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In this thesis steady-state (i. e. steady-state with respect to the applied volt

age waveform) transient current-transient voltage [i(t)-v(t)], transient brightness

transient current [b(t)-i(t)], transient brightness-transient voltage [b(t)-v(t)], tran

sient current [i{t)], transient brightness [b(t)], and detrapped charge analysis are 

introduced as novel organic light emitting device (OLED) characterization meth

ods. These analysis methods involve measurement of the instantaneous voltage [v(t)] 

across, the instantaneous current [i(t)] through, and the instantaneous brightness 

[b(t)] from an OLED when it is subjected to a bipolar, piecewise-linear applied volt

age waveform. The utility of these characterization methods is demonstrated via 

comparison of different types of OLEDs and polymer light emitting devices (PLEDs) 

and from a preliminary study of OLED aging. Some of the device parameters ob

tained from these characterization methods include: OLED capacitance, accumu

lated charge, electron transport layer (ETL) thickness, hole transport layer (HTL) 

thickness, OLED thickness, parallel resistance, and series resistance. A current bump 

observed in i(t)-v(t) curves is attributed to the removal of accumulated hole charge 

from the ETL/HTL interface and is only observed in heterojunctions (i.e. OLEDs), 

not in single-layer devices (i. e. PLEDs). Using the characterization methods devel

oped in this thesis, two important OLED device physics conclusions are obtained: 

(1) Hole accumulation at the ETL/HTL interface plays an important role in estab

lishing balanced charge injection of electrons and holes into the OLED. (2) The ETL 
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behaves as a leaky insulator while the HTL more efficiently conducts charge and acts 

as a voltage-dependent resistor. 

A preliminary investigation of the aging properties of OLEDs is presented as 

further evidence of the utility of the novel characterization methods developed in 

this thesis. In general, aging is characterhed by a softer turn on of the forward bias 

portions of i(t)-v(t) and b(t)-v(t) curves. Also, some aging recovery is possible if the 

OLEDs are subjected to a zero or reverse bias. 
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Characterization of Organic Light-Emitting Devices 

Chapter 1 


Introduction 


Organic materials have been suggested for application in many fields traditionally 

dominated by inorganic semiconductors. The major advantage of organic materials 

is that they can be deposited by evaporation and spin-coating. These deposition 

methods are less costly and simpler than most of the deposition methods required 

for inorganic semiconductors. In addition, the vast array of organic materials offers 

an untapped source of possible material properties useful in semiconductor-based 

industries. Although organic materials possess properties that are ad vantag~ous to 

the integrated circuit industry, they are perhaps best suited to the display industry. 

Many organic materials have a high fluorescence quantum efficiency in the visible 

spectrum. Efficient organic phosphors are available in red, green, and blue, making an 

organic based full-color display possible. One of the largest barriers to the commercial 

realization of organic-based displays is the lack of understanding of the physics of 

their operation. 

The organic light emitting device (OLED) proposed by C. W. Tang and S. A. 

VanSlyke possess many of the characteristics required for use in a display. [1, 2] It 

requires a low driving voltage «10 V), possesses a high external quantum efficiency 

(1 %), high luminous efficiency (1.5 lm/W), and high brightness (> 1000 cd/m2
). 

However, the aging characteristics are poor and the physics of operation of these 

devices are poorly understood. The OLED proposed by Tang and VanSlyke is a 

dual layer device with one layer predominately transporting holes (HTL) and the 

other electrons (ETL). [1, 2] The electrons and holes are thought to recombine near 

the junction via Frenkel excitons. In addition to the small-molecule dual-layer device, 

proposed by Tang and VanSlyke, devices possessing a recombination layer between 

the HTL and ETL, and polymer-based devices have been suggested. 
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OLEDs offer unique possibilities compared to other display technologies. The 

organic layers can be deposited on a wide range of substrates including flexible plas

tic, making roll-to-roll processing possible. This, combined with the fact that the 

absorption band of many organic moiecules is shifted from that of the luminescence 

band makes large-area, flexible, transparent displays possible. A flexible, transparent 

display could be hung almost anywhere; for example, on a car or airplane windshield. 

The relative expense of some OLEDs may be so low that greeting cards with messages 

displayed in OLEDs are a possibility. In recent years, there has been a strong interest 

in making displays lighter and brighter with a large viewing angle. Like all electro

luminescent devices, OLEDs have a wide viewing angle compared to liquid-crystal 

displays (LCDs) and are much less bulky than a cathode ray tube (CRT). Poor ag

ing characteristics may prevent OLEDs from challenging high-end displays such as 

CRTs and LCDs, but for low-end technologies, like automotive displays and cellular 

phones, OLED-based displays may prevail. If they can be constructed very inex

pensively, they may even challenge CRTs and LCDs as disposable displays. Clearly, 

there are many advantages to OLED technology. However, the aging characteristics 

and current transport properties must be understood before practical OLED displays 

are commercially viable. 

The DC current transport characteristics of OLEDs are a topic of current re

search, but little work has been done with AC characterization. The AC characteris

tics of OLEDs are of interest because the proposed driving method of OLEDs is by an 

AC waveform and many device characteristics such as capacitance, trapping and de

trapping of charge carriers, and response times can be obtained from AC assessment. 

In this thesis three, novel methods for characterizing OLEDs, denoted steady-state 

(i. e. steady-state with the applied voltage waveform) transient current-transient 

voltage [i(t)-v(t)], steady state transient brightness-transient voltage [b(t)-v(t)], and 

steady-state transient brightness-transient current [b(t)-i(t)] , using AC waveform 

excitation are proposed and developed. These methods offer a more complete way of 

characterizing OLEDs and provide insight into many phenomena not observed pre
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viously in OLEDs. In addition, by employing these methods as the OLED is aged, 

a better understanding of the aging mechanism may be obtained. 

The goal of the research preseuted in this thesis is to develop new methods 

of characterization of the currellt transport and optical properties of OLED-based 

devices. The organization of the thesis is as follows. Chapter 2 consists of a review 

of the device physics of OLEDs and an overview of the relevant literature. Chapter 3 

presents the experimental methods used. Chapter 4 describes experimental results, 

including important results of each of the characterization techniques. Chapter 5 

consists of preliminary aging results utilizing the novel analysis methods developed 

in this thesis. Finally, Chapter 6 contains conclusions and recommendations for 

future work. 
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Chapter 2 


Literature Review ()f Organic Light-Emitting Devices 


This chapter contains a lit8rature review and a review of the device physics of 

OLEDs. 

2.1 Device Structure 

2.1.1 Small Molecule OLED 

The basic device structure of the OLEDs considered in most of this thesis presumed 

to be very similar to the devices first proposed by Tang et al., as shown in Fig. 2.1. [3] 

The OLED stack is deposited onto an indium-tin-oxide (ITO) coated glass substrate, 

with the ITO forming the anode. A hole injection layer (HIL) of CuPc is deposited 

directly onto the ITO. Then, a hole transport layer (HTL) of naphthyl-substituted 

benzidine derivative (NPB), an electron transport layer (ETL) of 8-hydroxyquinoline 

aluminum (Alq3), and a Mg:Ag cathode are deposited. The OLED is driven by 

making electrical contact to the anode and cathode and applying a positive bias of 

at least 5 V. Light generation takes place in the ETL and photons pass through the 

device to exit through the substrate. The Alq3 layer emits green light. When a color 

other than green is desired, a dye layer is inserted or mixed into the ETL. Organic 

dyes are available for almost any visible color desired. The small molecule OLEDs 

discussed in this thesis were provided by the Eastman Kodak Company. [2] 

2.1.2 Polymer LEDs 

In this thesis polymer light-emitting devices (PLEDs) are also investigated. Note 

that in this thesis the acronym PLED is used when discussing issues specific to 

polymer LEDs. The acronym OLED is used when addressing issues specific to small 
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Cathode 

+-Anode 

Figure 2.1. Small molecule OLED device structure. 

molecule OLEDs or issues generic to both small molecule OLEDs and PLEDs. The 

denotation of OLED should be clear from the context of the discussion. The PLEDs 

studied here were provided by the UNIAX Corporation and by Professor Yang Yang 

of the University of California at Los Angeles (UCLA). 

Little is known about the device structure of the PLEDs from UNIAX. They 

presumably consist of a single layer of polymer ,with a low work function metal 

contact. Typical PLEDs are constructed on glass substrates with layers deposited as 

follows: an anode of indium-tin oxide (ITO), a conducting polymer, a polymer layer 

of poly(2-methoxy,5-(2'-ethyl-hexyloxy)-1,4-phenylene vinylene) (MEH-PPV), and a 

cathode of Ca. The typical device structure is shown in Fig. 2.2. [4] 

Cathode 

Light Emitting Polymer (MEH-PPV) 

Figure 2.2. Typical PLED structure. 
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The devices from UCLA are deposited onto a glass substrate with an anode 

of ITO, a layer of 3,4-polyethylenedioxylthiophene-polystyrenesulfonate (PEDOT), 

followed by a layer of MEH-PPV, and a cathode of Ca and AI. The aluminum is used 

to protect the calcium. The layer of PEDOT is a conducting polymer than behaves 

similar to a metal. The MEH-PPV thickness is generally between 80 and 105 nm. 

Both the UNIAX and UCLA devices are encapsulated with epoxy and a glass cover 

to protect these devices from atmosphere. Presumably, the UCLA devices and the 

UNIAX devices are similar in construction. 

For the PLEDs the MEH-PPV is the emission layer. Variations on the MEH

PPV polymer have been suggested for improved performance of PLEDs, as well as for 

changing the emission color. [5, 6] Multiple layer devices consisting of an HTL and 

an ETL have been proposed as well. [6] The motivation for using multiple polymer 

layers is to improve charge carrier balance, thereby improving efficiency. 

2.2 Device Operation 

The brightness of an OLED is determined by the magnitude of the current. There

fore, it is best to operate OLEDs using a constant current source in order to maintain 

a constant brightness. Also, it has been shown that aging characteristics of small 

molecule OLEDs are improved if the OLED is subjected to periodic negative bias

ing. [3] With this in mind, a driving waveform with a positive current source and 

a negative voltage source is best for improved lifetime and brightness characteristics 

of OLEDs. 

For inorganic EL device characterization a bipolar piecewise-linear waveform is 

useful for electrical and electro-optic characterization. [7] In this thesis, a bipolar 

piecewise-linear waveform, as shown in Fig. 2.3, is employed for electnroptic charac

terization of OLEDs. The initial rise time (RT) is 15-150 j.Ls, the constant maximum 

applied voltage pulse width (PW+) is 0-200 j.LS, the intermediate transition time 

(ITT) is 20-300 J-LS. Typically, a linear transition from the positive maximum applied 

voltage (V~ax) to the negative maximum applied voltage (V;;ax) is used and the fall 
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Figure 2.3. Representative applied voltage waveform for OLED testing. Wave
form parameters identified are positive and negative maximum applied voltages 
(Y~ax' V~ax)' rise and fall times (RT, FT), and intermediate transition time (ITT). 

time (FT) is 15-150 fJs. Usually a ramp rate (RR) is set for use throughout the OLED 

waveform so that RT, ITT, and FT all have the same ramp rate. Occasionally a zero 

bias delay (D) portion is inserted after the negative pulse. D is usually between 0 

and 1000 fJS. The major difference between the applied voltage waveform used for 

inorganic and organic EL characterization is that the periods are much longer for 

the organic waveform. [7] This waveform has proven to be very useful in exploring 

different aspects of OLED and PLED operation. Additionally, it is similar to the 

bipolar waveform suggested for improved device efficiency. [3] 

2.3 Device Physics 

2.3.1 Small Molecule OLEDs 

A few basic aspects of small molecule OLED device physics are as follows. The gen

eral characteristics of the HTL are that the electron mobility is very small compared 

to the hole mobility and the hole mobility of the HTL is relatively large compared 

to the electron mobility of the ETL. [1, 2] For a typical diamine HTL the hole mo

2bility is 10-2 to 10-4 cm y-1s-1 (the hole mobility of a diamine HTL is about 1000 

times the electron mobility of an Alq3 ETL). [2] An Alq3-based ETL is thought to 

possess an exponential distribution of traps. [8] The hole mobility in an Alq3 ETL is 
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2 x 1O-8cm2V-ls-l and the electron mobility is 1.4 x 1O-6cm2V-ls-l. [9] However, 

note that the hole mobility is large enough that holes can still transport through the 

ETL. Also, the mobility of Alq3 is strongly field- and temperature-dependent. The 

Alq3 mobilities quoted previously were obtained at an electric field of 0.4 MV j cm 

and at room temperature. Note that Hosokawa et al. estimated an electron mobility 

for Alq3 of (5 ± 2) x 1O-5cm2V-ls-l at 1 l\1Vjcm. [10] The recombination of holes 

and electrons responsible for the OLED light output occurs in the ETL near the 

ETLjHTL interface. [2] Electron and hole recombination and the subsequent emis

sion of a photon is thought to occur through exciton formation and annihilation. 

[2] 

A discussion of charge transport in OLEDs is important because it is primarily 

the physics of the charge transport that determines the current-voltage (I-V) char

acteristics of OLEDs. It is useful to distinguish between injection-limited (IL) and 

bulk-limited (BL) transport when considering charge transport in OLEDs. IL de

vices are characterized by charge transport properties that depend on the injection 

of charge from the electrodes into the device. Generally, when a large energy barrier 

exists at electrode interfaces, inhibiting the injection of carriers, devices tend to be 

IL. Conversely, when the energy barrier at the interface is small and the bulk car

rier mobility is low, charge transport tends to be BL. With BL transport, the bulk 

properties of the device dominate the charge transport physics and establish the I-V 

characteristics. 

At the present time it is generally believed that OLEDs are BL when a low 

work function metal is used as a cathode electrode. BL transport can be further 

broken down into space-charge-limited (SCL) conduction and trapped-charge-limited 

(TCL) conduction. SCL conduction typically occurs in insulating materials that are 

relatively free of traps. With SCL conduction, a carrier build up occurs within the 

device; the electric field associated with this space charge build up inhibits carrier 

transport. As more carriers are injected, the carrier concentration increases near 

within the device, resulting in the formation of space charge. The presence of this 

space charge limits the transport of carriers; thus, the conduction is space-charge
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limited. SCL conduction is characterized by 

(2.1) 


where V is the voltage dropped across the insulating layer at which injection is 

occurring, d is the thickness of the insulating layer, E is the permittivity, and f.1 is 

the mobility. Equation 2.1 is referred to as Child's law. [11, 12, 13, 14] The above 

equation is valid for a single carrier and single layer device. However, if the current 

conduction is limited by conduction through a single layer and it is dominated by 

conduction of one carrier type, Eq. 2.1 should be valid for the case of dual carrier, 

multi-layer OLEDs. 

