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Abstract

Impedance Spectroscopy Analysis for
Organic Light-Emitting Diodes

HYUNJONG KIM

DEPARTMENT OF ELECTRICAL ENGINEERING AND
COMPUTERSCIENCE

COLLEGE OF ENGINEERING
SEOUL NATIONAL UNIVERSITY

In this dissertation, the method of analyzing the characteristics of organic
light-emitting diodes using impedance spectroscopy was studied. Generally, the
organic light-emitting device has a structure in which organic materials necessary
for light emission are thinly laminated between a TCO (Transparent Conductive

Oxide) and a metal electrode. Due to chemical vulnerability of organic materials as



well as the complexity with their hetero-junction, it is necessary to investigate the
characteristics of fabricated an organic light-emitting diodes in a non-destructive
manner rather than destructive manner. Classically, a method of measuring a current-
voltage curve using a current-voltage meter and measuring a luminescence using
luminance meter is used to evaluate the characteristics of the OLEDs. However, in
order to investigate details at intrinsic interface state or carrier dynamics of OLEDs,

it is require measuring the impedance response under operating condition.

Impedance spectroscopy (IS) covers all impedance responses in the
frequency range from milli hertz to megahertz, while focusing primarily on
capacitance in solid-state electronics. This makes it possible to construct a high-
resolution equivalent circuit and analyze each measured impedance. Each
impedance is measured by applying ac small signal after determining the dc
operating voltage. The dc operating voltage and ac small signal should be

strategically chosen to describe the behavior of the device.

In Chapter 1, an overview of the Impedance Spectroscopy Analysis is
introduced and the background of the impedance measurement method is explained.
Then the motivation for applying this impedance analysis method to OLEDs is
explained and the methods of analyzing the characteristics of OLEDs through

impedance spectroscopy are discussed.

il



Chapter 2 reviews previously reported papers about impedance analysis
methods of OLEDs and explains the limitations of these papers. In particular, the
contributions of the diffusion capacitance that they underestimate are very important
to prevent errors when characterizing of OLEDs. To explained diffusion capacitance
the Laux & Hess model is applied. This model can explain the impedance response
to the residual current and even demonstrate the negative capacitance phenomenon.
The analytical results using the Laux & Hess model[1] were verified to describe the
characteristics of the OLEDs during operation and an approximate and fitting

process for the analytical method of this model is proposed.

In Chapter 3, ITO/a-NPD[N,N"-Bis(naphthalen-1-yl)-N,N"-bis(phenyl)-2,2"-
dimethylbenzidine]/Alq3[Tris-(8-hydroxyquinolinato)aluminum]/LiF/Al type
OLEDs were fabricated and investigated using the improved impedance analysis
method proposed in Chapter 2. First, according to the structural (thickness) change,
the physical analysis was performed quantitatively by changing the impedance
response. The measured impedance at high frequencies represents the interface and
bulk characteristics in the OLEDs, and the impedance at low frequencies explains

the dynamics of carriers in the OLEDs.

In addition, the impedance changes due to OLEDs degradation are analyzed.

Using the proposed Impedance Spectroscopy Analysis method in this paper, the

il



origin of degradation can be accurately and effectively separated from the state
change of the interface and the bulk. The results strengthen the existing
interpretation of the interface trap effect of HTL/EML and showed that it can be

traced with the rate of change of the extracted impedance value.

Chapter 4 briefly introduces the program tool for analyzing the OLEDs used
in this paper, and attached an appendix for derived the formula. And I will discuss
the possibility of applying this Impedance Spectroscopy Analysis to mass products

industry in the future.

Keywords: OLEDs, Impedance Spectroscopy Analysis (IS), Equivalent Circuit

Modeling, Degradation, Negative Capacitance, Diffusion Capacitance

Student Number: 2014-30311
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Chapter 1

Introduction

1.1 Motivation

In display market, over the past several decades, a variety of technologies
have emerged and disappeared and numerous technologies still engage in a heated
competition in display market day by day. New emerging technologies are applied to
the industrial field much faster than in the past to meet needs of sophisticated and

demanding consumers.

After the widespread use of liquid crystal display (LCD) technology, which
has enjoyed an era beyond CRT (Cathode Ray Tube) technology, OLEDs (organic

light emitting diodes) technology has emerged. First practical OLED device was



built by Ching W. Tang and Steven Van Slyke at Eastman Kodak in 1987. [2] They
succeeded in lowering operating voltage and improving efficiency using a very thin
multilayer structure with hole transport layer (HTL) and electron transporting layer
(ETL), which contributes to the application of OLED technology to displays. OLED
displays can be easily fabricated into thin films which emit themselves, which
become a major cause that OLED technologies lead the display industry in these
days. OLEDs can be fabricated onto any suitable substrate by thermal evaporation,
by an inkjet printer or by screen printing and have greater contrast ratio, wider
viewing angle, very fast response time compared to LCDs. However, due to the low
chemical stability against environment (water, air and etc.) and stimuli (electric, heat,
interactions between materials and etc.), problems of degradation of lifetime and

efficiency have been steadily pointed out.

The efforts of many researchers have led considerable advances in OLEDs
with higher efficiency and longer lifetime compared to the earlier days of the OLED
display industry, and as competition among the display companies getting fiercer,
the small differences in the results of the research have had a significant impact on
the price competitiveness of the market. In addition, higher performance OLED
displays are now required to cope with next generation displays, for example
applications that will be integrating OLED in the future include very large scale TV,

clothing with embedded displays, augmented reality/virtual reality (AR/VR) devices,



helmets, wristbands, jewelry/watches, lighting, and automotive infotainment

systems.

These researches about efficiency and lifetime include the improvement of
organic materials for increasing the efficiency and stability of luminescent, the
development of the structural stacking optimization technology to control the hole-
electron charge balance, as well as the development of sealing technology. Among
the above, because the sealing technology is a technique for minimizing the external
environmental impact, so those who research the device itself are more interested in
the first and second things mentioned above. The problem is that as a result of
individual studies, even if advanced materials are developed or the optimized
structure is designed, the actual completed OLED is a laminate structure of organic
thin films, and therefore, the interfacial physics It is very sensitive to chemical
changes as well as the influence of numerous environmental variables in the process,
and the field applied to the OLED during driving. Therefore, the characteristics of
the combined OLED often have a different result than the predicted value. In order
to investigate the lifetime characteristics, it is necessary to explain the continuous
degradation process inside the device. If the inside and the outside of the OLED are
investigated during the degradation process, the influence of the device damage and
degradation of the device Since the influences can only act together, it is difficult to

explain the process of degradation. Therefore, most studies on degradation to date



have been limited to visual inspection of external devices such as changes in [-V-L
characteristics and efficiency, or changes in luminescence area over time for finished
devices. This approach is very simple, but provides only very limited information on
the complex electrochemical interactions taking place at the interface and inside of a
stacked OLED. Therefore, we need a technique to evaluate the inside of the device
in a non-destructive manner. In this dissertation, we analyze the OLED by

introducing Impedance Spectroscopy as a non-destructive method.

Measuring Impedance Spectroscopy is simple. All impedance measurements
in this experiment were performed on OLEDs fabricated using Agilent E4980. Each
OLED has an alternating current signal of 50 mV under a fixed dc bias. The
impedance response was recorded while sweeping the frequency from 20Hz to
2MHz. The dc bias was selected from -5V to the forward voltage which not severe
stress on OLEDs, and was selected tightly, especially near the turn-on. The
impedance measured in this way was analyzed with the current-voltage-luminance

graph measured by HP4155C.

Impedance response can be an advantage or a disadvantage that it is very
sensitive to changes in the state of OLEDs. That is, unless external environmental
factors are completely controlled, the impedance data is easily contaminated by the

increase of parasitic components. In addition, OLEDs manufactured in laboratories



have problems in uniformity and stability. Therefore, it is necessary to repeatedly
measure as many samples as possible to obtain the most reliable data, and an
encapsulation process is necessary to eliminate the deterioration factor from the
outside of the OLEDs. In addition, although the equivalent circuit model of
impedance is presented in a wide variety of existing papers, it is necessary to
establish a more fundamental physical model because the equivalent circuit model
due to different operation according to voltage is less accurate. For this analysis, it
is necessary to test OLEDs of various structures, and it is aimed to remove the trivial
variables of the impedance of the OLEDs of the same structure and establish an
equivalent circuit model by finding reliable information. This study not only
presents a relatively simple method for evaluating OLED performance, but it is also
suitable for supporting physicochemical analysis through OLED electrical analysis,

which further expands the OLED industry and is complex and mass-produced.



1.1.1 History of Organic Light Emitting Diodes

In the early 1950, electroluminescence in organic materials at high alternating
voltages was first observed by André Bernanose[3-5]. After a decade of this
appearance, Martin Pope reported that the injection of electrons and holes into the
electrode contacts is closely related with the work function differences between
electrodes and organic materials and first observed direct current (DC)
electroluminescence[6]. In 1965, double injection recombination
electroluminescence, which is the basis concept for current OLED driving way,
reported by W. Helfrich and W. G. Schneider for the first time using hole and
electron injecting electrodes[7]. Finally, in 1987, Ching W. Tang and Steven Van
Slyke at Eastman Kodak built two-layer OLEDs with separate hole transporting and
electron transporting layers to lower operating voltages and improve efficiency|[2],
and which structure is now widely employed in state-of-art OLED displays
technology. Ching W. Tang's research means how to arrange materials with different
work functions lead to determine the performance of the device, so that his study
have been a great inspiration for many material development researchers and process

development engineers and led to explosive growth in the OLED displays industry.

