall
deposition process for the EML.
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Figure. 3.3. Profile of rate, ratio and thickness during the rate increase of Alq3.
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The rise time of Alq3 from 0 Å/s to 5 Å/s was recorded to be about 50 sec from
Fig. 3.3 with high initial overshooting. The rate became stable in 20 sec after the
overshooting. The thickness increased quickly during the overshoot period and,
consequently, the ratio of thicknesses gradually decreased until the rate became stable.
The faster rising period than that of ideal trace line implied the rising rate profile was
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adjustable so as to follow the trace line within the process time. Based on this fast rate
response, gradually increasing multiple sub-rates, a similar approach as with NPB, were
programmed into the rate controller and adjusted to make their profiles follow the ideal
trace line, as shown in Fig. 3.4. During the rate increase, the slope became linear,
following the trace line with small deviation range, and increased to the set rate within
the process time, except the slow rising zone at the beginning of the process. The effect
of the lower rate during the initial 30 seconds should have a negligible effect on the
concentration, since the ratio of the reduced portion of Alq3 to the total amount deposited
during the process time is small.

Figure. 3.4. Profile change after applying multiple sub-rates in control programming.
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The two results during the increase and decrease of deposition rate clearly
demonstrated the possibility of linear-rate controllability of host materials and confirmed
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that the new side-control boat could be used to make a linearly-graded junction OLED
device. Simultaneous co-deposition of NPB and Alq3 during the EML deposition was
also performed with small degree of rate fluctuation and will be described in the device
application section.
The third requirement of the new boat, the material independence, was tested
with some of the phosphorescent host materials, such as, N,N’-dicarbazolyl-3,5-benzene
(mCP),

(4,4,4-trisN-carbazolyl)triphenylamine

(TCTA)

and

m-bis-(triphenylsilyl)

benzene (UGH3) and all of them showed sufficiently fast rate response and linearity
during the EML formation. The rate control of these phosphorescent host materials was
introduced in the following device application section.
In order to adjust the rate response during the heating and cooling time, an
additional heat sheath of cylindrical shape can be used together with boat. The sheath is
placed around the boat with an opening near the side hole and covers the boat so as to
keep the heat energy from the boat inside the sheath and preserve the temperature of the
boat for a longer time. When the rate needs to follow fast decreasing profile, the diameter
of sheath can be widened so as to reduce the amount of heat reserved in the sheath,
resulting in the faster cooling and lower rate at the end of process time. In case of fast
heating, on the contrary, the sheath diameter needs to be smaller so as to preserve more
heat energy around the boat and to reduce heat loss from material to surrounding.

3.2.2. Application of linearly-graded host architecture to Fluorescent OLED devices
Glass substrates coated with ITO (110 nm, 15Ω/sq) were cleaned in an ultrasonic
bath and treated with O2 plasma prior to film deposition. All films were prepared by
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thermal deposition (<10-6 torr) without breaking vacuum. N, N-bis(naphthalen-1-yl)-bis(phenyl)-benzidine (NPB) was chosen as a hole transporting material (HTM) and was
used as a co-host in the mixed host device with an electron transporting material (ETM),
tris(8-hydroxyquinoline) aluminum (Alq3)9. The HOMO and LUMO energy levels of
each material are shown in Fig. 3.5 (a). Three types of devices, hetero-junction (HJ),
uniformly-mixed (UM) and linearly-graded mixed (LGM), each with different EML
architecture, were fabricated in the same batch as is shown in Fig. 3.5 (b). MoO 3 and LiF
thin film were used as a hole and electron injection layer, respectively. All three devices
had the same total thickness with different host architecture in the EML.

Figure 3.5. (a). Energy level diagrams of materials. (unit :eV) and device architecture,
(b): HJ: Hetero-Junction, UM: Uniformly-Mixed, LGM: Linearly-Graded Mixed.

LiF 10A/Al 1500A

Alq3
650A
NPB
600A

400A

350A

MoO3 8A
ITO 1100A

(a)

(b)

UM device consisted of 1:1 mixing ratio of NPB and Alq 3 throughout the EML
region and LGM device had a linearly varying concentration of both host materials from
anode to cathode direction. LGM rate profile was established through the use of multiple
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sub-rates during the co-deposition of NPB and Alq3 and each rate followed the trace line
with a small degree of deviation range, as was shown in Fig. 3.6 (a).