TCL conduction occurs when current conduction is limited by the capture and 

emission of carriers from traps. Generally, materials that are TCL have a large 

concentration of traps that interact with injected carriers. For OLEDs, the trap 

distribution in Alq3 is thought to increase exponentially as the conduction band edge 

is approached. [8] In the TCL model some of the injected charge is captured in traps, 

reducing the free carrier concentration and hence limiting the amount of current that 

can flow. Current conduction in a TCL with an exponential trap distribution material 

is described by 

1-1 (2l + 1) (l+I) ( l )1 E I V(l+l) 
(2.2)J = q f.1Nc T+T (l + 1) (NJ d(2l+1) ' 

where J1 is the mobility, Nc is the density of states in the conduction band, l = Jj7, Tc 

is the characteristic temperature of the traps, T is the device temperature, E is the 

permittivity, Nt is the trap density, V is the voltage drop across the insulating layer, 

and d is the insulator thickness. [11, 12, 13, 14] As with SCL conduction, Eq. 2.2 

is valid for a single carrier single layer device. However, if the current conduction 

is limited by conduction through a single layer and it is dominated by conduction 

of one carrier type, Eq. 2.2 should be valid for the case of dual carrier, multi-layer 

OLEDs. 

Throughout this thesis it is assumed that OLEDs are TCL devices. [8] For 

PLEDs there is still some question regarding whether they are SCL or TCL devices. 



10 

It is possible that PLEDs fabricated with different materials may give rise to either 

type of transport. In this thesis both TeL and SCL conduction are considered as 

possible conduction mechanisms for PLEDs. 

O.7eV 

O.SeV 

3.1 eV 

2.7eV 

O.7eV 

~ .~ .... . 
HTL ETL Cathode 

Figure 2.4. The flat band configuration of a small molecule OLED. Note that the 
flat band voltage is about 1.1 V. The HIL reduces the barrier presented to holes as 
they are injected from the anode. 

Perhaps the best way to understand the operation ofan OLED is through the use 

of energy band diagrams. However, there is some uncertainty regarding the validity 

of employing the energy band model for organic materials. The major difficulty with 

the band model arises from the narrow band widths of organic materials. [11, 12, 

14] Essentially, the band width is on the order of the uncertainty in the energy of 

the electron. Although the validity of the band model is questionable for organic 

materials, it has been useful for explaining many OLED device physics properties 

and has proven useful in explaining many of the experimental results discussed in 

this thesis. [11] 
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As an alternative to the energy band model, molecular orbital (MO) theory is 

often employed in discussions of transpo~t in organic materials. [11, 12, 14] In MO 

theory the lowest unoccupied molecular orbital (LUMO) and the highest occupied 

molecular orbital (HOMO) are used in place of the valence band maximum and the 

conduction band minimum, respectively. The use ofLUMO and HOMO energy levels 

avoids issues related to the viability of employing energy band concepts in discussions 

of organic materials. However, LUMO and HOMO energy levels do not account for 

a periodic crystal structure. In this thesis, the energy band model is assumed to 

be valid since the conclusions that may be draw from MO theory and energy band 

theory are very similar. 

The energy band diagrams shown in this section describe the OLED operation 

when it is subjected to the piecewise-linear bipolar voltage waveform described pre

viously. The energy band diagram shown in Fig. 2.4 is typical of OLEDs studied 

in this thesis under fiat band conditions. [15, 16] Notice that the barrier for the 

injection of holes into the ETL from the HTL is smaller than the barrier for the 

injection of electrons into the HTL from the ETL. This, and the fact the the HTL 

has a very low electron mobility is why the HTL is an electron-blocking layer. Also, 

note that the fiat-band voltage is about 1.1 V. 

The following energy band diagrams are ment to shown the current understand

ing of OLED operation. Thus, band bending due to trapping is not shown in the 

following energy band diagrams since it has not bee discussed in previous OLED 

literature. The effects of band bending due to carrier trapping are discussed in detail 

in Chapter 4. 

Figure 2.5 shows an energy band diagram of an OLED just after the initiation 

of hole and electron injection from the electrodes. Holes are injected more efficiently 

than electrons, so that some holes are able to travel through the OLED to the 

cathode without recombining or being trapped. [17] Also, before the trap emission 

and capture rates reach steady-state, many injected electrons are trapped in the 

ETL. Notice that no electrons are injected from the ETL into the HTL. The HTL is 

known to be an effective electron blocking layer. [15] 



12 

(i) 

ETL 

HTL 

Anode 

(a) 

Figure 2.5. An energy band diagram of a small molecule OLED at the threshold 
voltage. Holes (a) are injected from the anode, (b) pass through the HTL, and are (c) 
injected into ETL. Near the HTLjETL interface, (d) holes and electrons recombine, 
resulting in photons. (e) Some holes are trapped in the ETL, (f) while others are 
transported through the ETL to the cathode. (g) Electrons are transported through 
the ETL before recombining with holes. (h) Most injected electrons are trapped in 
the ETL near the cathode. (i) Electrons are injected from the cathode. Notice that 
the HIL has been omitted for simplicity. 

Figure 2.6 shows the energy band diagram when the OLED is ramped up to a 

forward bias much greater than the threshold voltage (the voltage at which light is 

first observed). At this voltage, hole and electron injection are more evenly balanced 

and the trap occupancy has reached steady-state with the injected electrons so the 

holes are not able to pass through the ETL to the cathode before recombining. [17] 

Notice that if an electron is released from a trap, another quickly fills it (the capture 

and emission rates are balanced). 
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Cathode 

HTL 

(a) 

Figure 2.6. The energy band diagram of a small molecule OLED at a positive bias 
much greater than the threshold voltage. (a) Holes are injected from the anode, (b) 
transported across the HTL, and (c) injected into the ETL. (d) Holes and electrons 
recombine, resulting in photons. (e) Electrons are transported across the ETL. (f) 
The electron trap emission and capture rate is balanced. (g) Electrons are injected 
into the ETL from the cathode. The HIL has been omitted for simplicity. 
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Anode 

Cathode 

Figure 2.7. The energy band diagram of a small molecule OLED just after the 
applied voltage has been ramped down from a positive bias to a large negative bias. 
(a) Electrons in traps detrap and (b) exit the ETL. Notice that the HIL has been 
omitted for simplicity. 
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Finally, Fig. 2.7 shows the energy band diagram of an OLED when it is ramped 

to a negative voltage. Most of the carriers trapped in relatively shallow traps have 

already exited the OLED and now' carriers trapped in deep traps are beginning to 

be released through the assistance of the applied field. The negative applied voltage 

appears to improve aging char3cteristics. [3] This improvement has been suggested to 

be caused by the release of trapped charge and/or the movement of ionic impurities 

and dipoles. [3, 18] The applied bias is then ramped up again, returning to the 

energy band state described in Fig. 2.4 and the cycle is repeated. 

At present very little is known about the aging mechanism of OLEDs. It is 

known that OLED aging is very sensitive to the presence of air and water. [19] By 

packaging OLEDs in an inert atmosphere, aging characteristics dramatically improve. 

[19] Aging of OLEDs may be caused by degradation of the Mg:Ag cathode by the 

formation of Mg(OHh. [20] Burrows et ai. showed that electrode nonuniformity may 

result in areas of extremely high field (>2 MV fcm) where an active device is more 

prone to decay. [19] In addition, degradation of the bulk of the organic materials 

comprising the OLED may cause aging. Possible causes for bulk degradation are 

photodegradation and reactions with water and oxygen in the bulk. [21] 

2.3.2 PLEDs 

The device physics of PLEDs is very similar to that of small molecule OLEDs 

with a few notable exceptions. Parker suggested that the conduction characteristics 

of MEH-PPV are governed by the tunneling of both holes and electrons though the 

energy barriers formed at the electrode MEH-PPV interface, suggesting that these 

devices are 11. [4] However, recent evidence shows that hole transport in MEH-PPV 

is SCL and electron transport is TCL with an exponential trap distribution having 

a characteristic energy of 0.1 eV. [22] Conwell and Wu conclude that the Ca cathode 

forms an ohmic contact with MEH-PPV. [23] 
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2.4 Literature Review 

Tang et al. first introduced a practical OLED in 1987. [1] This OLED is con

structed on a glass substrate and consists of a thin-film stack comprised of a transpar

ent ITO anode, an aromatic diamine HTL an Alq3 ETL, and a Mg:Ag cathode. Tang 

et at. then demonstrated that an OLED could be made to emit in many different 

colors through the use of different dopant molecules in the ETL. [2] The basic OLED 

was improved by the addition of a CuPc HIL between the anode and the HTL, by 

replacing the daimine HTL with a naphthyl-substituted benzidine derivative (NPB) 

HTL, and by driving the OLEDs with a bipolar voltage waveform. [3] 

Burrows et at. suggested that OLEDs based on Alq3 may be trapped-charge

limi;ed (TCL). [8] They showed that a current-voltage (I-V) curve of Alq3 OLEDs 

follows a power dependence on applied voltage, indicating TCL conduction. In addi

tion, they showed that the the TCL current was consistent with an exponential trap 

distribution in the Alq3 with a characteristic energy of about 0.1 e V (kbTc = 0.1 

eV). However, counter to the TCL model, Matsumura et al. proposed that the I-V 

characteristic are limited by charge injection into the HIL and ETL. [24] Matsumura 

et al. were able to fit I-V data to their IL model at least as well as the TCL model, 

although the dielectric constant they used did not reflect the experimental dielectric 

constant of the organic ETL. Their argument for adjustment of this dielectric con

stant is that the metal/organic interface forms a barrier layer for injection of carriers, 

modifying the dielectric constant. Evidence for TCL conduction is presented in this 

thesis. 

Yang and Shen have had some success modeling small molecule OLEDs using 

the TCL model. [25, 26] They show that a distribution of hole and electron traps, as 

well as the presence of dye layers, can effect where the recombination zone is located 

in the ETL. Their model is useful in explaining why some OLEDs with dye layers 

show emission from both the Alq3 and from the dye molecule while other OLEDs 

only show emission from the dye layer. 
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Matsumura et al. relate the width of the emission zone to the applied voltage. 

[17] They assert that the emission zone at low applied voltage is wider than it is at 

high applied voltage. At low voltage, the injection of electrons is difficult and holes 

are able to drift further into the ETL before recombining with electrons. At high 

voltages, most of the voltage drop in the OLED is across the ETL, due to a lower 

ETL mobility than HTL mobility, and electron injection is improved. 

The ability to model OLEDs via a computer simulation program such as SPICE 

is an important step in constructing a practical OLED display. Bender et al. have 

shown that an accurate SPICE model can be obtained for the DC mode of operation. 

[27] However, when this model is compared to data taken using an AC waveform, 

it fails to accurately account the hysteretic nature of the i(t)-v(t) curves of actual 

OLEDs. 

It has been shown that lower OLED threshold voltages may be obtained via the 

addition of a very thin LiF layer between the cathode and the ETL. [28, 29, 30] 

The LiF is believed to modify the interfacial barrier of the cathode, thus improving 

electron injection. In addition, AI/LiF cathodes were shown to have better I-V 

characteristics than Mg/LiF or Mg cathodes. Similar results are found when a Al20 3 

layer is inserted between an Al cathode and the ETL. [31] 

The use of a bipolar applied voltage waveform has been shown by VanSlyke 

et al. to improve the aging characteristics by allowing time for the OLED to be 

exposed to a negative bias voltage. [3] Zou et al. performed qualitative experiments 

documenting the effects of this kind of negative bias treatment and suggested that the 

improvement in threshold voltage is due to electric dipole alignment and movement 

of ionic impurities. [18] 

Egusa et al. used an extremely low frequency (:::; 1 Hz) triangle waveform to 

generate i(t)-v(t) and b(t)-v(t) curves for OLEDs. [32, 33] The method of Egusa 

et al. is similar in some respects to the analysis methods developed in this thesis. 

However, the waveforms used in this thesis are much higher frequency (1-5 kHz) and 

are not triangle waveforms. 
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The results presented in this thesis are interpreted in terms of a model similar 

to the model for OLED operation introduced by Khramtchenkov et al. in which hole 

accumulation at the ETLjHTL interface plays an important role in OLED operation. 

[34, 35] However, Khramtchenkov et al. consider the DC mode of OLED operation 

only and do not consider the possibility of charge trapping in the OLED. 
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Chapter 3 


Experimental Techniques 


In this chapter the experimental techniques developed for OLED characteriza

tion are described. 

3.1 Setup 

The experimental setup, as shown in Fig. 3.1, consists of an arbitrary waveform 

generator (AWG) , a personal computer, a digital oscilloscope, a sense resistor, the 

OLED under test, and a photomultiplier tube (PMT). With this setup, voltage 

waveforms are generated with the A\VG, amplified by the amplifier, and applied to 

the device under test. The voltages Vl(t), V3(t), and V4(t) represent probe voltages 

measured by the oscilloscope. The probe voltage V2(t), not shown in Fig. 3.1, is used 

for synchronization between the AWG and the oscilloscope. From the probe voltages, 

the voltage [v(t)] applied to the OLED, the current [i(t)] through the OLED, and the 

brightness [b(t)] are calculated and displayed by the computer. The applied voltage 

is defined as 

(3.1) 


and the current through the device is defined as 

(3.2) 


The probe voltage V4(t) is a sense voltage from the PMT which is proportional to 

b(t). 

The amplifier circuit is specifically designed for OLED testing and aging studies. 

The amplifier has two modes: a test mode and an aging mode. In the test mode, the 

amplifier acts as a simple voltage amplifier with a gain of approximately 3. In the 

aging mode, the amplifier outputs a current when a positive voltage is input and an 

amplified negative voltage when a negative voltage is input. The mode is selected via 
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computer control. Thus, periodic characterization of the OLED can be performed 

automatically during aging. 

AWG 


PMT r- V4(t) 

V3(t) 

Figure 3.1. The circuit used for OLED testing and aging studies. The voltages Vl(t), 
V3(t), and V4(t) are monitored by the oscilloscope and V2(t) (not shown) goes from 
the arbitrary waveform generator (AWG) to the oscilloscope for synchronization. 
The sense element is a resistor, typically 19.1 D. 

The resistance of the sense resistor must be chosen carefully. The larger the 

sense resistor, the more voltage dropped across it; this results in greater measure

ment sensitivity. However, a larger sense resistor results in a larger RC constant 

of the measurement circuit, so that the applied voltage is distorted from the actual 

waveform programmed into the AWG. The amount of voltage distortion of the ap

plied voltage waveform is equal to the IR drop across the sense resistor, and is thus 

proportional to the current flowing through the OLED; since the current flowing 

through an OLED is nonlinear with respect to voltage, the applied waveform voltage 

distortion is also nonlinear. It is best to use a small sense resistor (e.g. 19 Ohms) 

when little distortion in v(t) is desired (e.g. for i(t)-v{t), b(t)-v(t), and i(t)-b(t) 

analysis). A large sense resistor (500 Ohms) should be used for DC experiments 

or when transient information is not required and accuracy in determining i(t) is 

required (e.g. I-V, Qdetrapped-Qtransferred, and Qdetrapped-PW+ analysis). 



