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EFFECT OF PHOSPHORESCENT IRIDIUM DOPANT ON
CHARACTERISTICS OF ORGANIC LIGHT EMITTING DIODES

SUMMARY

Organic light-emitting diodes (OLED) are imaging and lighting technology that was
no longer just a subject of research in 1985 when Ching Tang and Steven van Slyke
produced efficient thin-film light-emitting diodes. The fact that it can be produced
transparent and on a flexible substrate makes the organic light emitting diodes one of
the promising displaying technologies for the future. Moreover, organic light
emitting diodes have many advantages such as low cost of production due to solution
processing methods, high display quality, thinner and lighter weight, faster response
time and higher efficieny.

The biggest technical problem that emerges in organic light emitting diodes is the
limited life time due to degradation of organic materials. Organic materials used in
organic light emitting diodes are sensitive to oxygen and moisture; black spots may
form on contact with oxygen and moisture over time and affect the image. In
addition, self-degradation of organic materials reduces the life time. However,
researchs continue in this regard and the life times of organic light emitting diodes
are increasing by time.

Simply, organic light emitting diodes are composed of thin film organic layers
between two electrodes with different work functions. Metals with low working
function are very sensitive to oxygen and moisture by nature and cause rapid
degradation. Inverted organic light emitting diodes have a more stable upper
electrode with a high work function, which increases the life time of the device.
Also, PEDOT:PSS is unstable hole injection material which used widely for
conventional devices. Hence, avoid using PEDOT:PSS in inverted devices increases
the life time.

In addition, inverted organic light emitting diodes provide ease of integration in
active matrix OLED (AMOLED) displays. AMOLEDs consume less energy
compared to other display systems due to the thin film transistor (TFT) in their
structures. Therefore, they are more efficient in large display systems.

In AMOLED display systems, colors are controlled by the current given to the three
primary color (red, green, blue - RGB) pixels. Due to this current controlled by the
thin film transistor, many different colors can be displayed on the screen. For this
reason, it is of great importance to fabricate organic light emitting diodes that emits
in these three primary colors.

Hex-Ir(piq)s small molecule was selected for investigation of solution processed red
light emitting material for potential applications of AMOLED displays. Limited
source about Hex-Ir(pig)s in the literature was effective in the selection of this
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molecule. By using Hex-Ir(piq)s small molecule, solution based organic light
emitting diodes were produced and characterization measurements were performed
in conventional and inverted OLED architecture.

In order to understand the characteristic properties of the molecule, first the host-free
Hex-1r(piq)s solutions were prepared and coated with the spin-coating method with
different spin rates. Although the spin rate of 1000 rpm gived the highest eficiency
for the fabricated device, there were visible morphological problems in the thin film
coating. Since Hex-Ir(piq)s is a small molecule and generally, the solubility of small
molecules is low, it was concluded that the rotation speed of 1000 rpm was not
sufficient and the rotation speed of 2500 rpm was determined as the optimum value.

Three different inverted devices were fabricated with host-free Hex-lIr(pig)s
solutions. The first one was fabricated in a simpler structure without the hole
transport layer. Considering the low luminescence and efficiency, it was decided to
add a hole transport layer and the device was produced by adding TPD as hole
transport layer to the structure. Significant improvements in device performance was
observed with the addition of the hole transport layer. Finally, the effect of electron
injection layer was studied and no significant effect on performance was found.

All fabricated host-free Hex-Ir(piq)s devices emitted in the red light wavelength
range and chromatic coordinates are determined according to the CIE 1931 color
standard.

Considering the literature, NPD was used as the first host molecule. Significant
luminescence and efficiency values were obtained for this host molecule in
conventional architecture. However, in inverted architecture, it was observed that
luminescence and efficiency values are reduced significantly even if there is a hole
transport layer. In addition, in the electroluminescence characteristic graph, a peak
between 400-450 nm was observed with the effect of NPD and the emitted color
shifted to pinkish red according to CIE 1931 color coordinates. It was decided that
NPD host molecule was not suitable host for this study because of the inverted
device performance decrease and peak in the electroluminescence graph.

Finally, the MEH-PPV polymer was tested as a host because of its orange light
emission and its high performance in inverted architecture. Firstly, doping ratio in
conventional structure was studied. Subsequently, a significant increase in
performance was observed by adding TPBi as electron transport layer.

In the inverted devices produced from Hex-Ir(piq)s doped MEH-PPV solution, the
difference of electron injection layer was first tried Then, TPD hole transport layer
was added to this device to increase the luminescence.

Compared with host-free Hex-1r(piq)s, electroluminescence characteristics of MEH-
PPV devices doped with Hex-Ir(pig)s showed that the device produced an orange red
radiation. However, a significant shift towards the red zone was observed in the Hex-
Ir(pig)z doped MEH-PPV devices comparing to undoped MEH-PPV, according to
the CIE 1931 color coordinates.

In addition to these studies, electron mobility of Hex-Ir(piq)s doped MEH-PPV thin
film was investigated. In accordance with the obtained luminescence and efficiency
values, the highest electron mobility was obtained in the device produced with a
doping ratio of 20%.
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ORGANIK ISIK YAYAN DiYOTLARA FOSFORESAN iRiDYUM
KATKILANMASININ AYGIT KARAKTERISTIGINE ETKISi

OZET

Organik 151k yayan diyotlar (OLED), 1985 yilinda Ching Tang ve Steven van
Slyke’mn verimli ince film 151k yayan diyot iiretmesi ile sadece arastirma konusu
olmaktan c¢ikan goriintileme ve aydinlatma teknolojisidir. Biikiilebilir alt taban
tzerine ve seffaf dretilebilir olmasi organik 15in yayan diyotlar1 gelecegin
goriintiileme teknolojilerinden biri haline getirmektedir. Ustelik organik 151k yayan
diyotlarin, ¢6zeltiden iiretim metodlarinin kullanimina baglh olarak tiretiminin diisiik
maliyetli olmasi, goriintii kalitesinin yiiksek olmasi, daha ince ve hafif olmasi, tepki
stiresinin ¢ok daha hizli olmasi ve verimli olmasi gibi bir ¢ok avantaj1 vardir.

Organik 151k yayan diyotlarda ortaya ¢ikan en biiyiik teknik sorun organik
materyallerin bozunmasina bagl olarak yasam Omriiniin limitli olmasidir. Organik
151k yayan diyotlarda kullanilan organik materyaller oksijen ve neme karsi duyarli
olup, zaman i¢inde oksijen ve nemle temasi halinde siyah noktalar olusabilmekte ve
gorlintiiyli  etkileyebilmektedir. Bunun disinda organik materyallerin kendi
bozunmalar1 da yasam siiresini diisiirmektedir. Ancak bu konuda da gelismeler
stirmektedir ve organik 1s1k yayan diyotlarin yasam omiirleri zamanla artmaktadir.

Organik 151k yayan diyotlar en basit ifadeyle farkli is fonksiyonuna sahip iki elektrot
arasinda bulunan ince film organik katmanlardan olusmaktadir. Dogas1 geregi diistik
is fonksiyonuna sahip metaller oksijen ve neme olduk¢a duyarlidir ve hizli bozunuma
sebep olmaktadirlar. Tersinir organik 151k yayan diyotlarlarda yiiksek is
fonksiyonuna sahip daha kararli {ist elektrot bulunmaktadir, bu da cihazin yasam
omriinii arttirmaktadir. Ayrica, PEDOT:PSS, geleneksel cihazlar i¢in yaygin olarak
kullanilan kararsiz bosluk enjeksiyon malzemesidir. Dolayisiyla PEDOT:PSS
kullanmamak tersinir cihazlarda yasam omriinii arttirir.

Ayrica tersinir yapidaki organik 1sik yayan diyotlar, aktif matris OLED (AMOLED)
ekranlarda entegrasyon kolayligi saglamaktadir. AMOLEDIer yapilarinda bulunan
ince film transistér (TFT) sayesinde diger ekran sistemlerine goére daha az enerji
harcarlar. Bu sebeple, genis goriintiileme sistemlerinde daha verimlilerdir.