Figure 3.6. (a) Real-time rate profiles of the linearly-graded mixed (LGM) host, (b)
Thickness profile.

6

Rate of NPB

Rate of Alq3

Sum of rate

0.6

4
3
2
1

0.5
Thickness (kA)

Rate (A/s)

5

Thickness of NPB
Thickness of Alq3
Sum of thickness

0.4
0.3
0.2
0.1

0
429 439 449 459 469 479 489 499 509 519
420 430 440 450 460 470 480 490 500 510 520
Time (sec)
Time (sec)
(a)
(b)
0

For the 50nm EML of the LGM device in Fig. 3.6 (a), the rate of NPB deposition
was set to decrease linearly with time and that of Alq 3 to increase linearly. The total
deposition rate (sum of the two rates) of the host materials remains roughly constant with
some fluctuation near 480 sec. Despite some regional fluctuations, we were able to
realize an excellent approximation of a LGM host architecture. The linear rate control
was supported by the thickness profile where the two hosts showed quadratically
increasing profile and the sum of thickness followed almost linear increase, indicating the
linear profile of the rate of the host. The current density-voltage characteristics of three
types of devices were compared in Fig. 3.7 (a). The drive voltage increased from HJ to
LGM and UM devices as the mixing ratio of the two host components became gradually
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higher and eventually led to the reduction in mobility. This change resulted from the
increasing hopping distance for each carrier, hole and electron, between the same types of
transport host as the same host materials were gradually diluted with the other host
materials from HJ to UM host. As a result, UM host showed the highest drive voltage
from the lowest carrier mobility while LGM host showed the in-between property
between the two opposite cases.

Figure 3.7. (a) Current density versus voltage, (b) Current efficiency versus current
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In case of the device efficiency, however, the LGM device showed highest
current efficiency in the practical range of current density (>5mA/cm2), which was the
same result as those previously reported from the literatures based on the step-graded
mixed (SGM) host architecture1,2. It was suggested that the blurred interface in the EML
from the graded host architecture minimize the possible quenching of exciton at the
interface as effectively as that of UM host and also suggested that the gradual increase of
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hopping distance for each carrier, compared to UM host architecture, results in improved
recombination in the EML in the same way of HJ host architecture.
In order to further understand the effect of the LGM architecture, where the
internal energy barriers were minimized compared to SGM host, the two LGM and SGM
host devices were fabricated with the application of green dopant Coumarin-6 (1% C6) in
order to improve luminescence efficiency. The same architectures as those in Fig. 3.5 (b)
were used for the two devices except the EML layer, where SGM consisted of five stepgraded concentration changes. (NPB:Alq3 = 1:9, 3:7, 5:5, 7:3, 9:1, each 10nm thickness
layer respectively).

Figure 3.8. Device with C-6 doping (1%) in the EML, (a) Current density versus voltage,
(b) Current efficiency versus current density.
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Fig. 3.8 (a) showed similar drive voltage between SGM and LGM host
architecture with small decrease in LGM, which might be from the effect of reduced
energy barriers. Interestingly, the device efficiency of the LGM was higher than that of
the SGM, suggesting a reduction of residual energy barrier inside the EML also reduces
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luminous quenching. As the step-graded interfaces in the SGM were minimized as in
case of LGM host, the quenching was reduced and luminous efficiency was improved.

3.2.3. Application of linearly-graded host architecture to Phosphorescent OLED device.
Since the effect of graded-host architecture was to improve efficiency of NPBAlq3 based fluorescent devices, the same effect was expected from the phosphorescent
OLED (PhOLED) devices. Red and green PhOLEDs have high efficiency and long
lifetime and are being used for commercial applications 10. However, blue PhOLEDs
have inadequate performance for lighting applications. We have applied the LGM
concept to the blue PhOLEDs, using materials that are known to produce high device
performance. In this experiment, two common hole transport layer (HTL) materials were
tested and compared each other.
ITO-coated glass substrates (110 nm of ITO layer, 15 Ω/sq) were cleaned in an
ultrasonic bath and treated with O2 plasma before film deposition. All films were
prepared by thermal deposition (<10 -6 torr) without breaking vacuum. Two types of hole
transporting