21 

3.2 DC Experiments 

For DC experiments the applied voltage is stepped from one DC level to the next. 

At each DC level the system is allowed to reach steady-state and then it is averaged. 

The DC applied voltage (V) and current (I) are obtained from the DC equations 

equivalent to Eq. 3.1 and Eq. 3.2, respectively. 

3.2.1 Current-Voltage (I-V) Analysis 

A typical current-voltage (I-V) plot is shown in Fig. 3.2. DC I-V plots have been 

shown to be useful in establishing the current transport physics of OLED devices. 

[8] Generally, if a measured I-V plot may be fit to Eq. 2.2 then the OLED operates 

under TCL conditions and the trap distribution can be determined by assessment of 

parameter "1" in Eq. 2.2. Typically, OLEDs devices operate under TCL conditions. 

[8] If the OLED operates under IL or SCL conditions then this should be reflected 

in the measured I-V curves. 
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Figure 3.2. A representative I-V curve of an OLED. The threshold voltage, Vt, is 
estimated to be 10.25 V by linear extrapolation of the I-V curve back to the voltage 
axis. The threshold voltage, Vt , is estimated to be 7 V for a current of 1 mAlcm2 
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The threshold voltage, V t , is an important parameter characterizing the opera

tion of OLEDs. In general it is the voltage at which the OLED begins to function 

in a useful manner (i.e. emits light). However, this definition must be very carefully 

specified so that the Vt for a given OLED is the same regardless of the equipment 

being used for measurement. Also, V t should reflect the device physics of the OLED 

and should not depend on OLED parasiticR. The voltage at which brightness is 

detected is a poor definition for threshold voltage since it depends on the detection 

threshold of the light measuring equipment. 

A better definition for Vt is the voltage at which the brightness reaches a mini

mum threshold level (e.g. 0.1 cd/m2 
). This definition for Vt requires that the optical 

detector used in measurement be precisely calibrated. In this thesis data was taken 

using an uncalibrated PMT. Thus, this minimum threshold level definition is not 

practical for this thesis. 

An alternative would be to define Vt as the voltage at which the current reaches 

2a given value (e. g. 1 mAlcm ), as shown in Fig. 3.2. This definition assumes that the 

current and brightness are proportional by a fixed value. This is a good assumption, 

as discussed in Sec. 3.2.2. However, the proportionality between current and bright

ness may change as the OLED is aged. A change in proportionality implies that the 

current threshold does not correspond to the same brightness for all OLEDs. This 

definition for V t is used in this thesis for the sake of simplicity. 

Another possibility for defining Vt would be to linearly extrapolate a I-V or B-V 

curve back to its intercept on the voltage axis, as shown in Fig. 3.2. Unfortunately, 

the linear portion of a I-V and B-V curve is related to the series resistance of the 

OLED. Thus, the resulting vt does not reflect the device physics of light generation, 

but is more of a characteristic of the series resistance. 

The final method for finding vt is to linearize the I-V or B-V curve by applying 

an appropriate mathematical transform to the current or brightness versus voltage 

curve. Typically, the brightness and current are related to voltage by a power law 

dependence via Eq. 2.2. Notice that the power law dependence is based on the term 

1. Therefore, a linearization of current or brightness is accomplished by taking the 
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Ith root of current or brightness and plotting it against voltage. These transformed 

I-V or B-V curves are then linea.rly extrapolated back to the voltage axis and V t is 

defined as the intercept with the vo!tage axis. Thi.s method results in a well defined 

Vt that reflects the relevant device physics and is not dependent on the equipment. 

The problem with this method is that it is complex and the value of 1must be known 

to a high degree of accuracy. The 1term differs from device to device and it must be 

determined from a power law fit to the I-V or B-V curve. Thus, this transformation 

procedure for assessing Vt can be difficult and may contain some ambiguity if the 

value of 1 is not well defined. 

lit should be determined exclusively from DC measurements since the AC mea

surements described herein have hysteresis and displacement current, which make 

accurate determination of Vt difficult. Also, the AC measured characteristics are 

dependent on the waveform parameters. Thus, different waveform parameters would 

result in different Vt's. 

3.2.2 Brightness-Current (B-1) and Brightness-Voltage (B-V) Analysis 

For most OLED materials brightness is proportional to current transported through 

it. Thus, B-1 curves for OLEDs are linear. [2] The proportionality constant between 

B and I is defined as 

0; = Ell. (3.3) 

The constant 0; is useful in understanding AC b(t)-i(t) analysis, as discussed in 

Section 3.3. Since a B-V curve (not shown) is simply proportional to the I-V curve 

by 0;, the B-V curve is not shown in subsequent OLED characterization. 0; is directly 

related to the quantum efficiency of the OLED since it relates current (electrical flux) 

to brightness (photon flux). The quantum efficiency is the number of charge carriers 

that produce photons and it is usually expressed as a percentage. 
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3.3 AC Experiments 

For the AC experiments performed in this thesis, a bipolar, piecewise-linear applied 

voltage waveform is employed, as shown in Fig. 2.3. Typical waveform parameters 

are positive and negative maximum applied voltage amplitudes (V;t;,ax' V~ax) of 5-15 

V, ramp rate (RR) of 0.1 VIps, positive and negative pulse widths (PW+, PW-) of 

50-500 ps, a delay time (D) of 0-1000 ps, and repetition frequency of 1 kHz to 5 kHz. 

Note that positive and negative refer to applied voltage polarities in which the OLED 

is forward- and reverse-biased, respectively. Typically, the applied voltage waveforms 

consist of a positive voltage pulse at the beginning of the voltage waveform and a 

negative voltage at the end of the voltage waveform; a zero voltage delay portion, D, 

is sometimes inserted after the negative pulse. However, an inverted applied voltage 

waveform is also sometimes employed in which the initial voltage is negafve and the 

trailing voltage is positive in the applied voltage waveform. In this thesis, a standard 

waveform is defined as: V;t;,ax = -V~ax = 12V, RR = 0.1 ViPs, PW+ = Pw- = 

200 ps, and D = 0 ps. Unless otherwise noted, the standard waveform parameters 

are used throughout this thesis. 

v(t), i(t), and b(t) data is obtained only after the OLED has reached a steady

state with the applied voltage waveform. Thus, the AC measurements are referred 

to as steady-state transient measurements, which seems contradictory until it is 

recognized that steady-state is with respect to the applied voltage waveform. The 

OLED is in steady-state with the applied voltage waveform and the transient v(t), 

i(t), and b(t) characteristics are measured. 

3.3.1 OLED Current Components 

For certain measurements developed in this thesis it is useful to employ the equivalent 

circuits shown in Fig. 3.3 in order to clarify the nature of the current which flows in an 

OLED. [36] Circuit A is obtained by mapping the ETL and HTL into an equivalent 

parallel network consisting of capacitor and a nonlinear, voltage-controlled current

source. Circuit B is a simplified equivalent circuit derived from A. CETLJ CHTL , and 
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Ct are the ETL, the HTL, and the total OLED stack capacitance, respectively. The 

voltages VETL, VHTL, and v are the voltage drop across the ETL, the HTL, and the 

entire OLED, respectively. The currents iETL , iHTL , and ic are the ETL, HTL, and 

total conduction current, respectively. Note the total current is given by 

. dVETL . dVHTL . dv . 

z(v) = C ETL dt +ZETdvETL) = CHTLdt-+ZHTL(VHTL) = C t dt +zc(v). (3.4) 


From the fact that Circuit A and B are equivalent, it can be shown that 

. C ETL . C HTL . 
zc(v) = C C ZHTdvHTL) + C C ZETL(VETL). (3.5) 

HTL + ETL HTL + ETL 

Thus, if ic(v) is obtained via a simple baseline su btraction of the displacement current 

from an i(t)-v(t) curve, as discussed in Section 3.3.2, it should be recognized that the 

resulting conduction current involves a weighted average of the current flow across 

both the HTL and ETL, as specified by Eq. 3.5. Moreover, Eq. 3.5 is valid only if it 

is assumed that no trapping occurs in the ETL or HTL, since Eq. 3.5 is established 

from Circuit A in which charge can only be stored at the ETL/HTL interface. 

If trapping occurs within the ETL or HTL, Circuit A is not appropriate since 

some of the transported charge travels only part way across the phosphor when 

trapping or trap remission occurs. For such a situation it is convenient to model 

the current as comprised of three components due to displacement, conduction and 

trapping. Since most researchers assert that trapping and recombination occurs 

predominately in the ETL, the remaining discussion will focus exclusively on the 

ETL. In this context, ETL conduction current, iETL , is meant to denote the transport 

of electrons and holes which result in electron-hole annihilation within the ETL. 

Additionally, trapping current, ikTL' refers to the transport of electrons or holes 

which do not result in electron-hole annihilation within the ETL. This definition 

of trapping current includes the possibility of electron or hole transport across the 

entire length of the ETL without electron-hole annihilation, as well as the transit 

of an electron part way across the ETL, where it is trapped or from which it is 

re-emitted from a trap. 

Note that this conduction/trapping current discussion is admittedly vague and 

appears confusing. The motivation for defining conduction and trapping current 
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in this manner is to account for cur~ent due to transported carriers which do not 

contribute to the OLED brightness. However, it is difficult to clearly articulate 

and quantify these ideals in the context of two-terminal OLED characterization and 

simplified equivalent circuits such as shown in Fig. 3.3. A more lucid treatment 

of carrier transport, trapping, trap re-emission, and annihilation requires employ

ing more complicated device models in which the continuity equation is explicitly 

considered. 

tCathode 

+ 1= 
V CHTL 

HTL I~L 
++ 

!Anode 

Circuit ~Circuit A 

Figure 3.3. Two equivalent circuits for OLEDs. 

3.3.2 Steady-State Transient Current-Transient Voltage [i(t)-v(t)] Analysis 

Steady-state transient current-transient voltage [i (t)-v( t)] analysis is probably the 

most useful OLED characterization technique developed in this thesis. It consists 

of plotting the instantaneous current [i(t)] against the instantaneous applied voltage 

[v(t)] as the bipolar waveform described above is applied to the OLED. Additionally, 

i(t)-v(t) measurements are accomplished after the OLED has reached steady-state 

with the applied voltage waveform. A representative i(t)-v(t) curve is shown in 



27 

Fig. 3.4. Positive and negative voltages correspond to forward- and reverse-bias, 

respectively. The measured current corresponds to a superposition of the conduction 

current [ic(t)] flowing through the OLED, and the displacement current arising from 

the Ct dV/dt current associated with the capacitive nature of the OLED. Below 

the threshold voltage there is a negligible amount of conduction current so that 

the measured current is exclusively displacement current. Thus, for these below

threshold, horizontal, baseline portions of the i(t)-v(t) curve, the physical capacitance 

of the entire OLED stack, Ctl may be estimated as the current divided by the ramp 

rate (RR), 
c _ i(t) _ i(t) 

(3.6)t - ov(t) - RR· 
at 

Notice that the capacitance data can be derived from i(t) and v(t) data by an equa

tion similar to Eq. 3.6 but with capacitance evaluated at each v(t) and i(t) for the 

ramping portions of the applied voltage waveform. As long as the RR is constant 

for all of the ramping portions of the applied voltage waveform, the instantaneous 

capacitance, c(t), will be proportional to i(t) by l/RR. C(t)-v(t) curves are typically 

not pitted since they are proportional to i(t)-v(t) curves. 

It is sometimes found that the subthreshold portion of the i(t)-v(t) curves are 

not horizontal, but have a small amount of positive slope. This is attributed to a 

parasitic parallel resistance, Rp. Rp is equivalent to a resistor in parallel with Ct. 

This resistance is believed to be caused by the leakage of charge across the entire 

OLED stack. The parasitic parallel resistance evaluated below Vt is given by 

8v(t) 
(3.7)Rp = 8i(t) , 

for v(t) < V t . Typically, Rp is too large to be measured for OLEDs. However, for 

certain PLEDs Rp is small enough to result in a noticeable skewing of the measured 

i(t)-v(t) characteristics. For PLEDs it is believed that a significant amount of injected 

holes may transport completely through the polymer layer without recombining with 

injected electrons. This hole current may be responsible for the small Rp observed 

with PLEDs. 
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Figure 3.4. A representative i{t)-v{t) curve for an OLED. Positive and negative 
voltage corresponds to forward- and reverse bias, respectively. Negative and positive 
going portions of the waveform are indicated by respective arrows. The detrapping 
bump is found near the zero voltage portion of the negative going trace. The current 
bump initiation voltage, VI, is indicated by an arrow. 

For most of the OLEDs tested in this thesis, the current at large applied forward 

voltages appears to be linear with voltage, implying the existence of a limiting bulk 

resistance. This resistance is denoted the series resistance, Rs , because it may be 

modeled as a resistor in series with Ct and ic. The current is series resistance limited 

by Rs if the measured i(t)-v(t) curve becomes linear at large forward applied voltages. 

The maximum possible value of Rs may be estimated from the slope of the linear 

portion of the forward biased i(t)-v(t) curve, 

R _ 8v(t) (3.8)
s - 8i{t)· 

Rs is usually only large enough to be measured for PLEDs. 

A major feature of some i(t)-v(t) curves is the bump found at the bottom center 

portion of the i{t)-v(t) curve. This bump occurs as the applied voltage waveform 

transitions from a forward bias to a reverse bias. This current bump was initially 

attributed to detrapping of charge in the OLED phosphor layer (most likely, the 
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ETL). However, the current bump is more likely due to the release of holes that 

have accumulated at the ETL/HTL interfa-::e and charge detrapping, as discussed in 

Chapter 4. An important parameter related to the current bump is the voltage at 

which it initiates, V I, as indicated in Fig. 3.4. 

3.3.3 Steady-State Transient Brightness-Transient Current [b(t)-i(t)] Analysis 

Brightness is approximately proportional to the electron/hole recombination current 

transported through the ETL [iETL(t)] by the proportionallity constant, a, as in the 

DC case. In the DC case iETL is equal to the total current through the OLED. Current 

contributions due to trapping, ikTL(t), are most likely small for OLEDs but may be 

significant for the PLEDs. A typical b(t)-i(t)/B-I plot is shown in Fig. 3.5 where 

B-1 is the DC brightness-current characteristic. Notice that the portion of curve 

corresponding to the ramp up in applied voltage is offset along the current axis from 

the portion of the curve corresponding to the ramp down in applied voltage. When 

the current offset of the positive [or negative] ramping portion of the b(t)-i(t)/B

I curve is considered, the current offset is denoted itffset(t) [i~ffset(t)]. Assuming 

that b(t) depends only on the current component iETL (t), this AC curve offset is 

exclusively due to the nonradiative current components CETL dV~TL and ikTL(t). 