AMOLED goriintiileme sistemlerinde renkler {i¢ ana renk (kirmizi, yesil, mavi —
RGB) piksele verilen akim ile kontrol edilmektedir. Ince film transistdriin kontrol
ettigi bu akim sayesinde ekran iizerinde ¢ok farkli renkler goriintiilenebilmektedir.
Bu sebeple bu ii¢ ana renkte 1s1ma yapan organik 151k yayan diyotlar tiretmek biiyiik
onem arzetmektedir.

Tez calismasi kapsaminda, Hex-Ir(piq)s kiigiik molekiilii, AMOLED ekranlarin
potansiyel uygulamalar1 igin ¢dzelti bazli kullamilmak iizere kirmizi 151k yayan
malzeme olarak segilmistir. Bu molekiiliin se¢ilmesinde literatiirde Hex-Ir(piq)s
hakkinda kisith kaynak bulunmasinin etkisi olmustur. Hex-1r(piqg)s kii¢iik molekiilii
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kullanilarak geleneksel ve tersinir OLED mimarisinde ¢ozelti bazli organik 1s1k
yayan diyotlar iiretilmis ve karakterizasyon olgtimleri yapilmistir.

Molekiiliin karakteristik ozelliklerini anlamak amaci ile ilk olarak katkisiz Hex-
Ir(piq)s ¢ozeltisi hazirlanmig ve farkli donme hizlar1 ile donel kaplama yontemi
kullanarak kaplanmistir. Uretilen cihaz i¢in 1000 rpm dénme hiz1 en yiiksek verim
degerini verse de kaplanan ince filmde gozle goriiliir morfolojik sorunlar
bulunmaktadir. Hex-Ir(piq)s bir kiigiik molekiil oldugundan ve genel olarak kiigiik
molekiillerin ¢oziiniirliliigli diisik oldugundan 1000 rpm donme hizinin yeterli
gelmedigi kanisina vartlmis ve 2500 rpm donme hizi optimum deger olarak
belirlenmistir. Bu mimaride elde edilen parlaklik 55 cd/m? olup, akim ve gii¢ verimi
ise sirastyla 0.02 cd/A ve 0.01 Im/W’dur.

Katkisiz Hex-Ir(piq)s ¢ozeltisi ile ii¢ farkli tersinir cihaz iiretilmistir. Ilki daha basit
yapida bosluk tasima katmani olmaksizin tiretilmistir. Elde edilen parlaklik degeri ve
akim verimi sirasiyla, 29.66 cd/m? ve 0.04 cd/A’dir. Bu degerlerin diisiikliigii goz
oniline alindiginda bosluk tasima katmani eklenmesine karar verilmis ve yapiya TPD
bosluk tasima katmani eklenerek cihaz iretilmistir. Bosluk tasima katmaninin
eklenmesi ile cihaz performansinda 6nemli gelismeler gozlemlenmistir. Parlaklik
degeri 370.6 cd/m?®’ye ve akim verimi 0.6 cd/A’e yiikselmistir. Son olarak elektron
enjeksiyon katmani degistirilerek etkisi incelenmis ve performansta dnemli bir etkisi
bulunmamastir.

Uretilen tiim katkisiz Hex-Ir(piq)s cihazlar1 kirmizi 151k dalga boyu araliginda 1s1ma
yapmaktadir ve CIE 1931 renk standardina gore kromatik koordinatlar
belirlenmistir.

Literatiir dikkate alinarak ilk konak molekiil olarak NPD kullanilmistir. Bu konak
molekiilii i¢in geleneksel mimaride dikkate deger parlaklik ve verim degerleri elde
edilmistir. Parlaklik degeri ve akim verimi sirasiyla, 1889 cd/m®’ye 2.78 cd/A’dir.
Ancak, tersinir mimaride bosluk tasima katmani olsa dahi parlaklik ve verim
degerlerinin ciddi sekilde diistiigli gozlemlenmistir. Ek olarak, elektroliiminesans
karakteristik grafiginde NPD etkisi ile 400-450 nm arasinda pik gozlemlenmis ve
CIE 1931 renk koordinatlarina gore 1sima rengi pembemsi kirmiziya dogru
kaymistir. NPD konak molekiiliiniin tersinir yapidaki performans diisikligi ve
elektroliiminesans grafigindeki pik sebebi ile bu c¢alisma i¢in uygun bir host
olmadigina karar verilmistir.

Son olarak turuncu 151ma yapmasi ve tersinir mimarideki bilinen yliksek performansi
sebebiyle MEH-PPV polimeri konak olarak denenmistir. ilk olarak geleneksel yapida
doplama oranit calisilmistir. %20 doplama orani ile elektron tasima katmani
olmaksizin 289 cd/m? parlaklik ve 0.09 Im/W giic verimi elde edilmistir. Daha
sonrasinda TPBi elektron tagima katmani eklenerek performansta dikkate deger bir
yiikselis gdzlemlenmistir. Parlaklik deger 1025 cd/m?’ye ve gii¢ verimi 0.23 Im/W’a
yiikselmistir.

Hex-1r(piq)s doplanmis MEH-PPV ¢6zeltisinden iiretilen tersinir cihazlarda ilk olarak
elektron enjeksiyon katmani farki denenmis ve BNC (ikili nano-kompozit) ile
iiretilen cihazda 672 cd/m? parlaklik ve 2.22 c¢d/A akim verimi elde edilmistir. Daha
sonra bu cihaza TPD bosluk tasima katmam eklenerek parlakligin 1514 cd/m?’ye
yiikselmesi saglanmistir.

Hex-Ir(piq)s doplanmis MEH-PPV cihazlarinda elektroliiminesans karakteristigi
katkisiz Hex-Ir(piq)s cihazi ile karsilagtirildiginda dalga boyunun katkisiz olan
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cihazda 620 nm olan dalga boyunun 597 nm’ye kaydig1 ve cihazin daha turuncumsu
kirmizi 1s1ma yaptigi gozlemlenmistir. Ancak doplanmamis MEH-PPV ile
karsilastirildiginda elde edilen CIE 1931 renk kordinatlarina gore elde edilen
cihazlarda kirmiz1 bolgeye dogru ciddi bir kayma gozlemlenmistir.

Bu caligmalara ek olarak, Hex-Ir(piq)s katkilanmis MEH-PPV ince filminin elektron
hareketliligi incelenmistir. Elde edilen parlaklik ve verim degerleri ile uyumlu olarak
1.29 x 10°% cm?V-1s? degeri ile %20 doplama orani ile iiretilen cihazda en yiiksek
elektron hareketliligi elde edilmistir.
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1. INTRODUCTION

Organic electronics is a growing research topic in the fields of chemistry and physics
in the last decades. Until mid-1980’s organic electronics appear to be a solely
research subject. Researchers thinked there is no practical application for organic
semiconductor materials due to their lack of performance and stability compared to
conventional inorganic semiconductor materials such as silicone and gallium
arsenide. On the other hand, in 1985, Ching Tang and Steven van Slyke demonstrate
that efficient thin film light emitting diodes are possible within Eastman Kodak [1].
Even though produced diodes are not sufficient in terms of performance compared to
existing technology, it was a promising starting point for commercializing of organic
electronics. On behalf of commercializing, primarily researched and funded device in

organic electronic is organic light emitting diode (OLED).

Nowadays, OLEDs have become the most promising alternative in next-generation
flat-panel displays and solid-state lighting source. OLEDs have major virtues include
lightweight, high-speed video rate, high contrast, low power consumption and large

viewing angle, compared to traditional electroluminescent (EL) devices [2-4].

1.1 Purpose of the Thesis

Red, green, and blue (RGB) are the primary colors of light. In active-matrix OLED
displays, thin film transistor integrated into device and act like a switch which
controls current flow from each pixel in order to emit different colors in display.
Because of this, it is crucial to fabricate RGB color emitted OLEDs for commercial
OLED displays. Due to nature of red fluorescent materials, red dopant usage is
limited in the fabrication of red OLED. In addition, solution processable materials
are preferable because of low cost application processes and compatibility for
flexible OLED:s.

The purpose of this thesis is to investigate the effect of doped red phosphorescent

iridium complex on solution processed organic light emitting diodes characteristics.



In this scope, conventional OLEDs, inverted OLEDs and electron only devices were

fabricated.