materials,

N,N’-dicarbazolyl-3,5-benzene

(mCP)

and

(4,4,4-trisN-

carbazolyl)triphenylamine (TCTA) were chosen as hole transporting hosts owing to their
high triplet energy (T1 = 2.9eV, 2.85 eV, respectively) and used with the electron
transporting host, m-bis-(triphenylsilyl) benzene (UGH3 , T1 =3.5 eV)11. Iridium(III)
bis(4,6-difluorophenyl-pyridinato-N,C2)

picolinate (FIrpic) was used as a blue

dopant(14% doping concentration). The structure of the blue PhOLED was, ITO(110nm)/
MoO3 (0.8nm)/ 1,1-bis(di-4-tolylamino)phenyl) cyclohexane (TAPC) (50 nm)/EML
(30nm)/ 1,3,5-tri(m-pyrid-3-yl-phenyl)benzene (TmPyPB) (20 nm)/4,7-diphenyl-1,10-
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phenanthroline (BPhen) (20nm)/LiF(1nm) /Al(100nm). TAPC (T1=2.9 eV) and TmPyPB
(T1=2.78 eV) were used as exciton confinement layers since their triplet energies are
higher than that of FIrpic (T1=2.62 eV). The device with mCP in EML (type A) and the
device with TCTA (type B) were made in separate runs. Fig.3.9 shows the energy level
diagrams for the materials used in the device. The thickness of EML and other layers
were optimized for low drive voltage and high efficiency.

Figure 3.9. Energy level diagrams of all materials used in the device. (Rectangular box
with dashed line shows components of EML)
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The linearly-graded rates were controlled in the same way as for the fluorescent
devices and the multiple sub-rates were modified to meet the linear slope change of each
host for the 30nm thick EML layer. The heat response of each boat was tuned with the
use of additional sheath of aluminum foil and the sheath diameter was optimized based
on the rate response12. The real-time rate and thickness profiles of TCTA-UGH3 host are
shown as an example in Fig. 3.10.
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Figure 3.10. (a) Real-time rate profiles of the linearly-graded mixed (LGM) host and
dopant deposition, (b) Thickness profile.
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In the case of TCTA-UGH3 based EML as shown in Fig. 3.10 (a), the rate
decrease of TCTA deposition was relatively linear with minor fluctuations from 3 Å/s to
0 Å/s, whereas the rate increase of UGH3 showed some fluctuation after 40 sec. The total
rate was in the range of 3-4 A/s. The rate of FIrpic was kept constant at 0.5A/s. The
linearity of the slope of both rates was reconfirmed again from the quadratic thickness
profile of each host with the minor over-fluctuation after 40 sec as shown in Fig. 3.10 (b).
A mixed film of mCP and UGH3 with 1:1 mixing ratio was used for both the UM
host and the LGM host type A devices. Fig. 3.11 (a) showed that the luminance-current
density-voltage characteristics of both EML architectures were similar. However, the
external quantum efficiencies from these architectures differed dramatically at low
current densities (<1mA/cm2) as shown in Fig, 3.11 (b). The LGM architecture showed a
higher EQE than the UM architecture throughout the whole range of current density. The
quenching of excited states by carriers was likely to be reduced by the gradual energy
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level change in the LGM architecture since charge accumulation at the HTL/EML and
ETL/EML interfaces would be suppressed. In addition, the recombination was better
distributed through the EML such that the excited states encounter fewer quenchers.

Figure 3.11. Device type A (mCP:UGH3 host), (a) Luminance, current density versus
voltage, (b) external quantum efficiency versus current density, (c) power efficiency
versus luminance.

The advantage of the reduction of the energy barrier was reduced as the drive
voltage increases and, for high current densities (> 10 mA/cm2), the differences in
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EQE between the two architectures was therefore greatly reduced. The same trend
was reproduced in power efficiency versus luminance in Fig. 3.11 (c).
A similar phenomenon was evident in the type B devices where the EML was a
mixed film of TCTA and UGH3 with 1:1 mixing ratio in the LGM and UM architectures.
Fig. 3.12 (a) shows luminance-current density-voltage characteristics of both EML
architectures. The driving voltage of the LGM device was higher partly because of the
UGH3 thickness increase (about 7%) from the overshooting range in the UGH3 rate
shown in Fig. 3.10 (a) and partly from the reduced hole mobility in the UGH3-rich region
of host. In case of the external quantum efficiency in Fig. 3.12 (b), the differences at
lower current were less pronounced and the overall efficiencies were higher.

