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Chapter 1

Introduction



1-1. Research background
1-1-1. Organic light-emitting diodes

Organic light-emitting diodes (OLEDs) have attracted wide interests as next-generation
displays and lighting devices. Since OLEDs based on a multilayered structure having a hole transport
and a fluorescent organic emitter were reported by C. W. Tang et al. [1], OLED performance has been
rapidly improved. However, internal quantum efficiency of classic fluorescent OLEDs is limited at
25% because radiative singlet excitons and non-radiative triplet excitons are formed in a 1:3 ratio after
the recombination of electrons and holes injected from electrodes. To overcome this 25% limit, room-
temperature phosphorescent emitters, such as iridium complexes, were developed [2]. With the
phosphorescent emitters, internal quantum efficiency could be increased to ~100% because of the
efficient intersystem crossing from the singlets to the triplets and the highly efficient phosphorescence
from the triplets. In 2012, our group in Kyushu University discovered that thermally activated delayed
fluorescence (TADF) is promising for achieving an internal quantum efficiency of 100% [3]. TADF-
based organic emitters have a very small energy gap between the singlets and the triplets by carefully
designing their chemical structures, leading to the efficient reverse intersystem crossing from the non-
radiative triplets to the radiative singlets. Additionally, driving voltage and operational stability of
OLEDs have also been improved by developing new organic semiconductor materials, device
structures, and encapsulation technology. Thorough the comprehensive researches and developments
in last 30 years, OLEDs are how on the commercialization stage.

Many advantages of OLEDs derive from the unique characteristics of organic materials. One
is the flexibility of their chemical structures with different functionalities. This provides a wide range
of the material choice for OLED fabrication. For OLEDs, several elastic films of organic materials are
fabricated on a substrate, including a flexible plastic substrate, using simple vacuum deposition or
solution process, making it possible to obtain light and flexible devices at a lower cost.

In OLEDs, holes and electrons are injected from electrodes and, then, recombine to form
excitons for light emission. To carry holes and electrons efficiently, OLEDs are composed of several
stacked organic films, each of which has an ability of hole transport, emission, or electron transport.
Because these films are very thin, each with a thickness of tens of nanometers, uniform and pinhole-

free amorphous organic films are commonly used in OLEDs.



Typical strategies to improve OLED performance are a design of new organic materials which
have higher carrier mobility and more efficient luminescence and an optimization of device structures
considering energy levels of organics, a recombination zone, and light propagation paths. On the other
hand, it has been revealed that the structural control of amorphous films is also effective for enhancing
OLED performance [4-8]. An understanding of the relationship between amorphous film structures,
electrical properties, and OLED performance is very important for establishing fundamental science
and developing OLED industry. However, how film density affects OLED performance has not well
been studied while controlling molecular orientation is known to be a key to improve OLED
performances [4-7]. In this thesis, | performed a comprehensive study regarding both molecular
orientation and film density. In this chapter, | introduce amorphous structures of organic films, their
problems, and research backgrounds. Finally, | mention the research purpose and the outline of this

thesis.



1-1-2. Structure of organic films
Electrical and luminescence properties of amorphous films of organic materials are determined

by not only the nature of molecular structures but also their film structures. In other words, these
properties can be controlled even in the same materials. Basically, films of low-molecular-weight
organic materials are categorized into two types: polycrystalline films and amorphous films. Structural
models of polycrystalline and amorphous films fabricated using a vacuum deposition process are
shown in Fig. 1-1. Planar molecules have strong intermolecular interaction and tend to form
polycrystalline films. There are macroscopic voids between crystallites and other crystallites or a
substrate in polycrystalline films. On the other hand, bulky molecules having weak intermolecular
interaction are difficult to form a crystal phase, resulting in the formation of films with a disordered
amorphous state. In amorphous films, a number of microscopic voids (namely, free volume) exist.
These voids in polycrystalline and amorphous films would affect the film density; the larger amount
of voids makes their film density low and causes the following problems:

(1) Voids work as carrier traps and energy barriers and, therefore, lower the carrier transport through

films [9-11].

(2) Voids work as penetration paths for water and oxygen molecules and, therefore, lower the

electrical and structural stability of films in air [12,13].
If these problems can be solved by removing voids from films through the optimization of vacuum

deposition conditions, the electrical properties and stability of organic films would be enhanced.

(a) Polycrystalline films (b) Amorphous films

4=~ Crystallite
/ /
{ /

\\I
A A

Substrate \ \

\ \
Macroscopic voids Microscopic voids (free volume)

Fig. 1-1. Structural models of (a) polycrystalline and (b) amorphous films of organic materials.



1-1-3. Structural control of polycrystalline films

As one method to remove macroscopic voids in polycrystalline films, in my master thesis, |
investigated the compression of organic films by applying high pressure using a cold isostatic pressing
(CIP) method [14,15]. After the compression, the thicknesses of polycrystalline metal-free
phthalocyanine (H2PC) films decreased by approximately 40%, indicating a removal of voids from
films and an increase in film density. Figure 1-2(a) exhibits current density (J)-voltage (V) curves of
as-deposited and CIP-treated H,PC films. Current densities were enhanced by three orders of
magnitude after the compression in a whole voltage range, corresponding to a 2000-fold enhancement
of hole mobilities. | found that this current enhancement was because of not only the rotation of
crystallites to a direction in which carrier transport is more favorable, but also an improvement of the
carrier conduction paths associated with a reduction of macroscopic voids. | carried out this CIP
treatment on a wide variety of organic films. The current enhancement ratio increased as the
compression ratio increased as shown in Fig. 1-2(b). All polycrystalline films were compressed by the
CIP treatment and, therefore, their current densities were enhanced. The current enhancement was
more significant when the compression ratio was higher. On the other hand, it was difficult to modulate
the densities of amorphous films and improve their current densities using this CIP treatment.

Although the compression was not effective for the amorphous films, the aforementioned
results proved that there was a clear relationship between the film densities and the current densities
of polycrystalline films. Therefore, it is probable that the electrical properties of amorphous films are

also improved if the film density can be increased using other methods.
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Fig. 1-2. (a) Current density (J)-voltage (V) curves of as-deposited (blue lines) and CIP-treated (red
lines) H2PC films and (b) relationship between the ratios of current densities J/Jo (current enhancement
ratio) and film thicknesses d/do (compression ratio) before and after the CIP treatment. The structure
of the devices was glass substrate/indium tin oxide (ITO)/organic layer/Al. These results were taken

from my master thesis.



1-1-4. Structural control of amorphous films

Amorphous is a quasi-stable state as a result of kinetic relaxation of molecules. Although
amorphous structures do not have a long-range ordering, it is misunderstanding that molecules are
always random in amorphous systems. Since Lin et al. reported an optical anisotropy in vacuum-
deposited amorphous organic films [16], many researchers started investigating the structures of
amorphous films and developing methods to control amorphous structures.

Yokoyama et al. found that a variety of amorphous films of typical organic semiconductor
materials showed optical anisotropy [17]. This anisotropy can be controlled by substrate temperature
during vacuum deposition [18]. Because spin-coated films of organic materials are isotropic, this
phenomenon is specific to a vacuum deposition process [19]. It was also confirmed that vacuum-
deposited films exhibited higher thermal stability and density than spin-coated films and that these
characteristics disappeared after annealing over the glass transition temperature of organic films [19].
Ediger et al. and several researchers also revealed a detailed film formation mechanism during vacuum
deposition and named the vacuum-deposited amorphous films with high thermal stability, density, and
anisotropy as “stable glasses” in contrast to “ordinary glasses” fabricated by liquid cooling or spin-
coating [20-24].

The key to obtain the stable glass films is a kinetics of molecules, namely, how each organic
molecule moves and stops (stabilizes) on a film surface during film formation. The relationship
between the kinetics of molecules and the final amorphous structure is summarized in Fig. 1-3. Note
that the molecular orientation shown in the figure is valid for long-stick-shaped molecules. During
vacuum deposition, molecules which reach the film surface do not stop immediately and move around
until molecules find a stable position or are buried by next-coming molecules. This process sometimes
looks like a famous video game “Tetris.” The motion of molecules can be understood considering a
kinetic energy of molecules and explained by an energy landscape. Molecules can test many
configurations and positions on the film surface, and each condition corresponds to a certain free
energy. Although the number of states which molecules can take is very large because of the bulky
and flexible molecular structures, the stable state with better packing (large enthalpic gain) is quite
limited. Therefore, the energy landscape in Fig. 1-3 has many energetic valleys, but most of them are

shallow. Because the structures of as-deposited amorphous films are the result of repeated relaxations,
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the kinetics of molecules dominates the final film structure. There are three patterns of the relaxation

processes concerning the kinetic energy of molecules, as summarized below. A substrate temperature

(Tsup) during vacuum deposition can be used to control the Kinetic energy. The conditions of Tsu

corresponding to these three patterns are also appended in the figure. The glass transition temperature

(Ty) of ordinary glasses is typically used as a reference temperature because the glass transition reflects

the relationship between a local molecular motion and a temperature.

Free energy of molecule

Horizontal
ili Random
Low stability o
Low density Low stability

Low density

\/1\%_.

Horizontal (3) Kinetic energy: too large

0.9 T, < T,y

(1) Kinetic energy: too small
T <0.75T,

o ) Random
(2) Kinetic energy: suitable High stability
0.75T,<T,,<0.9T, High density

Fig. 1-3. Energy landscape, molecular kinetics, and structural models of vacuum-deposited amorphous

films of long-stick-shaped molecules.

(1) Too small kinetic energy (Tsu» < 0.75 T):

Kinetic energy of molecules is not sufficient and the number of states which molecules can test
is limited, so that most of molecules cannot find a deep valley position and stop in a shallow one.
The molecules have small enthalpic gain and inferior packing, resulting in low thermal stability
and low density of amorphous films. Basically, the molecules orientate horizontally on the film

surface to obtain enthalpic gain at the moment of landing.

(2) Suitable kinetic energy (0.75 Tq < Tsub < 0.9 Ty):

Kinetic energy of molecules is sufficient and molecules can test many states, so that molecules

can stop in a deep valley position with a high probability. Therefore, the molecules obtain large
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enthalpic gain and better packing, resulting in the formation of films with high thermal stability
and high density. It is difficult for the molecules to maintain a horizontal orientation after a long-
range migration. Thus, the molecules in amorphous films become random.
(3) Too large kinetic energy (0.9 Tg < Tsub):

Although molecules once find a stable position, they are released from there due to the excess
kinetic energy and continue migration until molecules are buried by next-coming molecules. The
molecules lack enthalpic gain and packing. This leads to low thermal stability and density of
films. In this case, molecular orientation in amorphous films is slightly vertical relative to the
substrate as a result of collisions of molecules and gradually approaches to no orientational order

as Tsup increases to T,

It is known that the Kkinetic energy of molecules can be controlled by deposition conditions,
such as Tsub and deposition rate. In this thesis, | mainly changed Tsyb to fabricate films with different
amorphous structures as a simple and most effective method. The range of Tsp used in this study
corresponded to the three relaxation patterns as | mentioned earlier. The thermal stability and film
density are known to exhibit the highest value around 0.75 Tg < Tsus < 0.9 Ty [case (2) in Fig. 1-3].
Molecules near the film surface are easier to move than those in the bulk. The T, of the film surface is
typically smaller than that of the film interior [25,26]. It is conceivable that Tsu, which can provide the
maximum thermal stability and film density corresponds to the Tq of the film surface.

While the mechanism of the amorphous film formation has been clarified to some extent, there
are several studies regarding the effect of amorphous structures on the basic electrical properties and
OLED performance. It has been reported that horizontal orientation of long-stick-shaped molecules
on a substrate increases the transfer integral between adjacent molecules and, therefore, enhances
carrier mobility in the substrate-normal direction [18]. Horizontal orientation of transition dipole
moments of emitting molecules can increase light outcoupling efficiency [4]. The importance of
controlling molecular orientation was experimentally confirmed in actual OLED structures [5-7]. In
contrast, detailed study on how film density affects the electrical and photoluminescence (PL)

properties and OLED performance has been lacked to date although enhanced photostability [27,28]
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and improved external quantum efficiency and operational stability [8] with high-density amorphous
films were reported.