In order to optimize these configurations, the effects of solution concentration,
dopant ratio, emitting layer thickness, utilization of electron blocking/hole transport
layer, thermal annealing temperature/time and different hosts were investigated

systematicaly.

Luminance, power and current efficiencies, external quantum efficiency and
electroluminescence characteristics were studied for both conventional and inverted
devices. Furthermore, electron mobility calculations of the electron only devices

were carried out.

1.2 Literature Review

1.2.1 Electroluminescence

Electroluminescence (EL) is a phenomenon which semiconductor materials emit
light due to passing electrical current or strong electrical field. EL occurs when
electrons and holes are combined in semiconducting material. Emitting light is
usually in visible range of electromagnetic spectrum (Figure 1.1). Because of same
process can take place in infrared or ultraviolet section of electromagnetic spectrum,
these emitted lights also called as EL. Constitutively, EL phenomenon consists of
three main period: (a) providing electrical energy, (b) excitation process, (c)

mechanism of emitting light.

Figure 1.1 : Electroluminescent devices [5].

H.J. Round observed first electroluminescence occurrence in 1907 with a silicon
carbide (SiC) compound. In the study, he observed yellow light while current is

passing through a SiC detector [6]. The study was not repeatable until 1923 [7].



Between 1907 and 1923, no electroluminescent incident was reported. From this
point, several electroluminescence studies could be seen in literature. In 1936,
Destriau achieved to emit light from pulverulent zinc sulfide (ZnS) and Vlasenko and
Popkov fabricated the first electroluminescent device based on ZnS. Moreover, they
observed significant increase in electroluminescence in thin film form of zinc sulfide

dopped with manganese [8,9].

Bernanose and his coworkers observed first organic EL by apply alternating current
(AC) through acridine orange and quinacrine crystal thin film in 1953 [10]. Even
though, first EL observed in organic materials in 1953, first current flow and detailed
EL study was reported in 1963. In the research, when they applied high voltage
(>100V) to anthracene thin film, which was produced by chemical method, they
observed bright light [11].

In 1985, Ching Tang and Steven van Slyke fabricated a green light emitting OLED

based on Algs. Since then, researches about OLEDs increased [1].

Two-layer OLED structure and EL spectrum is shown in Figure 1.2.
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Figure 1.2 : Two-layer OLED structure and EL spectrum [12].
1.2.2 OLED types

Several types of OLEDs were produced until this day: passive-matrix OLED, active-
matrix OLED, transparent OLED, top-emitting OLED, foldable OLED and inverted
OLED. Each type of OLED has different application.

As shown in Figure 1.3, passive-matrix OLEDs (PMOLEDS) have strips of cathode,
organic layer and strips of anode which is perpendicular to cathode. Each intersection
of anode and cathode is a pixel of OLED. External circuit which turn on and off the

pixels is required to apply current to electrodes. Brightness is proportional to applied



current. PMOLEDs are relatively easy to produce but they consume more energy
than other OLED types because of their need for external circuit.

OLED Passive Matrix

Layers

- Anode

Figure 1.3 : PMOLED structure [13].

On the other hand, active-matrix OLEDs (AMOLED) have full layers of cathode,
organic layers and anode with the difference of anode overlays a thin film transistor
(TFT) array which forms a matrix. The TFT matrix is the circuit for OLED which
consume less energy than an external circuit, so AMOLEDSs are more efficient for
large size displays (Figure 1.4).

OLED Active Matrix

Cathode

Organic
Layers > TET
Matrix

Anode

Figure 1.4 : AMOLED structure [13].

Transparent OLEDs (TOLEDs) have transparent layers of anode, cathode and
organic layer onto transparent substrate, which leads 85% of transparency while
OLED is turned off. Because both electrodes are transparent both sides of OLED can
emit light and TOLEDs can be used as two-sided display. A TOLED can be either
PMOLED or AMOLED.



Top-emitting OLEDs on the other hand, have either opaque of reflective substrate
and they are suitable for AMOLED design because they can be easily integrated with
non-transparent TFT.

Foldable OLEDs (FOLED) have very flexible substrate which are mostly plastic.
FOLEDs are very lightweight and durable. Their usage prevents breakage of screens

and major damages. FOLEDs have very potential usage such as smart clothing.

Inverted OLEDs have opposite charge transport mechanism of conventional OLEDs.
For conventional OLED devices, cathode is situated on top of device. On the other
hand, for inverted OLEDs cathode is at the bottom of device. Since TFTs are mostly
n-type, inverted OLEDs with a bottom cathode are preferred for AMOLED devices.
A detailed information about inverted OLEDs are given in section 1.2.4.

1.2.3 OLED materials and coating methods

Advantages of organic materials are high luminescence and variety of colors. Light
in organic materials is generated due to fast turn back to ground state of excited
molecules and color of the emitted light is associated with energy difference of

ground state and excited state.

Organic semiconductors have various physical properties which provide many
advantages; a) some organic dyes have high absorption efficiency within visible
region which make them very convenient candidate for very thin photodetector and
photovoltaic cell applications [14], b) Stokes shift is relatively high for many
luminescent dyes which minimize losses such as reabsorption [12], ¢) almost
infinitely many chemical materials and ability of synthesis situational materials
ensure diversity, d) organic semiconductors mostly coat in room temperatures and

they suit with foldable substrate.

Several organic materials are capable of transport both electrons and holes. Electron
and hole mobilities are range between 10 and 10 cm?/(V s) in organic materials
and electron mobility usually less than hole mobility [15]. For example, Algs is an
electron transport material and its electron mobility is 100 times larger than its hole
mobility [16].

There are various methods to coat an organic material; Vacuum evaporation method

is most used method for coating small molecules. For coating large surfaces, organic



vapor phase deposition (OVPD) is more suitable method [17]. Apart from these, spin
coating, inkjet printing, screen printing, drop casting or dip coating methods can be

used for soluble organic materials or polymer materials.

1.2.4 Device structure

Simplest conventional OLED design is one-layer structure. This structure consists of
indium tin oxide (ITO) is coated as anode electrode onto glass or plastic substrate,
top of that organic emissive layer is coated, and finally metal cathode electrode is
deposited with vacuum evaporation method. However, this structure is not suitable
for efficient OLED fabrication. For low voltage and high efficiency, at least two

organic layers are preferred mostly.

In two-layer conventional structure, there are several layers which are; anode, hole
transport layer (HTL), electron transport layer (ETL) and cathode. ITO as anode is
used for hole injection and it is transparent for allow the light transmission. Metals
with low work function such as Al, Mg, Ca etc. are used for electron injection as
cathode. HTL is responsible for hole transportation from ITO to organic interlayer on
the other side, ETL is responsible for electron transportation from cathode to
interlayer. If recombination zone (emission layer, EML) is in ETL, ETL act as EML
otherwise HTL act as EML. So, these devices can be categorized as two different
structures; Anode/HTL/ETL(EML)/Cathode or Anode/HTL(EML)/ETL/Cathode.
Besides, EML can be coated between HTL and ETL individually for fabricate three-
layer structure (Anode/HTL/EML/ETL/Cathode). Conventional device structures can

be seen in Figure 1.5.
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Figure 1.5 : Conventional OLED structures; a) one-layer OLED, b) two-layer
OLED, c) three-layer OLED, d) multi-layer OLED.