Figure 1.1 summarizes a dateline highlighting 30 key moments in the



evolution of OLEDs [8].
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1.1.2 OLEDs Hetero Structures

As mentioned above, conventional OLEDs have a structure in which organics
having different work functions and band gap are stacked in a sandwich manner by
the efforts of Ching W. Tang. The advantage of this structure is that the holes
injected from the anode and electrons injected from the cathode can be easily formed
excitons and recombined only at the target organic layer having the desired band gap
energy. Choosing the appropriate materials and structures is fundamental to design
high performance OLEDs with high efficiency at low voltages. Therefore, it is
necessary to understand the concept of solid state band theory in order to produce

OLEDs suitable for the purpose.

In general, ITO (Indium Thin Oxide), whose work function is in the range of
4.7 to 5.2 eV[9], is preferred so that holes can be well injected at the Homo (Highest
Occupied Molecular Orbital) level of the organic material. However, since ITO
requires a high-temperature and high-vacuum sputtering process, PEDOT: PSS (poly
(3,4-ethylenedioxythiophene) polystyrene sulfonate), which is a conductive polymer
capable of low temperature treatment, can be used. And Li, Ca, and Ba having a
small work function should be selected as the cathode, but they are coated on

aluminum having a relatively large work function because of high reactivity. Figure



1.2 depicts the Schematic hetero-structure of OLEDs.

The organic material should be selected to reach the EML (Emitting Material
Layer) at the same rate as the holes and electrons injected from the anode and
cathode. To make realize this, it is necessary to adjust the energy barrier difference
of each organic material appropriately. As can be seen in Figure 1.3, the HOMO or
LUMO level should be designed to accept carriers in adjacent layers sequentially,
and an additional blocking layer may be needed to ensure that carriers arriving at the

EML have enough time to form excitons and allow recombination.

Of course, precisely aligning the properties of OLEDs is very hard because
material measurement information (i.e., work function, energy band, defect
distribution, controlled environment factors and etc.) cannot be perfectly accurate.
Furthermore, it is impossible to design OLEDs with optimal conditions even if all of
the material information is known correctly. There are factors that are difficult to
predict with respective material information alone. This is due to the electrochemical
correlations that occur at the interfaces due to the interactions in the hetero-junction
of organic materials. There are many unexpected interfacial traps at the hetero-
junction boundary, and dipoles can be formed by van der Waals force between
molecules and electrode [10-12]. This can vary greatly depending on process

conditions and can lead to unexpected behavior of OLEDs.



In this paper, we focus on analyzing the operation of the device which is
difficult to predict due to the existence of many hetero-junctions of organic matter
through the impedance analysis method. From the information that can be derived
from the impedance response of the device, to understand the operation mechanism

of the system.

Uattod= S ik
E1 (]
RETE L

Figure 1.2 Schematic hetero-structure of conventional OLEDs. The abbreviations
represented by each organic layer are as follows; HTL : Hole Injection Layer, HTL :
Hole Transport Layer, EML : Emissive Material Layer, ETL : Electron Transport
Layer, EIL : Electron Injection Layer
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Figure 1.3 Energy band diagram of conventional OLEDs.

1.1.3 OLED:s life time

OLEDs are rapidly applied to the display industry because they can be
fabricated into a thin film structure using thermal deposition or spin coating, which
are relatively simple processes, and can display a desired color at low driving
voltage by controlling the work function between the energy band differences of the
materials. However, the use of organic material compounds is itself a disadvantage.
Because organic material devices are easily reacts with moisture, oxidation, and heat,
the OLEDs fabricating process must be elaborately handled in a controlled
atmosphere with very low oxygen and moisture levels and an encapsulation process

is absolutely required after manufacturing OLEDs products. Even if the sealing
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process is perfect, although that is impossible, OLEDs materials, electrodes and their
interfaces may be degraded due to electrical stress during operation. These
drawbacks not only shorten the life time of the display but also cause blurring which
degrades uniformity of OLEDs display. This disadvantage has been a vital weakness
when OLEDs compete with competition displays. Therefore, for OLED researchers,

efforts to slow down the degradation process were the most challenging subject.

OLEDs degradation factors can be divided into environmental factors and
intrinsic factors. Environmental factors are caused by the light, oxygen and moisture
of the OLED. Organic materials in the excited state readily react with oxygen and
moisture, creating a new chemical structure and degrading the emission properties in
these regions. Without sealing process, OLEDs are exposed to atmospheric
conditions directly, their lifetime is limited. Operating the OLEDs in air reduces the
EL intensity by 99% in about 150 minutes [13]. Intrinsic factors are focus in change
of chemically formation. Emissive species can be removed from devices if the
excited states are chemically irreversible. It can act as quench centers for excitons
formed on nearby unaffected site. Crystallization of organic materials is another
intrinsic factor that degrades the organic layer which has the low glass transition
temperature because of heat generated from the injection barrier [14]. Organic
materials have a weaker and weaker molecular bond than non-organic materials, so

ion migration is easier. Moving ions such as Al, Ca, Sn, and Mg that penetrate from
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the electrode affect the effective field inside the device [15]. OLEDs degradation can
be identified by measuring the amount of decrease in current at a constant biased
voltage versus time or by measuring the decrease in luminance at a constant current
and decrease of the emissive device area due to the evolution of the non-emission
region or the dark spots can be identified visually [16]. In Section 1.1.2, we have
mentioned that it is possible to grasp the state of the interface, which cannot be
predicted, from the hetero-junction structure of OLEDs. At the same time, as
mentioned here, we will examine the change of the interface according to the

degradation through the impedance analysis.

Encapsulation
-Permeation of H,O and O,, etc. Cathode
Ambient environment: Delamination of metal (Peel-off)
-Temperature, moisture, and UV light, etc. / Corrosion & oxidation; O,, H,O
Joule heating, etc. Diffusion of metals such as Ca, Al, Mg, etc.

Electrode Interfaces
Interfacial degradation -> Changes in injection efficiency
Formation of oxide layer: injection barrier
Electrochemical reaction with organic layers
Degradation of p-, n-doped layers, etc.

Organic layers
Degradation of organic materials
Photo-oxidation

Anode Morphological changes (Crystallization): change of
ITO inhomogeneity: injection barrier mobility, trap distribution -> change in e-h balance, efc.
Oxygen or In diffusion Degradation of organic layers Interdiffusion between org./org. interfaces
Dust, particles. etc. Trap formation at org./org. interfaces

Figure 1.4 Degradation process of OLEDs

Figure 1.4 shows the degradation process of OLEDs in an easy-to-view manner.
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In addition, Figure 1.5 shows the difference in the state of the electrode (ITO) when
the air is simply exposed and when the voltage is applied. And the optical image of
the emitting OLEDs and its voltage drop under severe conditions are shown in

Figure 1.6.

(a) (b)

Figure 1.5 (a) SEM images of defected ITO after diode fabrication and testing in
atmosphere condition and (b) SEM images of fully defected ITO due to voltage[17]
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Figure 1.6 Optical image of dark-spot formation and growth (a) before stress (b)
after 14.5 hours (c) after 78.5 hours; (d) voltage drop; (¢) luminance drop; (f)
decrease of current efficiency of the OLEDs with the structure ITO(150n)/ a-

NPB(60n)/Alq3(70n)/LiF(5n)/Al(100n) in constant current which has been

measured in atmosphere condition

1.2 Materials

This section briefly describes the material used in this paper and why it was
selected. The best known OLED materials and structures were chosen to closely
measure the varying impedance depending on the type of OLEDs, and each

material’s information was used to describe the equivalent circuit and charge
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dynamics.

1.2.1 Algs
Tris(8-hydroxyquinoline)aluminum(IIT)(Alqs) is green-light emitting
and electron transport material for OLEDs [18]. Alg3 is a material
announced by Kodak in 1987 and its luminous efficiency is more than
15Cd/m?. 1t was so historic material that it was used in the first reported bi-
layer OLEDs of Ching W. Tang [2], and it increased chemical stability
with methyl derivatives [19]. In this paper, Alq3 was chosen for the ETL

and EML layers.

-
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Figure 1.7 The chemical structures of Alqs
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1.2.2 HAT-CN

1,4,5,8,9,11-hexaazatriphenylene-hexacarbonitrile ~ (HAT-CN) s
hole injection layer material that changes the electrical properties of
electrodes due to its strong electron-withdrawing property[20]. In this
paper, HAT-CN were used for the purpose of measuring the efficiency
decrease because the electron-hole balance in of Alg3-based OLEDs is

worsen when the hole injection characteristics increase

NC CN
N N

N
N CN
N N

Figure 1.8 The chemical structures of HAT-CN

17



1.2.3 o-NPB
2,2'-Dimethyl-N,N’'-di-[(1-naphthyl)-N,N'-diphenyl]-1,1'-biphenyl-
4,4'-diamine (a-NPB) is hole transporting material for OLED devices. a-
NPB is also a material announce by Kodak and used in the first reported
bi-layer OLEDs of Ching W. Tang [2]. This material is also used as a high
performance host material for OLEDs devices showing increased device
efficiency. Maximum luminance efficiency was 4.4 cd/A at 9 V for the

fluorescent device and 24.4 cd/A for phosphorescent device[21].

Figure 1.9 The chemical structures of a-NPB
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1.2.4 DCM

In 1989, Dr. Tang reported that when two light emitting materials
were mixed and deposited, the device efficiency increased and the color
change occurred [22]. The material doped in Algs is 4-
(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran
(DCM). This material was used in this paper to investigate the change in

impedance due to the doping of OLEDs.