Figure 3.12. Device type B (TCTA:UGH3 host), (a) Luminance and current density
versus voltage, (b) external quantum efficiency versus current density.
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Each of these observations was consistent with a smaller HOMO gap between
TCTA and TAPC than between mCP and TAPC so that charge accumulation at the
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interface is less problematic for the TCTA-based devices. Despite the much higher EQE
of the LGM device at low current density (peak EQE for LGM was 20.7% and 18.9% for
UM), however, the EQE rolled off more steeply than UM device. This might be due to
shifting the recombination zone to the TAPC side by the overshoot of UGH 3 rate, the
more concentrated recombination zone leading to faster TTA annihilation in the EML7.

3.3. Results and Discussion
Multiple sub-rate control was applied to the NPB-Alq3 deposition rate and some
phosphorescent host materials during the co-deposition process and demonstrating the
possibility of linear grading with the new boat design while maintaining a reasonable
process time. The rate fluctuation was minimized after adjusting the sub-rates and was
not dependent on the material types. However, when the molecular weight and the
volume of material increased, for example, bulky TCTA compared to NPB, it was
necessary to finely tune the sheath design and input power level. As the deposition rate of
HTL host linearly decreased during the process time, the final rate was sufficiently low,
even though it was not ideal zero, and the residual concentration of HTM host at that time
was negligible as was shown in Fig. 3.6 and Fig. 3.10.
A fluorescent OLED device with NPB-Alq3 host showed that higher EQE was
obtained from the LGM host, compared to those from hetero-junction or uniformlymixed devices, as was shown from the SGM devices reported in the literature references.
In the case of comparing SGM and LGM hosts in Fig. 3. 8, the effect of a gradual energy
barrier change was demonstrated from the improved EQE of LGM host device, where
luminescence quenching was reduced after removing those internal interfaces in SGM
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host. Similar trends were observed from two phosphorescent devices. The initial EQEs of
LGM devices were remarkably higher than that of UM device, supporting the idea that
LGM architecture can reduce quenching when recombination occurs near the interfaces
of the EML. The EQE of the mCP-UGH3 device was lower than that of the TCTA-UGH3
device and I speculated that this was due to the higher offset of HOMO levels between
mCP and TAPC than between TCTA and TAPC HOMO level. The efficiency roll-off
was sensitive to the rate fluctuation in the EML as shown in Fig. 3.12 and was expected
to be the result of concentration quenching, triplet-triplet annihilation11,13-15, requiring
gradual and smooth rate change during the LGM host deposition.

3.4. Summary
Real-time linear rate control has been established through using multiple subrates in the control programming for deposition of LGM films.

The method

demonstrated that rate profile of each host could be adjusted to follow the linear trace line
with minor degree of fluctuation. The thickness profile recorded cumulatively during the
process time confirmed that the rate of deposition for each host was linearly graded with
minor degree of deviation.
A NPB/Alq based fluorescent OLED device with typical device architecture and
materials was used to confirm the beneficial effects of linearly graded-host architecture
reported in the literatures. The same concept of linearly-graded mixed host architecture
was applied to two blue phosphorescent OLED devices. Our results demonstrated that the
efficiency was improved with linearly-graded mixed host architecture in the EML
compared to the conventional uniformly-mixed host device, especially in the low current
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density region. The probable reason that gradually varying the concentration of host
materials in the EML increased efficiency was that luminescence quenching was
minimized at the interfaces between EML and HTL or EML and ETL, where charge can
accumulate. A newly developed boat was found to be very useful in the fabrication of
the linearly graded-host as well as other device architectures.
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Chapter 4