3.3.4 Steady-State Transient Brightness-Transient Voltage [b(t)-v(t)] Analysis 

A representative b(t)-v(t) curve is shown in Fig. 3.6. Assuming that b(t) is propor

tional to iETL(t), a b(t)-v(t) curve should result in a curve that is proportional to an 

iETL(t)-v(t) curve. However, note that it is much easier to obtain an experimental 

b(t)-v(t) curve than an iETL(t)-v(t) curve because the measured current, i(t), equal 

to CETL dV~TT. + iETL(t) + ikTL(t). Thus, a b(t)-v(t) curve is useful for assessing the 

hysteretic nature of the ETL conduction current, and as discussed more completely 

in Chapter 4. 
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Figure 3.6. A representative b(t)-v(t) curve for an OLED. The curve has counter
clockwise hysteresis, as indicated by the respective arrows. 
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3.3.5 Steady-State Transient Current [i(t)] and Transient Brightness [b(t)] Analysis 

Viewing transient current [i(t)], brightness [b(t)], or voltage [v(t)], responses sub

ject to a given applied voltage waveform often provides insight into the nature of 

OLED device physics performance. Notice that the data used to plot the transient 

curves is also used to generate the i(t)-v(t), b(t)-v(t), and b(t)-i(t) curves. Repre

sentative v(t), b(t), and i(t) curves are shown in Fig. 3.7. The analysis of transient 

curves reveals features of OLED behavior that cannot be seen in other plots. For 

example, a brightness bump often occurs after a current bump; by viewing b(t) and 

i(t) curves concomitantly, the temporal relationship between brightness and current 

events becomes apparent. 
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Figure 3.7. Representative v(t), i(t), and b(t) transient curves for an OLED. Bright
ness is in arbitrary units and on the same scale as current. 

3.3.6 Detrapped Charge Analysis 

In order to better understand how the charge is trapped, detrapped, accumulated, 

and released in OLEDs, methods for calculating the total charge detrapped/released 
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(Qdetrapped) and the total charge transferred (Qtrans/erred) are developed in this thesis. 

Qdetrapped is a generic term referring to electrons that detrap in the ETL and exit 

through the cathode and holes that are released from the ETL/HTL interface that 

exit through the anode. The total charge detrapped/released is found by integrating 

i(t) from the time corresponding to when the applied voltage is approximately equal 

to the V t on the downward ramping portion of the waveform, t l , to the time when 

the applied voltage is approximately equal to the V t on the upward ramping portion 

of the waveform, t2. Notice that an accurate determination of the V t is not critical 

for Qdetrapped assessment. Thus, total detrapped/released charge is found as follows, 

I
t2 

Qdetrapped = i(t)dt. (3.9) 
tl 

Notice that in Eq. 3.9 the displacement charge due to the entire OLED stack cancels 

out of the integral; thus, effectively only the bump portion of current is integrated. 

The total charge transferred is calculated in a similar way 

itl 

Qtrans/erred = i(t)dt. (3.10) 
t2 

Qtransferred is the sum of the charge transferred due to ic(t), during the forward bias 

portion of the applied voltage waveform. 

Qdetrapped and Qtransferred data is obtained by performing a sequence of i(t)-v(t) 

experiments using various PW+ and V~ax waveform parameters. For each i(t)

v(t) experiment, Qdetrapped and Qtransferred are calculated via Eqs. 3.9 and 3.10. 

A Qdetrapped-PW+ curve is obtained by plotting Qdetrapped versus PW+ for various 

V~ax 's, as shown in Fig. 3.8. This type of plot shows how the area of the cur

rent bump (current bump area is directly proportional to Qdetrapped) is affected by 

changes in the PW+ applied voltage waveform parameter. The most useful type of 

plot obtained from this data is a Qdetrapped-Qtransferred curve. Typically, Qdetrappea 

Qtransferred curves are plotted for a given value of V~ax' as shown is Fig. 3.9. A 

Qdetrapped-Qtransferred plot allows for assessment of how charge transferred during the 

forward bias portion of the waveform is related to detrapped/released charge. No

tice from Fig. 3.9 that for small values of Qtransferred (i.e. Qtransferred < 10 ne), 
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Figure 3.9. A representative set of Qdetrapped-Qtransferred curves with V~ax= 6, 7, 8, 
and 9 V. In the initial presaturation portion of the curve, the magnitude of Qdetrapped 

is approximately equal to the magnitude of Qtransferred· 
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Qtransferred is roughly equal to Qdl'.trapped) indicating that initially injected charge is 

efficiently trapped and accumulated. 

3.3.7 Aging 

Aging experiments are generally performed in a manner that closely approximates 

how an OLED would be driven in an actual display. Often OLEDs are operated in 

a constant-current mode. A constant-current drive results in a constant brightness 

because current and brightness are proportional. When the OLED is off, a negative 

voltage is sometimes applied in order to improve the aging characteristics of the 

OLED. The aging waveform used in this thesis is a square wave with the a constant

current on portion of the waveform and a negative constant-voltage off portion of 

the waveform. Typically, the waveform is positive 50 % of th~ time and negative 50 

%of the time with a frequency of 60 Hz. However, other duty cycles are investigated 

in this thesis as well. The amount of irreversible aging is assumed to be roughly 

proportional to the current density. Thus, in order to standardize aging experiments, 

an average current density over the period of the aging waveform is set to 20 mAlcm2 

for most aging experiments. This allows for comparison between aging performed 

using various aging waveforms and various kinds of OLEDs. 

Typically, an OLED is aged for about 120 hours (5 days) and DC and AC mea

surements are performed periodically throughout the aging duration. Typically, the 

standard AC waveform is used for AC measurements and the DC measurements are 

taken by stepping the applied voltage from 0 to 12 V with a 0.2 V step. When 

measurements are taken, the aging waveform must be interrupted and the test wave

forms or DC voltages applied. The computer program stores the data obtained from 

these measurements immediately after the measurements are performed. This may 

mean that the OLED is not subjected to the aging waveform for periods as long as 

30 minutes while the measurements are performed and saved. The OLED may have 

an opportunity to recover during the measurement period. Thus, the aging results 
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presented in this thesis may differ from aging results obtained using a continuously 

applied aging waveform. OLED recovery is discussed in Chapter 5. 

Table 3.1. A summary of the experimental techniques explored in this thesis. Note 
that an (*) indicates a novel OLED measurement introduced in this thesis. 

DC Measurements Steady-State Detrapped Charge 

Measurements Analysis 

I-V * i(t)-v(t) * Qdetrapped - PW+ 

B-1 * b(t)-i(t) * Qdetrapped - Qtransferred 

B-V * b(t)-v(t) 

* v(t), i(t), and b(t) 

Applied voltage (V), cur * Two time-varying quan * Transferred and de-

rent (I), and brightness tities are plotted para- trapped 

(B) are measured at DC metrically after steady- charge (Qtransferred and 

levels of applied voltage. state has been established Qdetrapped) data is gener

between the OLED and ated by integ~ating differ

the applied voltage wave ent 

form. However, v(t), i(t), portions of the i(t) tran

and b(t) are not paramet sient curve. The resulting 

ric plots. charges are then plotted 

against waveform param

eters and each other. 
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3.3.8 Chapter Summary 

Table 3.1 summarizes the OLED experimental techniques discussed in the chapter 

in terms of DC, steady-state, and detrapped charge measurement. Note that all of 

these measurements constitute novel OLED characterization methods except for the 

DC measurements. 
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Chapter 4 


Experimental Results 


4.1 Introduction 

Throughout this chapter it should be kept in mind that little is known about the 

device structure of the OLEDs obtained from Kodak other than a general knowledge 

of the layer composition. Thus, many of the experimental interpretations provided 

herein are qualitative. Also, care must be taken when comparing results obtained 

from OLEDs of different substrates, since these devices are virtually always prepared 

differently. An effort is made to only make comparisons between devices from the 

same substrate. The results of each experiment are discussed and interpreted, first 

in terms of the physical device parameters that may be obtained; then in terms of 

the implications to the physical model used to interpret OLED operation. 

4.2 DC Experiments 

Although DC experiments indicating bulk-limited conduction have been reported by 

other research groups, it is important to note that the results presented in this thesis 

support the bulk-limited conduction model, as shown in Fig. 4.1. [8] Figure 4.1 shows 

that a power-law fits the DC I-V curves better than an exponential, indicating bulk

limited conduction, consistent with results reported Burrows et ale [8] It is likely that 

conduction current is limited by electron transport across the ETL since the Alq3 

that makes up the ETL has a very low electron mobility and is thought to possess a 

large trap concentration. [8, 9] 

4.3 AC Experiments 

AC experiments have proven to be most useful for understanding the device physics 

and for the extraction of OLED device parameters. The AC experimental analysis 
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Figure 4.1. A DC I-V curve along with an exponential curve fit and a power law 
curve fit. Notice that the power law curve fits the experimental data much better 
than the exponential fit. 

presented in this thesis is novel and results in new insight into the nature of OLED 

operation. 

4.3.1 Steady-State Transient Current-Transient Voltage Analysis 

From an i(t)-v(t) curve, the following device parameters are obtained: device capac

itance, Rs, current bump initiation voltage, and Rp. The device capacitance is the 

total capacitance of the OLED; it may be used to estimate the total thickness of the 

OLED, if the permittivity is known. For the organic materials used in OLEDs the 

relative permittivity is typically 4 and the device capacitance is typically 30 nF/ cm2. 

The series resistance is estimated from the linear portion of the forward bias por

tion of the i{t)-v(t) curve. It is most likely due to bulk resistance of the constituent 

organic layers and it is generally not important at low applied voltages « 10 V) 

since only a small amount of voltage drops across it at low current levels. The par

allel resistance is typically not important for OLEDs but it is important for PLEDs 
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Figure 4.2. The bump portion of i(t)-v(t) curves with V~ax=12, 10, 8, 7, 6, 5, and 
4, respect"ively. As V~ax is increased, the magnitude of the bump increases and then 
approximately saturates for V~ax's greater than approximately 8 V. 

(see Section 4.5.2). The parallel resistance represents leakage of charge through the 

PLED below the threshold voltage. 

A bump is observed during the downward ramping portion of the i(t)-v(t) curve, 

beginning at a forward voltage of about 2 V, as shown in Fig. 3.4. This bump was 

initially attributed to detrapping of electrons in the ETL; further analysis revealed 

that it is more likely caused by both the detrapping of charge in the ETL and the 

release of holes that accumulate at the ETL/HTL interface. A device physics analysis 

of current bump trends is presented in Section 4.4. 

The current bump is strongly related to the forward bias parameters (e.g. V~ax 

and PW+). The bump increases in magnitude and then approximately saturates as 

V!.ax is increased, as shown in Fig. 4.2. This trend is ascribed to hole accumulation at 

the ETL/HTL interface. Hole accumulation at the ETL/HTL interface is expected to 

increase with increasing V!.ax, just as the charge stored on a parallel plate capacitor 

would increase with increasing applied voltage. The current bump increases with 

increasing V~ax as long as more holes accumulate at the ETL/HTL interface with 
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increasing V;t;,ax- Saturation of the current Lump is likely caused by a saturation in 

the concentration of holes accumulated at the ETL/HTL interface. This saturation in 

hole accumulation is expected to occur at large applied biases since hole accumulation 

results in a larger voltage drop across the ETL so that holes are injected into the 

ETL and recombine with electrons, as opposed to accumulating at the ETL/HTL 

interface (i. e. the injection of holes and electrons into the OLED is balanced). 

Detrapping of electrons in the ETL may also be partially responsible for the 

current bump, although this is likely to be of secondary importance. Assuming that 

the area of the current bump is related to detrapped charge, increasing the number of 

trapped electrons in the ETL with increasing V;t;,ax is consistent with observed trends 

in which the area of the current bump increases with increasing V;t;,ax. Also, electrons 

released from traps during the current bump portion of the i(t)-v(t) curve are likely 

emitted from deeper traps, as electrons in shallow traps would be released before the 

current bump initiates. The release of trapped electrons from deep traps is expected 

to occur through a Frenkel-Poole mechanism and, thus, would be field-dependent. 

[37] Thus, detrapping current would likely occur at large negative biases. Electron 

detrapping may be partially responsible for the tail of the bump that extends to 

large reverse biases, as shown in Fig. 4.2. 

The current bump is strongly dependent on PW+ for small V;t;,ax's, as shown in 

Fig. 4.3. At large V~ax 's, the PW+ dependence is not as strong. The relation between 

PW+, V;t;,ax' and the magnitude of the current bump is best shown with a Qdetrappea 

PW+ plot, as presented in Fig. 3.8. At small applied biases, few holes are injected 

into the HTL and it takes a long time relative to the time of the forward bias portion 

of the applied voltage waveform for holes to accumulate at the ETL/HTL interface. 

At large applied biases, many holes are injected into the OLED and accumulate at 

the ETL/HTL interface. Notice that this is equivalent to modeling the HTL as a 

variable resistance in which the resistance of the HTL is large at low voltages and 

small at high voltages. If the ETL is modeled as a capacitor, the RC time constant 

of the ETL/HTL layers is large at small applied voltages and small at large applied 

voltages. 
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Figure 4.3. The bump portion of i(t)-v(t) curves with V~ax = 6 V and PW+=1000, 
600, 200, 100, and 0, respectively. The bump increases in magnitude and the ap
proximately saturates for PW+ > 600 IJS. 

The current bump has little dependence on PW-, D, and V~ax' so that these 

curves are not shown. Most of the charge stored at the ETLjHTL interface quickly 

exits the device when the voltage is ramped down to a small enough voltage. It is 

this charge that exits the OLED when the bias is below rv 2 V that is believed to be 

responsible for the current bump. 

The forward bias portion of an i(t)-v(t) curve is also strongly dependent on 

waveform parameters. In general, the OLED turns on harder if V~ax and PW+ are 

large and softer if V~ax' PW-, and D are large. Note that harder [softer] turn on 

means that the current is larger [smaller] at a given voltage. The V~ax and PW+ 

dependencies are shown in Figs. 4.4 and 4.5, respectively. The i{t)-v(t) dependence 

on PW- , D and V~ax are not shown due to the weak dependence on these parameters. 