It is found that inserting a hole injection layer (HIL) between ITO and HTL
decreases the required voltage, increases the efficiency of device. Because of the
interaction between ITO and organic layer can cause degradation of device, HIL also
enhance the device stability [18,19]. Same situation occurs for interlayer between
metal cathode and organic layer. Used injection layer thickness depends on
resistance of the material. For high resistant materials thickness is usually less than

10 nm and for some doped injection layers thickness reaches up to 100 nm [20,21]

As mentioned before, in conventional OLED structure, metals with low work
function are used as cathodes. Because of their low work function, these metals are
very sensitive to oxygen and moisture. Conventional device structure (low work
function top cathode) restricts the fabrication of device in atmospheric conditions and
causes rapid degradation. In inverted OLED structure the charge motion is exact
opposite of conventional structure. Bottom electrode (ITO) becomes cathode and
higher work function (more stable) top electrode becomes anode (Figure 1.6).
Besides, metal oxide materials such as ZrO., TiO2 and ZnO are used as electron
injection layer (EIL) and V.05, WO3and MoOs are used as hole injection layer (HIL)
[22-25]. These materials cause intrinsic encapsulation due to their high oxygen and
moisture absorbent properties and provide environmental stability [26,27]. Also,
PEDOT:PSS is unstable hole injection material which used widely for conventional

devices. Hence, avoid using PEDOT:PSS in inverted devices increases the life time.
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Figure 1.6 : Inverted OLED structure.
1.2.4.1 Hole injection/transport materials

In OLED systems, thin films like copper (I1) phthalocyanine (CuPc) [18], SiO- [28]
are used for improving hole injection. In addition to this, materials such as FeCl3s
doped with oxidizing agent [29], iodine [30], tetrafluorotetracyano-quinodimethan
(F4-TCNQ) [31] is used. In hibrit OLED systems mostly used HIL is poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) [32-34].
PEDOT:PSS is a water based solvent and it smooths the surface of ITO, prevents

possible electrical short-circuit, decreases required voltage [35].

N,N'-Bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD), derivative of aromatic
diamine is a typical hole transport material [36-38]. It has high hole injection, hole
transport and electron blocking properties. Even if it has prior properties as hole
transport material, when it is deposited with vacuum evaporation its thermal stability
is relatively low because of low glass transition temperature (Tq= 63 °C). On the
other hand, (N,N’-di(naphthalene-1-yl)-N,N'-diphenyl-benzidine (NPB) and Poly(9-
vinylcarbazole) (PVK) is another mostly used hole transport material [18, 39-40].
Hole mobility of hole transport materials are generally range between 103 and 10*
cm?/(V s). Total current in OLEDs is determined by hole transport materials because
of their efficient hole transport properties and high hole transport rate. Examples of
molecular structure of hole injection and hole transport materials is shown in Figure
1.7.

A good hole transport/injection material should have these features;
e Morphologically stable

e Low ionization potential,

¢ High hole mobility,

e Low electron attraction.
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Figure 1.7 : Examples of hole injection and hole transport materials.
1.2.4.2 Electron transport materials

One of the most known electron transport material is Algs (Tris-(8-
hydroxyquinoline)aluminum). Its electron mobility depends on electrical field and its
value is approximately 10 cm?/(V s) at 4 x 10° V/cm. Algs is also used as emissive

material and it emits green light around 530 nm wavelength [41].

Bathocuproine (BCP) [42,43], 3-(Biphenyl-4-yl)-5-(4-tert-butylphenyl)-4-phenyl-
4H-1,2,4-triazole (TAZ) [44], Bis(8-hydroxy-2-methylquinoline)-(4-
phenylphenoxy)aluminum (BAlqg) [45] and 2,2'.2"-(1,3,5-Benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole) (TPBI) [46-48] are other mostly used electron transport
materials. Examples of molecular structure of electron transport materials is shown

in Figure 1.8.

A good electron transport material should have these features;
e Morphologically stable

e High ionization potential,

e High electron mobility,

e High electron attraction.



Figure 1.8 : Examples of electron transport materials.
1.2.4.3 Emissive materials

Many luminescent materials with high quantum efficiency are used in OLEDs as
emissive layer. However, just a few of them show strong emissive layer
characteristics. There are two main types of OLEDs according to the used emissive

material;

a) PLEDs; which include EL polymers for light emitting process. Usually polymeric
emissive materials are soluble, and solution processed (i.e. spin-coating) while

device fabrication.

b) SMOLEDs; which contain small molecules in order to emit light. Usually small

molecules are not soluble, and vacuum deposited during device fabrication.

Pioneer researches about EL polymers and their devices was based on PVK (poly(N-
vinyl carbazole) and doped with several luminescent dyes [49,50]. Burroughes and
his coworkers introduced electroluminescent polymers in 1990 that describes an EL
device based on conjugated poly(p-phenylene vinylene) (PPV) [51]. PPV is highly
stable conjugated polymer and it has yellow fluorescence around 400-420 nm [52-
58]. Since 1990, PPV polymers drew tremendous attention and its numerous
derivates  synthesized. = MEH-PPV  (Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-

phenylenevinylene]) is one of the best known EL polymer.
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Polyfluorenes are EL polymers which can be used in PLEDs as well. They have great
optical and electronic properties and high stability. Fluorene (FI) is a polycyclic
aromatic compound which has strong violet fluorescence. As a matter of fact,
polyfluorenes are the only class of conjugated polymers that emit a whole range of
colors [59-65]. [Poly[9,9-didodecylfluroenyl-2,7-yleneethylnylene] is one of the

examples of polyfluorenes.

Commonly used emissive small molecules are iridium complexes and first used
iridium complex was fac tris(2-phenylpyridine) iridium (Ir(ppy)s) complex [66].
Even they have relatively high phosphorescent efficiency, in solid state, iridium
complexes are not very efficient due to aggregation tendency. Therefore, usually
these materials are used as dopants in a host medium to decrease aggregation. Tris[2-
(4-n-hexylphenyl)quinoline)]iridium(111) (Hex-Ir(pig)s) and Bis(3,5-difluoro-2-(2-
pyridyl)phenyl-(2-carboxypyridyl)iridium(l11) (FIrPic) are another known iridium
complexes. Examples of emissive layer materials both polymers and small molecules

are shown in Figure 1.9.
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Figure 1.9 : Example of emissive materials.
1.2.4.4 Anode materials

In an OLED device, fundamental factor which determine the hole injection is

difference between work function of anode and ionization energy of organic

11



material. For a convenient charge transfer, anode should have high ionization

potential.

Because of the high transparency (>85%) and low resistance, ITO is most preferred
anode material. ITO substrates are made by coating indium oxide (In203)/ tin oxide
(Sn0O.) onto plane glass substrate by sputtering.

Cui and his coworkers found 4 alternative high transparent, conductive oxide
materials which can be used as anode materials. These are Gao.12In18803 (GIO),
Gao.08lN1.28SN0.6403(GITO), ZngsIn1503 (Z10) and Zno.46lNo.88SNo.6603 (ZITO) [67]

Due to its brittle structure, ITO is not suitable for flexible OLED production. For this
reason, the search for anode to adapt to flexible substrate continues. Therefore,
studies on using graphene instead of ITO are ongoing [68-70].

1.2.4.5 Cathode materials

The primary carriers in OLED systems are the holes because of their hole mobility
and low barrier difference. Therefore, decreasing energy barrier for electron transfer
is essential. Thus, more efficient recombination and increased luminescence is
achieved by increasing ratio of electrons and holes in organic material. Hence, metal

cathodes with low work function are preferred.

Mg:Ag alloy is one of the most preferred cathode material due to its low work
function. Adding silver is increased chemical stability of magnesium and avoids
leakage of magnesium into lower levels [71]. Al, Ag and Au are other mostly used
metals for cathode, also for inverted device structure, ITO becomes cathode instead
of anode, mainly because increase environmental stability and increase electron
injection.

Adding a very thin layer of LiF between Algs and Al, increase electron injection
efficiency [72]. LiF thin layer was used various OLED systems. For example, a blue
OLED with LiF/Al cathode has 1.4% external quantum efficiency and 50 times
higher efficiency with respect to standard OLED without LiF [73]. Likewise, another
OLED device with just Mg:Ag cathode showed very low luminescence at 15V. On
the other hand, after adding LiF thin layer, device showed superior improvements in

terms of both luminescence and efficiency [74].
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1.2.5 Working principle of OLEDs

When an external current is applied to an OLED device, electrons are injected from
cathode and holes are injected from anode. After that, these electrons and holes
passing through organic layers via hopping process and reach to emissive layer. In
this layer electrons and holes recombine by effect of electrostatic forces and forming
exciton, which is a bound state of the electron and hole. Outcome of this exciton’s
decay is relaxation of the energy and this energy emits radiation in visible region.
The frequency of this radiation depends on the energy difference between HOMO
(highest occupied molecular orbital) and LUMO (lowest unoccupied molecular

orbital) of the material. In Figure 1.10 working principle of a simple OLED is shown.
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Figure 1.10 : Working principle of OLED.
1.2.6 Device physics

Most significant difference between organic and inorganic light emitting diodes are
charge injection and transfer mechanism. In inorganic LEDs charge injection rely on
pn-junction. On the other hand, in organic LEDs charges are injected from
electrodes. However, charge mobility in organic materials is relatively low because
of overlap orbitals due to the weak van-der-waals interaction. After all, voltage and
charge conditions for organic LEDs and inorganic LEDs are very different. In

inorganic LEDs, charge density is almost constant outside junction region. But, in
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organic LEDs, charges gather around electrodes and while steer away from

electrodes charge density is decreased (space-charge limited region).