N=C. __C=N

HsC

Figure 1.10 The chemical structures of DCM
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1.3 Equipment & Instrument

1.3.1 Thermal Evaporator

OLEDs were fabricated using a thermal evaporator at the Inter-
University Semiconductor Research Center of Seoul National University
(ISRC) (Figure 1.11). This thermal evaporator was donated to Samsung
Display in 2014. The globe box filled with nitrogen is installed on the side,
and the substrate and the organic material can be prepared and inserted into
the loading chamber from globe box. There is an O2 plasma generator
which can cleaning ITO surface of a commercial glass substrate which ITO
was patterned by 150nm thick. Each material is loading on a crucible at
deposit chamber and is deposited sequentially using deposition software
which programed the deposition sequence. And the organic material is
deposited in a desired thickness automatically according to the information
about tooling value in advance. Figure 1.11 shows the schematic diagram
of completely fabricated OLEDs. ITO is coated at 150 nm on the center of
the glass substrate, and PR is coated so that only 4 mm?2 areas of pixels can
be contacted with organic material. After the surface treatment of ITO

using O2 plasma, the organic material is deposited only in the square
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region of 100mm?2 through the shadow mask, and finally the cathode and
the anode line are deposited at the same time. All deposition processes
were performed less than 107 torr and at room temperature. After all the
deposition was done, encapsulation of OLEDs was performed in a globe
box filled with nitrogen. A small glass cup with a desiccant sticker was
placed over the OLEDs fabricated for encapsulation and an epoxy-based
adhesive containing ultraviolet curing agent was used. In-capped OLEDs
were exposed to the ultraviolet light using UV lamp whit 365nm

wavelength for about 15 minutes to cure the adhesive.
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Figure 1.11 A thermal evaporator located at the Inter-University Semiconductor

Research Center of Seoul National University.
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Organic material

Figure 1.12 Schematic diagram of completed OLEDs. Tow shadow masks were
used for organic material (middle fluorescent square pattern) and for electrode (gray

pattern).

1.3.2 Impedance Measurement Equipment for OLEDs

The measurement system was designed to measure the impedance for OLEDs
of different thicknesses and materials. OLEDs measurements illustrate the method of
measuring the impedance of OLEDs in Figure 1.13. First, after the fabrication of the
OLEDs, the spectrum and efficiency of the OLEDs are measured by synchronizing
the Keithley 2400 SourceMeter with the Minolta-CS-2000 spectroradiometer to
evaluate the performance of the OLEDs. Second, using the HP 4155B connected to

the probe station to minimize external noise
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I-V-L characteristics were measured. At this time, the luminance was
measured using a photodiode capable of measuring only the relative value. Third,
the impedance was measured while sweeping the frequency up to 20 Hz -2 MHz
using the Agilent E4980 connected to the probe station. Each impedance was
measured while varying the DC voltage according to the operating range of the
OLEDs, and the ac signal was 50mV (rms) was used. Fourth, a constant current
drive was performed using a Polaronix M6000. Impedance measurements of OLEDs
were periodically re-measured at arbitrary time intervals, and the change in

impedance of OLEDs due to degradation could be monitored.

The final result is to extract each parameter through a program that minimizes

the error by applying the CNLS algorithm.
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Figure 1.13 Measurement process for Impedance Analysis
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Chapter 2

Analytic Theory of OLED Impedance
Spectroscopy

As mentioned in Chapter 1, impedance analysis can be the most powerful
method of characterizing completed OLEDs. Classic I-V-L characterization methods
or efficiency measurements do not accurately convey OLEDs' interface or bulk

information.

Impedance spectroscopy for OLEDs can be approached in a similar way to the
small signal analysis model already used in solid-state physics, which is well known
in the semiconductor field. For example, MOS capacitance analysis is powerful
enough to provide a theoretical foundation for MOSFETs [23]. By using this method,
the state density of the interfacial trap between the insulator and the active

semiconductor can be known [24], and the flat band voltage and threshold voltage
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can be estimated more accurately compared with the I-V curve[25]. The diode small
signal analysis model can know the doping profile information of the diode through
the capacitance value at both ends of the diode[24], and also can calculate the power
loss in the integrated circuit in terms of system integrate(SI), or find out the

allowable limit frequency of the system [26].

OLEDs behave like MOS (Metal Oxide Semiconductor) in certain ranges
because they are a diode and have a hetero-junction. Therefore, it can be said that it
corresponds to both of the above mentioned. However, the methodological approach
of measuring the impedance of OLEDs is not fully understood and the way of

analysis is different according to the voltage applied to both ends.

Therefore, in this chapter, we try to propose the impedance analysis method of

OLEDs analytically.

i . r o

o= Gx 26
EE T To-

acC,,

04+ model S\mplilied d

ACIC,,
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Gate Yoltage (V)

(a) (b)
Figure 2.1 Example of the capacitance analysis of (a) MOS (b) diode (source from

Maté Jenei lecture note at Aalto University)
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2.1 Problems of Previous Reported Impedance Spectroscopy
to extract parameter on OLEDs

Since the interfacial states of OLEDs and the charge transport in bulk have a
significant influence on the performance of OLEDs, many researchers have
attempted to interpret the completed OLEDs through impedance. However, the
impedance response of OLEDs is very complex and has very different active
properties depending on the driving voltage, which make it difficult to obtain noble
results. Moreover, OLEDs are very unstable when in caps are not perfect. Each
researcher has a similar or different interpretation at the same time, and there are
many questions about its practicality. As a simple example, the leakage current of
OLEDs depends on external environmental factors (temperature, light intensity), and
the interface characteristics vary considerably from process to process. In case of the
forward bias condition, carrier transports as well as interface characteristics have a
great influence on the capacitance response. In addition, a strong negative
capacitance appears at low frequencies [27-33], and it is also necessary to be very
careful to set the amplitude of the small signal when measuring the impedance of the
OLEDs. When OLEDs are driven for a long time, the [-V-L shift of OLEDs may

occur in real time during the measurement.

In the papers reported previously, it is most often regard as the series
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combination of the simplest R and C parallel circuits [34-38]. Sometimes there is
confusion in distinguishing between conduction currents and displacement currents,
and to represent negative contribution at low frequency, inductance sometimes can
be added in equivalent circuit, but which is just suitable for simple calculations, is
not reasonable because violates conservation of energy law due to absent of induced

magnetic field in OLEDs device [39-42].

When the actual capacitance values are extracted according to the equivalent
circuits assumed by the researchers, the physical interpretation can be greatly

distorted by using the extracted values if there are errors in the assumptions.

Figure 2.2[38] and Figure 2.3[29] shows the difference between the
equivalent circuit model and the experimental impedance response in past papers of
OLEDs analysis using impedance spectroscopy. In most cases, the error of
impedance is ignored in the low frequency, so that impedance response of equivalent
circuit and experimental impedance response of the OELDs device shows a
considerable difference. These models overlook the distribution of mobile carriers
within OLEDs, which ultimately do not seem to account for the physical phenomena
of OLEDs. Therefore, this section starts with the most general analytical approach

for impedance analysis.
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Figure 2.2 Frequency vs Capacitance plot and their equivalent circuit model

reported by Nowy et al. [38]
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Figure 2.3 Cole-cole plot and their equivalent circuit model reported by Pingree et

al. [29]
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2.2 Complex Capacitance Concepts for IS

To understand the impedance, it is necessary to know how the permittivity of
any device is described. In the general Gauss's law, the sum of the electric field of

the closed surface becomes the source of the dielectric constant.
<j.>E-da=2 2.2.1)
s &

Electric displacement field is sum of displacement filed of free space and

polarization moment
D=c¢cE=¢E+P (2.2.2)

Because a material cannot polarize spontaneously in response to an applied field,
polarization can be convolution of the electric filed so that the permittivity can be

complex number. Using Furrier transform

De™” = g(jw)E,e”™ (2.2.3)

2.2.1 eARC

According to Debye's expression, the expression of the complex
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permittivity &£(j@) is written as

_(e-¢) (2.2.4)

(a) (b) (c)
Figure 2.4 (a) Time dependence of the polarization, (b) Debye equivalent circuit (c)

complex plan plot of the complex permittivity

Cole and Cole extended this Debye’s concept further to the concept of
distributions of relaxation times. This assumes that the permittivity of each material
is widely distributed around a mean of distributed time constants [43]. Equation

(2.2.5) is represents the Debye's infinite sum of the distributed dielectric relaxation

E—¢€, = - (2.2.5)
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where G(7) is the fraction of the total dispersion(&, — &, ). And Equation (2.2.5)

can be represent as

M (2.2.6)
1+(jor)™

eE=¢&_ +

[e¢}

Where ¥, is the constant lead to a depressed arc in complex plane of &, and when
v, =1, it yields a Debye ‘s single relaxation constant. This equation is the well-

known Cole-Cole dielectric dispersion response function. A,(j®)" is admittance

of constant phase element.

Figure 2.5 illustrates how time-dependent polarization is modeled by a circuit and

plotted on the complex plane.

] . ] T
e = e =
] A
L —w o 2 ®
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2.2.2 ZARC

Ampere's circuital law (with Maxwell's addition) can be written as

J, ., =d.+d, (2.2.7)

total —

The conductance and permittivity are as follows

J =(7E+£E (2.2.8)

dt

total

If conductance and permittivity are functions of position

I = (0(X) +£(x)) ax (2.2.9)
dt
With Laplace transform
j(jo)=(o(jo)+ jwe(jo)) E(jo) (2.2.10)
Thus
(o) = ja{%&f})w( ja))jE( @) 22.11)
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If total of the permittivity including the electric conductivity is represented by
£, and the permittivity is expressed by the complex permittivity, the following is

obtained.

& =e(Jo)—j —G(C{; 2) (2.2.12)

If you try to configure it as a general circuit, it will have the same
dimensionless configuration as the high frequency component circuit among the
circuits mentioned in the Randel[44].

I= i(;jV (2.2.13)

o+ jos

Where d is the length of the device and A is the area of the device. Thus, any

dielectric ~ with  charge  transfer  characteristics is  expressed  as

Zczi( ! J: 1 (2.2.14)

i 1
o+ jwe 4 jeC
R

Using similar results to Debye 's equation of transplantation, Macdonald

generalized the charge transfer characteristics through transplantation [45].

S z- 4 4 4 '”=IZ=;r (2.2.15)

- I+ jz, 1+ jr, 1+ 7,
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Figure 2.6 shows the impedance when the materials with various
permittivities are connected in series. At this time, the charge transfer of each layer
is expressed as a resistance, and each dielectric constant can be expressed by a
capacitance. It is also expressed as a constant phase element when the change in the
material at each interface is continuous. At this time, this impedance becomes a

depress circle with the center of the circle down the x axis in the complex plane of Z.