Furthermore, vacuum-deposited amorphous films of organic molecules with large permanent
dipole moment have strong polarization due to the anisotropic molecular orientation. This
phenomenon is known as spontaneous orientation polarization (SOP) [29,30]. The SOP formation
mechanism and the relationship to OLED performance have been investigated by comparing the
degree of SOP in films of various materials with different molecular shapes and permanent dipole
moments. If the SOP of single-material films can be controlled, a further discussion on the SOP

formation mechanism and its influence on OLED performance would be possible.
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1-2. Research purpose and outline

The main concept of this thesis is summarized in Fig. 1-4. Density and molecular orientation
of amorphous films are controlled using Tsu, during vacuum deposition to resolve the aforementioned
problems and maximize the functionalities of organic materials. By increasing film density, | aim at
improving the carrier conduction paths and suppressing the absorption of water and oxygen molecules
into films, leading to the enhanced electrical properties and air stability. Formation of a thermally
stable amorphous structure would result in the reduced crystallization and reorientation of molecules
and the suppression of the film degradation during continuous operation. If OLEDs with extremely
high air stability can be realized, the encapsulation widely used to protect devices from water and
oxygen in air is no longer necessary, making a device fabrication cost lower. Furthermore, by tuning
molecular orientation, not only the improvement of the light propagation paths but also the control of
SOP in devices are expected. Through these studies, | aim at clarifying the detailed relationship
between comprehensive amorphous structures (especially film density), fundamental electrical

properties, and OLED performance, which is the originality of this thesis.

Optimized amorphous films

Typical amorphous films Carrier conduction path
Light propagation
@ @ Water/oxygen & ppartJhg
’ « absorption
® {® yon © 8
L & \\ & ‘\,/ . >
W e «ow-.g P 5, &
4 » % \} € Thermal ' Orientation :
" II’ < 5 stability polarization »
L& v’ d =-=we Y
6-
Substrate

Fig. 1-4. Structural models of typical and optimized amorphous films of organic materials.
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I briefly explain the outline of this thesis. In Chapter 2, | discussed the structure and electrical
properties of amorphous films of a typical hole-transporting material, N,N'-di(1-naphthyl)-N,N'-
diphenyl-(1,1-biphenyl)-4,4'-diamine (a-NPD), controlled by Tsw during vacuum deposition. In
Chapter 3, | evaluated carrier traps in a-NPD films using a thermally stimulated current method to
clarify the origins of the current enhancement in the high-density films. In Chapter 4, | investigated
the structure and PL properties of amorphous films of a typical electron-transporting and emitting
material, tris(8-hydroxyquinolinato)aluminum (Algs), controlled by Tsw and deposition rates. In
Chapter 5, | fabricated OLEDs with a-NPD and Algs layers having different amorphous structures to
prove how SOP induced by the molecular orientation affects OLED performance. In Chapter 6, |

summarized main results of this thesis and mentioned future perspectives.
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Chapter 2

Enhanced electrical properties and air stability of amorphous

organic thin films by engineering film density

Y. Esaki, T. Komino, T. Matsushima, and C. Adachi
The Journal of Physical Chemistry Letters 8, 5891-5897 (2017).
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2-1. Introduction

Amorphous films composing OLEDs include microscopic voids originating from inefficient
molecular packing. The presence of these voids are known to strongly limit charge-carrier injection
and transport [1-3] and allow oxygen and water molecules to penetrate into organic films, causing the
current-voltage properties and air stability of organic devices to deteriorate [4—6]. Some researchers
have suggested that increasing the density of amorphous organic films results in lower moisture
penetration [7,8]. In this thesis, | focus my attention on controlling Tsy, during vacuum deposition of
amorphous organic films to decrease the voids in films and increase the film density. If highly
densified amorphous films can be obtained by controlling Tsuw, these films should display enhanced
electrical properties and air stability. In this chapter, | comprehensively investigate the influence of
Tsuo ON the film density, molecular orientation, electrical properties, and air stability of amorphous o-
NPD films. I reveal that an increase of film density achieved by controlling Tsu, Simultaneously leads
to enhanced electrical properties and air stability. Although Tsu, also controls the molecular orientation,
molecular orientation has less influence than density on electrical properties and air stability of the a-

NPD films.
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2-2. Results and discussion
2-2-1. Film structure analysis

I used a-NPD purchased from Nippon Steel & Sumikin Chemical to fabricate films and devices
because it is widely known to form amorphous films by vacuum deposition [9]. The chemical structure
of a-NPD is shown in the inset of Fig. 2-4(a). For the measurements of density and molecular
orientation, a-NPD films with a thickness of approximately 100 nm were vacuum-deposited on Si
substrates kept at various Tsu ranging from 212 to 342 K. The Si substrates were pre-cleaned by
ultrasonication in acetone, detergent, pure water, and isopropanol, followed by UV/O; treatment. Tsup
was calibrated with an alumel/chromel thermocouple attached to the substrate surface beforehand. The
pressure and deposition rate during the vacuum deposition of a-NPD were of the order of 10 Pa and
0.13 £ 0.03 nm/s, respectively. a-NPD films obtained at this Tsu, range were in the amorphous state
and had very smooth surfaces without pinholes. In contrast, a-NPD films fabricated at Tsyp = 200 K
were opaque and had large surface roughness. | speculate that water molecules condensed in the films
during a-NPD deposition at this Tsy, and then evaporated from films when Tsu, was increased to room
temperature after the deposition, which may result in the rough surface.

Variable angle spectroscopic ellipsometry (VASE; M-2000, J. A. Woollam) was performed on
the vacuum-deposited a-NPD films on Si substrates to evaluate their molecular orientation, refractive
index n, extinction coefficient k, and film thickness d. In the VASE measurements, the incident light
angle ranging from 45° to 75° with a step of 5° and the spectral range was 245-1000 nm. As | discuss
later, the molecular orientation evaluated by VASE changed markedly depending on Tsu,
corresponding to a change of the transition dipole orientation of a-NPD molecules in the films. The
transition dipole moment of a-NPD is known to be parallel to its long molecular axis [10]. The n and
k spectra of organic semiconductor films are known to show anisotropy between the directions parallel
and perpendicular to the substrate plane because of the orientation of molecules, even in amorphous
films [10-17]. Experimentally obtained ¥ and 4 curves were analyzed with an optical model
considering uniaxial anisotropy based on an ordinary glass of a-NPD. The model was composed of
Gaussian-type and Tauc-Lorentz-type oscillators to simultaneously obtain d values and spectra of n
and k in each axis. The oscillator model parameters are shown in Table 2-1 and 2-2. Several examples

of fitting results are presented in Fig. 2-1.
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Table 2-1. Oscillator model parameters (Gaussian).

Oscillator type Amplitude Energy (eV) Breadth (eV)
Gaussian 1.0859 3.5807 0.53957
Gaussian 0.5599 4.444 0.84802
Gaussian 1.8865 5.6488 0.83336

Table 2-2. Oscillator model parameters (Tauc—Lorentz).
Oscillator type Amplitude Energy (eV) C (eV) Gap energy (eV)
Tauc-Lorentz 42.477 3.134 0.39286 2.944
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The accuracy of my optical model was confirmed by comparing the mean-squared error (MSE).
Figure 2-2 shows MSE values for a-NPD films vacuum-deposited at a Tsu, 0f 212 K. The MSE showed
the lowest value at a d of 88.474 nm. | chose this value as the real a-NPD thickness. When | increased
or decreased the thickness parameter by 0.1 nm, the MSE value clearly rose as shown in this figure.

This result indicates that a small change of film thickness can be detected by my optical model.
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Fig. 2-2. Plot of MSE values as a function of film thickness for an a-NPD film vacuum-deposited at
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The molecular orientation in each a-NPD film was then evaluated by calculating the
orientation order parameter (S), which is defined as [14,16]:

_ 3(C052 HTDM)_l _ kZ_kx
- 2 T ky+2ky

S

(2-1)

where @rpwm is the orientation degree of transition dipole moment of the molecules to the substrate-
normal direction and kx and k. are the extinction coefficients in the directions parallel and
perpendicular to the substrate plane, respectively.

For the measurement of relative film density (ore1), a-NPD films were annealed under vacuum
(< 1.0 x 1072 Pa) for 30 min at 381 K after the first VASE measurements, and then cooled to room
temperature at a certain rate. This annealing temperature was higher by about 20 K than the glass
transition temperature of a bulk a-NPD film (T, buk = 362 K) [11]. The thermal annealing is known to
result in the formation of randomized molecular films with a certain density (ordinary glasses), the
value of which is generally lower than that of as-deposited films, as reported previously [10,11,17].
Thus, the annealed films can be used as references to compare the density of the as-deposited films.
The annealed films were measured using VASE again. VASE after the annealing evidently indicated
the randomization of a-NPD molecules accompanied with the change of optical parameters n and k
and a slight increase of d in the annealed films compared with that before annealing. It should be noted
that no obvious crystallization was observed in all films after the annealing. Assuming that the film
area and the material weight on a substrate are unchanged before and after annealing, prel Values are

given by,

dannea e
Prep = et (2-2)

1
das—deposited

where dannealed aNd Jas-deposited are the thicknesses of the annealed and as-deposited films, respectively.
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Figure 2-3(a—d) display the n and k spectra of a-NPD films vacuum-deposited at Tsup = 212,
256, 299, and 342 K. While ny and kx were similar to n, and k; for films vacuum-deposited at Tsu =
342 K, anisotropy of both n and k began to appear and became larger at low Tsu. The large anisotropy
of the n and k spectra can be attributed to the anisotropy of the molecular orientation of a-NPD [10—

17].
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Fig. 2-3. Refractive index n and extinction coefficient k spectra of representative a-NPD films
vacuum-deposited on substrates kept at different substrate temperatures (Tsu) of (a) 212, (b) 256, (c)

299, and (d) 342 K.

26



The S values estimated from the spectra at a wavelength of 344 nm using Eq. (2-1) are plotted

as a function of Tsy in Fig. 2-4(a). Molecules (transition dipole moments) are vertically oriented,

random, and horizontally oriented at S values of 1, 0, and —0.5, respectively. Therefore, the S value of

nearly 0 for films vacuum-deposited at Tsu, = 342 K indicates the randomization of a-NPD molecules.

The S value decreased as Tsup Was lowered, indicating a gradual change from random to horizontal

orientation of a-NPD molecules. Below Tsp ~250 K, the S values became almost constant. Similar

Tsu-dependent orientations have been observed for other organic films [11-13].

The prel values at each Tsu, which were calculated from the change of d with Eq. (2-2), are

plotted against Tsu, in Fig. 2-4(b). | found that prel was a convex function of Ty, and that the maximum

prel Was between 270 and 300 K (0.75-0.83 Tg, bui), Which is close to a previous report [11].
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Fig. 2-4. Plots of (a) orientation order parameter S and (b) relative density prei as a function of substrate

temperature (Tsup) during vacuum deposition. The chemical structure of a-NPD is shown in the inset

of (a).
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To check the accuracy of the analysis, pr values were compared to those estimated from n of

a-NPD films using the generalized Lorentz—Lorenz equation [11,17]:

(n?)-1 4mWNja
iz = ?ML;V/) « p (2-3) and

(n2) =2 (o

where Na is the Avogadro constant, My is the molecular weight (588.74 g/mol for a-NPD), and « is
the molecular polarizability. Figure 2-5 shows plots of pre values estimated from the change of d
values and n values at a wavelength of 600 nm, where the films have no absorption, as a function of

Tsub. The prei-Tsub plot estimated from n was found to be similar to that estimated from d.
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Fig. 2-5. Plots of prel estimated from the film thicknesses d (red) and refractive indexes n (black) of a-

NPD films as a function of Tsuw. The red plot was taken from Fig. 2-4(b).