These trends are explained by hole accumulation at the ETLjHTL interface. A large 

hole accumulation at the ETLjHTL interface results in a greater voltage drop across 

the ETL at given forward bias voltage, as discussed in Section 4.4. A greater voltage 

drop across the ETL aids electron injection into the ETL and the balance of electron 
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Figure 4.4. The forward bias portion of i(t)-v(t) curves with V~ax=12, 10, and 8 
v. The OLED turns on harder with increasing V~ax. 
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Figure 4.5. The forward bias portion of i(t)-v(t) curves with PW+=1000, 200, and 
oJ-LS. The OLED turns on harder as PW+ is increased. 
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and hole injection into the ETL is improved. Thus, when V~ax and PW+ are large, 

more holes are able to build up at the ETL/HTL interface and enhance conduction, 

causing the OLED to turn on harder. Notice that this explanation implies that some 

holes remain at the ETL/HTL interface throughout the negative bias portion of the 

waveform and that the amount of charge that remains is dependent on the amount of 

charge that accumulates during the forward bias portion of the waveform. For large 

PW-, V~ax' and D more holes are extracted from the ETL/HTL interface during 

the negative bias portion of the applied voltage waveform and the OLED turns on 

softer. 

4.3.2 Steady-State Transient Brightness-Transient Current Analysis 

Steady-state transient brightness-transient current [b(t)-i(t)] analysis has proven to 

be one of the most useful methods developed in this thesis. This method is most 

useful when a DC B-1 curve is compared to an AC b(t)-i(t) curve, as discussed in 

Chapter 3. The key assumption implicit in this analysis is that ETL current and 

brightness are directly proportional. This is a good assumption as long as few of the 

holes injected from the anode reach the cathode, and ETL conduction current due to 

trapping is small. [34, 35] Very few holes are likely to make it clear across the ETL 

without recombining. However, if the injection of holes and electrons is extremely 

mismatched, accumulation of holes at the ETL/HTL interface could be come exces

sive so that some holes may transport across the ETL without recombining. Notice 

that brightness is proportional to the ETL conduction current (i. e. i~TL)' not to 

displacement or trapping current (i. e. ikTL). 

A typical b(t)-i(t)/B-I plot is shown in Fig. 4.6. The important thing to notice 

about Fig. 4.6 is that itffset(t) is significantly larger than the i;;ffset(t). The itffset(t) 

is approximately twice that of i;;ffset(t). There are two possible explanations for this 

difference in the magnitude of the offsets: (1) there is a large ikTL current component 

during the positive ramp that is not present during the negative ramp, or (2) the ETL 

displacement current is greater during the positive ramp than it is during negative 
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Figure 4.6. b(t)-i(t)/B-I curves indicated by AC and DC, respectively. The dotted 
line is an extrapolation of the B-1 curve to larger currents. Notice that i-;ffset ~ 4 
mA/cm2 and i:ffset ~ 8 mA/cm2

. 

ramp. It is unlikely that the ikTL is constant during the forward voltage ramp because 

as empty traps fill the trapping current is expected to decrease. Thus, explanation 

(1) is probably not correct and explanation (2) seems more likely, as discussed in the 

following. This experiment is the best evidence that accumulation at the ETL/HTL 

interface is more important to OLED operation than electron trapping in the ETL. 

If during the positive voltage ramp holes are easily injected into and transported 

across the HTL, the HTL is effectively shunted, and the measured capacitance is 

due exclusively to the ETL capacitance. However, during the negative voltage ramp 

holes that accumulate at the ETL/HTL interface are unable to exit the OLED as 

the voltage decreases, so that the injection of electrons and holes are approximately 

balanced due to the hole accumulation ':1t the ETL/HTL interface. Thus, iETL is 

equal to iHTL , implying CETL dV~JL = CHTL dV~JL = Ct ~~, and the measured negative 

voltage ramp capacitance is that of the entire OLED stack. Therefore, the ETL 

capacitance, CETL , the capacitance of the entire OLED stack, Ct , and the HTL 

capacitance, CHTL , can be estimated from b(t)-i(t)/B-I analysis using the following 

t OFFSET(t) 

-10 0 1 0 20 30 40 50 60 
2Current (rnA/ern) 
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equations: 
c -

ETL -
I~fset 

dv I ' (4.1) 
dt +Ramp 

c -
t -

r-offset 
dv I ' (4.2) 
dt -Ramp 

and 

(4.3) 

The thickness of the ETL and HTL may be calculated from the respective capacitance 

via d= ~. This provides a method for estimating the thickness of the ETL and HTL. 

In summary the main assumptions necessary to extract C ETL , C HTL , and C t 

from b(t)-i(t)/B-I curves are: (1) b(t) is proportional to iETL(t) by Q, (2) ikTL(t) is 

negligible, (3) during upward ramping portion of the applied voltage ramp the HTL 

behaves primarily as a resistor and the ETL behaves primarily as a capacitor so that 

d~~t) ~ dVE;tL(t) , and (4) during the downward ramping portion of the applied voltage 

ramp iETL(t) ~ iHTdt) so that C ETL dv~[r ~CHTL dv~[r ~Ct ~~. (1) and (2) are 

likely to be approximately true based on the behavior of the b(t)-i(t) curve. (3) and 

(4) appear to be good assumptions based on the device physics operation of OLEDs, 

as discussed in Section 4.4. 

From Fig. 4.6 it is observed that i~ffset is approximately 8 mA/cm2 and i;;ffset 

is approximately 4 mA/cm2 (i;;ffset could be estimate between 3 and 4 mA/cm2). 

Notice that i;;ffset is a rough estimate and there is some ambiguity in the value of 

i;;ffset. From Eqs. 4.1, 4.2, and 4.3 the capacitances 80, 40, and 80 nF/cm2 are found 

for C ETL , C t , and C HTL , respectively. However, from the below-threshold portion 

of the i(t)-v(t) curve shown in Fig. 3.4, the total OLED capacitance is found to be 

about 30 nF/cm2
. Thus, b(t)-i(t) analysis does not provide exact values of Ct and 

should be used for comparing the relative thicknesses of the ETL and HTL. Assuming 

a relative permittivity of 4 for both the ETL and HTL, the thicknesses of the ETL 

(dETL ), the entire OLED stack (dOLED)' and the HTL (dHTL ) are estimated to be 

443, 885, and 443 A, respectively. 
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4.3.3 Steady-State Transient Brightness-Transient Voltage Analysis 

The viability of steady-state transient brightness-transient voltage [b(t)-v(t)] analysis 

depends on the validity of the assumption that the conduction current and brightness 

are directly proportional. If this assumption is made, it is clear that b(t)-v(t) trends 

are identical to the trends that would be observed in an iETL(t)-v(t) curve, if such a 

curve could be generated. Note that generating an i~TL(t)-v(t) curve from an i(t)

v(t) curve is a daunting task since it is difficult to unambiguously extract iETL(t) 

from i(t). 

b(t)-v(t) curves have counterclockwise hysteresis, as shown in Fig. 4.7. This 

trend is best explained as due to a larger accumulation of holes at the ETL/HTL 

interface during the negative voltage ramp than during the positive voltage ramp. 

Radiative recombination and conduction are enhanced by the accumulation of holes 

at the ETL/HTL interface, due to balanced hole and electron injection into the 

ETL. Another mechanism that could contribute to the counterclockwise hysteresis is 

electron trapping in the ETL. During the positive voltage ramp, most of the electrons 

first injected into the ETL are trapped and do not contribute to the conduction 

current. During the negative voltage ramp, most of the electron traps are filled so 

that all injected electrons contribute to conduction current. Thus, the trapping and 

detrapping of electrons in the ETL may play a role in establishing the hysteretic 

nature of the b(t)-v(t) curve. 

The b(t)-v(t) curve turns on harder with larger values of V~ax and PW+ and 

softer with larger values of V~ax' PW-, and D. b(t)-v(t) curves showing a harder 

turn on with increasing V~ax and PW+ are shown in Figs. 4.7 and 4.8, respectively. 

Figures are not shown for increasing V~ax' PW-, and D because these changes are 

very small. Since conduction current and brightness are proportional, a harder turn 

on of the i(t)-v(t) curve results in a concomitant harder turn on of the correspond

ing b(t)-v(t) curve. Thus, increased hole accumulation at the ETL/HTL interface 

results in a harder turn on of the b(t)-v(t) curve, just as it does with a i(t)-v(t) 

curve. Increasing V~ax and PW+ allows more holes to accumulate at the ETL/HTL 
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48 

interface so that the OLED turns on harder. Increasing V;;'ax and PW- allows for 

more removal of holes at the ETL/HTL inte:·face and the OLED turns on softer. 

4.3.4 Transient Voltage, Current, and Brightness Analysis 

Transient voltage, current, and brightness plots often reveal information that is not 

apparent in an i(t)-v(t) curve. The i(t)-v(t) curve does not provide much information 

about what occurs during the plateau portions of the applied voltage waveform. Also, 

it does not directly indicate how the current or voltage change with time. 

Plots showing the plateau portion of the current transient and brightness tran

sient for various V~ax's are given in Figs. 4.9 and 4.10, respectively. For small V~ax' 

the current decreases during the plateau portion of the applied voltage waveform. For 

large V~ax' the current increases during the voltage plateau. However, the bright

ness always increases or is constant during the voltage plateau. The transition from 

a decreasing current to an increasing current during the plateau portion of the cur

rent transient as V~ax is increased is explained by a transition from C ETL dV~rL and 

ikTcdominated current to iETL(t)-dominated current. As traps fill and holes at the 

ETL/HTL interface accumulate, the current components CETL dv~f" and ikTL(t) 

decrease, while iETL(t) increases for a constant voltage. At about V~ax = 8 V the 

plateau current transitions from increasing to to decreasing. The brightness transient 

always increases during the voltage plateau because iETL{t) is increasing. 

4.3.5 Brightness Bump 

A small brightness bump is observed in both the brightness transient and b(t)-v(t) 

curves for some OLEDs when the PMT gain is large, as shown in Figs. 4.10 and 4.11, 

respectively. Notice that the brightness bump occurs after the current bump and at 

more negative voltages. The brightness bump minimum occurs near the current 

bump maximum and the brightness bump maximum typically occurs just after the 

current bump, as shown in Fig. 4.11. The magnitude of the brightness bump increases 



49 

20 Increasing V+ max 

-C\I 

E 
()-<{ 

10E--+-' 
C 
CD 
~ V+ =8 V~ 

::J _X __~a.: _______ 

() I 
.... - ... -  -  - -  - -  -  - -  - - - -  _. I0 

150 300 450 

Time (J..ls) 

Figure 4.9. The applied voltage plateau portion of the current transient with 
V~ax=10, 9, 8, 7, 6, 5, and 4 V, respectively. Notice that for V~ax greater than 
approximately 8 V the current transient in the latter portion of the voltage pulse 
changes from decreasing to increasing_ 

S' 4.0x10 
al ........ 
(J'J 
(J'J 
Q) 

-3 

C -3
1: 2.0x10 
0> 
-~ 

al 

Increasing V+ max 

,,,, 
," ,,, 

\ 

400 800 

Time (/1s) 

Figure 4.10. The applied voltage plateau portion of the brightness transient for 
V~ax=8, 7, and 6 V, respectively. Notice that a brightness bump follows the forward 
bias brightness transient. Also, note that the brightness increases during the forward 
bias applied voltage plateau. 
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as V~ax increases until a max~mum brightness is reached and then the brightness 

bump decreases in magnitude as V~ax is increased, as shown in Fig. 4.11. 
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Figure 4.11. The bump portion of b(t)-v(t) and i(t)-v(t) curves for V~ax=14, 12, 
10, and 8 V, respectively. The i(t)-v(t) curves are toward the top of the plot while 
the b(t)-v(t) curves are toward the bottom. Notice that both of these curves are 
obtained during the negative voltage ramp so that the brightness bump occurs after 
the current bump and the maximum of the current bump magnitude occurs near the 
brightness bump minimum. 

By spectrally resolving the light output using a monochrometer, the brightness 

bump is shown to peak at the same wavelength as the light output during the forward 

bias portion of the applied voltage waveform. This indicates that the brightness 

bump is caused by the same luminescent center as the brightness that occurs during 

the forward bias portion of the applied voltage waveform. Thus, the brightness bump 

originates from recombination of holes and electrons in the ETL. 

The best explanation for the brightness bump involves the existence of an electric 

dipole at the ETLjHTL interface. The brightness bump occurs due to the mutual 

attraction of holes and electrons near the ETLjHTL interface region after the field 

within the OLED is zero or negative. The field within the OLED is approximately 

zero only after the applied voltage is below the flat-band voltage (rv1.1 V) and some 
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of the holes at the ETL/HTL interface have begun to be removed. Notice that this 

explanation requires that holes and electrons are able to move past each other dur

ing the forward bias portion of the appiied voltage waveform. It may be possible 

that some of holes injected into the ETL are trapped and the dipole is between 

these trapped holes and electrons that have been trapped or accumulated near the 

ETL/HTL interface. Although Nikitenko et al. used a very different OLED structure 

than that used in this thesis, they have observed a similar brightness overshoot and 

have attributed it to an interface region at the ETL/HTL interface. [38] Nikitenko 

et al. also found that the brightness overshoot is related to how the OLED is man

ufactured. Although the brightness bump is most likely caused by a dipole of some 

kind near the HTL/ETL interface, a more detailed explanation will likely require a 

more complete understanding of OLED structure and manufacturing methods. 

4.3.6 Detrapped Charge Analysis 

Detrapped charge analysis is helpful in determining how charge is accumulated and 

trapped within the OLED. Also, it is the best way to view the relation between 

various waveform parameters and the magnitude of the current bump. A Qdetrapped

Qtransferred plot, as shown in Fig. 4.12, reveals that when a small amount charge is 

transferred, the transferred charge and detrapped charge are approximately equa1. 

When a large amount of charge is transferred, the transferred charge is much greater 

than the detrapped charge. This implies that when little charge is transferred 

the transferred charge is almost entirely made up of charge that is accumulated 

or trapped. This is a very similar result to that obtained from the current transient 

analysis described in Section 4.3.4. Notice that this effect is similar to the way a 

capacitor charges up through a series resistor. 

A Qdetrapped-PW+ plot is helpful in understanding how charge accumulates and 

is released from the OLED with time. A Qdetrapped-PW+ plot is shown in Fig. 4.13. 

A larger PW+ allows more time for charge accumulation within the OLED and more 

charge is released during the bump portion of the applied voltage waveform. Changes 
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Figure 4.12. A representative set of Qdetrapped-QtraT/,s/erred curves with V;t;,ax= 6, 
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Figure 4.13. A representative set of Qdetrapped-PW+ curves with V;t;,ax= 6, 7, 8, 
and 9 V, respectively. The arrow indicates increasing V~ax. Note that decreasing 
Qdetrapped indicates that more accumulated and/or trapped charge is released; the 
detrapped current is negative, so the polarity of the detrapping charge is negative. 
The Qdetrapped saturation magnitude increases with increasing V;t;,ax. 
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in the bump with increasing PW+ are shown in Fig. 4.3. In the Qdetrapped-PW+ plot 

shown in Fig. 4.13 the magnitude of the bump increases and then saturates as PW+ 

is increased. Also, notice that at larger v;tlaX's the bump saturates for much smaller 

PW+'s. 