0 10 20 30 40 S0 60 70 8 90 100 110 120 130 140 150 160
x

() (d)

Figure 2.6 Equivalent circuit when interface is formed perpendicular to current
direction (a) And the reactance value (b) and complex plane plot of Z(¢) for the three

components on the left side of the equivalent circuit (d).

36



Y=Y pe = fﬂ{(

. C,-C,
1+(C, - C, )x A(jo) ™

|

c.

0

|1

L
—|
C,-C,

M\

R,—R.

w=1

=R 1+(R, - R )A(jo )" \
R,-R.

R, -R
R,-R,
AWV .
—A—
|1
11
4
R, -R,
AW 2
—\A—

Figure 2.7 Comparison of Equivalent Circuit Representation of eARC (a) and

Equivalent Circuit Representation of ZARC. It shows that according to changes in

a and y value how to change CPE value.

Figure 2.7 compares the equivalent circuit representation of eARC and ZARC. In

the eARC, when the a =1, the CPE acts as an ideal capacitance and the

permittivity almost simultaneously becomes polarization. On the other hand, if

a =0, the polarization is delayed by the time constantz = (RC )_1. In the ZARC,

when =1 , it acts as an ideal capacitance, and the overall permittivity is

integrated into one. On the other hand, when =0, it acts as a perfect conductor.
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2.2.3 Negative Capacitance

Negative capacitance is a phenomenon often observed in high voltage and low
frequency band of OLEDs. Laux and Hess have successfully introduced and
successfully proved a new model[1], denying the fatal defects of conventional diode
models, that is the diffusion capacitances, which increase infinitely in proportion to
the current. This has a negative contribution to reducing the internal capacitance,
which means that the time-dependent recombination rate and the amount of carrier
exiting to the outside cause this capacitance to decrease, and even negative values

when certain conditions are met.

Figure 2.8 briefly shows one-dimensional double layered OLEDs. The
continuity equation at position b and the current expression using Gauss' law are as
follows [1]

=J,(0)+J,(b)+J,(D)

= efa U dx+ efa %dx + eJ: 6—pdx (2.2.16)

[SE

jchx—h}( —a)+J,(€)+J,(c)

‘—v—” 4 5

At this time, the current equation of (2.2.16) is divided into five terms, where

term1 is the recombination term of the whole device, term 2 is the amount of carrier
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increasing inside the device, term 3 is deplete capacitance, term 4 is the amount of

current flowing out of both electrodes, term 5 represent for the displacement current

at c.

1;
—

& |

EML I

| =~

-a -Wyrrp b

Wemt c

Figure 2.8 The one-dimensional double layered OLEDs, The depletion width is W =

wurL + Wem. The total diode length is c+a. Hole is injected at —a and electron is

injected at c. b is chosen to be the location where n(b)=p(b)

Here, terms 2 and 5 lead to an increase in capacitance due to the increase in

the internal carriers. On the other hand, it can be seen that the term 1 and 4 indicate

that the amount of internal carriers decreases. 2.5.1 When expressed as dV / dt

through the chain law in the equation, it can be summarized into five capacitances

and expressed as follows.
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Term 1:

J,=er—a5—pdxa—V+e ¢_oon oV __ ,a—V (2.2.17)
- oV ot b oV ot ot
Term 2:
bon, OV edp, OV oV
J, —dx—=(C,+C 2.2.18
o I—aaV a L@V ot = )az @219
Term 3:
oV
St = oy (2.2.19)
Term 4:
'J (—a)dt 'J (~a)dt
Jn(_a)+Jp(c):_LT%_T:_LT%_’;:_CM%_’:
(2.2.20)
Term 5:
J,(c)=C, ‘Z—It/ (2.2.21)

It can be roughly expressed as :
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+ Cd)aa—lt/ (2.2.22)

J,=(-C.+C,+C,-C

out

Here, it is possible to estimate what the negative capacitance value can
represent within the device. Equation (2.2.22) also suggests that each capacitance is
connected in parallel. Considering the dielectric relaxation time of each capacitance
here, the entire equivalent circuit model can be thought of as a parallel combination

of series connection of R and C divided represented five terms.

Figure 2.10 shows the impedance response at low frequencies (100 Hz) of the
two-layered OLEDs (ITO/HTL/ EML/LiF:Al). At low voltage (Vo < Vii), OLEDs
behave as if they are insulators because they have almost no current contribution,
and because the resistance of HTLs in OLEDs decreases at medium voltage (Vi <
Vop < Van), only capacitance value of EML measured so that the total capacitance
increase. Then at high voltage (Vo > Vbrek), the negative capacitance increases
because of the increase of current contribution. Figure 2.11 shows the variation of
the band diagram in each case. When analyzing the impedance of OLEDs, it is very
important to know that the measured impedance of OLEDs is what state of the
OLEDs operating. Understanding how the OLEDs operate physically can help you

extract accurate device information from the impedance response information.
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Figure 2.9 The charge injected into the diode affects the depletion capacitance and
diffusion capacitance. At this time, the charges that are discharged to the outside in

the unit time and the recombination charge cause the decrease of the capacitance.
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Figure 2.10 Graph of C-V characteristics of OLEDs
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Figure 2.11 Energy band diagram which explain the negative capacitance

phenomenon of OLEDs

2.2.4 Equivalent circuit strategy for OLEDs

In the low-frequency region, the capacitance of OLEDs is modeled as
inductance because of the negative capacitance. But this is not physically fit. Also, if

the negative capacitance value described in the Laux & Hess model is described as
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an inductor, it is cannot explained the fact that this negative capacitance value only
affects the low frequencies. Therefore, this C is a typical capacitance whose
component becomes zero at a high frequency, that is, a capacitance whose sign is

negative.

We integrated the Maxwell model and the voigt model to integrate the three
models into one. To incorporate charge transfer under this integration, the terms with
capacitive dielectric effects are divided into three: the internal charge increase term,

the charge recombination term, and the charge external term.

C,

I
R, R, l;

_rw—’_'—«/w—}_'vv\'_ " A
I m R, R, R
11 1 :
C. C AAA _| |_
R, c,

(b) Maxwell model

. “

A » The structure information
H with geometric and intrinsic material properties

» Dynamic information of the elements of debye relaxation
: associated with recombination and charge transfer mechanism

(C) Derived equivalent Circuit

Figure 2.12 Equivalent circuit model combining charge transfer model and interface

model
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Figure 2.13 Capacitance graph of OLEDs. The role of each equivalent circuit model

is explained by dividing the area.

2.3 Theory

2.3.1 Impedance Spectroscopy

Impedance spectroscopy is particularly characterized by the measurement and
analysis of some or all of the four impedance-related functions Z, Y, M, and e and

the plotting of these functions in the complex plane[46]. It can be usefully used
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small-signal ac response analysis of the electrode-material system. It uses a more
generalized concept than a classical electrical engineering analysis that analyzes the
response of an electrical circuit composed of ideal passive elements (R, L, C).
Therefore, in impedance spectroscopy analysis, element of R, L, and C is no more
ideal, and includes response of dependencies on frequency and potential or dynamic
motion with time passed. The small signal impedance response, represented in the
complex plane, represents a physicochemical value that includes the characteristic of

the device.

In 1941, Cole and Cole first tried to plot &’ and &" of dielectric systems in
the complex plane, known as a Cole-Cole plot [43]. And from at least 1947, various
researchers(i.e., Randles[44](1947), Jafté [47](1952), Macdonald[48] (1953), and
Friauf[49](1954)) have begun the theoretical treatment of semiconductor and ion

systems using Z'/Z" or Y'/Y" inthe complex plane.

Complex plane plots are sometimes referred to as Nyquist diagrams because
they use the real and imaginary axes as the basis. However, since Nyquist diagrams
generally represent transfer function responses of a time-invariant system with 3 or 4
terminals while conventional complex plane plots include 2-terminal input
immittances, this is an invalid name, It is better to use complex plane or Cole-Cole

plot rather than the name of Nyquist diagram.
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Figure 2.14 Number of journal articles on impedance spectroscopy identified on
October 3, 2016 wusing http://www.sciencedirect.com/ search engine In

Elsevier(Journal article only)

Oliver Heaviside create the foundation of IS (1872)

Nernst employ IS for measurement of dielectric properties and the resistance of galvanic
cells.(1897)

Warburg introduce Warburg diffusion element (ZW) which is a constant phase element (CPE)

.

In the 1920s, impedance was applied to biological systems.

.

In the 1940s, Grahame introduce fundamental understanding of the structure of the electrical

double layer.

Brother Cole and Cole introduce complex dielectric constant formula.

In the 1950s, impedance began to be applied to more complicated reaction.

.

In the 1970s, Nonlinear complex regressi hni were applied to IS by Macdonald

EIS conference was launched In 1989.

W - Current key issues is heterogeneity of electrode and the correspondence to the use and misuse of
CPE

@‘
[

Oliver Heaviside Walther Hermann Nemst Emil Warburg Kenneth Stewart Cole J. Ross Macdonald

Figure 2.15 A brief history summary of Impedance spectroscopy
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Figure 2.16 Schematic flow process for impedance spectroscopy measurement

process

Table 2.1 Relations Between the Four Basic Immittance Functions®*°

M Z Y €
M M nz p_Y_l €
-1 1 -1 -1
Z p M 4 Y n e
-1 -1
Y uM 7 Y pe
-1 -1 -1 -1
€ M uZ nyY €

* yu=jolC . Where CC is the capacitance of the empty cell
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2.3.2 Small-Signal Model

Generally, the impedance is the ratio of the complex representation of
correlation with the resulting steady-state current i (¢) =1/, sin(et+6) after
applying a monochromatic signal v (¢#)=V, sin(wt) to the cell. Where @ the
phase is difference between voltage and current and @ is the angular frequency of
each signal. Unlike the ideal passive elements, most of the practical electronic
device cells are rigorously non-linear device depending on the difference of the
potential between electrodes. Small-signal modeling refers to the technique which
replace non-linear device to linear device using time-varying currents and voltages

(AC signals which have a small magnitude compare to the DC bias currents and

voltages). The voltage applied to the device is expressed by the sum of V) .and

v_.(t), the current applied to the device is same, as follows.