Blue phosphorescent OLEDs with Linearly-Graded Mixed host architecture

4.1. Introduction
Organic light emitting diodes (OLED) have been intensively investigated for
display and lighting applications owing to a wide range of available colors, fast response
time and attractive form factor. Since the early studies by Tang and coworkers, OLED
device efficiency and lifetime have been improved significantly by the development of
new materials and advances in device architecture. 1-4 Effective charge balance in the
emissive layer (EML) was one of the key factors affecting the carrier recombination and
therefore modulates the luminescence efficiency and device lifetime. 5-6 Achieving charge
balance through selection of materials was difficult in blue PhOLEDs due to the limited
number of host materials with suitably high triplet energies and therefore achieving better
control of the recombination region through control of the host concentration profiles in
the emissive layers was of particular importance.6,7 Mixed host architectures have been
applied to blue PhOLEDs by mixing hole transport material (HTM)

with electron

transport material (ETM) and were reported to increase overall charge transport in the
EML, reduce drive voltage, and increase luminescence efficiency. 8,9 Meanwhile, graded
mixed (GM) host architectures have been studied with step or continuous grading and
showed even better efficiency in a few fluorescence OLEDs and a green PhOLED. 10-12
However, few systematic studies on graded architectures have been done since the ability
to realize gradual concentration changes in the host has not been available. Recently, our
group reported an improved efficiency of blue PhOLED with linearly-graded mixed
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(LGM) host architecture, enabled by the development of a new thermal deposition boat
that allows control of the concentration profile of the host materials.13,14 In the present
study, we used this to investigate how the LGM architecture moved the recombination
region relative to a uniformly mixed (UM) host architecture. We found that this resulted
in improved external quantum efficiency (EQE) for a FIrpic-based PhOLED by reducing
recombination near quenchers in the electron transporting layer. First, the position of
recombination zone in the emitting layer (EML) was tested by applying a thin nondoping zone on either side of EML. Secondly, the effect of linearly-graded mixed (LGM)
host architecture on the recombination zone was compared with that of uniformly-mixed
(UM) host architecture. The same result was confirmed by insertion of a thin red dopant
(Tris(1-phenylisoquinolinato-C2,N)iridium(): Ir(piq)3)

acting as a reporter of the

recombination region. Thirdly, the effect of gradual energy barrier reduction in the EML
was studied by comparing linearly-graded and step-graded mixed host devices.

4.2. Experimental
Patterned ITO glass substrates (110 nm, 15Ω/sq) were cleaned in an ultrasonic
bath and treated with O2 plasma before film deposition. All films were prepared by
thermal deposition (<10-6 torr) without breaking vacuum. A hole transporting material,
4,4,4-tris(N-carbazolyl)triphenylamine (TCTA) was chosen as hole transporting host
owing to its high triplet energy (E(T1) = 2.85 eV) and used with an electron transporting
host, m-bis-(triphenylsilyl) benzene (UGH3 , E(T1) =3.5 eV)5. The phosphor iridium(III)
bis(4,6-difluorophenyl-pyridinato-N,C2) picolinate (FIrpic) was used as a blue dopant
(14%

constant doping concentration). The structure of the blue PhOLED was
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ITO(110nm)/ MoO3 (1nm)/ 1,1-bis(di-4-tolylamino)phenyl) cyclohexane (TAPC)
(30nm)/ EML (30nm)/ 1,3,5-tri(m-pyrid-3-yl-phenyl)benzene (TmPyPB) (20 nm)/ 4,7diphyenyl-1,10- phenanthroline (BPhen) (20nm)/ LiF(1nm)/ Al(100nm). TAPC (E(T1)
=2.9 eV) and TmPyPB(T1=2.78 eV) were used as exciton confinement layers since their
triplet energies were higher than that of FIrpic (E(T1) =2.62 eV). A phosphorescent red
dopant, tris(1-phenylisoquinolinato-C2,N)iridium(): Ir(piq)3) was used as a thin
sensing layer to probe the location of the recombination zone. Fig.4.1 showed the energy
level diagrams of the materials used in the device.

Figure 4.1. Energy level diagrams of all materials used in the device.
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Fig. 4.2 illustrates three groups of devices consisting of UM and LGM host
architectures. Fig. 4.2 (a) shows the EML architecture of the first group of devices, where
UM devices (C and D) with undoped zones (no FIrpic) on either side of the EML (5 nm
from each interface) were compared with standard UM device (A) and LGM devices (B).
Fig. 4.2 (b) showed the structure of the second group of devices where the undoped zone
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in the LGM and UM devices was gradually expanded from the electron transport layer
side of EML from 0 to 5 nm. The thickness of EML was maintained at 30 nm for all
devices.