The time constant that characterizes the accumulation of charge decreases as 

V;;'ax is increased. Effectively, the resistance through the HTL decreases as voltage in

creases and the corresponding RC time constant decreases. The resistance of the HTL 

would be expected to decrease as the voltage drop across it increases for both the case 

of bulk-limited and injection-limited conduction across the HTL. For the case of bulk

limited conduction, space-charge-limited and trap-charge-limited conduction may be 

likely conduction mechanisms; they are both strongly field-dependent. Injection

limited conduction is field-dependent due to barrier-lowering. 

4.4 OLED Device Physics Modeling 

This section summarizes the devices physics modeling employed in this thesis. No

tice that this model is somewhat similar to the device physics model developed by 

Khramtchenkov et al. [34, 35] However, in the model presented here, the effects of 

charge trapping in the ETL are explored. Also, bulk-limited transport and capacitive 

effects are discussed herein. The model consists of assuming that the OLED oper

ates via electron injection from the cathode into the ETL and hole injection into the 

HTL, with recombination occurring in the ETL near the ETL/HTL interface. This 

thesis provides experimental evidence that hole accumulation and electron trapping 

play an important role in determining the characteristics of OLEDs. 

Evidence presented in this thesis suggests that hole accumulation occurs at the 

HTL side of the ETL jHTL interface. This evidence derives directly from displace

ment currents measured during the forward bias portion of the applied voltage wave

form obtained from b(t)-i(t) curves. This accumulation of charge is believed to be 

due to hole accumulation at the HTL side of the ETLjHTL interface, as opposed 

to electron accumulation at the ETL side of the ETL/HTL interface, because the 
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injection barrier for holes at the anode is much smaller than the injection barrier 

for electrons at the cathode. Also, the mobility of holes in the HTL is much larger 

(about 1000 times) than the mobility for electrons in the ETL, as discussed in Chap

ter 2. Thus, the ETL is more insulator-like than the HTL. Conduction in an OLED 

is expected to be injection-limited at the cathode or bulk-limited in the ETL. Al

ternatively, if conduction were limited by injection from the cathode or the ETL 

bulk, hole charge would accumulate across the HTL. At large applied voltages, the 

ETL begins to conduct charge and further hole accumulation decreases sharply. This 

corresponds to the voltage at which the current bump saturates. 

Charge trapping may also be partially responsible for some of the observations 

discussed in this thesis. For example, the current bump may in part be caused 

by trapping of electrons in the ETL. For trapping to contribute to the bump, the 

emission rate of electrons from traps must be relatively low (i. e. the amount of 

trapped charge does not quickly adjust when the applied voltage is changed). If 

the emission rate is large, trapped charge would quickly be released as the applied 

voltage is decreased. Also, the release of trapped charge may be voltage-dependent 

via a Frenkel-Poole emission mechanism. In this case more charge would be released 

from traps at large negative voltages. In an i(t)-v(t) curve, this would be observed as 

a decreasing negative current during the negative bias, negative ramping portion of 

the applied voltage waveform. This feature is sometimes observed in i(t)-v(t) curves. 

Trapping of electrons in the ETL should have an effect on the injection and 

transport of charge through the ETL. If trapping in the ETL is a dominant effect, 

the current transient curve would decrease during the plateau portion of the applied 

voltage waveform, even for large V~ax 'so This would indicate that an increasing build 

up of space charge is inhibiting the current flow. However, evidence of significant 

trapping is not observed in the i(t) transient since the current transient increases 

above the saturation voltage during the plateau portion of the waveform. Electron 

trapping in the ETL may be partly responsible for reversible aging, as discussed 

Chapter 5. 
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Figure 4.14. An energy band diagram of an OLED at a voltage just large enough to 
inject holes into the HTL. (a) Holes are injected into the HTL. (b) Holes transport 
across the HTL and accumulate at the ETLjHTL interface. 
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Figure 4.15. An energy band diagram of an OLED during the positive forward 
biased voltage ramp. (a) Holes are injected from the anode into the HTL and (b) 
they transport across the HTL. (c) At the HTLjETL interface the holes accumulate 
and some are injected into the ETL. (d) Holes recombine with electrons over a wide 
recombination zone producing light. (e) Some holes transport through the ETL and 
exit through the cathode. (f) Electrons are injected into the ETL, (g) some are 
trapped in the ETL, and (h) the remaining are transported across the ETL. 
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The following is a description of the OLED physics as it is subjected to the 

applied voltage waveform discussed in this thesis. Notice that there are differences 

between this model and the model discussed in Chapter 2. During the positive 

ramping portion of the applied voltage waveform, holes begin to be injected from 

the anode at a voltage near the threshold voltage, as shown in Fig. 4.14. During this 

early stage of the positive voltage ramp, holes begin to accumulate at the HTL/ETL 

interface and very few holes are injected into the HTL. Also, few if any electrons 

are injected into the ETL. At this voltage the HTL behaves primarily as a voltage

dependent resistor and the ETL behaves as capacitor. 

As the voltage is ramped up to a voltage above Vt , electrons begin to be injected 

into the ETL, as shown in Fig. 4.15. Some of the injected electrons are trapped in 

the ETL and the injection of electrons and holes is still mismatched. Holes continue 

to accumulate at the ETL/HTL interface and a few are injected mto the ETL. If the 

number of electrons being injected into the ETL is smaller than the number of holes 

being injected into the ETL, there may be a hole leakage current. At this applied 

voltage the emission zone in the ETL is relatively.wide due to the mismatch of carrier 

injection into the ETL. [17] Also, during this portion of the applied voltage waveform 

the ETL behaves as a leaky capacitor and the HTL behaves as a voltage-dependent 

resistor. 

As the voltage is ramped up to the positive plateau portion of the applied volt

age waveform, the electron and hole injection into the ETL and HTL, respectively, 

improves and becomes balanced, as shown in Fig. 4.16. At this applied voltage, 

electrons are able to transport across the ETL much more efficiently and most holes 

injected into the HTL are subsequently injected into the ETL after being transported 

across the HTL. Thus, the HTL and ETL both behave as voltage dependent resis

tors. Notice that there is more voltage dropped across the ETL than across the HTL 

due to hole accumulation at the ETL/HTL interface and hole and electron injection 

into the ETL is balanced. Holes are no longer able to leak through the ETL without 

recombining with an electron due to well matched injection of electrons and holes. 

The emission zone in the ETL at which electron-hole pair recombination occurs is 
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Figure 4.16. An energy band diagram of an OLED at a large forward bias. (a) 
Holes are injected from the anode into the HTL and (b) they transport across the 
HTL. (c) Holes are injected from the HTL into the ETL and (d) they recombine with 
electrons producing light. (e) Electrons transport across the ETL. (f) Some electrons 
are trapped in the ETL. (g) Electrons are injected from the cathode into the ETL. 

very narrow at this applied voltage. [17] Also, notice that electron trapping in the 

ETL near the cathode has bent the bands, inhibiting electron injection. During the 

plateau portion of the applied voltage waveform, the accumulation of holes at the 

ETL/HTL interface reaches a steady-state with the applied voltage. 

As the voltage is ramped down but still above the threshold voltage, few holes 

are able to leave the ETL/HTL interface. The holes at the ETL/HTL interface 

can only leave the OLED by injection into the ETL and recombination there with 

electrons. However, if holes are removed from the ETL/HTL interface the injection 

of electrons and holes into the ETL is no longer balanced, Thus, the hole removed 

will be quickly replaced. Notice that because the accumulated hole charge at the 

ETL/HTL interface cannot adjust to the changing applied bias, the capacitance is 
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essentially that of the entire OLED. The hole charge remaining at the ETL/HTL 

interface is responsible for improved electron injection during the negative ramp, 

accounting for the hysteresis of the b(t)-v(t) curve. 

As the voltage is ramped downward below the Vt, electrons and holes are no 

longer able to be injected from the cathode and anode, respectively. At roughly 

V [, most of the voltage is dropped across the ETL and the holes at the ETL/HTL 

interface are able to exit through the anode, as shown in Fig. 4.17. Holes exiting 

through the anode account for the bump observed in an i(t)-v(t) curve. 

As the voltage is ramped to small negative voltages « -2V), electrons trapped 

within the ETL may be released from traps via field emission, as shown in Fig. 4.18. 

Notice that electron detrapping in the ETL may be responsible for the tail portion 

of the current bump, which extends to large negative voltages. Only electrons in 

relatively deep traps could be responsible for this because electrons in shallower 

traps would be released at smaller voltages. 

During the negative plateau and positive ramping portion of the applied volt

age waveform electrons and holes continue to be removed from the OLED. As the 

waveform continues, the energy bands returns to that of Fig. 4.15. 

4.5 Device Comparison 

In this thesis four types of OLEDs are investigated: two types of small-molecule 

green OLEDs, PLEDs, and sma.ll molecule blue OLEDs. Primarily the small molecule 

green OLED is investigated in this thesis and the blue OLED and PLED are used for 

comparison. The blue OLED is believed to be comprised of a different ETL material 

than that used in the green OLED. Other than this, the structural differences between 

the OLED samples tested are unknown. The PLED is essentially a single layer 

device and it is used as a comparison to the organic heterojunction of the OLEDs. 

The experimental results of the blue OLED and both types of green OLED are 

summarized at the end of this section in Table 4.1. 
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Figure 4.17. An energy band diagram of an OLED at a voltage sufficiently small to 
initiate the current bump. (a) Holes that have accumulated at the ETL/HTL inter
face transport across the HTL and (b) exit through the anode. (c) Some electrons 
remain trapped in the ETL. 

Anode HTL 

Cathode 

Figure 4.18. An energy band diagram of an OLED at a large negative voltage. (a) 
Electrons detrap from the ETL, (b) transport across the ETL, and (c) exit through 
the cathode. (d) Some holes still remain at the HTL/ETL interface and transport 
across the HTL. (e) Holes exit through the anode. 
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4.5.1 Blue OLED Versus Green OLEDs 

The i(t)-v(t) curves of a typical blue OLED and a typical green OLED with the 

same device area are shown in Fig. 4.19. The blue OLED is not nearly as bright at 

a given forward voltage as the green OLED. The blue OLED forward bias i(t)-v(t) 

characteristic is shifted about 2 V higher than that of the green OLED. Also, V I 

is 4 V for the blue OLED and 2 V for the green OLED. One possible explanation 

for these voltage shifts between the blue and green OLEDs is a 2 V difference in 

the flat-band voltage. However, this explanation seems unreasonable since such a 

large flat band voltage would indicate drastically different OLED materials. A more 

likely explanation for this voltage shift is that the blue OLED possesses a thicker 

ETL. A thicker ETL would require the same field for charge to be injected and/or 

transported as a thinner ETL. Thus, a larger voltage drop would be required across a 

thick ETL compared to a thin ETL for the same ETL field. Therefore, a thicker ETL 

results in a larger threshold voltage. The area of the current bump is not appreciably 

different between the blue and the green OLED. Assuming that the ETL behaves as 

a capacitor the electric field, F, within the ETL is given by 

Q 
(4.4)F= EA' 

where Q is the charge stored across the ETL, E is the permittivity, and A is the 

OLED area. Assuming that the permittivity and the area are the same for both the 

blue and the green OLED, then Q must be the same for both devices. Thus, the 

total number of holes that accumulate at the ETL/HTL interface is expected to be 

roughly the same for all ETL thicknesses. Also, a larger voltage drop across the ETL 

for an OLED with a thicker ETL to obtain the same charge and field across the ETL 

means that the bump initiates at a larger voltage. This analysis implies that the 

blue OLED is thicker than the green OLED, assuming that the permittivity of the 

ETL is the same for both the blue and green OLEDs. 

Notice in Fig. 4.19 that the displacement current of the blue OLED below the 

threshold voltage is less than the displacement current of the green OLED, indicating 

that the blue OLED has a smaller total capacitance than the green OLED. Thus, 
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Figure 4.19. An i(t)-v(t) curve for a green OLED and two i(t)-v(t) curves for blue 
OLEDs from the same substrate. Notice that the green i(t)-v(t) curve goes off the 
scale. The bump for the blue OLED initiates at about 4 V while the bump for the 
green OLED initiates at about 2 V. Also, the displacement current for the green 
OLED is greater than that of the blue OLED. 

this indicates that the blue OLED is thicker than the green OLED. This supports 

the hypothesis that the blue ETL is thicker than the green ETL. 

Figure 4.19 shows that the magnitude of the current bump of the blue OLED 

is slightly smaller than that of the the green OLED. Since the magnitude of the 

current bump is related to Q and Q is expected to be the same for both devices, the 

areas of the current bumps are expected to be the same. A possible reason for their 

difference is that the blue ETL conducts electrons more easily than the green ETL. 

Thus, a lower field would be required to inject charge into the blue ETL compared 

to the green ETL and fewer holes would accumulate at the ETL/HTL interface. 

Alternatively, the effective areas of the OLEDs may be different due to the growth 

of dead spots (see Chapter 5). 

Differences in ETL thicknesses of the blue and green OLED may be in part 

verified by the b(t)-i(t) curves, as shown in Fig. 4.20. The i;ffset(t) and i-;;ffset(t) 

of the blue OLED is 3.5 mA/cm2 and 2.5 mA/cm2
, respectively (3.5 mA/cm2 is an 
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average value for itffset(t)). Thus, assuming that the relative permittivity is 4, d ETL , 

d HTL , and dOLED of the blue OLED are 1011, 405, and 1416 A, respectively. Recall 

that d ETL , d HTL , and dOLED 3.re calculated to be 443, 443, and 885 A in Section 

4.3.2 for the green OLED. Thus, this b(t)-v(t)/B-I analysis indicates that the blue 

ETL is much thicker than the green ETL and the HTLs are approximately the same 

thickness. This analysis is complicated by the fact that itffset(t) is not constant for 

the blue OLED. This may indicate that charge trapping is more significant in blue 

OLEDs than the green OLEDs. 

A b(t)-v(t) curve of the blue OLED is shown in Fig. 4.21. The blue OLED b(t)

v(t) curve has counterclockwise hysteresis, just as the green OLED. Therefore, the 

blue OLED hysteresis in the b(t)-v(t) curve is also attributed to hole accumulation 

at the ETL/HTL interface. However, the blue OLED turns on at a much higher 

voltage than the green OLED and the blue OLED is much dimmer than the green 

OLED. The shift in turn on of the blue OLED b(t)-v(t) curve to a larger voltage 

compared to that of the green OLED is most likely due to the thicker ETL of the 

blue OLED. 

A brightness bump could not be observed for the blue OLED. It is unclear if 

the brightness bump is too small to be detected or if it really is not present. The 

lack of a prominent brightness bump in the blue OLED may be related the different 

processing procedures for the fabrication of green and blue OLEDs. 

