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Organic electronics have many advantages such as compatibility with flexible 

substrates, low cost of manufacturing processes and eligibility of large area applications. 

As one of the major devices in organic electronics, organic light emitting diodes (OLEDs) 

have become very promising devices for display applications and solid-state light 

sources due to their fast response time, wide viewing angle and low power consumption. 

However, the conventional OLEDs have limited light extraction efficiency and the 

previous methods to extract light cannot enhance the outcoupling of guided light at a 

wide range of emission wavelengths, which make them hard for the application of white 

OLEDs. In our research, the buckling structure is used to enhance the light extraction in 

OLEDs. A new route of direct fabrication of OLEDs on top of buckling structure 

substrates is put forward.  

The buckles were generated spontaneously by the deposition of Al thin film on the 

PDMS substrates. The thickness of Al layer and the UVO treatment time before Al 

deposition were changed to control the periodicity and depth of the buckles. The 

buckling structure substrates with a periodicity of 390 nm and depth of 70 nm were 

obtained. Alq3 OLED devices were fabricated directly on the top of modified buckling 
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PDMS substrates. The modification of the OLED devices included the adjustment to the 

thicknesses of ITO, NPB and cathode layers. Buffer layer was chosen and added before 

the deposition of ITO layer to release the compressive stress which could cause the 

cracks on the surfaces of the substrates. UVO treatment was used before and after the 

deposition of buffer layer to further release the compressive stress and enhance the 

current efficiency of the devices. Without the usage of buffer layer and UVO treatment, 

a total enhancement of 3.1 times in current efficiency was obtained in the buckling 

devices compared with the reference devices. With 20-nm-thick LiF buffer layer and 

UVO treatment, the current efficiencies of both the grating and reference devices were 

enhanced and the total enhancement for the grating devices was 2.4 times.  
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CHAPTER 1 
INTRODUCTION TO ORGANIC ELECTRONICS 

Having many advantages over conventional inorganic electronic materials such as 

compatibility with flexible substrates, low cost of manufacturing processes and eligibility 

of large area applications, organic electronic materials are now being given more and 

more attentions and bringing revolutions in many aspects of society. In this chapter, the 

readers are provided an introduction to the field of organic electronic materials. 

Electrical and optical properties of the organic electronics are discussed for a better 

understanding of the applications to optoelectronic devices. This introduction also 

highlights the advantages and possible disadvantages of organic electronic materials. 

1.1 Organic Electronics 

In general, organic compounds are defined as the materials which contain carbon. 

According to this broad definition, about two million organic compounds have been 

made that constitute nearly 90% of all known materials.1 However, not all organic 

materials are viewed to be organic semiconductors. Organic semiconductors are 

characterized as the materials that exhibit semiconducting properties. Only the organic 

materials with semiconducting properties can be used to fabricate electronic devices. 

On the contrary to conventional covalently bonded inorganic semiconductors, organic 

semiconductors are composed of discrete molecules held together by van der Waals 

forces.1 Because of the weak van der Waals interactions, organic semiconductors 

exhibit electronic and optical properties different from inorganic semiconductors. More 

physical principles of organic electronics are covered in Section 1.2 

Organic materials can be divided into three categories: small molecules, polymers 

and biological molecules. However, the most complex biological molecules are not 
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normally used as organic electronic materials. Therefore, in fact, the organic electronic 

materials are classified into two classes: low molecular weight small molecules and 

polymers. Small molecular weight materials typically refer to molecules with several to a 

few hundred atoms while polymers consist of a long chain of monomer repeating units.4 

Typical small molecules used in organic electronic devices include copper 

phthalocyanine (CuPc), C60, and Tris(8-hydroxy-quinolinato)aluminium (Alq3). Polymers 

normally used in organic electronic devices include poly (3,4-ethylenedioxythiophene): 

poly(styrenesulfonate) (PEDOT:PSS), poly(3-hexylthiophene) (P3HT), and poly[2,1,3-

benzothiadiazole-4,7-diyl[4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophene-

2,6-diyl]] (PCPDTBT). Figure 1-1 shows the structures of some small molecules and 

polymers commonly used for organic electronic devices. One of the main differences 

between small molecules materials and polymer materials is the thin film processing 

method. Small molecules are usually deposited by simple vacuum thermal evaporation 

(VTE) and polymer thin films are formed from solution using the techniques like spin 

coating, drop casting and ink-jet printing. 5-9 

For decades, inorganic semiconductors were in the dominant position in electronic 

industry. Silicon, germanium and gallium arsenide were some of the typical inorganic 

materials for the applications of transistors, solar cells and light emitting diodes. 