At low Tsub, the kinetic mobility of a-NPD molecules at a substrate surface is low, so molecules
can move only a short distance and have a difficulty of finding an energetically stable position, leading
to smaller prer. In contrast, at high Tsu, molecules have a sufficient kinetic mobility (a long enough
molecular movement distance) to reach a more stable position, which provides better molecular
packing, thereby resulting in higher pri. When Tsu, was higher than about 0.8 Tg, bui, prel decreased
again. This would be because the excess kinetic mobility makes it difficult to keep molecules at a

stable position. Thus, to obtain the highest pr, a substrate needs to be kept at about 0.8 Ty, buk during

the vacuum deposition of a-NPD films.

28



Here | discuss an increase of Tsyp, during vacuum deposition. It was reported that the radiant
heat from a heated evaporation source does not affect the film morphology when the source
temperature during vacuum deposition of a-NPD is around 570 K [18]. The deposited molecules
orientate horizontally to obtain an enthalpic gain at the moment of landing, meaning that such a heating
effect is sufficiently small not to destruct the film structure and randomize the horizontal orientation.
Although there is a possibility that this sort of heating effect increases the actual Tsu slightly, its effect
on the film structure is assumed to be small. In fact, the Tsu is known to be increased by 1-2 °C from

room temperature when a-NPD is vacuum-deposited using a similar deposition system [19].
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2-2-2. Electrical properties

I now examine how Tgp affects the electrical properties and air stability of a-NPD films
considering the variations of S and prei. For this purpose, hole-only devices (HODs) containing an a-
NPD layer were fabricated. The structure of the HODs was glass substrate/indium tin oxide (ITO)
anode (100 nm)/a-NPD (about 350 nm)/MoOs (30 nm)/Au cathode (50 nm). First, glass substrates
coated with a 100-nm-thick ITO layer were cleaned using the method mentioned earlier. An a-NPD
layer with a thickness of about 350 nm was vacuum-deposited on substrates kept at various Tsu, under
the conditions mentioned earlier. After Ty, Was returned to room temperature, MoOs and Au layers
were vacuum-deposited on top of the a-NPD layer to complete the HODs. The active device area was
0.04 cm?. | used MoOs/Au as the cathode in the HODs because these layers are expected to be more
stable in air than the Al and MgAg cathodes commonly used in OLEDs. Use of MoO3 with high work
function suppressed electron injection in this structure [20,21]. Current density (J)-voltage (V)
properties of HODs were measured with a computer-controlled sourcemeter (2400, Keithley) in
nitrogen under the dark. | tried to precisely control the a-NPD film thickness at 350 nm using a quartz
crystal microbalance installed near a substrate in a vacuum chamber. However, actual thicknesses
showed a slight variation among films. Therefore, | used electric field E instead of V to allow better
comparison of the film parameters. Here, E was calculated by simply dividing V by the a-NPD film

thickness of each HOD measured using a profilometer (DEKTAK XT, Bruker).
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Figure 2-6(a) shows the J-E properties of the HODs. It was clear that the J-E properties were
strongly affected by Tsu. Below about 3.0 x 10* V/cm, | observed a bend in the J-E properties for the
HODs except for those with a-NPD layers fabricated at Tsyp = 314 and 328 K. | attributed this to an
increase of carrier trap density, which will be discussed in the next chapter. The J values at an E of 1.0
x 10° V/cm without the influence of the bend are plotted as a function of Ty, in Fig. 2-6(b). J changes
in a similar manner to that of pre in Fig. 2-4(b). Tsu, Where the maximum J was obtained was 260-290
K (0.72-0.80 Tg, bui), which is not far from the results for prel [270-300 K (0.75-0.83 Tg, buik)]- A higher
prel indicates decreased intermolecular distance because the a-NPD molecules are packed more closely,
which might be expected to enhance carrier transport in a film. In contrast, there was no clear
relationship between J and S, even though it has been reported that the horizontal orientation of
molecules on a substrate plane leads to enhanced carrier transport because of the better overlap of =
orbitals between neighboring molecules in a substrate-normal direction [14]. There is a possibility that
the density and orientation are different between films vacuum-deposited on ITO-coated glass
substrates and Si substrates even at the same Tsup because of different substrate surface roughness [14].
Also, the molecular orientation might be different between the film surface and interior, which can
change the energy level [22]. However, the substrate-dependent density and orientation and
orientation-dependent energy level did not appear to be major factors here because J was strongly
related to prel and not S. It should be noted that the prei and S values estimated by VASE here are the
average values of the whole films. From the above results, | conclude that, for a-NPD, the film density
has more influence on carrier transport than the molecular orientation does. Even though the prel
variation observed here is very small, just 1%—2%, the effect of prer On J is considerable, as can be

seen in Fig. 2-6(b).
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Fig. 2-6. (a) Representative current density (J)—electric field (E) properties of HODs with a-NPD
layers vacuum-deposited at different substrate temperatures (Tsu,) and (b) plot of J at E = 1.0 x 10°

V/cm versus Tsub.
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2-2-3. Carrier transport model analysis

To gain insight into the observed increase of J, the J-E properties were analyzed with an
injection-limited current (ILC) model, which can be given by [23-25]:

J = 4Nop*eEexp(—e¢p/kgT)exp(fO*)u(0)exp(yE®®),  (2-5)
where Np is the density of chargeable sites in an organic film, e is the elementary charge, @ is the
injection barrier height, kg is the Boltzmann constant, T is the temperature, (0) is the zero-field carrier
mobility, y is the Poole—Frenkel factor, f is the reduced electric field (f = e3E/4meye, kz°T?), eo is
the vacuum permittivity, & is the relative permittivity, and v is a function of f [y = f~1 + f~05 —
£ + 2£9%)05]. Here, No was assumed to be equal to the number density of a-NPD molecules in
the films and could be obtained by the following equation:

No = papsPretNa/Preiz00kMw,  (2-6)
where paps is the absolute density of the films deposited at Tsu = 300 K (1.19 + 0.01 g/cm?) [26], prel
is the relative film density, pre300k is the relative density of the films deposited at Tsup = 300 K. The
standard & value of 3.0 and T of 300 K were used for the calculation. The work function of ITO was
5.0 eV and the ionization energy of a-NPD was 5.4 eV, both of which were measured by photoelectron
yield spectroscopy (AC-3, RikenKeiki). Therefore, &g was estimated to be 0.4 eV. The HODs had a
built-in potential (Vsi), which is probably defined by the difference between the work functions of ITO
and MoOs; (5.0 and 5.9 eV, both measured by AC-3 spectroscopy). The electric fields of the HODs
were calibrated with a Vyi value of —0.9 V using the relation: Ecaibrated = (V — Vbi)/d. Fitting was
performed with x(0) and y as variables in the high voltage region, where the influence of the bend

seems negligible. The fitting results are shown in Fig. 2-7.
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Fig. 2-7. J-Ecalibrated properties of HODs with a-NPD layers vacuum-deposited at different substrate
temperatures (Tsup). Solid lines are the fitting results of the ILC model used to estimate x(0) and y

values.

Figure 2-8(a) and (b) show w«(0) and y for which the best fitting results were obtained,
respectively. The results revealed that the highest x(0) and lowest y appeared at 260-290 K (0.72-0.80
Tg, bulk), Nearly agreeing with the Tsu, values where the maximum pre; was observed [270-300 K (0.75-
0.83 Tg, bui)]- In films with higher density, the distribution of density of states (DOS) of molecules
might be expected to be narrower because of the location of molecules at stable positions. This
narrowing of DOS distribution can result in a lower barrier between neighboring states near the center
of the distribution. The changes of tail states and state-to-state barriers probably led to a decrease of
activation energy and enhanced rate of carrier hopping, which could be the origins of the increased

(0) and decreased .
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temperature (Tsu) during vacuum deposition. The x(0) and y values were obtained by fitting the J-E

properties in Fig. 2-6(a) with Eq. (2-5).
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2-2-4. Air stability

After the J-V measurements, the air stability of HODs was evaluated from the temporal change
of driving voltage under continuous current application at 0.1 mA/cm? in air (without encapsulation)
under the dark using an OLED lifetime measurement system (EAS-26B, System Engineers Co.). The
temperature and relative humidity during the stability measurements were around 24 °C and 50%,
respectively.

The temporal changes of driving voltage are exhibited in Fig. 2-9(a). To make it easier to
compare the temporal V changes among different HODs, the initial voltage (Vinitiar) at O h in Fig. 2-
9(a) was offset to 0 V by subtracting Vinitial from V. For most of the HODs, V—Vinitial Values increased
monotonically over time. HODs with a-NPD vacuum-deposited at the lowest Tsu, 0f 221 K showed a
unique behavior; ¥—Vinitial Values decreased during initial device operation and then began to increase
rapidly; the reason for this behavior is still unclear and needs to be investigated in future. To
guantitatively evaluate the air stability of the HODs from Fig. 2-9(a), slopes were calculated by
dividing the difference in V—Vinitial between 0 and 300 h by the elapsed time of 300 h; the results are
displayed in Fig. 2-9(b). In this figure, a smaller slope means higher air stability. The trend of air
stability was a concave function with the minimum value at Tsy of around 270-300 K (0.75-0.83 Tj,
bulk), consistent with the Tsy, where the maximum prer was observed [270-300 K (0.75-0.83 Tg, buik)]-
These results reveal that a-NPD films with higher prel have higher air stability, while S has no relation
to not only the electrical properties but also the air stability of the films. There is a possibility that S
changes during the stability measurements. However, such a change of S should not markedly affect
the stability results because carrier transport properties did not depend on S for a-NPD, as | discussed

earlier.

36



[¢)]

(a) < 221K 286K b)

(V)

inif
—r | rr 1t 1111

w

itial

N -~
L] L] Ll L] L
T T T T 7T T 1

V-V
Slope (x10° V/h)

N

200 250 300 350
Substrate temperature T_, (K)

Fig. 2-9. (a) Temporal changes of V for HODs with «-NPD layers vacuum-deposited at different Tsup.
HODs were operated at a fixed current density of 0.1 mA/cm? in air under the dark. The initial V at 0
h was offset to 0 V. (b) Slopes calculated by dividing the difference in V between 0 and 300 h by the

elapsed time (300 h).