Fig. 4.2. Device architectures. (a) Group 1: (A) UM (30 nm), (B) LGM (30 nm), (C) UM
with 5 nm undoped zone on hole transport side of EML, (D) 5 nm undoped zone on the
electron transport side. (b). Group 2: (A) LGM (30nm), (B) 1 nm undoped, (C) 3 nm,
(D) 5 nm, (E) UM (30 nm), (F) 1 nm undoped, (G) 3 nm, (H) 5 nm. (c) Group 3: (A)
UM (30 nm), (B) LGM with 5nm red dopant, (C) UM with 5nm red dopant, (D) LGM
30nm, (E) SGM (5-steps).

(a)

(b)

(c)
Fig. 4.2 (c) showed the architectures of the third group of devices where the
undoped zone in the LGM and UM devices in group 2 was replaced with a red
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phosphorescent dopant (Ir(piq)3) zone and the device with LGM architecture was
compared with that with SGM architecture. The LGM host architecture was realized with
a thermal deposition boat that was able to control the deposition rate of host materials in
real time.14 Fig. 4.3 shows the real-time rate profile of host and dopant in (a) and
thickness profile in (b).

Figure 4.3. (a) Real-time deposition rates of the linearly-graded mixed (LGM) host and
dopant, (b) Total thickness as measured by calibrated quartz crystal microbalances.
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While the rate of TCTA deposition decreases gradually from 3A/s to zero and
that of UGH3 increases from zero to 3A/s, the rate of FIrpic is fixed at 0.45A/s. The
constant sum of rates is maintained at 3A/s, resulting in linearly-graded concentrations of
each host material.
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4.3. Results and Discussion
In device group 1, UM devices with or without undoped zones on either side of
EML were compared to one another and to a LGM device. Current density-voltageluminance characteristics are shown in Fig. 4.4 (a). Device C showed a lower drive
voltage than device D, likely because FIrpic acted as a hole trap and impeded hole
transport5. The effect of different positioning of undoped regions in the UM device had
dramatic effects on the EQE and current density (Figure 4.4 (b)).

Figure 4.4. (a) Current density-voltage-luminance of device group 1, (b) external quantum
efficiency versus current density, (c) power efficiency versus luminance. (d) EL spectra.

70

While an undoped zone on the HTL side reduced device EQE only slightly, the
one on the ETL side reduced the EQE more than 85% in the UM device. This clearly
illustrated that the recombination zone was primarily near the ETL side interface in the
UM device, resulting from the large difference in carrier mobilities for the EML hosts.
The extra spectral feature near 400 nm in device D (Figure 4.4 (d)) was from the
TCTA host and supported our interpretation that the recombination was localized near the
ETL. The higher EQE of the LGM device relative to the UM device was likely a result of
reduced quenching by anions in the TmPyPB (or leakage of triplets into the TmPyPB)
since removing the recombination region from the interface with the ETL seemed to be
paramount. Triplet-triplet annihilation was unlikely to be a meaningful contribution to the
reduction in efficiency since the effect was observed even at very low current density.
In order to see the effect of undoped regions on the efficiency of LGM and UM
host architectures, the second set of devices had a variable length of undoped region on
the electron transport side of the EML from 1nm to 5nm. While the EQEs of LGM
devices in Fig. 4.5 (a) decreased by around 3%, 22%, 57% for devices with 1nm, 3nm,
5nm undoped zones (relative to 0nm) at 1mA/cm2 respectively, the EQEs of UM devices
showed much larger decreases (42%, 76%, 85%) for the same thickness variation of the
undoped region. The more gradual decrease of UGH3 concentration (and increase of
TCTA) in the LGM structure on the ETL side resulted in a shift of the recombination
zone into the EML and reduced quenching near the interface. The effect of the LGM
architecture on the localized recombination near the interface was verified by using a
sensing layer, where the dopant FIrpic on the right side of EML (D and H in Fig. 4.2 (b))
was replaced with a red dopant Ir(piq)3 in the third device set (D, B, in Fig. 4.2 (c)).
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Figure 4.5. (a) External quantum efficiency versus current density of LGM devices (zero,
1nm, 3nm, 5nm non-doping zone respectively), (b) UM devices (zero, 1nm, 3nm, 5nm
non-doping zone respectively).