After injection of charges, near electrodes, space-charge regions occur and therefore,
net charge density decreases while moving away from contacts. As shown in Figure
1.11, two layered OLED with suitable energy levels, injected charges are stopped by

interlayers. Recombination of opposite charges occurs near these interlayers [75].
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Figure 1.11 : a) insulator, b) inorganic p-n junction and c¢) double layer OLED’s net
charge density (left) and energy level differences (right).

1.2.6.1 Charge transfer

In order to achieve high efficiency (emitted photon for each electron), every layer
should have specific properties. HIL should transfer holes easily from anode to hole
transport layer. This can be achieved when transport layer’s HOMO is in between
ITO’s ionization potential and emissive layer’s HOMO. At the same time, HTL
should have high hole mobility and block electrons to reach anode which come from

cathode.

Emissive layer’s HOMO and LUMO energy levels should be suitable for
transporting charges from neighbor layers. Likewise, EIL and ETL’s HOMO and
LUMO levels should be suitable and these layers should have high hole mobility as

well.

Most organic material has dominantly n- or p- type conductivity by itself. Today,

many methods are used to increase conductivity and charge density i.e. doping. In
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addition to doping, morphology and thickness of thin film layers are very crucial for
charge transfer properties. Optimum thickness of organic layers should be chosen for
blocking electrons and holes to reach opposite electrodes.

1.2.6.2 Recombination

After injecting electrons and holes from opposite electrodes, they reach to emissive
layer via injection and transport layers. The region where electrons and holes
recombine and emit light is called recombination zone and this zone is only a few nm

thickness.

Electrons and holes are fermions with half integer spin. Based on the relative
orientation of two spins, the exciton can either have a total spin of zero or a total spin
of one which are called singlet and triplet exciton, respectively. There are three
combinations which form a triplet exciton and only one combination that form
singlet exciton. Hence, 75% of the formed excitons are triplet and 25% of the

excitons are singlet (Figure 1.12).
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Figure 1.12 : Schematic representation of singlet and triplet state.

On behalf of achieving high efficiency, emissive layer’s photoluminescence
efficiency (ratio between recombined excitons and consisted excitons) should be
high and Stokes shift must be great. Stokes shift is unique property for each emissive
material. Stokes shift of molecule synthesized by Li and coworkers was found to be

as large as 325 nm [76].

1.2.6.3 Exciton diffusion and annihilation

Excitation energy is transferable to other molecules with same or lower excitation

energy. This process is explained by Dexter and Forster energy transfer mechanisms.
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Diffusion length of singlet exciton is found to be between 4-25 nm in various
researches [77-80]. Combinations without emitting light only occur in electrodes or
when there is an impurity in emissive material. Contact annihilation can be avoided
by trapping excitons in emission layer via using transport layers with higher singlet
exciton energy (Figurel.13).
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Figure 1.13 : Energy level diagram of OLED.

1.2.7 Doping in OLEDs

Key progress which led to improve OLED technology is discovery of doping [71].
Conjugated organic semiconductors usually do not contain pure and free charges.
Therewithal, many organic semiconductors have high mobility for only one type
charge (hole or electron). Hence, while designing OLED device, it is possible to

choose materials with unique mobility characteristics.

The main goal of doping is obtain high efficiency by using host material with
optimized mobility and luminescence properties mixed with guest material with high
luminescence. Most important benefit of doping is increase working stability of
OLED by decreasing passing time without emitting light [81]. In addition to this, it is
almost impossible to predict doping effect by taking into consideration of energy

levels. Many other internal or external parameters may affect doping efficiency.

Controlled and stable doping is preferable for improving efficiency of many organic
based devices. If fermi energy levels of organic semiconductors could shift to
mobility level, ohmic losses would decrease and it would be easy to inject charges
from electrodes. Baldo and his coworkers achieve to increase internal EL efficiency

of OLED up to 100% by doping phosphorescence materials [82].
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1.2.8 Device characterization

In this section characterization methods and equipments are explained which were

used in this thesis.

Hamamatsu PMA-12C10027 Photonic Multichannel Analyzer (C9920-11, integrated
with 2427-C3A Keithley) is used for examination of luminescence (cd m2) , passing
current (A), CIE color coordinates, current density (mA cm?), external quantum
efficiency (%), current efficiency (cd A™) and power efficiency (Im W?). Measuring

system is shown in Figure 1.14.
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Figure 1.14 : Characterization system and schematic diagram.
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Color of OLED emission is characterized by CIE 1931 XYZ standard (Figure 1.15).
CIE 1931 XYZ color standard is defined by x(}), y(A), z(A). Human eye has three
photoreceptor cells which sense light (correspond to long, middle, short wavelength),
for this reason, color perception is possible with three values;

X = [1(M)x(A)dA (1.1)
Y = [I(D)y(D)da (1.2)
Z = [I(A)z(A)dA (1.3)

Where I(A) is emission spectrum. In this study, CIE color coordinates were reported
with xyY formulation of 1931 color standard (Figure 1.16). Advantage of this
method is specifying color with only 2 variables by distinguishing color and
luminescence.
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Figure 1.15 : The CIE XYZ standard observer color matching functions.
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Figure 1.16 : Characteristic CIE xyY color standard spectrum.
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External quantum efficiency (EQE) is simply ratio between number of photons

emitted from device and number of injected electrons to device. EQE is calculated by

equation 1.4;
Fpe(1,0)
B ff%deda N, »
next - I/e - Ne ( " )

Where, | Fabs(A,0)d0 is total emission, A is wavelength, 0 is measurement angle, # is

plank constant, c is speed of light, I is current and e is the charge of an electron.
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2. EXPERIMENTAL DETAILS

2.1 Materials

In order to fabricate red light emitting OLED, Hex-Ir(pig)s phosphorescent material
was chosen because of its emitted color and potential applications in display
technology. Although, there are several researches about this small molecule, very
limited resources were found about solution processed Hex-Ir(piq)s in literature [83-
85]. Different host materials were tried for performance improvements in various

device structures.

Several polymers, small molecules, metal and metal oxides were used in this
contribution. MEH-PPV (M,: 40000-70000 - 541443-1G), NPB (sublimed grade,
99% - 556696-1G), PVK (Mw ~1,100,000, powder - 182605-5G), TPD (99% -
443263-5G) and LiF (>99.99% trace metals basis - 449903-2G) were purchased from
Aldrich. Hex-Ir(pig)s (> 99% - LT-N754) and TPBi (Sublimed, > 99.5% - LT-E302)
were purchased from Lumtec. Ca (99% - EVMCAX203MMD) and Al (99,999% -
EVMAL50QXQ-J) pellets for thermal evaporation were purchased from Kurt J.
Lesker. V205 (99.99%, metals basis — 10904.09) was purchased from Alfa Aesar, and
PEDOT:PSS (CLEVIOS™ P VP Al 4083) was purchased from Heraeus. For inverted
OLEDs, ZnO:PEI binary nano-composite (BNC) and ZnO:PEI:TPBi ternary nano-
composite (TNC) were synthesized as specified [2,86]. ZnO particles were
synthesized with chemical precipitation method by using zinc acetate dihydrate
(Zn(CH3COO0)2-2H20; > 99.0 %, Aldrich) and potassium hydroxide (KOH; > 99.0
%, Aldrich). Sedimented by centrifugation ZnO particles dispersed in 50% diluted
polyethylenimine (PEI, My,: 60 000, Across Organics) in order to prepare binary
nano-composite (BNC). Trace quantity of TPBi were disperse into BNC solution to
prepare ternary nano-composite (TNC). All chemicals were used without additional

purification.
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2.2 Device Fabrication