An increase of V under continuous operation of organic HODs may be caused by several
factors, which include (1) degradation of metal electrodes [27], (2) decomposition of organic materials
via excited states [28], (3) crystallization of amorphous films [6], and (4) absorption of gas molecules
by films [4-8,29]. Factor (1) can be ruled out here because the ITO, Au, and MoOs layers should be
relatively stable in air and were used in all of the HODs discussed here. Also, factor (2) can be ignored
because no excited state is formed by carrier recombination in the fabricated HODs [28]. It is expected
that crystallization during device operation is likely suppressed for thermally stable films with high
density. Optical microscopy revealed no marked a-NPD crystallization for all the HODs after 300 h
of continuous operation. Thus, factor (3) is assumed not to be dominant. The factor (4) is a probable
reason for the observed increase in V over time because the inclusion of water and oxygen into organic
films accelerates degradation [4-6]. There are several reports describing film density being related to
absorption of gas molecules [7,8,29]. Results in some reports [7,8] indicated that densification of
organic films led to decreased water uptake, consistent with my present results. Conversely, water
uptake decreased when Tsu, Was above room temperature, where the film density is expected to be

lower, in another study [29]. Thus, how film density affects absorption of gas molecules (water uptake)
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by films is still unclear. Based on my present results, air stability is undoubtedly enhanced with
increasing film density. | speculate that the absorption of water and oxygen by the HODs operated in
air was suppressed in high-density a-NPD films, and therefore the air stability was improved. The

detailed roles of water and oxygen in the device degradation will be clarified in future.
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2-3. Conclusion

In this chapter, | investigated the influence of T during vacuum deposition of a-NPD films
on their molecular orientation, film density, electrical properties, and air stability. | found that the
electrical properties and air stability of the a-NPD films were most enhanced at Tsu Of around 0.8
Tgpuk. The reason for the enhanced electrical properties and air stability is mainly because of an
increase of the film density at this Tsus and not a change of the molecular orientation. However, the
aggregation-state change in the amorphous films, accompanied with the densification, is still unclear,
and needs to be deeply clarified from a fundamental viewpoint. It is conceivable that there is a uniform
decrease of intermolecular distance and that the spatial fluctuation of free volume in the films is
lowered. While horizontal orientation is known to be very important to enhance the light outcoupling
efficiency of OLEDs [30,31], it did not affect the electrical properties and air stability in this study. If
horizontal orientation and high density can be achieved in the same film by controlling the chemical
structures of organic materials and Tsup, during their vacuum deposition, OLEDs with simultaneous
higher external quantum efficiency, lower driving voltage, and higher air stability compared with

conventional ones will be realized.
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3-1. Introduction

As | discussed in Chapter 2, | found that the hole current and air stability of amorphous films
of a-NPD were the highest when Tsy, during vacuum deposition was about 275 K [1]. This enhanced
hole current was attributed to the decreased molecular distance and narrowing of DOS distribution in
higher-density films deposited at this Tsu. However, there was a possibility that other factors also
affected the electrical properties. In this chapter, I discuss the thermally stimulated currents (TSCs) of
a-NPD films deposited at various Tsy. TSC measurements have been used to estimate the density and
depth of carrier traps in inorganic, polymer, and small-molecule organic materials [2,3]. Analysis of
the TSC results reveals that hole traps exist in bulk films and are the shallowest when films are

deposited at the optimized Ty, of around 275 K.

3-2. Results and discussion
3-2-1. Current enhancement in high-density films

For measurements of electrical properties and TSCs, |1 first fabricated HODs with the same
structure used in Chapter 2. However, the obtained TSC signals were too noisy, probably due to small
leakage currents caused by diffusion of Au atoms into a-NPD. Therefore, | replaced the Au cathode
with Al for reliable TSC measurements. The new HOD structure was glass substrate/ITO anode (100
nm)/a-NPD (300 nm)/MoQs3 (30 nm)/Al cathode (50 nm). a-NPD was deposited on the substrate kept
at various Tsu ranging from 240 to 330 K to form a film with a thickness of 300 nm. After a-NPD
deposition, Tsyp Was returned to room temperature and then MoOs (30 nm) and Al cathode (50 nm)
layers were vacuum-deposited on the a-NPD layer. After the J-E properties were obtained, HODs
were encapsulated using a glass cap and UV curing epoxy resin in the nitrogen-filled glove box to
avoid degradation of the films in air during TSC measurements. The detailed conditions of the vacuum

deposition and the J-E measurement were the same as those in Chapter 2.

44



| first confirmed whether the current enhancement was correctly reproduced in the new HODs.

J-E properties of the new HODs fabricated with different Tsy, are shown in Fig. 3-1(a). J values taken

from these curves at an E of 5.0 x 104, 1.0 x 10°, and 1.5 x 10° VV/cm are plotted versus Tsu in Fig. 3-

1(b—d). At every E, J values strongly depended on Tsu, and were the highest at a Tsup of around 275 K

(~0.75 Tgpui), consistent with the result obtained in Chapter 2 [1].
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Fig. 3-1. (a) Representative current density (J)—electric field (E) curves of HODs fabricated at various

substrate temperatures (Tsub) during vacuum deposition. (b—d) Plots of J values at an E of (b) 5.0 x

104, (c) 1.0 x 105, and (d) 1.5 x 10° VV/cm as a function of Tsy for HODs fabricated at Tsu, = 246, 273,

299, and 328 K. The dashed lines are guides to the eye.
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3-2-2. Theory of thermally stimulated current originating from bulk traps [2-5]

Here a TSC measurement method is overviewed. The HOD is biased at low temperature to fill
hole traps with injected holes. After trap filling, the HOD is heated at a certain heating rate () under
a collecting voltage (V¢). The holes are released by thermal activation during heating. When trapped
holes exist in the bulk film, the same amount of negative charge is induced on the electrodes. The
released holes drift to the electrode(s) along the electric potential, resulting in the gradual change of
the amount of induced negative charge on each electrode, which is detected as a TSC. (See Fig. 3-5
for actual TSC curves.)

Figure 3-2(a) illustrates a dielectric film sandwiched with two electrodes denoted as electrode
1 and 2. The film thickness is d and hole traps are dispersed homogeneously throughout the film. The
horizontal axis shows the distance from electrode 1. The vertical axis is the electric potential. Trapped
holes form a concave-shaped potential with a minimum at position Xm, as described with Poisson’s

equation. The amounts of negative charge induced on electrode 1 (Q1) and 2 (Q-) are written as:

G =""0Qp (1) and

Q= %Qtot: (3-2)
where Xay is the average distance of the trapped holes and Qo is the total amount of induced charge on
electrodes, which is equal to the total amount of trapped charges (Q;o¢ = @1 + @5). Here, Xa/d is equal
to Q2/Quwt. When the temperature is increased, thermally activated holes drift along the electric
potential. As a result, the holes activated at 0 < x < xm move toward electrode 1 and the other holes
activated at xm < x < d drift toward electrode 2. These conditions are inappropriate to estimate carrier
trap density because positive and negative TSC signals coexist or cancel out each other (an example
is shown in Fig. 3-3). Application of higher V. is known to suppress this effect. Figure 3-2(b) shows
the electric potential under V¢ = Vs, Where the saturation voltage (Vsa) satisfies the following

relationship:

Q 1 ave
Vsar = ?2 = EXT Qtot (3-3)

where C is the capacitance of the dielectric film. Under this saturated condition, all the induced charge

on electrode 2 move toward electrode 1, meaning Q1 sat = —Qtot and Qz,sat = 0. Now, the electric potential

is @ monotonic slope (xm = d) and all of the thermally activated holes drift to electrode 1. After the
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drift of all of the trapped holes [Fig. 3-2(c)], the linear electric potential formed by Vsa is left, where
Q1 final = —%th = —Q2 and Q2final = % Qo = Q2. The detected TSC is a result of the move of
induced charge during the drift of activated holes, corresponding to Q: in this case. Conversely, when
the bias direction of V. is reversed and Vsa = —% = —%? Q:o: is applied, TSC corresponding to
Q1 is detected. Therefore, when the bulk traps exist in the dielectric film, one should measure TSC
curves at positive and negative V. and add up Q1 and Q2 to obtain Q. The coexistence of positive and

negative TSC signals at small V¢ is indicative of carrier traps in bulk films and not at the interfaces.
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Fig. 3-2. Schematics of electric potentials for an HOD during a TSC measurement. Trap-filled
conditions before the temperature increase at V¢ = (a) 0 V and (b) Vsa and (c) conditions after complete

carrier releasing by a temperature increase at V¢ = Vsat.
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3-2-3. Thermally stimulated current and its origin

TSC curves were measured using a dedicated measurement system (TS-FETT, Rigaku). An
HOD was connected to the system with gold wires and silver paste. The electrical bias where holes
were injected from ITO anode and extracted to Al cathode was termed “forward” bias. Here, the
forward and reverse bias corresponded to the negative and positive values of applied voltages,
respectively. The HOD was cooled with liquid nitrogen to 81 K and biased at a trap-filling voltage
(Vsin) for 30 s. To ensure sufficient trap filling, | used a Viin that induced a current flow of 1 mA/cm?
through the HOD at low temperature. Then, the temperature of the HOD was gradually increased
toward 170 K at a certain g using a heater under a negative or positive V. After this measurement, the
same measurement was carried out without trap filling (Vsin = 0 V). £ was fixed at 0.046+0.003 K/s
for TSC measurements with different V¢. Additionally, V¢ was fixed at 1.0 or —1.0 V (except for -1.4
V for the HOD fabricated at Tsu, = 246 K) for TSC measurements with different 5. Actual TSC curves
were obtained by simply subtracting a curve measured without trap filling from that measured with
trap filling. Because the subtraction was frequently unsuccessful in the high temperature region where
injected current exists, TSC curves in these regions were cut off. The 5 values were estimated from

the slope of a plot of temperature versus time for each measurement.
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When V. was small, the coexistence of positive and negative signals in a TSC profile was
observed as shown in Fig. 3-3, being consistent with the aforementioned theory that some of the
released holes drift to one electrode and other released holes drift to the opposite electrode along with
a concave-shaped electric potential. Thus, it can be concluded that the origin of the observed TSC is
hole traps in the bulk film rather than at the interfaces. Increasing V. is effective for obtaining an
electric potential with a monotonic slope, where all of the released holes drift to one electrode, leading
to the appearance of only positive or negative signals in TSC profiles. Figures 3-4 and 3-5 present
current and TSC curves measured with various V¢ for HODs fabricated at various Tsu. When V. was
—1.4 to —2.0 V [Fig. 3-5(a)], negative signals completely disappeared and only positive signals were
obtained, meaning that the applied V. was sufficiently large to move the released holes to one electrode.
Conversely, when V¢ was 0.8 to 1.4 V [Fig. 3-5(b)], positive signals completely disappeared and only
negative signals were obtained. A slight peak shift observed at high V. for both signals was because of
the lowering of the energy barrier, which is discussed later. Similar behavior was observed in TSC

curves of all HODs fabricated here [Fig. 3-5(c—h)].

0.2
T = 299 K Vi =49V
i d=397nm V,=-001V
01f B =0.089 K/s

]
100 120 140
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Fig. 3-3. ATSC curve of a representative HOD fabricated at Tsu, = 299 K measured with a small V.

of —0.01 V. This curve had a positive signal at ~90 K and negative signal at ~115 K.
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with and without trap filling, respectively.
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e, g) negative and (b, d, f, h) positive. These TSC curves were obtained from Fig. 3-4 by subtracting

the measurement result without trap filling from that with trap filling.
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3-2-4. Estimation of trap density

All TSC curves lacked signals below 85 K and over 115 K because 85 K was the lower limit
of temperature for my TSC system and current injection from an electrode was non-negligible above
115 K. To compensate the lack of signals, | fitted the TSC curves with a pseudo-Voigt function

considering asymmetry, which is written as [6-9]:

— Iy
Feo = aM— X0 ln(z)(4 (x—x0) )2 ! (3 4)
eGP e /1)

I r

where lo is the peak height, I" is the parameter for the peak width, Xo is the peak position, M is the
mixing ratio of Lorentzian and Gaussian functions, and o is the asymmetric parameter. All TSC curves

could be well fitted with this function. Representative fitting results are shown in Fig. 3-6.
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The amount of charge Q was calculated by dividing an area of a fitting curve by 4. | plotted Q
values as a function of V. for each HOD fabricated at various Tsu, [Fig. 3-7(a)]. Plots of Q versus
collecting field Ec are shown in Fig. 3-8. The positive Q1 and negative Q2 values in this figure were
obtained from TSC curves measured under negative and positive V., respectively. Qi and Q, were
independent of V. as shown in Fig. 3-7(a), indicating the saturated measurement conditions at these
V.. The sum of Q1 and Q2 is equal to the total amount of charges Qwt, Which corresponds to the amount
of trapped holes in the films. Calculated values of xa/d were about 0.5 for all HODs as shown in Fig.
3-9. This means that the hole traps homogeneously exist throughout the a-NPD films. The hole trap
density N: was calculated by:

N¢ = Qroc/e5d, (3-5)
where e is the elementary charge and S is the active device area. Figure 3-7(b) displays the relationship

between N; and Tsu. N: decreased monotonically as Tsu, increased.
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3-2-5. Estimation of trap depth
To estimate the hole trap depth d;, | used the following equation considering the relationship
between g and the temperature at a TSC peak Tm[3—5,10]:

de _ . (Tm® kg
m =1n (?) + ln(ﬁ y (3-6)

where kg is the Boltzmann constant and 7 is a constant. | measured TSC curves under the saturated V.
conditions with different 4 ranging from 0.04 to 0.16 K/s. The  dependence of current and TSC curves
for HODs fabricated with various Tsu is shown in Fig. 3-10 and 3-11. Ty, shifted to higher temperature

as S increased because of the delay of carrier releasing.
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Fig. 3-11. TSC curves of HODs fabricated at various Tsu, and measured with different heating rates
(A) and (a, c, e, g) negative and (b, d, f, h) positive collecting voltages (V). These TSC curves were
obtained from Fig. 3-10 by subtracting the measurement result without trap filling from that with trap

filling.
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I performed a linear fitting of In(Twm?/) versus 1/Tm plots to calculate d; (Fig. 3-12). These d;
values need to be calibrated to estimate the true trap depth because they include the influence of energy
barrier lowering induced by the external electric field formed by V.. The calibration was performed
considering the Poole—Frenkel effect. Assuming that a Coulomb potential is formed by the trapped

carriers, the barrier lowering 4@ induced by V. can be written as [11,12]:

_ e3E, }
AD = f—MSOsr, (3-7)
where E. is the collecting field (obtained by dividing V. by d), o is the permittivity in vacuum, and &

is the relative permittivity (3.0). The calibrated trap depth (d:ca) was obtained by adding the calculated

A to the experimentally determined trap depth (d:) (Table 3-1).
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Fig. 3-12. Plots of In (Tm?/B) versus 1/Tr, obtained from (a) positive and (b) negative TSC signals. The

plots are fitted with a least-square method (dashed lines).

Table 3-1. Summary of di, 4®, and dica values for HODs fabricated at various Tsyb.

Tsub (K) Ve (V) dt (V) AD (eV) dtcal (V)

-14 0.160 0.047 0.207

246
1.0 0.185 0.040 0.224
-1.0 0.123 0.041 0.164

273
1.0 0.123 0.041 0.164
-1.0 0.116 0.039 0.156

299
1.0 0.139 0.039 0.178
208 -1.0 0.195 0.040 0.235
1.0 0.165 0.040 0.205
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The calibrated trap depth (dica) is plotted against Tsu in Fig. 3-13. The dica Values showed a
concave-shaped trend against Tsu, with the minimum dica at a Tsu Of around 275 K (~0.75Tgpuik). |
performed photoelectron spectroscopy (AC-3, RIKEN KEIKI) to estimate ionization energies (hole
transport levels) of a-NPD films deposited at Tsu, = 246 and 299 K. Although these films have different

current densities and hole trap depths, the estimated ionization energies seem similar (Fig. 3-14).
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Fig. 3-13. Tsu dependence of calibrated trap depth dica estimated from positive and negative TSC

signals. The dashed line is a guide to the eye.
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Fig. 3-14. Plots of cubic root of photoelectron yield versus photon energy for a-NPD films deposited
on ITO at Tsy, = 246 and 299 K. The ionization energies estimated from the photoelectron onsets were

~5.5 eV for both films.
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3-2-6. Discussion

As reasons for the enhanced current density [Fig. 3-1], better carrier hopping between
neighboring molecules and narrowing of DOS distribution in higher-density films are possible as |
discussed in Chapter 2. Another reason could be the smaller hole trap depth shown in Fig. 3-13.
However, there is no clear interplay between the current density and the hole trap density [Fig. 3-7(b)].
Perhaps, the better carrier hopping and the smaller hole trap depth more strongly affect the current
density than the change of hole trap density does. Further, it is possible that there are other unknown
parameters which modulate the current density.

Many types of impurities exist in vacuum-deposited films, such as water, oxygen, and other
materials deposited previously in the vacuum chamber [13—16]. In addition, impurities generated by
thermal decomposition in a heated deposition source are included in vacuum-deposited films, and the
amount of impurities is assumed to be larger in films fabricated at lower Tsu,, Which will be discussed
in next Chapter 4 [17]. In contrast, vacuum-deposited amorphous films intrinsically contain molecular
disorder, which impedes carrier transport. Molecular disorder is likely minimized for a-NPD films
deposited at a Tsu, of around 275 K because they have the highest film density and thermal stability
with better molecular packing [1]. Impurities and molecular disorder are expected to behave as hole
traps in a-NPD films discussed here. However, the true origin of the hole traps is still unclear and

should be investigated in future.

3-3. Conclusion

In summary, to investigate the reason why the maximum hole current was obtained when a-
NPD films were vacuum-deposited at a Tsu, 0f around 275 K, hole traps were estimated by analyzing
TSCs. The obtained TSC results indicated the homogeneous distribution of hole traps in bulk a-NPD
films. While the trap density decreased monotonically as Tsu increased, the trap depth displayed a
concave-shaped trend, with the minimum value at a Tsu, 0f around 275 K. The hole current was higher
at Tsup Where the trap depth was shallower. In Chapter 2, | attributed the current enhancement to the
decreased molecular distance and narrowing of DOS distribution in high-density a-NPD films [1]. In
this chapter, | found that the change of the carrier traps by Tsub is an additional possible origin of the

current enhancement.
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Chapter 4

Dependence of the amorphous structures and photoluminescence

properties of Algs films on vacuum deposition conditions

Y. Esaki, T. Matsushima, and C. Adachi
Organic Electronics 67, 237-241 (2019).

65



4-1. Introduction

In Chapters 2 and 3, | found that both carrier transport and air stability were enhanced in the
high-density amorphous films of a-NPD obtained by optimizing Tsw [1,2]. To fabricate high-
performance OLEDs using highly stable vacuum-deposited films, it is important to investigate how
deposition conditions affect the PL properties of films. In this chapter, | focus on Algs, a famous
emitting material used in OLEDs. | control Tsy, and deposition rates during vacuum deposition of Algs
films and then investigate their amorphous structures and PL properties in detail, especially focusing
on an effect of inclusion of impurities into Algs films. It is revealed that a lower Tsw and higher
deposition rate accelerate PL quenching in Algs films. Although there is no clear relationship between
amorphous structures (molecular orientation and density) and PL properties, inclusion of impurities in
Algs films is probably related to the observed PL quenching. Impurities in organic films are known to
act as PL quencher and accelerate degradation of OLEDs [3-6]. These results highlight the importance

of managing impurities in organic films to obtain high-performance organic devices.
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4-2. Experimental

Highly pure Algs (sublimation grade, Nippon Steel & Sumikin Chemical) was used for film
fabrication. The purity of the Algs powder estimated using elemental analysis based on the amount of
carbon was 99.7%. Thermal analysis of Algs powder at 1 atm and 1 Pa by thermogravimetry—
differential thermal analysis did not reveal a clear Tg. Algs films with a thickness of approximately
100 nm were vacuum-deposited on clean Si and fused silica substrates under a pressure of (2.0£0.5)
x 1074 Pa. An alumina crucible (C-1, Nilaco) was used as an evaporation source for Algs and was
carefully cleaned by ultrasonication in chloroform and dried under vacuum before every Algs
deposition. First, | used Tsup ranging from 200 to 400 K and a constant deposition rate of 0.1 nm/s to
prepare Algs films. Next, | used deposition rates ranging from 0.01 to 1 nm/s and a constant Tsy, of
299 K. The deposition rates and thicknesses of Algs films were monitored with a quartz crystal
microbalance.

Variable angle spectroscopic ellipsometry was carried out on Algs films deposited on Si
substrates to analyze amorphous structures. The detailed measurement methods and fitting procedure
were already explained in Chapter 2. The oscillator model parameters shown in Table 4-1 and 4-2

were used for the fitting. Several examples of fitting results are presented in Fig. 4-1.

Table 4-1. Oscillator model parameters (Gaussian).

Oscillator type Amplitude Energy (eV) Breadth (eV)
Gaussian 0.064851 3.8458 0.3598
Gaussian 1.3342 4.5438 0.17219
Gaussian 1.902 4.6727 0.3182
Gaussian 1.1415 5.0112 1.0954

Table 4-2. Oscillator model parameters (Tauc—Lorentz).

Oscillator type Amplitude Energy (eV) C (eV) Gap energy (eV)
Tauc—Lorentz 10.472 2.9848 0.53424 2.5389
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different Tsu. The experimental data (blue solid lines) was successfully fitted with the model (red

dashed lines).

68



Spectra of refractive index n and extinction coefficient k, and film thickness d were obtained
from the fitting. The orientation order parameter S was calculated using Eq. (2-1) with k values at a
wavelength of 268.54 nm, which corresponds to the z-z* transition of Algs. The molecular orientation
discussed here indicates the orientation of the transition dipole moment of Algs. A solution method
was used to precisely estimate a variation of Algs densities among films [7]. Specifically, a film
deposited on a Si substrate was dissolved in chloroform (20 mL, Wako Pure Chemical) and an
absorbance of the solution was measured with a spectrometer (LAMBDA 950, PerkinElmer). From
the absorbance at 260 nm and a calibration curve measured beforehand, the mass of the film was
obtained. The film volume was simply calculated by multiplying d and the film area. Film density p
was calculated by dividing the mass by the volume. The fluorescence quantum yield & and lifetime ¢
of Algs films deposited on quartz substrates were measured using Quantaurus-QY system (Hamamatsu
Photonics) under Ar flow with an excitation wavelength of 392 nm and Quantaurus-tau system
(Hamamatsu Photonics) in air with an excitation wavelength of 405 nm, respectively. To assess the
film degradation during the measurements, & and = were measured twice: for films fabricated with

lower to higher Tsy, (Or deposition rates) in order and then vice versa.
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4-3. Results and Discussion
4-3-1. Film structure analysis

Algs films deposited at every Tsu, and deposition rate were smooth and amorphous. Although
some tiny particles were observed on the surfaces of films deposited at a high deposition rate of 1
nm/s, VASE results were successfully fitted with the optical model. From the VASE results, n and k
spectra and d values of each film were estimated. Most films had different n and k spectra between the
directions parallel and perpendicular to the substrate, indicating anisotropic molecular orientation.

Representative n and k spectra are shown in Fig. 4-2.
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Fig. 4-2. Refractive index n and extinction coefficient k spectra of Algs films vacuum-deposited at a
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Algs films were annealed at various temperatures under vacuum to estimate T4 When
amorphous films experience a glass transition during annealing, the molecular orientation becomes
random [8,9]. However, crystallization occurred in all annealed Algs films, and the molecular
orientation of the annealed films could not be evaluated, indicating that Algs films have no detectable
To.

First, | evaluated S and p of Algs films fabricated at different Tsu and a constant deposition
rate of 0.1 nm/s [Fig. 4-3(a) and (b)]. S values depended on Tsu,; Algs films were anisotropic at Tsup <
320 K and Tsup > 320 K and random at a Tsy, of ~320 K. Tsuy dependence of molecular orientation has
been reported for amorphous films of rod- or disk-shaped molecules [8,10]. Figure 4-3(a) indicates
that molecular orientation can be controlled by Tsu, even for spherical Algs molecules.