In Fig. 4.6 (a), the UM device (d) showed over 50% EQE drop at 1mA/cm2 with
red dopant substitution, whereas the LGM device (f) still maintained 73% of the EQE
after dopant substitution. The effect of LGM architecture on recombination zone was
more evident from the shift of EL spectra before and after dopant replacement in Fig. 4.6
(b). While the main peak of UM device (d) was from 624 nm with a small peak from
FIrpic (472 nm), reflecting main emission from the 5nm red-dopant zone, the LGM
device (f), however, showed a main peak from FIrpic-doped zone (25nm) with a minor
peak from the red dopant zone. This result clearly demonstrated that main recombination
in the LGM host was maintained in the FIrpic-doped region, that is, moved further from
the interface, whereas that of UM host was located in the red-dopant zone near the
interface. This recombination zone movement in the LGM host was mainly due to the
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improved charge balance inside the EML, especially easier electron injection from the
higher UGH3 concentration than that of UM host on the right side of the EML.

Figure 4.6 Third device set (A, B, C and D in Fig. 4.2 (c)). (a) External quantum
efficiency Vs current density, (b) Normalized EL spectra Vs wavelength.
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Finally, the linearly-graded and the step-graded host devices were fabricated with
UM device in the third device set (C, E and A) to investigate the effect of energy barriers
existing inside or on the edges of EML in the SGM or UM host. While there were still
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two abrupt energy barriers on both sides of UM host and small internal energy barriers in
the SGM host, they were ideally minimized in the LGM host architecture, and hence
leading to the improved charge transport and reduced quenching. As mentioned from the
EQE comparison between the UM and LGM device in Fig. 4.4 (b), Fig. 4.7 (a) also
showed higher efficiency of graded-host devices than UM device, indicating the effect of
the improved charge balance from the removal of abrupt energy barriers on both sides of
EML.

Figure 4.7. Third device set (A, C and E in Fig. 4.2). (a) External quantum efficiency

EQE (%)

Vs current density and (b) Power efficiency Vs luminance.
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The higher EQE of the LGM than that of SGM architecture, in particular, well
supported the effect of the suppressed quenching and improved charge transport from the
gradually-removed energy barrier inside the LGM host, while there still remained
potential quenching sites at the stepped interfaces in the SGM host. The same trend was
reproduced in the power efficiency-luminance characteristics in Fig. 4.7 (b). The peak
power efficiencies were 30.4 lm/W, 29 lm/W and 23.1 lm/W for the LGM, SGM and UM
devices respectively.

4.4. Summary
The effect of linearly-graded mixed host architecture in the emissive layer of blue
PhOLEDs was investigated by systematically studying various EML architectures. Based
on a mixed HTL and ETL host composition, where the hole mobility of HTL host is
much higher than that of electron mobility of ETL host, the recombination zone was
found to be localized near the ETL/EML interface in the emissive layer. This was
confirmed from the host emission in the EL spectra. Comparison between LGM and UM
host devices demonstrated that the EL efficiency of the linearly-graded host architecture
was improved due to a shift of the recombination zone further from the ETL/EML
interface such that luminescence quenching was reduced in the LGM architecture.. The
advantage of the removal of energy barriers inside of the EML was well proved from the
comparison between the LGM and SGM host architecture, where the EQE of LGM
device became higher due to the reduced quenching effect from the minimized interfaces
in the EML.
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Chapter 5