2.2.1 Substrate preparation

In order to fabricate OLED devices 1x1 inch ITO coated glass substrates (120 nm,
15Q/sq, patterned) were provided from Kintec Company. ITO coated glass substrates
were cleaned in acetone, detergent (PCC-4, 2% wt. dispersed in water), deionized
water and isopropyl alcohol by ultrasonication for 15 minutes each and dried under
N2 (nitrogen) gas flow. Afterwards, the substrates were exposed to oxygen plasma for
5 minutes for remove all organic impurities. Schematic of chemical cleaning process

and oxygen plasma system are shown in Figure 2.1.

i ) ﬁ |
PCC-4 detergent

JR—

p—_ —|

P — 4

p— —|

—— ] acetone deionized water
ultrasonic bath tank
isopropyl alcohol

Figure 2.1 : Schematic representation of ITO substrate and chemical cleaning
process of ITO substrate b) oxygen plasma system.
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2.2.2 Growing functional layers

In order to fabricate conventional OLEDs, PEDOT: PSS solution was spin-coated at
3000 rpm for 30 seconds and annealed at 120°C for 20 minutes in ambient air as
HIL. Subsequently, Hex-Ir(pig)s solutions with different dopant ratios and hosts
were spin-coated at different spin rates for 50 seconds and annealed at 120°C for 10
minutes in glove-box system as emissive layer. 1:3 dichlorobenzene (DCB), toluene
mixture was used as solvent for all Hex-Ir(pig)s solutions and all solutions were
filtered through a 0.45um membrane filter (Milipore PTFE) before coating.
Schematic representation of spin-coating method is shown in Figure 2.2. TPBi as
ETL was deposited with thickness of 10 nm in a vacuum evaporator (2x107° mbar),
which is integrated in glove-box system. The devices were completed by the
deposition of Ca (10 nm) as EIL and Al (100 nm) as cathode layer in another vacuum
evaporator (2x107® mbar) in order to avoid organic impurities from other vacuum

evaporator.

Figure 2.2 : Schematic representation of spin-coating method.

BNC or TNC solution was spin coated at 2500 rpm for 30 seconds and cured at
120°C for 120 minutes in ambient air as EIL for fabrication of inverted OLEDs.
Following by the same emissive layer coating procedure as conventional OLEDs.
TPD (50 nm) was deposited in first vacuum evaporator as HTL afterward, V205 (15
nm) as HIL and Al (100 nm) as cathode were deposited in second vacuum

evaporator. Glove-box system used for fabrication is shown in Figure 2.3.
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Figure 2.3 : Glove-box system which used for device fabrication.

Finally, in order to fabricate e-only devices 1x1 inch glass substrates were cleaned
with same cleaning process of ITO coated glass substrates which mentioned before.
Al was deposited as anode with the thickness of 100 nm onto substrate in vacuum
evaporator. Host free Hex-Ir(pig)s and Hex-Ir(pig)s doped solutions were spin-coated
at 1500 rpm for 50 seconds and cured at 120°C for 10 minutes. Subsequently, the
devices were transferred to vacuum evaporator once again and LiF (1 nm) as EIL and
Al (100 nm) as cathode were deposited at 2x10® mbar. All fabricated device

structures are shown in Figure 2.4.

] ]
| Al | A
= - =
| TPBi | TPD
| HexcIr(pia)s | HexIr{pia)s
| PEDOT:PSS | BNC/TNC
ITO ITO
Glass Glass
a b
- .
| LiF
| HexcIr(pigle

Al

Glass

Cc

Figure 2.4 : Fabricated device structures a) conventional OLED b) inverted OLED
c) e-only device.
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2.2.3 Encapsulation

Oxygen and moisture sensitivity of functional layers affect stability and lifetime of
devices. Therefore, in order to minimize atmospheric exposure different methods
can be used. One of the mostly used encapsulation method is attach glass with UV
sensitive resin. Alternatively, atomic layer deposition (ALD) method is becoming
popular recently. Because of its practicality, encapsulation bands (Adhesives
Research, EL-92734) were used in this study. After encapsulation, devices were

taken out of the glove-box and then characterized.

Encapsulation glass

UV sensitive resin

Em T KEm T

ITO coated glass substrate ITO coated glass substrate ITO coated glass substrate

Figure 2.5 : Schematic representation of glass encapsulation process.
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3. RESULTS AND DISCUSSION

3.1 Electrical and Optical Characterization Results

Firstly, solution of Hex-lIr(piq)s without host were prepared for understanding the
performance characteristics of the molecule itself. Conventional and inverted devices
were fabricated with various thickness of Hex-Ir(piq)s and the effect of thickness on
the device performances were examined. For both conventional and inverted devices
concentration of Hex-Ir(piq)s solution was chosen 10 mg/ml and after spin coating
process coated thin films were cured at 120°C for 10 minutes.

In Figure 3.1, electrical and optical characterization of conventional no host Hex-
Ir(piq)s devices were shown. Four different spin coating rates (1000 rpm, 1500 rpm,
2000 rpm and 2500 rpm) of Hex-Ir(piqg)s layer were chosen to find optimal spin rate.
Fabricated conventional OLED structure was ITO / PEDOT:PSS / Hex-Ir(piq)s /
TPBIi / Ca / Al. Even though, fabricated device with 1000 rpm spin rate gave a high
efficiency, thin film of this layer had morphological defects which could be seen
with naked eye. These defects lead to black spots and inhomogeneous light emission
in OLED as shown in Figure 3.2. This might be because of poor thin film quality of
small molecules from solutions and 1000 rpm might not be enough to obtain
homogeneous thin film. Therefore, the optimum spin rate was determined as 2500

rpm for this device structure in terms of thin film quality and emitted light stability.
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Figure 3.1 : Characterization of conventional host free Hex-Ir(piq)3 devices.

Figure 3.2 : a) Morphological defects resulted in inhomogeneous light emission, b)
homogenous light emission.

Spin rates for inverted OLEDs were chosen as 2000 rpm, 2500 rpm and 3000 rpm
because of the resulted poor film qualities of fabricated conventional OLEDs with
1000 and 1500 rpm spin rate. Fabricated inverted OLED structure was ITO / BNC /
Hex-Ir(piq)s / V20s /Al. Electrical and optical characteristics of inverted OLEDs
were shown in Figure 3.3. As seen in Figure 3.3, the optimal spin rate was found to

be 2500 rpm for inverted Hex-Ir(pig)s only device, same as conventional.
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Figure 3.3 : Characterization of inverted host free Hex-Ir(piq)s devices.

In addition, effect of adding a TPD thin film layer as hole transport layer and using
TNC (ternary nano-composite, ZnO:PEI:TPBI) instead of BNC (binary ZnO nano-
composite, ZnO:PEI) for inverted device structure was studied (Figure 3.4). OLED
devices were fabricated as ITO / BNC / Hex-Ir(piq)3/ TPD / V.05 /Al and was ITO /

TNC / Hex-Ir(piq)s/ TPD / V.05 /Al, respectively. For both devices spin coating rate
was chosen as 2500 rpm.

As seen in Table 3.1, addition of TPD layer was made great improvement to device
performance. Luminescence value was increase from 29 cd/m? to 370 cd/m? and
external quantum efficiency was increased from 0.06% to 0.9% which showed hole
transport is a key factor for this molecule. This may be the reason behind the
relatively low efficient for conventional OLED. Additional hole transport layer may
require for this structure, as well. However, because of the process was solution
based, additional hole transport layer may dissolve in DCB, toluene or water which

cause catastrophic results while coating itself or top layer.
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Figure 3.4 : Comparison of using BNC and TNC.

Furthermore, using BNC was slightly more efficient than TNC. These solutions were
dispersed ZnO particles in PEI (polyethyleneimine). Therefore, agglomeration of
ZnO particles in thin film was affected the thin film surface roughness and overall
morphology. These morphological differences may cause the difference between two
fabricated devices. Besides, all devices had same low turn-on voltage (Von). In
literature, turn-on voltage is defined as voltage value when luminescence is reached
to 1 cd/m? [87,88]. Low turn-on voltage indicates low energy consumption and

higher operational stability.