Values of p also depended on Tsuw, With a maximum value at Tsw Of 320-340 K. The Tsu
dependence of p observed for the Algs films is similar to those of stable glasses of other organic
materials [1,8]. It has been reported that the highest p is obtained when Tsy, is 0.75-0.9 of Tg, pui of an
ordinary glass under vacuum [1,8]. Although the T4 of Algs films could not be detected, the Kinetic

mobility of Algs molecules is believed to depend on Tsup.
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4-3-2. Substrate-temperature dependence of photoluminescence properties

PL properties of Algs films deposited at different Tsu, were investigated. Plots of @ and r as a
function of Ty, are shown in Fig. 4-4(a) and (b), respectively. The obtained values of & and z for films
deposited at Tsup = 299 K were similar to those in a previous report [11]. The values measured in the
first and second scans overlapped with each other, indicating negligible film degradation during
measurements. Both @ and t decreased as Tsu, decreased. Next, the radiative decay rate constant k;

and the sum of other rate constants (knr + kisc + Kq) were calculated using following equations:

k=2, (@41

knp + kisc + kg =22 (4-2)

Here, knr, Kisc, and kq are the rate constants of non-radiative decay, intersystem crossing, and quenching,
respectively. Figure 4-4(c) and (d) present the Tsu, dependence of kr and knr + kisc + Kq, respectively.
While k; values were almost similar among films, kn + kisc + kg values clearly increased as Tsup
decreased. Values of k; seemed to depend slightly on Tsub; the reason for this is still unclear and under
investigation. Meanwhile, knr + kisc + Kq Values clearly increased as Tsu, decreased. Both S and p did
not have a clear relation to knr + kisc + Kq. If Tsup affects kar and kisc, Tsub may affect k. similarly to kn
and kisc because these rate constants are the intrinsic properties of Algs. However, the trend of kn +
kisc + Kq against Tsup was different from that of k;. This may mean that the contribution of ki and kisc
to kar + kisc + Kq is small and an increase of Kq is the reason for the observed increase of K + kisc + Kq
at low Tsub. PL quenching represented by an increased kq can be caused by the inclusion of impurities
that work as PL quenchers in Algs films.

Impurities included in vacuum-deposited films can originate from the source material used for
the vacuum deposition or the atmosphere in the vacuum chamber. When the source material contains
impurities, both the material and impurities may evaporate together from the heated evaporation
source. At low T, impurities are easily buried under Algs molecules because the kinetic mobility of
impurities is relatively small. On the other hand, at high Tsu, the Kinetic mobility of impurities is
enhanced, which results in a more frequent re-sublimation of impurities from films and a decrease of
impurity concentration. Even when a pure source material is used, impurities may be produced by

decomposition or side reactions of the heated source material. The impurities existing in the
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atmosphere of the vacuum chamber should also be considered. A longer fabrication time at lower
deposition rate gives more opportunities for impurities from the vacuum chamber atmosphere to be
included in films. Not only water and oxygen molecules but also materials previously used in the

vacuum chamber could behave as impurities [3-6].
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4-3-3. Deposition-rate dependence of photoluminescence properties

To gain insight into the origin(s) of impurities in the Algs films, | investigated the amorphous
structures and PL properties of Algs films fabricated using different deposition rates and a constant
Tsup 0 299 K. As shown in Fig. 4-5, changes of S and p for these films were very small compared with
those of films fabricated using different Tsyp (Fig. 4-3), indicating that deposition rate has less influence

than Tsu, on the amorphous structures.
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Fig. 4-5. Dependence of (a) orientation order parameter S and (b) density p of Algs films on deposition

rate.

Conversely, both @ and z clearly decreased monotonically as deposition rate increased [Fig. 4-
6(a) and (b)]. Values of k; and knr + kisc + kq Of each film were calculated and are shown in Fig. 4-6(c)
and (d), respectively. Although it was difficult to see a correlation between k; and deposition rate, kn
+ kisc + Kq unquestionably increased at high deposition rates. As | discussed earlier, the change of ky
+ kisc + kq may be attributed to the change of kq. A higher deposition rate corresponds to a shorter
deposition time to obtain the same film thickness, which means that impurities from the vacuum
chamber atmosphere have less opportunity to reach the film surface. To obtain higher deposition rate,
the evaporation source was heated at higher temperature. This may cause decomposition or side
reactions of Algs molecules and evaporation of more impurities from the Algs powder source.
Therefore, the origin of impurities that induced PL quenching in these films is probably the Algs

powder and not the vacuum chamber atmosphere.
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parameter.

75



4-3-4. Discussion

It is important to identify the chemical species of the impurities in films. Unfortunately, it was
difficult to analyze the trace amount of impurities in my deposited films using liquid chromatography
and mass spectroscopy because quinolate ligands were easily eliminated during the analysis.
Hydrolysis of Algs occurs during thermal annealing even in the presence of a trace amount of water
[12-14]. This hydrolysis produces 8-hydroxyquinoline (8-HQ) and Alg.-OH by replacing one
quinolate ligand with a hydroxyl group. Calculation and experimental results implied that 8-HQ and
Algz-OH themselves cannot work as quenchers for Algs but products of further reactions, such as
Algz-O-Algz and condensed 8-HQs, may quench Algs excited states. Therefore, | speculate that the
above-mentioned chemical reactions occur in the heated Algs powder source with a trace amount of
water and that generated impurities like Alg2-O-Algz and condensed 8-HQs evaporate together with
Algs and work as quenchers in the films. The amount of such quenching impurities in the films would
be larger when Tsy is lower and deposition rate is higher. | need further studies to fully understand
how impurities are generated in the heated powder and incorporated into films.

Organic films are usually vacuum-deposited on room-temperature substrates for OLED
fabrication. However, my results indicate that the effect of impurities on PL properties cannot be
ignored even for the films fabricated using this standard condition. To minimize the impurity
concentration and obtain true PL properties, organic films should be vacuum-deposited at as high as
possible for Tsu and as low as possible for deposition rate. Impurities may exist that do not affect the
PL properties but lower OLED operational stability [4]. Thus, it is necessary to choose suitable
deposition conditions for each organic material considering p, S, and impurities to enhance OLED

performance.
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4-4. Conclusion

I prepared Algs films by vacuum deposition at different Tsyw and deposition rates and
investigated their S, p, and PL properties. S and p strongly depended on Tsu, even for the spherical-
shaped molecule Algs, as observed in previous reports on stable glasses [8,10] and Chapter 2 [1]. PL
quenching occurred in all Algs films investigated and became stronger in films fabricated at lower Tsub
and higher deposition rate. The PL quenching is believed to originate from the inclusion of impurities
in films during vacuum deposition. These results emphasize the importance of decreasing the amount
of impurities in deposited films by not only purifying the source material but also optimizing film

fabrication conditions for device applications.
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5-1. Introduction

In the previous chapters, | discussed the effect of Tsu, during vacuum-deposition on amorphous
films of organic semiconductor materials used in OLEDs. In this chapter, | performed a comprehensive
study on how the OLED performance is affected by the changes in amorphous structures controlled
using Tsu. There have been several studies on the effect of Tsu, on OLED performance. Komino et al.
reported that external quantum efficiency (EQE) of OLEDs based on TADF emitters was enhanced by
choosing organic molecules horizontally oriented relative to a substrate plane because of the improved
carrier balance [1] and light outcoupling efficiency [2,3]. These reports focused on molecular
orientation, and film density and thermal stability were not investigated. Recently, Ribé et al. reported
that EQE and operational stability of OLEDs based on phosphorescent emitters were dramatically
enhanced by optimizing Tsu, and increasing the density and thermal stability of organic emitting layers
[4]. In a high-density emitting layer, the non-radiative decay of emitter molecules was suppressed [4]
and the photostability was improved [5,6], which led to the enhancement of EQE and operational
stability.

On the other hand, it is known that vacuum-deposited amorphous films have molecular
anisotropy and, therefore, have spontaneous orientation polarization (SOP, Po) in the substrate-normal
direction originating from the oriented permanent dipole moments p of molecules [7—12] as shown in
Fig. 5-1. Here, Pg is given by:

Py = p{cos Opppy )Ny, (5-1)
where Gppm is the orientation degree of permanent dipole moment of the molecules to the substrate-
normal direction and No is the number density of the molecules. Although one may think that films of
organic materials with large permanent dipole moment have large SOP considering Eq. (5-1), there
are many materials which do not follow a linear relationship between permanent dipole moment and
SOP [11]. To explain this phenomenon, not only a horizontal orientation of permanent dipole moments
but also a formation of an anti-parallel configuration of molecules have been suggested [10,11]. It was
reported that the direction of SOP is unchanged even when an organic layer is deposited on another
organic layer with opposite surface potential [8]. The effect of molecular geometry [9] on the SOP
formation is more significant than that of an underlying layer and a substrate. In spite of these previous

reports, the detailed SOP formation process and relationship between amorphous structures and SOP
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is not completely understood. In actual OLED structures, a difference in SOP between stacked organic
layers is known to cause a charge accumulation at the organic/organic interface [13]. Additionally,
SOP itself and SOP-induced charge accumulation are known to be related to carrier injection efficiency
[14] and device degradation [15-18]. Therefore, it is important to clarify the influence of SOP on
OLED performance. Even though a comparison of two materials with different SOPs seems to be a
simple way to investigate SOP in OLEDs, it is virtually impossible to change only the permanent
dipole because other parameters, such as molecular orientation, energy level, and carrier transport
properties, are also changed simultaneously.

In this chapter, | aim at controlling SOP of single-material films by changing Tsw. TO
investigate SOP, OLEDs are fabricated with a simple two-layer structure containing an a-NPD hole
transporting layer and an Algs electron transporting and emitting layer vacuum-deposited at different

Tsub. | discuss the relationship between Tsub, SOP, and OLED performance.

sop: P,
(Spontaneous orientation polarization)
Property of organic films

Permanent dipole moment: P

Property of organic molecules Surface potential V=V,

o*o* &* 0* o*

d P,
??{9 [> &&l&a
[ Tv=o

mer-Alg; (p=4.4 D) [13] —

Fig. 5-1. Schematics of permanent dipole moment and spontaneous orientation polarization. Vs is the

surface potential of a film.
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5-2. Experimental

Both a-NPD and Algs were purchased from Nippon Steel & Sumikin Chemical and used as-
received. With these materials, | fabricated OLEDs with a structure of glass substrate/ITO (100 nm)/a-
NPD (100 nm)/Algz (80 nm)/LiF (0.8 nm)/Al (100 nm). Algs is known to form amorphous films with
the large SOP while the SOP of a-NPD films is small [13-15,19]. First, ITO-coated glass substrates
were carefully cleaned by sequential ultrasonication in detergent, water, acetone, and isopropanol,
followed by UV/Oj3 treatment. Vacuum deposition was performed at a base pressure of < 2.0 x 10 Pa
under the dark. A pressure sensor was turned off during vacuum deposition to avoid its influence on
SOP properties [19]. a-NPD was vacuum-deposited on the substrates kept at 286 K, where the
electrical properties and air stability of a-NPD is most enhanced as discussed in Chapter 2 [20]. Then,
Algs was vacuum-deposited at various Tsu, ranging from 240 to 330 K to obtain different amorphous
structures as discussed in Chapter 4 [21]. Tsu Was calibrated using an alumel/chromel thermocouple
beforehand. LiF and Al were deposited at room temperature as a cathode to complete OLEDs.
Deposition rates of a-NPD and Algs were 0.15-0.2 nm/s. The active device area was 0.04 cm?,
Completed OLEDs were directly transferred from the vacuum chamber to a glove box filled with
nitrogen and encapsulated using a glass cap, a desiccant sheet, and UV curing epoxy resin. J-V-EQE
characteristics were obtained using a sourcemeter (2400, Keithley) and an integrating sphere system
(Hamamatsu Photonics). Operational stability was evaluated using an OLED lifetime measurement
system (EAS-26B, System Engineers Co.) under continuous operation at a constant current of 10
mA/cm? under the dark.