V() =Vpe +v,.()

(1) = o+, (1 @30

If the small-signal current of the response to the small-signal voltage satisfies the

linearity, the dc component can be ignored and a differential equation is as follows.

dvac (t)

” (2.3.2)

i, () =Y@®)*
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In the case of an ideal diode, the small signal amplitude should be less than twice the
thermal voltage (Vm =kT/ q) to apply the small signal model. Using Fourier

transformation to simplify significantly the mathematical treatment of treatment of

this system,
I(jo)=Y(jo)V(jw) (2.3.3)

The real part and the imaginary part of the admittance Y(j®) in equation (2.3.3)

can be expressed simply by conductance g, and capacitance C .

Y(jo)=g,+ joC (2.3.4)

In equation(2.3.4), strictly speaking, the capacitance value and conductance
are not a constant but also real number. These values are frequency dependent
complex function. Here is why we use impedance spectroscopy. It is most desirable
to interpret this using the impedance spectroscopy analysis on the complex plane

diagram.
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2.3.3 Complex Plane Diagram

Cole and Cole[43] showed that the expression of the impedance including the
device relaxation can be represented by the sum of the semi-circles in the complex
plane. To understand Cole and Cole methodology, it is required to know how to
intuitively interpret the shape of the impedance seen in the complex plane. In this
section, it is introduced how complex equations expression with one pole are

displayed in the complex plane. If a complex equation expression is

Z= !
A+ jB

(2.3.5)

where one of A or B is a constant and the other is a function of frequency. Equation
2.7.1 may be rewritten to the relation of real value R(Z) and imaginary value

3(Z) as

%SR(Z ) (if A is constant and B is function of o)

R(Z) +3(Z) =

%S(Z ) (if A is function of @ and B is constant)
(2.3.6)

This is the equation of a circle with radius 1/(2A4) or 1/(2B) having its center
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at (1/ (2A),0) or (1/ (2B),O) , respectively. This make to finding each

parameter in complex plane easily. Depending on the sign of A or B, each semicircle
is placed in one part of the first, second, third, and fourth quadrants, and the plot of

this equation is shown in Figure 2.17.

Furthermore the greatest advantage of such a Cole and Cole expression in
complex plain is that it allows predicting the overall parameters of the equation

through only the maximum value of the real or imaginary part. That is, since

maximum value of real or imaginary part is located at|A|:|B , even if the

maximum value of only one part is known, the other component value is obtained

without any effort.
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A is constant

{ B is constant
B
1
2= 4578
(A<0,B<0) (A>0,B<0)
Real(Z)
1 >
/A
(A<0,B>0) (A>0,B>0)

Figure 2.17 Complex Plane Diagram of a complex equation(2.3.6). The diameter

of the semicircle is determined by the reciprocal values of A and B, and the position

of the center of the semicircle is determined by the sign of A and B.

53

&)t



2.3.4 Equivalent Circuit Modeling

In section 2.3.3, it is suggested that most common passive elements appear in
a semicircular form on the complex plane. In impedance spectroscopy analysis of
any devices, it is very important to learn how each passive circuit is expressed in

which domain.

If you find a semicircle in the complex plane of Z, this circuit is a RC circuit
that is connected in parallel which have the resistance value as a diameter of
semicircle and capacitance value as minimum value of imaginary part. If you find a
semicircle in the complex plane of Y, you will get an RC circuit that is connected in

series in the same way as above.

In case RC in parallel circuit:

1 1
o =7 =— (2.3.7)

Lo =——————
R||IC R_1+ja)c max max RC

In case RC in series circuit:

1
I/R-¢—C = . -1 a)max Tmax
R+(jaC) RC

(2.3.8)
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In case RL in parallel circuit:

1 R
ZRIIL = —1 . —1 a)max = Tmax = (239)
R+ (jol) L

In case RL in series circuit:

ReL = , max = Tmax = (2.3.10)
R+ joL L
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Figure 2.18 Complex plane of Z and Y of resistance and capacitance circuits.
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Figure 2.19 Complex plane of Z and Y of resistance and capacitance circuits
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Figure 2.20 Cole-cole plot of impedance(Z) of parallel circuit compound with

resistance and capacitance.
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Figure 2.21 Real(blue line) and imaginary(red dot line) value of impedance

Figure 2.20 shows the impedance shape in the complex plane when the
capacitance and the capacitance are connected in parallel. In many documents, this
is referred to as the Cole-cole plot. Generally, we use a complex plane with the y-
axis reversed. It is possible to estimate the shape of the entire impedance from a part
of the impedance measurement value through the same point (the maximum value of
the imaginary part) at the same point of the real part and the imaginary part. In order

to analyze more easily, it is better to transform the domain into a shape like Figure
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2.21, which shows the imaginary axis and the real axis as a function of the frequency,
and then find w max from the maximum value of the imaginary value and a value

from the maximum value of the real value.

2.3.5 Superposition of various Impedance Component

Actually, the practical impedance of the device is different from that in the
previous section, which is superimposed when there are two or more relaxation time
constants of polarization. Depending on each modeling strategy, different equivalent
circuit models can be drawn, but the model can be inversely modeled from function
shape on the complex plane. The most common assumption is that the impedance is
superimposed when there are several internal interfaces. The equation of
superposition impedance may be as

Z(w) = Z; (2.3.11)
1

" —+ B (w
y JB,(®)

n

Figure 2.22 shows the case where the time constant is divided into two in the
form of Equation(2.3.11). Intuitively, if a semicircle seems to be split into two and a

material with different time constants (or different dielectric constants) in the device
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is placed vertically in the electric field, the separation of each layer is known and the
physical Properties can be estimated. This is the best model for OLEDs analysis
because it is suitable for the analysis of stacked layer devices consisting of junctions
of different materials. However, there are difficulties in the case of two call analyzes
with possible duplication. This can minimize errors with a method of nonlinear least
squares (CNLS). A much more common and powerful method of complex nonlinear
least squares is first applied to IS in Macdonald and Garber's  study [50](1977), and
Macdonald, Schoonman and Lehnen [51](1982), Macdonald [52](1991) proposed

the methods for high resolution and accuracy [46].

59



R Z(w) = norm| » ———
" —iJB”(C!))

Figure 2.22 Superposition of the impedance. Impedance response with a parallel
combination of capacitance and capacitance connected in series. The shape of the

impedance response appears as overlapping sub-circles and the parameters can be
extracted in the minimum error range using the complex nonlinear least squares

(CNLS) algorithm[50].

2.3.6 Debye relaxation plot(¢-plot)

When an electric field is applied to a substance, the polarization of the

substance does not react immediately but flows to a certain average time and then
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converges to a specific polarization value (Figure 2.23). In general, there are
electronic polarization, atomic polarization, dipolar polarization, and ionic
polarization in the order of the well-known dielectric constant reaction sequence.

Thus, all materials have a dielectric relaxation time to polarize (Figure 2.24).

The best explanation of the retardation response of this polarization is the
Debye relaxation theory[53]. Debye defines dielectric relaxation time is the average
time it takes for completing the polarization, and the permittivity is treated as a

function of the complex number through the Fourier theorem as

_ (8s _gw)

g—g, =2 =) (2.3.12)
1+s7

Thus the real part of the complex dielectric constant can be regard as the
dielectric constant of dc condition and the imaginary part of the complex dielectric
constant are related to the amount of energy loss to make the polarization. The
complex function of this dielectric is well described as an equivalent circuit (Figure
2.25). When this equivalent circuit is expressed as a complex permittivity in a

complex plane, it also has a semicircular appearance as one can see Figure 2.26.

The author named this plot of expression in the complex plane of this
dielectric constant as e-plot and used it to define the diffusion capacitance by

current in OLEDs.
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t=0 t
Figure 2.23 Time dependence of the polarization after the application of an electric

field to an insulator at t=0 [46].
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Figure 2.24 Frequency response of dielectric mechanisms. (ref : Application Note
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1217-1, "Basics of measuring the dielectric properties of materials," Hewlett
Packard literature number 5091-3300E, 1992.)

Figure 2.25 The Debye equivalent circuit

woRCy =1

t)

%

SI
Figure 2.26 Complex plane plot of the frequency dependence of the complex
permittivity modeled by the circuit of Figure 2.1.2.[46]
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2.4 How to extract reasonable parameter from impedance
spectroscopy

Section 2.2.4 presents an equivalent circuit model that combines the structural
and charge transfer models of OLEDs. This model may be an ideal model or a
model with distributed elements. Therefore, CPE (constant phase element) must be
considered in all elements. However, it is difficult to accurately separate the CPE
from the overlapping impedance response. Of course, the solution proposed by
Macdonald's CNLS(Complex Non-linear least squares) fitting program(from :
http://jrossmacdonald.com/levmlevmw/) can be a solution, but the residue between
the actual impedance response and the equivalent circuit model varies greatly
depending on what domain you are looking at. A more sophisticated approach than
the Macdonald approach is needed. We present an empirical methodology that best
represents the impedance response of OLEDs. First, we use the method of filling the
variable of the equivalent circuit from the element of the impedance response with
the smallest variation in the external variable at all frequencies. The order of

determining the equivalent circuit parameters with the figure is as follows.
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The Cg, is determined at the inflection point of the highest frequency.

v Ensure that the Cgo value at high frequencies has a value close to the
dielectric constant of the material.

The Cy is determined at the inflection point of the second highest frequency

v" Must be extracted in series with the Cy value at the previous voltage
which reduces confusion at the ambiguous inflection point.