Table 3.1 : Comparative characterization for host free Hex-Ir(piqg)s devices.
Void  CEP PEP  EQE® L® WL,
(V) (cd/A) (ImW) (%) (cd/m?) (nm)
ITO/PEDOT:PSS/Hex-Ir(piq)s/TPBi/Ca/Al 35 0.02 001 002 5545 623

Device Structure

ITO/BNC/Hex-1r(pig)s/V,0s/Al 35 004 004 006 2966 620
ITO/BNC/Hex-1r(pig)s/ TPD/V;0s /Al 35 060 062 092 37060 622
ITO/TNC/Hex-Ir(piq)s/TPD/V,0s /Al 35 050 038 082 32370 622

Vv, turn-on voltage; CE, current efficiency; PE, power efficiency; EQE, external quantum efficiency; L, luminescence;
WL, peak wavelength.

* The turn on voltage is defined as the applied voltage when luminescence is 1 cd m”.

® The maximum values.
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Figure 3.5 : The wavelengths of the red-light.

The wavelengths of the red-light spectrum was shown in Figure 3.5. Peak
wavelengths of both conventional (ITO/PEDOT:PSS/Hex-Ir(piq)s/TPBi/Ca/Al) and
inverted device (ITO/BNC/Hex-Ir(piq)s/TPD/V20s /Al) were 623 nm and 622 nm,
respectively (Figure 3.6). Hence, both conventional and inverted devices were in the
range of red-light. In addition, the sholder seen in the reversible structure at around
670 nm also affected the position of the CIE X,y coordinates. According to the
coodinates given in section 3.2, it is seen that the device with inverted structure

emited more saturated red light.
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Figure 3.6 : Electroluminescence characteristics of conventional and inverted
Hex-1r(pig)s without a host devices.

In addition to Hex-Ir(pig)s without a host study, devices with various different host
materials with different doping percentage were fabricated. First of all, using NPD as
a host material was experimented. Solutions were prepared with % 5 dopant ratio and
10 mg/ml solution concentration for both conventional and inverted architecture.

After spin coating for 50 seconds, all films were cured at 120°C for 10 minutes.
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In order to study optimal emissive thin film, different spin coating rates (1000, 1500
and 2000 rpm) were investigated. Conventional device structure was ITO /
PEDOT:PSS / Hex-Ir(pig)s : NPD / TPBi / Ca /Al, with this structure all devices
were showed great performance with above 1400 cd/m? luminescence and 1 cd/A
current efficiency. Device fabricated with 2000 rpm spin rate had best performance

among other devices as seen in Figure 3.7.
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Figure 3.7 : Characterization of conventional Hex-Ir(pig)3 doped NPD devices.

Therefore, for inverted device 2000 rpm was chosen for comparison. There was a
drastic performance decrease for inverted device compared to conventional
architecture (Figure 3.8). This may be due to hole transport characteristic of NPD,
which cause not enough electron transport and less exciton pairing for inverted
structure. As seen in Figure 3.9, energy level difference between BNC and EML is
great, therefore, another electron injection/transport layer may require for
performance improvement of inverted device. But as mentioned before, adding

another layer may cause catastrophic thin film deterioration for solution processed
devices.
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Figure 3.8 : Comparison of conventional and inverted Hex-Ir(pig)3 doped NPD
devices.

Peak wavelength was shifted to 617 nm which is reddish orange as seen in Table 3.2.
Besides, there was an additional small peak at around 400-450 nm in
electroluminescence characteristic of these devices, especially for inverted device it
was very distinct (Figure 3.10). This peak was because of contribution from NPD
molecule at around 430 nm [89,90]. That shifted emitted color red to pinkish red.
Because of performance decrease for inverted devices which restrict AMOLED
applications and the color shift effect, it was decided that NPD was not a suitable

host for desired outcomes.
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Figure 3.9 : Energy level diagrams of Hex-Ir(pig)s doped NPD devices a)
conventional, b) inverted.
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Table 3.2 : Comparative characterization for Hex-Ir(piq)s doped NPD devices.

Void  CEP PE® EQE® L WL,

Device Structure
(V) (cd/A) (Im/W) (%) (cd/m?) (nm)

ITO/PEDOT:PSS/Hex-Ir(piq)s:NPD/TPBi/Ca/Al 3 2.78 1.99 3.14 1889 622
ITO/BNC/Hex-Ir(piq)s:NPD/TPD/V.0s/Al 4 0.24 0.15 0.28 1579 617

V. tun-on voltage; CE, current efficiency; PE, power efficiency; EQE, external quantum efficiency; L, luminescence;
WL, peak wavelength.

* The turn on voltage is defined as the applied voltage when luminescence is 1 cd m”.

® The maximum values.
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Figure 3.10 : Electroluminescence characteristics of conventional and inverted Hex-
Ir(pig)s doped NPD devices.

Devices were fabricated with many other host materials such as TPBi, CBP and
PVK. All devices showed insufficient performance characteristics with less than 1
cd/m? luminescence. Lastly, MEH-PPV was chosen for host material because of its
red-orange emission color and superior performance with inverted device

architecture [2].

In order to determine optimal dopant ratio for Hex-Ir(piq)s in MEH-PPV for
conventional architecture, 15%, 20%, 30% and 40% dopant ratio were investigated
for 10 mg/ml solution concentration. Device structure was fabricated as ITO /
PEDOT:PSS / Hex-Ir(pig)z : MEH-PPV / Ca /Al. All emissive layer thin films were
spin coated at 2500 rpm for 50 seconds and annealed at 120°C for 10 minutes. As
seen in Figure 3.11, both luminescence and efficiency values of 20% doped devices
were greater than other dopant ratios with almost 300 cd/m? luminescence and 0.3
cd/A current efficiency. For further performance improvements, TPBI thin film layer

was added as electron transport layer to devices with 15% and 20% dopant ratios.
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Fabricated device structure consisted by ITO / PEDOT:PSS / Hex-Ir(piq)s : MEH-
PPV / TPBi / Ca /Al. Adding TPBI layer improved electron transport of devices and
improved performances of devices as expecting (Figure 3.12). The added TPBi layer
made easier the transfer of electrons to the emissive layer. Thus, it facilitated the
formation of excitons and luminescence increased from 300 to 1000 cd/m?. Most
importantly, power efficiency increased from 0.1 to 0.25 Im/W for 20% doped
devices by adding electron transport layer. 20% dopant ratio showed better
performance than 15% as like devices without TPBi. Hence, optimum dopant ratio
for conventional architecture was found as 20%.
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Figure 3.11 : Characterization of conventional Hex-Ir(pig)s doped MEH-PPV
devices without TPBI.
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Figure 3.12 : Characterization of conventional Hex-Ir(pig)s doped MEH-PPV
devices with TPBi.

After fabrication and characterization of conventional devices, inverted devices were
fabricated with ITO / TNC / Hex-Ir(pig)s : MEH-PPV / V.05 / Al structure and 4
different dopant ratio (10%, 20%, 50% and 80%) were studied. As seen in Figure
3.13, 20% dopant ratio had superior performance among others as like conventional
devices. In order to further performance improvement TPD added as hole transport
layer the structure and studied. Fabricated device structures were ITO / BNC / Hex-
Ir(pig)z : MEH-PPV / TPD /V-0s / Al. In Figure 3.14, 10% and 20% doped devices
with TPD and additionally 20% doped device without TPD was shown for
comparison. As seen in Table 3.3, overall performances of devices were improved by
adding TPD layer. Luminescence value increased from 323 to 1514 cd/m?, current
efficiency was over 2 cd/A and power efficiency was over 1.5 cd/A. Energy level
diagram of Hex-Ir(pig):z doped MEH-PPV devices clarified the performance

improvement (Figure 3.15).
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Figure 3.13 : Characterization of inverted Hex-Ir(pig)s doped MEH-PPV devices

without TPD.
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Figure 3.14 : Effect of TPD onto inverted Hex-Ir(piq)s doped MEH-PPV devices.
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Figure 3.15 : Energy level diagrams of Hex-Ir(piq)s doped MEH-PPV devices a)
conventional, b) inverted.

Table 3.3 : Comparative characterization for Hex-Ir(piq)s doped MEH-PPV devices.