Summary, conclusions and future work
OLEDs with different host architectures in the emissive layer, such as bi-layer
hetero-junction, bulk hetero-junction and graded-junction, were studied and their effects
on the device efficiency were compared one another. Due to the limited function of the
conventional thermal deposition methods, it was not possible to realize the ideally
graded-junction device, nor was the comparison of its effect with the others. In order to
achieve a linearly-graded host architecture in the emissive layer, this research started
from the development of a new thermal deposition boat that would enable the graded-rate
control of the emissive host materials, as a prerequisite for the research.
A new thermal deposition boat, featuring indirect rate control and fast thermal
response, was developed through several design revisions. The concept of using an
additional side hole on the body of the boat made it possible to construct a very compact
and efficient evaporation chamber by solving the inter-source cross-talk issue. The slow
thermal response and unstable ratio of rates, which were the main hurdles in early designs,
were thoroughly investigated and attributed to the relation between the rate response and
the thermal mass of the body. The thermal mass of the boat was reduced and a heating
coil was placed inside the body so as to increase the heat transfer efficiency to the
material in the boat. The wall thickness of the boat was slimmed and the material of the
body was changed from metal to a thin glass tube in order to reduce the flow resistance of
materials from the side hole, which determines the stability of ratio of the rates. The new
side control boat, optimized from these studies, shows a stable rate ratio and very fast
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thermal response, enabling real-time linearly graded rate control and leading to the
construction of a compact evaporation chamber.
Due to the advantageous features of the new boat, a linear rate control of host
materials was realized by the application of multiple sub-rates to the control
programming with an acceptable range of rate fluctuation.
Several fluorescence and phosphorescence type OLED devices were fabricated
with the LGM host architecture in the EML and compared with typical host architectures.
Fabrication of the NPB-Alq3 based fluorescent device using the new boat design
reproduced a higher efficiency from the LGM host architecture (as previously shown in
the literature) and confirmed the improved charge balance effect in the EML compared to
the UM host device. A new LGM architecture was also applied to a blue phosphorescent
device, where the hole mobility of HTM host was much higher than that of electron
mobility of ETM host, and showed improved device efficiency over the UM host device,
as was shown from fluorescent OLEDs. The difference in the carrier mobility of each
host localized the main recombination zone near the ETL side of the uniformly-mixed
EML, while the recombination zone was moved away from the ETL side interface when
LGM architecture was applied. This recombination zone shift was confirmed through the
use of an additional sensing layer in the EML and its spectra shift from blue to red by the
sensing layer. The higher EQE of LGM device compared to that of the UM device clearly
demonstrated that LGM host device experienced less quenching near the ETL side
interface by the recombination zone shift in the EML. Comparing the LGM and SGM
devices, the advantage of eliminating sharp energy barriers in the LGM device was
represented by an efficiency improvement over the SGM device, implying reduced
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luminance quenching and material degradation from the accumulated charges at the
internal residual interfaces present in UM or SGM devices. .
On the basis of these results, the linearly-graded mixed host architecture in the
EML has been proven to be a significant factor in affecting the charge balance and
luminance quenching near the interfaces. Additionally, considering the effect on the
reduced quenching near the interfaces, LGM architecture is expected to improve device
lifetime, regardless of the mobility difference of host materials.
The effect of the LGM architecture, especially on the efficiency improvements
for blue PhOLEDs reported in this study, opens the door for future research aimed at
further improving OLED performances. Other phosphorescent host materials, including
those of red, green and white OLED devices, can be incorporated into the LGM
architecture and their effect on the device life time and material degradation can be
studied. With respect to controlling the recombination zone shift in different mixed-host
combinations, it may be necessary to change the mixing ratio of the host materials by
modifying the slope of each deposition rate. Depending on the thermal response of
materials, that is, the molecular weight and its volume, it is also required to adjust the
process condition and to tune the thermal response of the boat.
In parallel with these experimental approaches to the understanding of the effect
of the graded-junction architecture on the device performance, theoretical simulation and
modeling are needed to gain a more quantitative understanding of the effect of the LGM
architecture. Several critical experimental results from this work, such as the width
distribution of recombination zone and its shift with respect to material composition as
well as the reduction of luminance quenching near the interfaces could be more
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systematically explained with theoretical modeling, provided the material parameters
such as the carrier mobilities and interfacial energy barrier offsets are known.
The boat design is another important factor in determining the overall control of
the deposition process as well as the precise material composition of the device
architecture. The current boat design is suitable for vapor deposition on small substrates.
It will need to be further modified for fabrication of OLED devices on large substrates in
terms of boat capacity and the flexibility of fabricating various OLED layer architectures,
such as the LGM.