Cuitr is modeled as a CPE in which the time constants of electrons and holes

are dispersed.

Crec is distributed at 10* ~ 10° frequencies, but is not large here and is

therefore invisible at this scales

v" OLED carrier life time is lower than OLED recombination life time

Cou 1s the flux of charge exiting at the terminal at the lowest frequency.

v" OLED carrier life time is lower than OLED recombination life time

Rs can be derived precisely through Y-plot.

v Rs is the sum of the contact resistance and some of buck resistance.

R1+R2 is derived precisely through Cole-cole plot.

v" The entire term of the structure is constructed, and if converted to a
Voigt equivalent circuit, the geometry impedance can be accurately

derived.
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8. The contribution of the parasitic inductance component can be seen through
M-plot.
v' Effectively distinguishes parasitic inductance

9. The contribution of the parasitic inductance component can be seen through
M-plot.
v’ Effectively distinguishes parasitic inductance

10. Verification data with CNLS fitting

14l fitted Fs m "
— ' LA} H
[T = :
® 3
[&] H W
c :
© ! 1
:'6 AAA : AAA
@ oe
o

+—N——] |——

8 06
g 0.4 —WA——
o

0.2 —"\M—H—

0

102 10° 104 10° 108 107 108

Frequency(Hz)

1. The C,, is determined at the inflection point of the highest frequency.
* Ensure that the C,, value at high frequencies has
a value close to the dielectric constant of the material.
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3. Cyyr 1s modeled as a CPE in which the time constants of electrons and holes are dispersed.
*  OLED carrier life time is lower than OLED recombination life time
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5. C,,is is the flux of charge exiting at the terminal at the lowest frequency.
*  OLED carier life ime is lower than OLED recombination life time
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7. R1+R2 is derived precisely through Cole-cole plot.
*  The entire term of the structure is constructed, and if converted to
a Vogit equivalent circuit, the geometry impedance can be accurately derived.
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8. The contribution of the parasitic inductance component can be seen through M-plot.
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Chapter 3

Experiments

Several structures of OLEDs were analyzed using the impedance
spectroscopy described in Chapter 2. First, to verify the impedance analysis method,
OLEDs with different thicknesses were investigated. This makes it possible to
examine changes in the impedance response caused by the structural difference of
the OLEDs. Secondly, OLEDs with the ratio of the layer’s thickness differently were
investigated to closely examine at what each layer means. Also, the phenomenon
that the interface collapses at the time of degradation can be confirmed by the
Modulus plot, and the influence of the degradation on the interface is quantitatively
examined. Third, we examine the change in impedance depending on the position of
the doping. The doping was examined by changing the position of doping in the

light emitting layer using DCM with about 5% doping of Alq3. The purpose of the
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experiment of this Chapter is to verify the analytical theory described in Chapter 2

and to discuss the verification in Chapter 4.

3.1 Thickness modification OLEDs

When analyzing OLEDs composed of stacked layers of different materials, it
is necessary to examine where the corresponding impedance represents the layer in
order to analyze each layer component. Therefore, the impedance was measured
while changing the thickness of the HTL layer and the EML layer. Figure 3.1 shows
the structure of the device. HTL selected 30n and 60n, EML selected 70n and 100n,

and made four devices by combining them.

I-V-L characteristics were measured using the HP 4155C prior to each
impedance measurement. The graph for this is shown in Figure 3.2. The current
level of NPB: Alq3 was the highest at 30n: 70n, and decreased with thickening of
each layer. This is a natural result because the resistance of the bulk increases with
the length. In the case of NPB: Alg3 having 60n: 70n and 30n: 100n with similar
thicknesses, the current level is similar but the HTL ratio is higher. This means that

the rate of injection into Alq3 should be slower to increase efficiency. Therefore, in
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order to increase the probability of recombination at relatively fast Alq3, it means
that the resistance of NPB should be increased. The thickness of Alq3 also affects
the efficiency, because the electron transmission path becomes longer, so the

efficiency decreases as the thickness increases.

Alg, (70n)

Algs (100

a-Npg (30n) -NPB (30n)
ITO(150n) ITO(150n)
Glass Glass
2mm - 2mm r
(@) (b)

Alg, (1
Algs (70m) )
SENER (60n) C-NPB (60n)
ITO(150p) ITO(150p,
Glass Glass
” >
2mm “ 2mm :
(c) (d)

Figure 3.1 Schematic diagram of OLEDs Structures used in this section

73

2 3] &) 8

& -



10°

— a-IHF'IEI I:'-TLII|:|I3 :':.altej- T I P ;
G 10°F w 20n TOm (1708028 BOZ) 410
E e 2n 100 (170728 B0Z)
O W o =0 Ton (170707 D03 1100
<L 0°[ T @0 100n (17077 ;
E 4 o
E 10k {10°% §-
g 1°r 1102 §
) : =
08 o
S ok 1072
e 10k —
o =
= 10 110
=
O 10° _
_E 1107
107 L=

6 4 2 0 2 4 6 8 10 12 14 16
Voltage(V)

Figure 3.2 I-V-L characteristic of the OLEDs
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Figure 3.4 Response of Complex plane of M plot
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3.1.1 Analysis of the Interface of the OLEDs

Figure 3.4 shows the Modulus plot for each OLED element. Modulus plots

are sometimes referred to as M-plots, which plots the real and imaginary values of
Y, ips / jJwand the radius of the circle represents the reciprocal of the capacitance in

each layer.

L (.1.1)

As shown in Figure 3.4, in the low-voltage region, the layers are separated
and the actual capacitance of HTL and EML can be identified. Of course, if the
thickness of the layer is small, the capacitance becomes large and the radius of the
circle becomes small. Therefore, this M-plot shows the thickness information of
each layer. The sub circle of each circle represents the thickness information of the
HTL, and it can be confirmed that the value of the cap gradually increases according
to the voltage. This is because the number of charges existing inside due to the
barrier in the device increases. The increase lasts until the barrier eventually
collapses. This increase increases until just before turn-on, and the rate of increase is
the largest at the most efficient HTL (60n)/ EML (70n). It can be seen that doubling

the length of the HTL doubles the diameter of the small semicircle and increases the
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diameter of the small semicircle about 1.5 times as the length of the EML increases
1.5 times. These semi-circles are clearly separated from the turn-on and are
combined into a semicircle at high voltage. This fact is expected to be useful for

determining the error of the product in the actual mass process.

Figure 3.5 shows the Response of complex capacitance of & -plot plain. This
is suitable for the analysis of the charge transfer model proposed by the authors.
Here, each semi-circle represents the geometry capacitance of each layer of Maxwell
Model (see Chapter 2). In terms of efficiency of OLEDs, the greatest increase in the
degree of right-hand circularity is that there are many holes in the HTL, so it exists
for a long time before the barrier is passed. The vertical line above shows the charge
transfer, and as the voltage increases, it shifts to the left. When the degree of parallel
movement is measured, it is expected that the most moving (a) is the largest current,
and it can be proved that it is true when compared with Figure 3.2. In addition, the
size of the left semicircle represents the capacitance of the geometry at both ends of

the electrode.
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Figure 3.5 Response of Complex capacitance of & plot plain

3.1.2 Analysis of the Carrier Distribution of OLEDs

Figure 3.6 shows the capacitance response versus frequency. This means the
amount of pure capacitance measured when measuring capacitance in OLEDs. This
is complicatedly changed according to the frequency, but the effect of the interface

at high frequency and the effect of charge transfer at low frequency.

At low voltage, two hills are visible, with capacitance representing the
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respective interface as a whole. Comparing this value with the actual thickness of
the device, each represents the thickness of HTL and EML. However, what we are
looking at in this graph is rather a reduction in the capacitance of the low frequency
band. Comparing the low-frequency capacitance values at the same current, it means
that the larger the values of the capacitance, the more carriers are distributed in the
inside. From the voltage and current characteristics, it can be seen that the samples
with the highest efficiency (¢) and the samples with the same efficiency (a) and (c)
have almost the same values at the same current. On the other hand, the low

efficiency (d) shows the lowest amount of negative capacitance at the same current.
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Figure 3.6 Capacitance response of the OLEDs with Frequency Sweep

3.2 Thickness ratio modification

In order to better understand the change of the impedance with respect to the
thickness, the effect of the degradation on the interface was examined by fixing the
total thickness and changing the ratio of each HTL / EML to the degradation process.

Figure 3.7 shows the structure of each device fabricated. The total thickness was
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fixed at 70n and the HTL and EML portions were changed to 1:6, 2:5, 3:4, 4:3, 5:2.
The reason for adjusting the thickness ratio is that the electron-hole balance can be
relatively easily changed. Therefore, the change in impedance response was

observed when the electron-hole balance was changed.

Al
Alg; (60n) Alg, (50n) 9; (40n)

a-Npg (30m)

a-NPg on) a-NPB (20n)
ITog 50n) no(lSOm lTO(lSOn)
Glasg Glass Glass
i
2mm : 2mm : 2mm
(a) (b) (0)

Alg; (30n) Alg, (20n)

&-NPB (401, -NPB (505
1TO(150 TO(150n)
Glass Glass

2mm i 2mm
(d) (e)

Figure 3.7 Schematic diagram of OLEDs Structures used in this section

Sample# | Anode | a-NPB | Alq, | LiF | Cathode | Current Efficiency
OLED#1 150n 10n 60n | 0.7n 100n 2.3 cd/A
OLED#2 150n 20n 50n | 0.7n 100n 2.2 cd/A
OLED#3 150n 30n 40n | 0.7n 100n 24 cd/A
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OLED#4 150n 40n 30n | 0.7n 100n 2.1 cd/A

OLED#5 150n 50n 20n | 0.7n 100n 1.5 cd/A

Table 3.1 Information on fabricated OLEDs

3.2.1 Relation between efficiency and M-plot

Table 3.1shows that the HTL: EML thickness ratio of 3: 4 is the highest. In
chapter 3.1, HTL: EML thickness ratio was the highest at the ratio of 6: 7, which is a
reasonable result. That is, the electron-hole balance is considered to be the highest at

a ratio of about 6: 7 to 8.