Vo CE>  PE® EQE® L° WL,
(V) (cd/A) (ImW) (%) (cd/m?) (nm)

Device Structure

ITO/PEDOT:PSS/Hex-Ir(piq)s:MEH-
5 028 009 023 289 600

PPV/Ca/Al
ITO/PEDOT:PSS/Hex-Ir(pig)s:MEH-PPV

3 033 023 022 1025 586
ITPBi/Ca/Al
ITO/TNC/Hex-Ir(pig)s:MEH-PPV/V,0s /Al 4 198 156 153 323 567
ITO/BNC/Hex-Ir(piq)s: MEH-PPV/V,0s /Al 35 222 155 162 672 597
ITO/BNC/Hex-1r(pig)s:MEH-PPV/TPD/V,0s
Al 35 21 15 161 1514 597

Vun, turn-on voltage; CE, current efficiency; PE, power efficiency; EQE, external quantum efficiency; L, luminescence;
WL, peak wavelength.

* The turn on voltage is defined as the applied voltage when luminescence is 1 cd m'z.

’ The maximum values.

3.2 CIE Color Coordinates

CIE color coordinates of fabricated devices were shown on CIE chromatically
diagram in Figure 3.16. In addition chromaticity coordinates were indicated in Table
3.4. As seen in diagram, Hex-Ir(piq)s without host devices both conventional and
inverted had deepest red color. Adding host material was shifted emitted color to
host material original color for both inverted and conventional architecture. As
mentioned before, NPD as host shifted deep red color of Hex-Ir(pig)s molecule to
more pinkish red. On the other hand, MEH-PPV as host shifted red color to reddish
orange. In addition as seen in diagram MEH-PPV without Hex-Ir(piq)s guest device

was emitted orange and adding Hex-Ir(pig)z as guest molecule improved the color of
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MEH-PPV polymer for applications for RGB OLED system. All fabricated devices
of Hex-Ir(pig)s were in range of red spectrum and could be used as red emitting
OLED pixel in RGB display systems.

A ITO/PEDOT:PSS/Hex-Ir(piq)s/ TPBi/Ca/Al
———~_—— @ ITO/TNC/Hex-Ir(piq)s/TPD/V10s /Al
L, "\ @ [TO/PEDOT:PSS/Hex-Ir(piq); NPD/TPBi/Ca/Al
© ITO/BNC/Hex-Ir(piq)sNPD/TPD/V20s/Al
ITO/PEDOT:PSS/Hex-Ir(piq)s MEH-PPV/Ca/Al
@ [TO/BNC/Hex-Ir(piq)3:MEH-PPV/TPD/V205 /Al
< @ [TO/PEDOT.PSS/MEH-PPV/TPBi/Ca/Al

560
!

ATy~
be ¥ & 1
4
0

Figure 3.16 : The x,y chromaticity coordinates of fabricated devices, marked in CIE
1931 diagram.

Table 3.4 : x,y chromaticity coordinates of fabricated devices.

Chromatic Coordinates

Device Structure

X y
ITO/PEDOT:PSS/Hex-Ir(piq)s/ TPBi/Ca/Al 0.6664 0.333
ITO/TNC/Hex-Ir(pig)s/TPD / V,0s/Al 06732  0.3211
ITO/PEDOT:PSS/Hex-Ir(piq)s:NPD/TPBi/Ca/Al ~ 0.6343  0.3286
ITO/BNC/Hex-Ir(piq)s:NPD/TPD/V0s /Al 0.6247  0.3195

ITO/PEDOT:PSS/Hex-Ir(pig)s:MEH-PPV/Ca/Al  0.6446 0.353
ITO/BNC/Hex-lr(piq)s: MEH-PPV/TPD/V,0s /Al 0.6347  0.3538
ITO/PEDOT:PSS/MEH-PPV/TPBi/Ca/Al 05984  0.3999
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3.3 Electron Mobility Calculations

As it is known that charge mobility is one of the key parameters for efficiency of
OLEDs. Electron mobility is the speed at which electrons move in material in a given
direction, in the presence of an electric field. This is important because if electron
remains stuck near electrode, there will not be an internal current which leads to
emission of light. There are many different methods to calculate electron mobility.
Current-voltage characterization, space-charge-limited current method and charge
extraction by linearly increasing voltage are some of them [91]. In this study, we
used space-charge-limited model (SCLC). SCLC can be described by,
9 2

J = g2 et (3.2)
Where J is the current, V is voltage, € and go are the relative dielectric constant and
the permittivity of the free space, respectively, T is the thickness of the organic layer
and p is the mobility. If J versus V graph is plotted and fitted to J=AV?, the

remaining values will be equal to a constant A;

__ 9egou
A=—r (3.2)

From this equation if p is extracted,

8AT3
U= (3.3)

9¢egg

The relative dielectric constant € is assumed to be 3, the permittivity of the free space

g0 is 8.85x107* C/Vem, and thickness of organic layer is 50 nm.

E-only devices were fabricated with MEH-PPV only and 5%, 10%, 20% and 30%
Hex-Ir(piq)3 doped MEH-PPV solutions. Electron mobilities of these devices were
calculated with explained method above. J versus V graphs were fitted to J=AV?
parabolic equation (Figure 3.17). Then, from A values, p was calculated. Calculated
u values were shown in Table 3.5. Compared to other doped devices, 20% Hex-
Ir(pig)sz doped MEH-PPV thin film was shown highest electron mobility. Likewise,
as mentioned in electrical and optical characterization results, 20% doped devices
were shown best performance in terms of both luminescence and efficiency. This

higher performance can be relevant to higher electron mobility of thin film.
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Figure 3.17 : Fitting of J versus V graphs and A values.

Table 3.5 : Electron mobilities of MEH-PPV and Hex-Ir(pig)s doped MEH-PPV
organic layers.

Device Structure "
(cm?Vv-is?
Al/MEH-PPV/LIiF/AI 4.18x10°
Al/5% Hex-Ir(pig)s:MEH-PPV/LIF/AI 9.2x1077
Al/10% Hex-Ir(pig)s:MEH-PPV/LIF/Al  6.82x107
Al/20% Hex-Ir(pig)s:MEH-PPV/LIF/Al  1.29x10°
Al/30% Hex-Ir(pig)s:MEH-PPV/LIF/Al  1.23x107
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4. CONCLUSION

In this thesis, red OLED fabrication was studied for RGB AMOLED display
applications. For this purpose, Hex-Ir(pig)s molecule was chosen as emissive layer
because of its deep red emission color and its potential use for solution processing
methods like spin coating or inkjet printing.

Firstly, in order to understand the performance and emissivity of the molecule, host-
free device studies have been performed. As a result of these studies, it was observed
that the molecule emits red radiation with 622 nm wavelenght. Furthermore, the
increase in performance of the molecule with the addition of TPD for the inverted

structure shows that hole transfer is critical for this molecule.

Host experiments were firstly performed with fabricating conventional device using
the NPD host molecule by refering to the literature. Although this study yielded
positive results in the conventional structure, a significant decrease in performance
was observed in the inverted structure. In this study, device structure for AMOLED
screen was intended and inverted architecture is more applicable for AMOLED:s. It
was decided that the NPD host molecule was not suitable for purpose of this study
due to the poor performance of the inverted structure and the fact that it was not

suitable for AMOLED display systems in terms of emission color.

Experiments were performed with many host molecules that were not included in
this study due to low performances. The MEH-PPV polymer was then tested as a
host because of its close to red color emission and the known high performance in
the inverted structure. As a result of these experiments, more than 1000 cd/m?
luminescence was obtained in both conventional and inverted structure and more
than 2 cd/A current efficiency in inverted structure was obtained for 20% Hex-
Ir(piq)s doped MEH-PPV devices. The electron mobility values measured from

fabricated electron only devices are also consistent with the performance values.
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When examined in terms of emission color, both NPD and MEH-PPV shifted the
emission color slightly. However, all the fabricated devices remained within the red-
light spectrum. It is also noteworthy that the addition of Hex-Ir(pig)s had seriously
affected emission color of MEH-PPV.

In conclusion, conventional and inverted OLED devices with enough efficiency were
produced which were emitting red color and suitable for use as pixels in AMOLED
display applications.
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