Displacement current measurements (DCMs) were performed using a waveform generator
(waveStation 2052, Teledyne Japan Corporation), a current amplifier (CA5350, NF Corporation), and
an oscilloscope (HDO4054, Teledyne Japan Corporation). Triangular-wave voltages in the range of —
4 to 4 V were applied to OLEDs. Obtained current signals were converted into capacitance (C). One
triangular wave was composed of forward (—4 to 4 V) and reverse (4 to —4 V) sweeps with a sweep
rate of 100 V/s. This triangular wave was repeatedly applied by 3 times in a single measurement. The
data of the third sweep was assumed as a quasi-steady-state and used for discussion.

To get insight into the effect of Tsu, on the electrical properties of Algs, electron-only devices

(EODs) were fabricated. The device structure was glass substrate/ITO (100 nm)/Algs (300 nm)/LiF
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(0.8 nm)/Al (100 nm). The vacuum deposition conditions and measurement methods of their J-E

properties were the same as those described earlier.
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5-3. Results and discussion
5-3-1. Displacement current measurement

SOP and interfacial charge accumulation in OLEDs composed of a-NPD and Algs layers are
discussed based on the interfacial charge model [12,15,22]. Energy diagrams and carrier dynamics are
affected by an applied voltage, and are summarized in Fig. 5-2. The SOPs of a-NPD and Algs layers
are represented as P,.npp and Paigz. It is known that the direction of P..nep and Paigs are positive and
that Paig3 is larger than P,.nppo because the permanent dipole moment of a-NPD molecules is quite
smaller than that of Algs. Here, the a-NPD/AIqs interface is negatively polarized because P..nep is
smaller than Paigs, and the negative interfacial charge ain at this interface is given by:

Oint = Pa—npp — Paigs- (5-1)
Here Viy is a voltage, at which hole injection from ITO to a-NPD begins and Vi is a voltage, at which
hole injection from a-NPD to Algz begins. When the applied voltage is smaller than Viy;, holes are not
injected into the device but accumulate on the electrodes, and the capacitance corresponding to the
whole OLED device (Cocep) is observed [(1) in Fig. 5-2]. When the applied voltage reaches Vinj, a
forward bias is applied to the a-NPD layer and holes are injected [(2) in Fig. 5-2]. In the voltage range
of Vinj <V < Vi, the injected holes accumulate at the a-NPD/Algs interface. Under this condition, the
capacitance originating from the Algs layer (Caiga) is observed [(3) in Fig. 5-2]. Here, the total amount
of the accumulated charge (hole) gacc is equal to —aint. Above Vin, holes are injected into the Algs layer
and recombine with electrons injected from the opposite electrode to induce EL [(4) in Fig. 5-2]. Vinj

and oint are given by:

S
Vinj =Vin + Uint?[qs (5-2) and

C
Oint = Ven = Vin) =2 (5-3)

while S is the active area of OLEDs. Vinj depends on aint, Which corresponds to a difference in SOP
between the a-NPD and Algs layers. gacc and corresponding aint Can be obtained by dividing an area of

a C-V curve in a range from Vinj to Vin by S.
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(1) V<V, (2) V=V, (3) Vi< V< Vi, (4) Vin <V

«NPD  Alg,

\‘__,@

Hole injection

Caiga Current loading
Interfacial

hole accumulation

Fig. 5-2. Examples of energy diagrams of a typical OLED containing a-NPD and Alqgs layers at (1) V

< Vinj, (2) V = Vinj, (3) Vinj <V < Vi, and (4) Vin < V.

DCM was performed to obtain how the SOP of Alqs is affected by Tsu,. Representative C-V
curves are shown in Fig 5-3(a). At—4 V, all OLEDs exhibited similar capacitance around 0.7 nF, which
corresponds to the total capacitance of OLEDs (CoLep). Meanwhile, Vi clearly depended on Tsu, and
ranging from -2 to 0 V. It should be noted that when Paigs is large, hole injection and accumulation
can happen even below 0 V. Caigz values were ~1.6 nF in an accumulation region between Vi and Vi
but the observed steps of C were not completely flat, probably due to the relatively fast voltage sweep
rate used in this study (100 V/s). Vi, was determined using the capacitance drop in the reverse voltage
sweep [19]; there was no clear difference in Vi, among all OLEDs [see the dotted line in Fig 5-3(a)].
OLEDs deposited at 246 K revealed an unusual capacitance rise below Vi, in the forward voltage
sweep as indicated in Fig. 5-3(b), probably implying that an injection of holes or electrons accidently
happened below V. Although the formation of trap states is conceivable as an origin of this
phenomenon [19], the detail is still unclear. There is a possibility that a small amount of water in the
vacuum chamber was condensed and remained in the films and acted as carrier traps as discussed in
Chapter 2 [20]. Figure 5-3(c) exhibits the Tsu, dependence of the absolute ain: Values calculated by
integrating the C-V curves. |aint| decreased almost monotonically as Tsu, increased, except for the plot

at 246 K. This slight decrease of |oing is possibly related to the formation of carrier traps.
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Fig. 5-3. (a) Capacitance (C)-voltage (V) curves of OLEDs with Algs layers vacuum-deposited at
different substrate temperatures (Tsu), (b) enlarged view of C-V curves around Vi, and (c) plot of

absolute values of interfacial charge (oint) against Tsu,, Which was obtained from (a).

The obtained value of aint at a Tsu 0f 299 K (near room temperature) was —1.16 mC/m? and
consistent with the reported values [13,19]. P,npo is assumed unchanged in all OLEDs because o-
NPD was vacuum-deposited at the same condition. Therefore the change of oin: oOriginates from the
difference of Paig3, meaning the dependence of Paigs on Tsw. To my knowledge, this is the first report
on a control of SOP in single-material films used for OLEDs.

Formation of an anti-parallel configuration has been suggested as one of the origins of
unexpectedly small SOP of a material with large permanent dipole moment [10,11]. In close distance,
molecules of such materials are electrostatically stabilized by diminishing their dipole each other. As
shown in Chapter 4-3-1, the density of Algs films is maximized at around Tsu, = 340 K because Algs

molecules with sufficient kinetic energy during vacuum deposition can find more stable and packed
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configuration. Here, the SOP was smaller at around Tsu, = 330 K, which is similar to the trend of film
density. Probably the SOP of Algs vacuum-deposited at high Tsu, decreased because Algs molecules
tended to find the electrostatically stable anti-parallel configuration. Meanwhile, orientation of
transition dipole moment of Algs is affected by Tsu, as discussed in Chapter 4-3-1. Although the
orientation of permanent dipole moment is expected to be also affected by Tsu and influence the SOP,
further analysis is difficult at present because | do not have a method to analyze the orientation of
permanent dipole moment. | cannot deny the possibility that the horizontal orientation of permanent

dipole moment of Algs simply reduced the SOP in the substrate-normal direction.
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5-3-2. Current density—voltage properties

Effect of Tsu, on electrical properties of OLEDs was investigated. J-V properties of OLEDs, in
which Algs layers were vacuum-deposited at different Tsup, are shown in Fig. 5-4(a) and (b). Although
the onset of J at 2 V did not depend on Tsu, the different J appeared at high V. For comparison, the J
values at 6 V were plotted as a function of Tsy in Fig. 5-4(c). J decreased at high Ts,. Because the

vacuum deposition conditions for the a-NPD hole transporting layers were the same among all the

OLED:s, the different J can be attributed to a change in electron current in Algs layers.
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EODs of Algs were fabricated for a better understanding of the observed J modulation in
OLEDs. J-E properties of EODs and a plot of J values at E = 3.0 x 10° V/cm as a function of Tsu, are
shown in Fig. 5-5(a) and (b), respectively. Although holes were injected from the ITO anode into the
Algs layer above 4.0 x 10° VV/cm and weak electroluminescence (EL) was observed, there was no EL
below 4.0 x 10° V/cm. Thus, the electron current was assumed to be dominant than the hole current
below 4.0 x 10° V/cm. The behavior of the J-E curves of EODs was similar to that of the J-V curves
of OLEDs. Values of J at 3.0 x 10° VV/cm were smaller when Algs was deposited at high Tsu. These
results suggest that the electron current in Algs was changed by Tsuw, leading to the different J-V
properties of OLEDs.

The electron current decreased at high Tsu,, Where the density of Algs films was maximum. It
is not probable that the change of the orientation of Algs molecules increased a transfer integral
between adjacent molecules considering its spherical-shaped molecular structure. Although I found
the enhancement of the hole current in high-density a-NPD films, it was not the case in Algs films. A
reduction of carrier injection barrier by positive SOP has been suggested because the formation of a
dipole at the organic/cathode interface makes the energy levels of organic materials deeper [14]. As
indicated in Fig. 5-3(c), the SOP of Algs decreased at high Tsu. It is conceivable that the smaller SOP
results in a weaker interfacial dipole and, therefore, lowers electron injection efficiency. In the case of
spherical-shaped molecule of Algs, the effect of molecular packing on electron current seems not so

large and buried under that of SOP.
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Fig. 5-5. (a) Current density (J)-electric field (E) properties of EODs with Algs layers vacuum-
deposited at different substrate temperatures (Tsu) and (b) plot of J values at E = 3.0 x 10° V/cm

against Tsup.
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5-3-3. External quantum efficiency

EQE-J properties of OLEDs and values of EQE at 20 mA/cm? are shown in Fig. 5-6(a) and
(b), respectively. These results exhibited a clear EQE dependence on Tsuh; EQES were higher when
Tsub Was increased. The enhancement of EQE between 246 and 328 K was 42 %. Several factors are
related to this significant EQE enhancement: (1) fluorescence quantum yield, (2) light outcoupling
efficiency, (3) carrier balance, and (4) singlet-polaron annihilation (SPA).

For factor (1), I have already discussed the Tsu, dependence of fluorescence quantum yield of
Algs bulk films in Chapter 4-3-2. According to Fig. 4-2(a), the fluorescence quantum yields at Tsy, =
246 and 328 K were 0.185 and 0.195, respectively, corresponding to the 4.9% increase. The amount
of impurities remained in the films were decreased at high Tsw, and contributed to the EQE
enhancement. Factor (2) seems important because the orientation of transition dipole moment of Algs
was proved to be changed by Tsu, as discussed in Chapter 4-3-1. To obtain the light outcoupling
efficiency, | performed an optical simulation using an OLED simulation software (Setfos, FLUXiM).
The anisotropy of n and k of Algs films and the orientation of transition dipole moment were
considered in the optical simulation. The emission of OLEDs with a-NPD and Algs layers is known
to happen near the a-NPD/AIQqs interface when they are vacuum-deposited at room temperature [23].
Because the EL spectra were almost the same in all OLEDs as shown in Fig. 5-6(c), the recombination
zone can be assumed independent on Tsy, and fixed at the interface. Thus, the exciton generation was
represented as a delta function at the interface of the Algs layer in the optical simulation. The
simulation results are shown in Fig. 5-7. The light outcoupling efficiency at Tsu, = 246 and 328 K were
0.19 and 0.21, respectively, corresponding to the 10.5% increase. Although the influence of molecular
orientation of spherical-shaped Algs on OLED performance was smaller compared with the case of
stick-shaped emitter materials [2,3], its contribution to EQE is still large.