Figure 3.8 is a graph showing the M-plot response of the above five samples.
The size of each semicircle represents almost exactly the thickness ratio of HTL and
EML. In addition, (c) shows the smallest change in the rate of change from the
moment when the class members are not distinguished. This actually means that the
C value in the C-V graph is maintained above V. Therefore, in the actual M-plot,
the factor that rapidly drops of negative capacitance above Ve means that the size
of the semicircle increases sharply. This means that the carriers that do not

participate in the recombination with the OLEDs are also eliminated. As explained
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in Chapter 2, this leads to a reduction in efficiency.
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Figure 3.8 M-plot representation for each device. It can be seen that the ratio of the

thickness ratio to the diameter of the sub-semicircle coincides.
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3.3 DCM doping ration Modification

To understand the effect of doping, DCM doping was inserted in the middle of
the Alq3 layer. The reason for this doping is that the doping itself can control the
effects on the interface and the amount of charge recombination. Indeed, many
experiments with doping locations have been done previously and were used to
determine recombination sites. In this section, you can see the degree of
recombination or the mobility characteristics of the bulk itself and the effect of

doping.

3.3.1 Correlation between Current-Voltage-Efficiency
and Impedance Response

The structure of the OLED was designed with NPB of 30n Alg3 at 70n and
doped with 5 vol% DCM at an interval of 20n near NPB. Figure 3.9 shows the
structure of the device and confirms that orange light is emitted as a result of doping
of DCM (Figure 3.10). The luminescence gradually became greenish as the position
of the doping layer in the NPB layer was increased, because the amount of

luminescence was increased by Alq3. The color coordinates for the color are shown
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in Figure 3.11 in the CIE coordinate system. The farther the DCM is from the
interface between EML and HTL, the lower the current characteristic, while the
higher the efficiency. This is similar to the basic assumption derived from Ching
Tang's DCM doping experiment. Once doped with impurities of DCM in the
interface of HTL and EML, it is greatly influenced by the state of the interface.
Hence, the leakage current component becomes large, and hole injection is not
performed properly at the homo level. Therefore, a large amount of non-luminescent
charge carriers that do not participate in luminescence appear although the current is
large. On the other hand, the device with DCM doped to the cathode side without a
large defect at the interface seems to have higher probability of recombination in
both Alg3 and DCM. As shown in the right figure of Figure 3.14, the device (a) in
which DCM is near the interface actually has the largest Von-Vii and more negative
charge at the interface, which seems to act as a non-luminescent recombination
center as an impurity. Also, it can be seen that the increase in internal carrier is
greatest after Vy;, which means that the recombination component is less. The closer
the DCM is doped to the cathode side, the more (c) it can be seen that the device is
recombining more efficiently as a low-level implant. Also, the device with the
slowest negative capacitance at higher voltages is also the device with the DCM
closest to the cathode (¢), which means that the number of recombining charges lasts

even higher voltages. On the other hand, the element (a) has a very sudden negative
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capacitance value.
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Figure 3.9 Schematic diagram of OLEDs Structures used in this section
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Figure 3.10 Microscope image of the DCM doped OLEDs
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Figure 3.11 CIE x, y value of the chromaticity diagram DCM doped OLEDs
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Chapter 4

Discussion

4.1 Consideration of Effects of Interface Properties

The interface characteristics are largely divided into organic/organic and
organic/metal characteristics. At this time, the field distribution due to the relocation
of the space charge created by the potential barrier due to the energy band difference
can be approximated by the RC circuit of the tunneling current characteristic which
determines the capacitance and crosses the space. Here, the value of the fixed charge
existing in the interface affects the capacitance and the resistance value. The
interface charge of the organic/organic interface is usually present as a negative

charge[54], which changes the field distribution per layer. It is possible to estimate
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the amount of the interface charge by the potential difference between V, and Vy; in

the low frequency capacitance graph. Figure 4.1 shows how the values of Vt, Vy;,

and Vi at low frequencies (100 Hz) are determined. V-V, decreases with

degradation, which decreases the electron-hole balance by increasing the amount of

holes injected from the HTL to the EML, thereby decreasing the efficiency. It can be

seen that this reduction of the fixed charge leads to a reduction in the amount of

carriers present in the EML and that the capacitance reduction due to the

recombination becomes noticeable at higher voltages.
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Figure 4.1 C-V graph showing the decrease in fixed charge of organic / organic

interface at low frequency (100Hz) and the resulting decrease in efficiency
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4.2 Consideration of Effects of Bulk properties

Bulk properties can be obtained by obtaining Rs. This Rs value can be found at
the inflection point of the slope where the capacitance rapidly drops to zero at high
frequencies. The Rs value at low voltage is generally increased as the voltage goes

up, but it is also possible to reduce it from the structural factor. At this time, Rs value

is as follows.

R =1/wC,, (4.2.1)

x10  FreqVsCap

Capacitance(F)

10? 10° 10* 10° 10°
frequency(Hz)

Figure 4.2 Capacitance response at 2V near turn on voltage. Rs can be read at

transient frequency (f).
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Generally, when stress is applied, this resistance tends to decrease at first time
and then increase soon. This can explain the general phenomenon that OLEDs
initially have a temporary increase in current-voltage characteristics. That is, the
resistance to bulk is gradually relaxed while electrical stress is applied rather than
the initial OLEDs. However, if the stress continues, hopping conductance decreases
due to the change of physical properties of the bulk resistance increase. Figure 4.2
clearly shows that the inflection point frequency of the high frequency increases
during the first day and then decreases. In the case of the same sample, the amount

of change in bulk can be deduced from the comparison of the reduction amount.

4.3 Negative Capacitance relation with efficiency analysis

The main cause of NC(negative capacitance) is related to the charge
disappearing inside the injected charge. In the Laux and Hess study, the material
with the PN junction has negative capacitance values due to the charge dissipated by
the recombination and the injected carrier due to the short distance of the diode
which outflow from OLEDs. Thus, this reduction in capacitance means a
recombination or quenching factor. The former is associated with increasing

efficiency and the latter with lower efficiency. However, it is not easy to distinguish
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between the two because they appear overlapping. A typical example is shown in
Figure 4.2. This sample is an ITO (150n) /? -NPB (30n) / Alg3 (40n) / LiF (0.7n) /
Al (100n) sample manufactured on different days. The OLEDs of these two OLEDs
can be seen to have almost the same structure when judged by the M-plot shown in
the sub-plot of Fig. 4.2 (a) and (b). However, the efficiency of these two samples
was significantly different. The device (E02) manufactured on December 12, 2017
had a higher efficiency than the device (C03) manufactured on January 17, 2018.
The reason for this is thought to be that there is a difference in the material or
interface due to precisely unknown reasons in the process. As shown in Figure 4.2
(d), the difference between Vt and Vbi is constant. However, when the amount of
capacitance decreasing in the region of 4 V or more after Vpeak is observed, it can
be seen that the EO3 device exhibiting a higher efficiency has a smaller capacitance
than the C03 device. It is presumed that the carrier injected from the electrode stays
in the EML for a longer time and increases the recombination probability.
Immediately after Vpeak, the capacitance of the device CO03 is seen as a flat layer, so
the amount of internal carriers appears to be larger in the region between 3 and 4 V,
but considering that the reduction in capacitance due to recombination is 2/3 of the

actual capacitance, Background capacitance appears to have appeared.
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Figure 4.3 OLEDs of the same structure made of the same process with different

electrical properties. The M-plot shows that the device structure is the same, but the

efficiency is different. This can be understood in advance through the low-frequency

analysis of the negative capacitance value.
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4.4 Mobility Measurement Using Impedance analysis

Aldert van der ziel, in Solid State Physical Electronics [1957], found that the
mobility of a single injection space charge diode diode can be obtained by the

Laplace transform of a SCL diode current equation with a small signal applied [55].

J@)=J,+J, exp(jor), F=F,+F exp(jor)

9 V2
J,=——¢sc, 1, —5
0 8 Olun L3
1 .
6 (jor)'V,
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Figure 4.4 Mobility extraction from SCLC current characteristics. By adding a
small signal to the SCL current, mobility can be obtained from the minimum value

of the admittance value
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Naito's team of Japan showed that mobility can be extracted accurately from
the value obtained by multiplying the time constant by a constant when the B
method and the G method are applied when the actual disorder is a substance [56,
57]. This can be a mobility extraction method of an approach different from the
methods of actual TOF and transient EL, transient SCLC, and the like. In this study,
the mobility value of Alg3 was successfully extracted using EOD and results similar

to those in the literature were derived.
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Figure 4.5 Maximum frequency per voltage for mobility extraction using A G
method
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Figure 4.6 Mobility extraction value using A G method. Mobility proportional to

square of field extracted

As shown in Figure 4.3(d), when the capacitance value is measured at low
frequency (<100 Hz), the capacitance value that has increased at the turn on vicinity

rapidly decreases at high electric field (> 5.0 x 107 V/m).

Negative capacitance (NC) phenomenon is typically observed on high
disorder material via impedance analysis. It used to be thought to be mainly caused
by a measurement error. However, as the measurement technology becomes more
precise, NC is considered to be one of the important physical properties in materials
with low mobility and hopping conduction[58]. In particular, the negative

capacitance phenomenon in organic light-emitting diodes (OLEDs) has been
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reported steadily[29, 59]. NC values are known to increase at low frequencies under

high electric fields[60].