4.5.2 OLEDs Versus PLEDs 

Typical i(t)-v(t) curves for an OLED and a PLED are shown in Fig. 4.22. The 

PLED has a much lower Vt than the OLED and the PLED lacks a current bump. 

Also, notice that there is a slope to the below-threshold portion of the i (t)-v( t) curve 

for the PLED, indicating a smaH Rp. This indicates that the PLED is capable of 

conducting some leakage charge even at voltages below the threshold voltage. Rs 
2 2is approximately 58 n cm and Rp is approximately 7.7 Kn cm . The bump is 

absent from the PLED curve because it is a single layer device so that there is no 
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Figure 4.20. A b(t)-v(t)/B-I curve for a blue OLED. Notice that the average value 
ofitffset(i) is approximately 3.5 mA/cm2 and i~fset(t) is approximately 2.5 mA/cm2
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Figure 4.21. A b(t)-v(t) curve for a blue OLED. The curve has counterclockwise 
hysteresis and turns on at a larger voltage than the green OLED. 
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Figure 4.22. i(t)-v(t) curves for a PLED and an OLED. For the PLED i(t)-v(t) 
curve V~ax = V;:;;'ax = 8 V. The PLED curve lacks a bump and turns on at a much 
lower voltage than the OLED. Additionally, the slope of the pre-threshold portion of 
the PLED i(t)-v(t) curve is non-zero, indicating the existence of a non-infinite shunt 
resistance. 

interface for charge to accumulate. In addition, there cannot be a bump due to charge 

detrapping because the detrapping charge will not preferentially exit the anode or 

cathode. Although there are many differences between PLEDs and OLEDs, it is 

clear that the bump is a result of the heterojuction nature of the OLED. Thus, an 

i(t)-v(t) bump would be expected for a heterojunction PLED. 

The b(t)-i(t)/B-I curves shown in Fig. 4.23 reveal that the PLED behaves sim

ilarly to what is expected for a single layer device. itffset(t) and i;;-ffset(t) are ap

proximately equal for most of the applied voltage waveform, indicative of a single 

layer device. However, itffset(t) is larger than i;;-ffset(t) for large currents. Also, the 

DC B-1 curve is not linear. These offset and nonlinear effects are most likely due 

to charge trapping and/or leakage of carriers through the PLED (e. g. carriers pass

ing through the OLED without recombining). The leakage current my be partially 

voltage-dependent if the balance of electron and hole injection changes with the ap
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plied bias. i~ax ~ i;;ax ~ 6 mA./cm2 so the total device capacitance is approximately 

60 nF/cm2 and the PLED thickness, dpLED is 590 A.rv 

Further evidence of charge trapping in PLEDs is revealed by the b(t)-v(t) curve, 

as shown in Fig. 4.24. The PLED b(t)-v(t) curve has counterclockwise hysteresis 

and the hysteresis is smaller (i. e. 0.1 V and 1 V of hysteresis for PLEDs and rv rv 

OLEDs, respectively) than that of an OLED. With the PLED, the hysteresis is likely 

due to charge trapping during the rising portion of the applied voltage waveform. 

As the voltage is ramped up injected carriers are trapped and are unavailable for 

recombination. However during the downward ramp the traps are full and fewer 

injected carriers are lost to traps so that more carriers are available for recombination. 

It is well known that l\fEH-PPV has many trapping states therefore it is likely that 

traps have an important role in establishing the hysteretic nature of the b{t)-v(t) 

curve. [22, 39] 

4.5.3 Two Types of Green OLEDs 

Throughout most of this thesis work one type of green OLED was investigated. 

However, another type of green OLED with distinctly different characteristics was 

obtained near the end of this thesis research. From here on the first green OLED is 

referred to as type A and the second type of green OLED is denoted type B. Possible 

reasons for the differences between type A and type B OLEDs are discussed. 

Typical type A and B i(t)-v(t) curves are shown in Fig. 4.25. Notice that the 

type B i(t)-v(t) curve has an increase in the displacement current at about 1.5 V 

in the positive ramping trace. Also, the current bump is present in type B OLEDs 

just as in type A OLEDs, although the current bump in type B OLEDs is larger in 

area. The best explanation for the differences between the two types of OLEDs is 

that the HTL of the type B OLED can more efficiently transport charge than the 

HTL of the type A OLED. If holes are injected into and transport through the the 

type B HTL at a very low forward bias, the HTL becomes conducting at much lower 

voltages than the ETL. Thus, the increase in the displacement current at about 1.5 
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Figure 4.23. b(t)-i(t) and B-1 curves for a PLED with V~ax = V;;ax = 3 V. Notice 
that i~ffset(t) is approximately equal to i~ffset(t) except for at large currents where 
i~ffset(t) is larger than i~ffset(t). i~ax ~ i~ffset ~ 6 mA/cm2 for an average value. 
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Figure 4.24. A b(t)-v(t) curve for a PLED with V~ax = V;;ax = 3 V. The b(t)-v(t) 
curve has counterclockwise hysteresis. 
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Figure 4.25. i(t)-v(t) curves for a type A and a type B green OLED. V;t;,ax = V;;;'ax 
= 10 V for the type B i(t)-v(t) curve. The displacement current of the type B OLED 
increases near 1.5 V in the positive ramping trace. Also, the area of the current 
bump is larger for the type B OLED. 

V in the type B OLED is caused by the HTL easily conducting charge while the ETL 

still acts as an insulator. Since the ability of the ETL and HTL to conduct current 

is grossly mismatched in the type B OLED, the concentration of holes accumulated 

at the ETL/HTL interface must increase to compensate for this current mismatch. 

Thus, the current bump is larger in type B OLEDs compared to type A OLEDs. 

Typical b(t)-v(t) curves are shown in Fig. 4.26 for type A and B OLEDs. Both 

type A and type B OLEDs have counterclockwise hysteresis, as expected, since both 

have significant hole accumulation at the ETL/HTL interface. The type B OLED 

turns on at a much lower voltage than the type A OLED. This is most likely due to 

more efficient hole transport in the HTL of the type B OLED. Since hole transport 

in the type B HTL is more efficient than in the type A HTL, less voltage is dropped 

across the type B HTL at a given voltage and the type B OLED turns on at a lower 

voltage. 
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Figure 4.26. b(t)-v(t) curves for type A and type B OLEDs. V~ax = V~ax = 10 V 
for the type B i(t)-v(t) curve. The type B OLED turns on at a lower voltage than 
the type A OLED. Both b(t)-v(t) curves have counterclockwise hysteresis. 

b(t)-i(t)/B-I curves for a type B OLED are shown in Fig. 4.27. The type B b(t)

i(t) curve is very similar to the type A curve. As with the type A device discussed in 

Section 4.3.2, d ETL , d HTL , and dOLED may be estimated from b(t)-i(t)/B-I analysis. 

itffset(t) and i~ffset(t) for the type B OLED are found to be 6 and 4 mA/cm2
, 

respectively. Assuming a relative permittivity of 4, d ETL , d HTL , and dOLED are 

estimated to be 590, 295, and 885 A, respectively. Notice that the displacement 

currents estimated from the i(t)-v(t) curve of the type B OLED give rv 3 mA/cm2 for 

the total OLED displacement current and rv 5 mAlcm2 for the ETL displacement 

current (i. e. the displacement current above rv 1.5 V). These are slightly smaller 

than the values estimated from itffset(t) and i~ffset(t). Thus, although there is some 

uncertainty in this measurement when employed quantitatively, it appears be a useful 

method for estimating the relative thickness of the ETL and HTL. 

A plot of i(t)-v(t) curves for a type B OLED with various V~ax's is shown 

in Fig. 4.28. The current bump increases in magnitude and then approximately 

saturates for V~ax ~ 6 V. Notice that the V~ax at which the bump saturates coin
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Figure 4.27. b(t)-i(t)/B-1 ~urves of a type B OLED with V~ax = V~ax = 10 V. 

The B-1 curve has been extrapolated to larger current as indicated by the dotted 
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, respectively. 


12 

- 8C\I 

E 
() 
'« 4E--C 0Q) 
~ 
~ 

:::s -.- -.._
0 -4 

-10 -5 0 5 10 


Voltage (V) 


Figure 4.28. i(t)-v(t) curves with V~ax = 10 V and V~ax = 0, 2, 4, 6, 8, and 10 V, 

respectively. Notice that the bump saturates for V~ax 2: 6 V and saturation of the 

bump occurs only at V~ax's large enough for appreciable conduction current to flow. 
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cides with the V~ax at which the OLED begins to efficiently conduct an appreciable 

amount of conduction current. The rate-limiting step for efficient OLED current flow 

is associated with when the ETL is able to transport electrons. Thus, the current 

bump saturates when the ETL begins to conduct efficiently, as discussed with regard 

to type A OLEDs in Section 4.3.1. Also, the forward bias characteristics do not 

change significantly with the type B OLED as V~ax is increased (e.g. the type B 

OLED does not turn on harder with increasing V~ax' see Fig. 4.28). Recall that the 

type A OLED turns on harder as V~ax is increased, as shown in Fig. 4.4. The type 

B OLED does not turn on harder with increasing V~ax because the BTL conducts 

current so much more efficiently than the ETL so that hole accumulation at the 

ETL/BTL interface occurs in an essentially steady-state manner. In contrast, in the 

type A OLED the BTL is only slightly more conductive than the ETL so that it is 

more difficult to accumulate holes at the ETL/BTL interface. Thus, if the ETL is 

thought of as a capacitor and the BTL a resistor, the RC time constant of the type 

A OLED is larger than the RC time constant of the type B OLED such that hole 

accumulation occurs in a non-steady-state and s~eady-state manner for the type A 

and B OLEDs, respectively. 

At first glance it would appear that the type B OLED would exhibit better per

formance than the type A OLED due to the improved BTL. This is not necessarily 

the case, however. In an OLED it is important to maintain charge injection bal

ance within the ETL to insure that most of the injected carriers are annihilated via 

electron-hole pair recombination. If there are significantly more holes being injected 

into the ETL than electrons, the holes may travel across the ETL and exit through 

the cathode as wasted current. Only so many holes can accumulate at the ETL/BTL 

interface before a significant number of these holes get injected into ETL, transport 

across the ETL, and exit through the cathode. 
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4.6 Conclusions 

Although many of the results discussed in this chapter are qualitative in nature it 

is clear that the characterization methods developed in this thesis are of utility for 

OLED/PLED device physics assessment. Hole accumulation at the ETL/HTL inter

face is shown to enhance conduction and radiative recombination by increasing the 

field within the ETL relative to the HTL. The current bump in the i(t)-v(t) curve 

provides direct experimental evidence that holes accumulate at the ETL/HTL inter

face. Hole accumulation at the ETH/HTL interface has been previously suggested, 

but never directly observed. The ETL is shown to behave as a leaky insulator while 

the HTL more efficiently conducts charge, suggesting that OLED improvements may 

be obtained by improving injection into and possibly conduction through the ETL. 

From b( t )-i( t) /B-I analysis, the capacitance and thickness of the ETL and the HTL 

may be approximated; a summary of the ETL, HTL, and total OLED thicknesses 

for the devices studied in this thesis are collected in Table 4.1. 

Table 4.1. A summary of the thicknesses of the ETL, HTL, and total OLED as 
estimated from b(t)-i(t)/B-I analysis assuming a relative permittivity of 4. The 
OLED device area is 0.1 cm2 

. 

d ETL (A) dHTL (A) dOLED (A) 

Green OLED (Type A) 443 443 885 

Green OLED (Type B) 531 266 797 

Blue OLED 910 364 1274 

PLED 590 

Many device parameters are obtained from the methods developed in this thesis, 

as summarized in Table 4.2. The results obtained from the methods developed in 
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Table 4.2. A summary of the three primary characterization methods developed in 
this thesis and the kind of device physics information provided by each. 

i(t)-v(t) b(t)-v(t) b(t)-i(t) /B-I 

i~TL (t) hysteresis dOLED 

current bump brightness bump dETL 

dHTL 

trapping (qualitative) 

harder/softer harder / softer 

turn on with changes in turn on with changes III 

the applied voltage wave- the applied voltage wave

form parameters form parameters 

this chapter lead to an improved understanding of OLED operation and increase the 

number of tools available for OLED characterization. 
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Chapter 5 


Aging Results 


In this chapter the results of some preliminary OLED aging experiments are 

presented. The primary purpose of this chapter is to demonstrate the utility of the 

OLED analysis methods developed in this thesis. Aging trends are interpreted in 

terms of the OLED model discussed in Chapter 4. 

5.1 Aging of a Green, Type A OLED 

A green, type A OLED is aged using the following waveform parameters: an average 

current density of 20 mA/cm2
, a -15 V reverse voltage pulse amplitude, a 50% on 

and 50% off waveform, and q. frequency of 60 Hz. The aging trends of the forward 

bias portions of i(t)-v(t) curves are shown in Fig. 5.1. The OLED turns on softer as 

the OLED is aged and most aging occurs within the first 40 hours of aging. There 

are two well known sources of OLED aging: (1) degradation of the OLED organic 

layers, and (2) degradation of the contact metals. Dead areas are observed visually 

as small, growing dark spots during the operation of the OLED. These dead areas 

could be caused by either aging mechanism. It is quite possible that both aging 

mechanisms are operative as the OLED is aged. 

Figure 5.2 shows the current bump portions of i(t)-v(t) curves at various aging 

times. Notice that the area of the current bump decreases as the OLED is aged. 

However, the voltage at which the current bump initiates, V [, is approximately 

constant. This reduction in the area of the current bump may indicate that the 

HTL/anode and/or ETL/cathode is becoming less conductive. It is also possible to 

explain the reduction of area of the current bump with aging by a simple loss of 

effective OLED area (e.g. the growth of dark spots in the OLED). 
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Figure 5.1. The forward bias portion of i(t)-v(t) curves obtained at 0, 40, and 120 
hours of aging for a green, type A OLED. Notice that the OLED turns on softer as 
it is aged and that most of the aging occurs in the first 40 hours. 

Notice that the small shift in the displacement current along the current axis 

in the i(t)-v(t) curve for the 120 hour aged curve, as shown in Fig. 5.2, is likely 

due to oscilloscope offset. Changes in ambient temperature can cause the offset 

of the oscilloscope to drift over the 5 day aging period. This problem should be 

corrected for in future aging studies by either controlling the ambient temperature 

or by recalibrating the oscilloscope just prior to acquiring data. 

As expected, the OLED brightness reduces with aging, as shown in the b(t)-v(t) 

curves of Fig. 5.3. This reduction in brightness with aging is not exclusively due 

to the reduction in current; the proportionality between current and brightness, a, 

also decreases, as shown in Fig. 5.4. The change in a with aging may be due to the 

growth of dark spots. Dark spots appear to still conduct current, as witnessed by 

the fact that current is only slightly reduced with aging, but they do not emit light. 