Although the contribution of the ~15% increase can be explained using the fluorescence
guantum yield and light outcoupling efficiency, the origin(s) of the remained 27% increase is still
unclear. Factor (3) is possible to affect EQE. At high Tsu, the amount of the interfacial accumulated
holes and electron current decrease simultaneously because of the decrease of SOP in Algs layer,
making the estimation of carrier balance complicating. | plan to measure EQE-J properties at a high V

condition and analyze a roll-off behavior of the EQE curves for a further discussion on carrier
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dynamics under operation. | believe that factor (4) is the additional origin of the EQE enhancement.
As | discussed earlier, carrier recombination happens at the interface where holes are accumulated.
Accumulated holes should exist as radical cations of a-NPD. It has been reported that «-NPD cations
have an absorption band around a wavelength of 500 nm [24], which overlaps with the emission band
of Algs. This means that the «-NPD cations can quench the singlet states of Algs. The amount of
accumulated holes at the interface became smaller at high T, as shown in Fig. 5-3(c). It is
conceivable that the suppression of SPA leads to the EQE enhancement at high Tsu. | plan a direct

observation of quenching by the accumulated holes to verify this hypothesis.
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Fig. 5-6. (a) External quantum efficiency (EQE)—current density (J) properties of OLEDs with Algs
layers vacuum-deposited at different substrate temperatures (Tsu), (b) plot of EQE values at J = 20
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Fig. 5-7 Results of optical simulations for OLEDs with Algs layers vacuum-deposited at a Tsu Of ()
246 and (b) 328 K. Red lines are the contributions of the outcoupled mode (I_OC) against the film

thickness of Algs layer. The values at the thickness of 80 nm (circled) were used for discussion.
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5-3-4. Operational stability

Effect of Tsu» On the operational stability of OLEDs driven at a constant J of 10 mA/cm? was
evaluated. Evolution curves of normalized luminance and a plot of LT80 (the time at which the
luminance decreased to 80% of the initial value) are shown in Fig. 5-8(a) and (b), respectively.
Behavior of the luminance evolution was clearly depended on Tsu. Note that a slight amount of dark
spots was observed after degradation, but I could not find a clear relationship between dark spot
generation and Tsyp. LT80 showed a convex-shaped trend against Tsu, With the maximum value around
300 K. It seems difficult to relate this unique trend of LT80 directly to the density or SOP of Algs films
because the film density was the largest and the SOP was the smallest at around 340 K and did not
have any peak around 300 K. Several factors are likely to affect the operational stability. Water
molecules incorporated in the film is known to accelerate the degradation of OLEDs because of a
chemical decomposition or side-reactions of a-NPD and Algs [25]. In Chapter 4, | suggested that the
amount of impurities incorporated in the films during deposition increased when vacuum-deposited at
lower Tsu, because the re-sublimation of impurities are suppressed by the smaller kinetic energy of
molecules [21]. In addition, the density of Algs films deposited at low Tsy, is low, which results in the
penetration and absorption of water molecules into the films during the operation, as discussed in
Chapter 2 [20]. Although the amount of water vapor in the encapsulation glass would be quite small,
a trace amount of water is known to have a possibility to accelerate the degradation of materials [26].
Therefore, existence of water molecules in Algs films is expected to be one of the reasons for the lower
operational stability of OLEDs fabricated at low Tsu. On the other hand, in the OLEDs fabricated at
high Tsuw, quenching routes of the singlet Algs (energy transfer to impurities and «-NPD cations
induced by SOP) are suppressed and thus the lifetime of the singlet Algs is longer. OLEDs were driven
at the same J condition in this measurement. Assuming that the amount of generated excitons are
similar in all OLEDs, Algs molecules probably decomposed more significantly when the lifetime of
the singlet Algs is longer. Furthermore, considering that the electron current was deceased at high Tsyb,
there is a possibility that a change in carrier balance accelerated a generation of unstable Algs cations

[27] and lowered the operational stability.
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Fig. 5-8. (a) Evolutions of normalized luminance of OLEDs with Alqsz layers vacuum-deposited at
different substrate temperatures (Tsus) Under continuous operation at a constant current density of 10

mA/cm? and (b) Tsu, dependence of LT80.

It has been reported that the amount of accumulated charge at the interface decreases after the
degradation of a-NPD/AIqsz based OLEDs [15]. This phenomenon has also been observed in OLEDs
containing doped emitting layers of phosphorescent and TADF materials [17,18]. Two mechanisms
have been suggested for this phenomenon. One is a decrease of SOP due to the randomization of Algs
molecules during continuous operation, which was proved using sum frequency generation (SFG)
spectroscopy [16]. The other one is the compensation of polarization charge by the trapped holes in
the a-NPD layer near the interface [17]. DCMs and TSC measurements on the degraded OLEDs need

to be conducted in future to clarify the detailed relationship between SOP and OLED degradation.
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5-4. Conclusion

The comprehensive effect of a structural control of amorphous films was investigated by
evaluating performance of OLEDs with a-NPD and Alqgs layers vacuum-deposited at different Tsyp. |
succeeded in controlling the SOP of Algs films by changing Tsu. Although amorphous structures did
not affect the electron transporting properties of Algs, the SOP probably affected electron injection
and influenced the J-V properties of OLEDs. EQE was dramatically affected by Tsu, and enhanced by
42% at most. Not only the fluorescence quantum yield and light outcoupling efficiency, but also the
carrier balance and SPA associated with the SOP and accumulated interfacial charge were probably
related to this EQE enhancement. Operational stability was also affected by Tsu. Further analysis are

required to clarify the detailed mechanisms of the change in EQE and operational stability.
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Chapter 6

Conclusion
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In this thesis, | controlled structures of organic amorphous films by changing Tsu during
vacuum deposition and investigated its effect on the fundamental electrical and PL properties and
OLED performance. In Chapter 2, | succeeded in enhancing the electrical properties and air stability
of a-NPD films by increasing their film densities. In Chapter 3, the precise analysis of the thermally
stimulated currents revealed a possibility that the reduced carrier trap depth contributed to the
enhanced electrical properties in the high-density a-NPD films. In the OLED research field, the
concept of film density has been ignored for a long period of time. Here | demonstrated that film
density significantly affected the carrier transport properties and air stability, which are key factors
that determine OLED performance. In Chapter 4, | found that the PL properties of Algs depended on
the vacuum deposition conditions. Even with widely used vacuum deposition on room-temperature
substrates, impurities have a possibility to be included in the films and act as quenchers. For obtaining
the true PL properties, materials should be vacuum-deposited on substrates kept at higher temperature
to reduce the inclusion of impurities. In Chapter 5, | analyzed how the structures of Algs films affected
the SOP and OLED performance. Active control of SOP was achieved by changing Tsub, and its impact
on J-V properties, EQE, and operational stability was demonstrated. The detailed mechanism is now
under consideration.

Finally, | state the future perspectives. In my study, the degradation of a-NPD-based HODs
was suppressed by engineering the film density. If the film-density engineering demonstrated in this
thesis can be combined with other technologies such as an inverted OLED architecture with air-stable
metal oxide and Au electrodes [1], OLEDs with extremely high air stability will be realized.
Insufficient operational stability and complicated device encapsulation processes used to manufacture
OLEDs make a device cost higher and limit OLED commercialization. This study has an impact on
not only establishing the fundamental science regarding organic amorphous systems but also
promoting OLED industry.

Molecular orientation has been considered as one important factor that changes carrier
transport properties in amorphous films. In contrast, | proved in this thesis that the carrier transport in
a-NPD films was dominated by the film density while Algs films had no clear relation to both
molecular orientation and film density. This disagreement probably originates from the difference in

their molecular shapes, details of which is still unclear. The single-crystal state with better molecular
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packing is most favorable for carrier transport. In this thesis, | pursued the formation of the single-
crystal-like molecular packing in amorphous state. Amorphous films have a relatively dense structure
and its density is not far from that of a single crystal. For example, the density of a vacuum-deposited
film of 4,4’-bis[N-(p-tolyl)-N-phenylamino]biphenyl (TPD) is 1.14 g/cm?, which is approximately
94% of that of its single crystal (1.21 g/cmd) [2,3]. Considering this difference in molecular packing
below 10%, the 1%-2% change in film density as observed in Chapter 2 is expected to reduce the
structural disorder in amorphous films significantly. In a previous report on a theoretical calculation,
it was suggested that carrier transport in amorphous films is dominated by energetic disorder rather
than structural disorder [4]. Estimation of activation energy of carrier hopping and DOS distribution
will clarify the unknown physics on molecular condensed states and carrier transport properties and
give us a guide for a new molecular design. Meanwhile, although vacuum deposition at a Tsy, of 0.75—
0.9 Ty, buik IS necessary to fabricate high-density films with higher electrical properties and air stability,
a control of processing temperature takes high cost and is not suitable for practical applications.
However, the results obtained in this study indicate that a potential of organic materials can be
maximized even with vacuum deposition on room-temperature substrates if organic materials with Tg,
puk around 340-400 K are used to fabricate devices. Even though the scope of this thesis was the
clarification of device physics, the present findings can provide a new molecular design strategy for
advanced organic devices.

Through this thesis, the superiority of the “classical” vacuum deposition process was
confirmed, which has been used by many researchers for a long time. However, | believe that the
structural control of organic films by engineering molecular kinetics during film formation is not
limited in some special cases but provides a general concept that will trigger the enhancement of the

performance of various organic devices. | hope that this thesis contributes to future organic electronics.
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Lists of symbols and abbreviations

Symbols

Capacitance

Capacitances of an OLED and an Algs layer

Film thickness

Hole trap depth and calibrated trap depth

Elementary charge

Electric field

Collecting field

Reduced electric field in ILC model

Current

Peak height in pseudo-Voigt function

Current density

Extinction coefficient

Boltzmann constant

Intersystem crossing rate constant

Non-radiative decay rate constant

Radiative decay rate constant

Quenching rate constant

Extinction coefficients in directions parallel and perpendicular to a substrate plane
Mixing ratio of Lorentzian and Gaussian functions in pseudo-\Voigt function
Molecular weight

Refractive index

Refractive indexes in directions parallel and perpendicular to a substrate plane
Number density of molecules

Avogadro constant

Hole trap density

Polarization density

Spontaneous orientation polarization of a-NPD and Alqs layers
Electric charge

Induced charge on each electrode and total amount of induced charge
Orientation order parameter

Active device area

Temperature
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Ty Glass transition temperature

Tg, bulk Glass transition temperature of a bulk film

Tm Temperature at a TSC peak

Tsub Substrate temperature

\Y \oltage

Vbi Built-in voltage

Ve Collecting voltage

Vi Trap-filling voltage

Vinj Injection voltage

Vs Surface potential

Vsat Saturation voltage

Vin Threshold voltage

Xo Peak position in pseudo-Voigt function

Xav Average distance of trapped holes

Xm Distance from electrode of the minimum point of electric potential
o Asymmetric parameter in pseudo-\Voigt function
o Molecular polarizability

b Heating rate

y Poole—Frenkel factor

r Parameter for a peak width in pseudo-\Voigt function
A Ellipsometric angle

AD Barrier lowering by external electric field

£0 Vacuum permittivity

&r Relative permittivity

0 Angle

G1om, Grom Orientation degree of TDM and PDM to a substrate-normal direction
i Carrier mobility

1(0) Zero-field carrier mobility

p Film density

Pabs Absolute film density

Drel Relative film density

Oacc Accumulated charge at an interface

Oint Interfacial charge

T Fluorescence lifetime

0 Constant in Eqg. (3-6)

0] Fluorescence quantum yield
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Dg Injection barrier height

' 4 Ellipsometric angle
Abbreviations
Algs Tris(8-hydroxyquinolinato)aluminum
a-NPD N,N'-Di(1-naphthyl)-N,N'-diphenyl-(1,1'-biphenyl)-4,4'-diamine
CIP Cold isostatic pressing
DCM Displacement current measurement
DOS Density of states
EL Electroluminescence
EOD Electron-only device
EQE External quantum efficiency
H.PC Metal-free phthalocyanine
HOD Hole-only device
HQ Hydroxyquinoline
ILC Injection-limited current
ITO Indium tin oxide
LT80 Time at which luminance decreased to 80% of initial luminance
MSE Mean-squared error
OLED Organic light-emitting diode
PDM Permanent dipole moment
PL Photoluminescence
SOP Spontaneous orientation polarization
SPA Singlet-polaron annihilation
TADF Thermally activated delayed fluorescence
TDM Transition dipole moment
TPD 4,4'-Bis[N-(p-tolyl)-N-phenylamino]biphenyl
TSC Thermally stimulated current
VASE Variable angle spectroscopic ellipsometry
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