In this paper, we show that the average transition time ( z ) from a hopping
site to another hopping site can be expressed as the phase difference (©) of between

lagging alternative current (AC) current and the applied small signal AC voltage
with frequency of s That is, 7, =tand/@, . OLEDs with relatively simple

structure of ITO/a-NPB/Alqs/LiF/Al, which have varied thickness ratio, were

fabricated and their average transition time were analyzed. When this transition time
is applied to the mobility relation of (= 4d’ / (3z,V)), it can be seen that it

reflects the mobility value relatively accurately. As shown in Fig. 2, since the
mobility of hole transport layer (HTL) material is larger than that of emissive layer
(EML) material, it can be seen that the composite mobility value becomes smaller as
the thickness ratio (thickness Alqs/thickness_a-NPB) increase while the composite
mobility value increases as the thickness ratio decreases. These values are

summarized in Table 4.1.
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Table 4.1 The average transient time value and the composite OLED SCLC mobility

Thickness ratio(nm) Averagt_e Dy e Transient SCLC mobility
(Experiemental value)
10/60 1.02E-04 3.78E-07
20/50 5.61E-05 6.87E-07
30/40 4 .42E-05 8.71E-07
40/30 5.02E-05 7.67E-07
50/20 4.06E-05 9.49E-07
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Chapter 5

Conclusion

So far, we have investigated the impedance spectroscopy of OLEDs and
analyzed the electrical properties and degradation mechanism of OLEDs using
impedance response. As mentioned in the text, OLED, parameters are not extracted
by simple circuit model alone, but must be measured by voltage and current with
various strategies. Therefore, complexity is added here. In particular, the impedance
response of OLEDs should be analyzed by separating the carrier transport
characteristics and the structural characteristics. The purpose of this paper was to
examine how OLEDs can interpret physical phenomena through impedance
representation. This requires an attempt to analyze the impedance as accurately as
possible. Unfortunately, not only the instability of the OLEDs, but also experimental

errors has led to very difficulties in this analysis.
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So I tried to analyze more OLEDs, but unfortunately I had to experiment
with the simplest structure of the device as stable as possible. However, the simpler
the structure, the clearer it is to have a closer look.

We have tried to automate everything from production to measurement for
the accuracy of extraction, and this has been solved through Labview. To analyze the
impedance of the measured device, we extracted the parameters through recursive
constant non-linear least square (CLNS) method using MATLAB. Basically you can
see the structure of OLEDs better at low voltage injection and high frequency. Once
the structure of OLEDs at the high frequency is determined, the charge transfer
characteristics can be analyzed in more detail at low frequencies. The domain in
which the structure is well visible is the domain of the M-plot. At this time, the
resistance and capacitance information of HTL and EML are extracted from the low
voltage until the current is injected into the EML. In general, the remaining layers
except the EML are planarized by the fixed charge at the interface. This point is
where the capacitance of the EML is extracted, and it looks as if the parallel plate
capacitance exists as thick as the EML. This allows the stack structure of OLEDs to
be extracted. Also, in the e-plot, the small semicircle in the high frequency range
means the capacitance of the OLEDs over the voltage across the device, which can
indicate the state of the interface.

Therefore, when analyzing OLEDs using impedance spectroscopy, it is
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necessary to measure the impedance sequentially while changing the voltage or
changing the frequency and it is necessary to have the ability to read the continuous
change value. Actual device capacitance may also require a decentralized
capacitance value that is different from the ideal capacitance value. Therefore, the
introduction of CPE (constant phase element) is also very important. These CPEs are
particularly suited to models in which carriers are injected in the charge transfer
model. Each carrier is hopping conduction between states near the homo or lumo
level of the OLEDs, so its dielectric relaxation time is more likely to be more
dispersive. This can explain the behavior of a somewhat unusual capacitance in the
low frequency range.

After the turn-on voltage, injected carriers accumulate inside the device,
indicating a typical diffusion capacitance and increasing rapidly. However, this is
negative due to the current component flowing out of the electrode during the
recombination and the internal carriers are in equilibrium. This is the origin of the
negative capacitance appearing at low frequencies, and the capacitance of these two
negatives is an important factor in determining the probability of recombination and
the efficiency of the device. Therefore, we have studied the role of negative
capacitance in OLED devices, which are short, low mobility and relatively long
carrier lifetime by taking advantage of the results of Laux and Hess. In some papers,

negative capacitance has often modeled with inductance, but we concluded that
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modeling with inductance is not good at any thin film devices. In addition, we have
used the results of HESS and LAUX to study the role of cathode capacitance in
OLED devices with short, low mobility and relatively long carrier lifetimes. I often
modeled this negative capacitance with the inductance of an existing model, but I
concluded that modeling with inductance is not good for my model. This is because
if the inductance is included in the equivalent circuit modeling, it is contradictory
that the magnetic field must be formed electromagnetically. In addition, the
inductance extracted from the inductance model is very large. Also, in direct current,
the impedance value due to the diffusion capacitance due to the internal carrier must
be zero, so it is reasonable to consider this as a capacitance. Therefore, the
capacitance associated with charge transfer appears as a path connected in parallel to
the RC circuit representing the entire structure, which has positive and negative

values to represent an increasing carrier and a decreasing carrier.

Figure 5.1 shows the frequency band and equivalent circuit that can be used to
find out all OLED characteristics mentioned in this paper. the intermediate
frequency connected to the frequency recombination delay time of the low
frequency band in which the charge transfer information is known, and the high
frequency band in which the electrode interface is known are separately displayed,
and the equivalent circuit is also shown. In addition, the transition frequency can be

clearly seen through the M-plot of the intermediate frequency, and the thickness of
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each layer can be seen intuitively only by the picture. With the e-plot, you can see
more details of the geometry of OLEDs and the change in the mobility of the bulk. It
can be seen that the charge transfer model is located at the low frequency, and it
becomes simple at the high frequency and represents only the interface between the
electrodes. The shape of vertically cut-off line becomes a voltage-capacitance graph
and the state of the interface and the characteristics of the bulk can be determined by
changing through the line. The carrier transfer model in the low frequency domain
can be represented by CPE, and Chapter 2 describes in detail how to extract it.
Figure 5.2 illustrates where to select the frequency and voltage region to obtain
desired characteristics of OLEDs. The length of the ellipse tells the sweep range,
which means that the longer the ellipse, the larger the voltage range must be swept.
Table 5.1 shows the effect of degradation, the observation method and the domain

which easily informs characteristic according to degradation factor.

This study investigated how to identify the elemental characteristics of
OLEDs as impedances, and succeeded in proving them in part. However, the
impedance response is very sensitive, so there is a possibility that the changes due to
unknown variables will overlap. Therefore, it is necessary to systematically analyze
and verify a lot of big data by finely manufacturing the device. If the standardization
of the impedance analysis method is made through this study, not only the device

characteristics and degradation factors can be identified by only analyzing the
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impedance response of the OLEDs, but also it can reduce trial and error and cost in

determining the optimal structure and materials needed to design high efficiency and

durable OLEDs. We expect impedance spectroscopy to be widely used as a

benchmark for evaluating OLEDs in the near future.
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Degradation Effects of Observation Measuring
Factor Degradation method Domain
Organic Increase of Rs of Increase /
material impurities in decrease at high e-plot, C-V
denaturation organic matter frequency
) C with voltage
Electrode/Orga defect increase at )
) sweep at high- g-plot, C-V
nic interface the interface
frequency
Flatue region
HTL/EML Hole-electron except EML In C-
M-plot,C-V
fixed charge balance V, at low-
frequency
The highest rate
Turn-on Increase EML of change of Rp 5
Voltage injection barrier in the C-V at low-
frequency
Charge flux i
External C-V at high-
outward from o
quenching ) frequency in high- C-V, CA
electrode during o
carrier L ) level injection
1njection carrier
Injection C increase
Current level ) )
barrier ) immediately after C-V
reduction
increase turn-on
o Intermediate
Non-radiation
Efficiency o voltage at the
recombination ) ) C-v
decrease ) intermediate
increase
frequency

Table 5.1 The effect of degradation, the observation method and the domain which

easily informs characteristic according to degradation factor




Appendix

Solutions Programs Tools to Assist Impedance Analysis of OLEDs

There are many commercial programs that analyze impedance in the
electrochemical field, but the focus is on electronic devices with electrolytes rather
than solid electronic devices such as OLEDs. Therefore, the authors have developed
a tool that can directly extract the impedance rather than using the existing program.
In order to extract the impedance of the OLEDs, the voltage that satisfies the
characteristic condition of the layer at various voltages is extracted, and the
impedance according to the voltage is extracted. At the same time, the impedance is
checked using the complex non-linear square Least Squares (CNLS) and the residue

can be extracted.

The author designed an automated process using Labview to measure the

impedance value of 200 frequencies from 20 voltages over one sample per sample.
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Fitting algorithm using MATLAB

Since each parameter of the impedance affects each other, when extracting a
new parameter, the previous parameter is affected. It is not easy to take all of these
effects into account with the simple CLNS approach. Therefore, a new algorithm is

developed and the flowchart for the algorithm is written as figure A.5.

Find the most easily found RC element at first. Then, at the impedance that
removed the first RC element, find the next dominant RC element in a similar way.
When you combine these two things, an error will always appear. Again
compensates for errors in the first RC element. It then repeats this in the second and
third elements and recursively repeats until the overall impedance error is the
smallest. These algorithms find the closest RC component value to the measured

impedance response.
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Figure A.S Recursion programming flow chart to extract more precise
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Passive parametric representations of equivalent circuits expressed in

impedance

1 A
T Z =R| YV, =—"="2 _(4=1/C, a=1/RC
-m 1st HAC l_}_sc sta ( )
R
RC+1 s+a
7 =R+ =S 45T% (4=R a=1/RC
2nd AC sC § ( )
Z,, =R|sL= 1 = A =A- da ---(A:R, a:R/L)
L1 sta s+a
R sL
Zyy=R+sL=A(s+a)  ..(A=1/L, a=R/L)

Table A.1 Impedance response formula of basic circuit for complex plane analysis
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! 2 A
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=4

Table A.2 Impedance response formula of complex circuit for complex plane

analysis
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