Thus, the growth of these dark spots reduces the overall OLED efficiency, consistent 

with the trends in a implicit in Fig. 5.3. 
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Figure 5.2. The bump portion ofi(t)-v(t) curves obtained at 0,40, and 120 hours of 
aging for a green, type A OLED. Notice that the area of the current bump decreases 
as the OLED is aged and V I remains approximately constant. Also, the offset of the 
120 hour aged i(t)-v(t) curve is an artifact of the experiment due to an uncorrected 
offset of the oscilloscope. 
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Figure 5.3. b(t)-v(t) curves at 0, 40, and 120 hours of aging for a green, type A 
OLED. The brightness decreases with aging. 
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Figure 5.4. b(t)-i(t) curves at 0 and 120 hours of aging for a green, type A OLED. 
Notice that the proportionality between brightness and current decreases as the 
OLED is aged. 

5.2 Aging of a Green, Type B OLED 

A green, type B OLED is aged using the following waveform parameters: average 

current density of 20 mA/cm2
, a -10 V reverse voltage pulse, a 50% on and 50% 

off waveform, and a frequency of 60 Hz. The type B OLED ages in a very different 

manner than the type A OLED. The forward bias i(t)-v(t) curves for the type B 

OLED actually turn on harder as the OLED is aged, as shown in Fig. 5.5. This 

trend is difficult explain. It is possible that the ETL conducts charge more efficiently 

with aging. This explanation seems implausible, as aging unusually causes a layer 

to become less conductive due to chemical degradation. Alternatively, it is possible 

that changes in the interface state densities at the anode and/or cathode reduce the 

barrier height for the injection of holes or electrons, respectively. 

The current bump portion of the i(t)-v(t) curve is shown in Fig. 5.6. Notice that 

the displacement current decreases as the OLED is aged. This is most likely caused 

by the growth of dark spots on the OLED, effectively reducing the OLED area. The 
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Figure 5.5. The forward bias portion of i(t)-v(t) curves for 0 and 120 hours of aging 
of a green, type B OLED with V;;;ax = V;;;ax = 10 V. Notice that the OLED turns 
on harder as it is aged. 
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Figure 5.6. The current bump portion ofi(t)-v(t) curves for 0 and 120 hours of aging 
for a green, type B OLED with V;;;ax = V~ax = 10 V. Notice that the displacement 
current and area of the current bump decrease as the OLED is aged. 
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Figure 5.7. b(t)-v(t) curves for 0 and 120 hours of aging for a green, type B OLED 
with v~ax = V~ax = 10 V. The b(t)-v(t) curves turn on softer as the OLED is aged. 

area of the current bump also decreases as the OLED is aged. A reduced OLED area 

results in less charge accumulation at the ETL/HTL interface and a decrease in the 

current bump area. 

Even though the current turns on harder as the type B OLED ages, the bright

ness still decreases with aging, as shown in Fig. 5.7. Notice that a decreases as the 

OLED is aged, as shown in Fig. 5.8. This is a common trend observed in all the aging 

studies performed in the course of this thesis. It is very likely due to a degradation 

mechanism involving the incorporation of moisture into the OLED. 

5.3 Recovery of an Aged Green, Type A OLED 

Previous experiments by D. Zou et al. have shown that OLEDs partially recover 

from aging if the OLED is subjected to a zero or reverse bias for a period of time. 

[18] In the present aging study, a type A OLED is subjected to a 20 mA/cm2 DC 

bias for 120 hours, during which time AC experiments are periodically performed. 

Approximately one week after the aging cycle, AC data is taken again. During this 
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Figure 5.8. b(t)-i(t) and B-I curves for 0 and 120 hours of aging for a green, type 
B OLED with v;tax = v;tax = 10 V. The B-I curves have been extrapolated to 
large currents. The proportionality between current and brightness decreases as the 
OLED is aged. 
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Figure 5.9. The forward bias portion of i(t)-v(t) curves for 0 and, 120 hours of 
aging, and for 1 week ofrecovery for a green, type A OLED. Notice that the recovered 
i(t)-v(t) curve turns on harder than the 120 hour aged curve. 
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recovery time the OLED was not subjected to any bias. Figure 5.9 shows forward 

bias i(t)-v(t) curves as the OLED is aged and after it is allowed to recover for 1 week. 

The forward bias portion of the i(t ) ..v( t) curve improves dramatically (i. e. it turns 

on harder) when the OLED is given a week of recovery time. 

D. Zou et al. ascribe this recovery to the movement of ionic impurities within 

the OLED. [18] These impurities are proposed to move within the OLED in such 

a way to oppose the applied electric field during forward bias operation. Another 

possibility is that carriers in deep traps are released during recovery. [3] A large 

buildup of trapped carriers within the OLED would inhibit current transport. The 

removal of deeply trapped charge during recovery would improve current transport. 

As shown in Fig. 5.10, the current bump shifts toward more negative voltages 

as the OLED is allowed to recover. VI of the current bump at 120 hours of aging is 

roughly 0.5 V more positive than VI for the recovered curve. Notice that the current 

bump shifts to more negative voltages by nearly the same amount that the forward 

bias portion of the i(t)-v(t) curves shift with recovery. This is strong evidence that 

recovery causes a change in the internal field of the OLED. 

The b(t)-v(t) curves do not exhibit a similar recovery trend, as shown in Fig 5.1l. 

The b(t)-v(t) curve turns on softer as the OLED recovers. This is likely due to the 

fact that the OLED continues to undergo some sort of irreversible aging as the OLED 

is allowed to recover. This is evidence of some kind of degradation that decreases a, 

as shown in Fig. 5.12. Degradation of this type is not proportional to current, but 

rather is associated with chemical degradation of the organic layers, by a process such 

as oxidation that continues even when no voltage is applied to the OLED. However, 

this aging mechanism appears to be initiated and sped up by the application of a 

forward bias since it is possible to store OLEDs in a dry box for long periods of time 

(2 years) and still have them to operate. 

The recovery experiment discussed in this section provides insight into why it 

is beneficial to operate an OLED with a bipolar waveform. The negative or reverse 

bias portion of the applied voltage waveform may allow time for the OLED to re

cover during aging. This negative bias portion may remove deeply trapped charge 
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Figure 5.10. The current bump portion of i(t)-v(t) curves for 0 hours ~nd 120 hours 
of aging, and for 1 week of recovery for a green, type A OLED. Notice that VI of 
the recovered curve is shifted approximately 0.5 V more negative than VI of the 120 
hour aged curve. 
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Figure 5.11. b(t)-v(t) curves for 0 and 120 hours of aging, and for 1 week ofrecovery 
for a green, type A OLED. Notice that the b(t)-v(t) curve turns on softer after 1 
week of recovery. 
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Figure 5.12. b(i)-i(t) curves for 0 and 120 hours of aging, and for 1 week ofrecovery 
for a green, type A OLED. Notice that the b(t)-i(t) curve for 1 week of recovery time 
does not recover and the proportionality between current and brightness is smaller. 
Also, note that a itffset(t) and i;;-ffset(t) do not change as the OLED is aged and 
allowed to recover. 

and/or cause the movement of ionic impurities. [3, 18] However, it is unlikely that 

current due to the movement of ionic impurities or current due to detrapping of 

deeply trapped charge (e.g. trapped charge responsible for reversible aging) could 

be observed with i(t)-v(t) analysis. The time required for ionic impurities and/or 

this charge detrapping to occur is likely extremely large (rv 1 week). Therefore, the 

current associated with this movement of charge would be excessively small. 

5.4 Conclusions 

The analysis methods developed in this thesis are shown to be very helpful in elu

cidating the aging mechanisms of OLEDs. Although much more work needs to be 

done using these analysis methods, it is clear that they provide much more device 

physics information than that available by simply monitoring the DC I-V and B-V 

curves as a function of aging. The analysis methods developed in this thesis have the 
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ability to monitor the decrease of the effective area of the OLEDs, monitor changes 

in VI, monitor changes in the forward bias i(t)-v(t) characteristics and to qualita

tively observe changes in the internal OLED field. Also, monitoring changes in a 

as an OLED is aged allows for quick and easy estimation of the changes in OLED 

quant urn efficiency. 
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Chapter 6 


Conclusions and Recommendations for Future Work 


In this thesis many novel experimental methods are developed for OLED char

acterization. These methods are shown to be very useful in helping to provide an 

understanding of the physics of OLED operation and are much more informative 

than simple I-V and B-V plots. Although this work was hindered by not knowing 

the actual device structure of most of the OLEDs tested, it is clear that a better un

derstanding of OLED performance is obtained by using the characterization methods 

developed in this thesis. 

6.1 Novel Analysis Methods 

1. Steady-state transient current-transient voltage [i{t)-v{t)] analysis is introduced 

as a novel OLED analysis method. From i{t)-v(t) analysis the follow.ing OLED pa

rameters may be obtained: OLED capacitance, detrapped charge (i.e. the total 

charge accumulated within the OLED), the voltage at which the current bump initi

ates (VI)' and qualitative assessment of hard or soft turn on of the OLED. The most 

important aspect of the i(t)-v(t) analysis method is the current bump. Changes in 

the current bump relate to changes in the charge stored within the OLED at the 

ETLjHTL interface and in traps. 

2. Steady-state transient brightness-transient current [b(t)-i{t)] analysis is also a 

novel analysis method developed in this thesis. b(t)-i(t) analysis allows the as

sessment of the nonradiative current components (i. e. the displacement and trap

ping currents) of the instantaneous current [i(t)]. This analysis method allows the 

ETL and OLED capacitance to be estimated and therefore the ETL thickness, HTL 

thickness, and OLED thickness, assuming that conduction current and brightness 
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are linearly related by a known ratio. b(t)-i(t) analysis also has the potential to 

provide qualitative information about how the trapping current changes as the ap

plied voltage is ramped. Fina.lly, assessment of the proportionality constant between 

brightness and current, Q:, provides a quick and simple method of approximating 

changes in quantum efficiency with aging. 

3. Steady-state transient brightness-transient voltage [b(t)-v(t)] analysis is a novel 

method introduced in this thesis. The b(t)-v(t) curve is proportional to a ETL 

conduction current-voltage [iETL(t)-v(t)] curve, assuming that the ETL conduction 

current and brightness are linearly related. The counterclockwise hysteresis of the 

b(t)-v(t) curve indicates that accumulation of holes at the ETL/HTL interface in

creases the ETL conduction current. 

4. Steady-state transient current [i(t)] and transient brightness [b(t)] analysis are 

novel analysis methods introduced in this thesis. The i(t) and b(t) transient curves 

allow time-dependent features to be observed that cannot be seen in parametric 

plots. i(t) is dominated by conduction current at large V~ax's and by displacement 

and trapping current at low V~ax's. 

5. Detrapped charge analysis is a novel analysis method developed in this the

sis. With detrapped charge analysis the transferred charge (Qtransferred) and the 

detrapped charge (Qdetrapped) are calculated and Qdetrapped-Qtransferred and Qdetrapped

PW+ curves are generated. From Qdetrapped-Qtransferred curves, it is shown that charge 

initially injected into the OLED is accumulated at the ETL/HTL interface or is 

trapped. From a Qdetrapped-PW+ curve, it is shown that charge accumulates at the 

ETL/HTL interface and is trapped during the initial part of the positive bias portion 

of the applied voltage waveform. 
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6.2 OLED Comparisons and Device Physics Summary 

Use of the analysis methods developed is this thesis provides a methodology for 

electro-optic characterization of OLEDs. The utility of these characterization meth

ods is demonstrated by employing them to compare and contrast two types of green 

OLEDs, PLEDs, and blue OLEDs. It is found by comparing PLEDs and OLEDs 

that the presence of the current bump in i(t)-v(t) curve is only present in hetro

junction devices (i.e. OLEDs). Comparison of two types of green OLEDs (Type 

A and B) and blue OLEDs using the characterization methods developed in thesis 

demonstrate that differences in device ETL and HTL thickness and material may be 

distinguished with very little prior knowledge of the OLED structure. 

Using the characterization methods developed in this thesis, two important 

OLED device physics conclusions are obtained: (1) Hole accumulation at the ETL 

/ HTL interface plays an important role in establishing balanced charge injection of 

electrons and holes into the OLED. (2) The ETL behaves as a leaky insulator while 

the HTL more efficiently conducts charge and acts as a voltage-dependent resistor. 

6.3 Aging 

The potential of these analysis methods is demonstrated by testing OLEDs during 

aging. It is found that aging is characterized by a softer i(t)-v(t) and b(t)-i(t) turn 

on, a decrease in Q, and by the growth of dead spots on the OLED. These dead spots 

are most likely caused by oxidation of the organic layers and/or metal contacts. Some 

aging-induced changes are partially recoverable if the OLED is subjected to a long 

duration zero bias or a reverse bias. 

6.4 Recommendations for Future Work 

1. Lack of knowledge of the structure of most of the OLEDs test in this thesis 

seriously inhibited accomplishing a rigorous assessment of the novel OLED charac

terization methods introduced in this thesis. In future work, the analysis methods 
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developed in this thesis should be employed to characterize OLEDs of known and 

varying structure. A more complete understandmg of the device structure would 

aid in verifying the viability of the novel methods developed in this thesis. It would 

be especially useful to perform b(t)-i(t)/B-I analysis on OLEDs of known structure 

to determine the accuracy of this analysis method in determining ETL, BTL, and 

OLED thicknesses. 

2. A computer-based device physics model should be developed to simulate OLED 

behavior when subjected to the analysis methods developed in this thesis. Only 

when accurate models are able to simulate the behavior of OLEDs under a variety 

of experimental conditions will the full potential of the characterization methods 

developed in this thesis be realized. With an accurate computer model it will be 

possible to mc.ke predictions about how to improve OLED efficiency and reliability. 

3. One aging trend observed in the OLEDs tested in this thesis was the growth of 

dark spots. These dark spots are thought to be related to moisture contamination. 

Many of the OLEDs tested in this thesis had very poor encapsulation; it is essential 

that this problem be corrected in commercial products. Also, reliable aging studies 

providing insight into the fundamental OLED degradation mechanisms can only be 

accomplished when the OLED is properly encapsulated so that the incorporation of 

moisture is not a factor. 

4. Drift in the oscilloscope offset sometimes resulted in questionable aging results. 

Two possible ways of correcting for oscilloscope offset may be to carefully maintain 

the ambient temperature during an aging study or to calibrate the oscilloscope prior 

to each measurement during the aging cycle. This offset problem should be addressed 

before further aging studies are undertaken. 

5. Studies comparing and contrasting aging with various waveforms using the novel 

characterization methods developed in this thesis should be undertaken. It is known 

that the reverse bias period of an applied voltage waveform improves the aging 



88 

characteristics. However, exactly why, how much, and how long the reverse bias 

should be applied is not known. A more complete understanding of reversible aging 

trends may allow better OLED driving waveforms to be developed. 
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