However, the urge of a revolution in electronic industry makes it important to find new 

materials which can improve the performance of electronic devices. Having the 

advantages of low cost, eligibility of large area applications and flexibility, organic 

semiconductors have made this kind of revolution possible and shaped the structures 

and properties of the electronic devices considerably during these years. The study of 
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organic electronic materials can date back to the later half of 20th century, when 

Bernanose et al. found the organic electroluminescence phenomenon using molecularly 

dispersed polymer films in 1950s.10 From then on, more and more researches were 

done in the field of organic electronics. In the 1960s, the research on the carrier 

injection based electroluminescence was carried out by Pope11, 12 and Helfrich13, 14 

using a single crystal anthracene. Then in 1983, Partridge introduced the polymer 

organic electroluminescence by using poly(vinylcarbazole) thin films doped with 

fluorescent molecules as emission centers15 and it was since then that polymers were 

used as organic semiconductors. Another landmark in the research of organic 

electronics was the invention of organic light emitting diodes (OLEDs) by Tang et al. in 

1987.16 In order to improve the stability and efficiency of organic electronic devices, 

continuous studies are still under way conducting by the scientists all over the world. 

Nowadays, organic electronics have taken up a large proportion in industries. Some of 

the main applications include organic solar cells, organic light emitting diodes, organic 

photodetectors and organic transistors.  

1.2 Physical Basis of Organic Electronics 

1.2.1 Electronic Structures 

Defined as compounds that contain carbon atoms, organic semiconductors gain 

their conductivities from the π-conjugated systems. Carbons in organic semiconductors 

form sp2 hybridized orbitals (σ - bonds) and pz-orbitals which are perpendicular to the 

plane of sp2 orbitals. The parallel dumbbell-shaped pz-orbitals around each carbon atom 

form those so-called π-bonds. Figure 1-2 shows the formation of σ – bond and π-bond 

in organic semiconductors. The overlaps of the sp2 orbitals lead to the strong occupied 

bonding (σ) and unoccupied antibonding (σ*) molecular orbitals (MOs). Meanwhile, the 
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parallel pz-orbitals result to weaker bonding (π) and antibonding (π*) MO energy levels. 

Therefore, the energy gap between π bonding and antibonding is much smaller than 

that between σ bonding and antibonding, which makes the π-π* transition energy the 

smallest possible energy needed to generate electronic excitation within the molecules. 

In most cases, there are the highest occupied molecular orbitals (HOMO) and the 

lowest unoccupied molecular orbitals (LUMO) in the organic semiconductors, which are 

similar to the valence bands and conduction bands in inorganic semiconductors. This is 

schematically demonstrated in Figure 1-3.  

1.2.2 Charge Carriers Transport 

In organic semiconductors, the delocalized π-electrons are free to move and 

enable the charge transport within the molecule. However, the weak van der Waals 

interaction restricts the efficiency of charge transport due to the low carrier mobility. Two 

types of charge carriers transport mechanisms are studied in organic semiconductors: 

band transport model and hopping transport model. 

Band transport model is formed in the solid thin films with highly crystalline 

structure. The bands in the highly crystalline organic semiconductors are similar to that 

in the inorganic semiconductors. Therefore the carrier mobility can be relatively high 

and reach 1~ 10-2 cm2/V-s in a pentacene crystal.17 

Hopping transport model usually shows in amorphous organic solids and is the 

dominant model for the intermolecular transport in organic semiconductors. In hopping 

model, the charge carrier needs to overcome an energy barrier to move from one 

molecule to the next and the mobility of the carrier values just 10-6~10-3 cm2/V-s.18, 19 

The mobility in hopping transport model is a function of energy barrier height, electric 

field, and temperature, which can be expressed by Equation1-1: 20 
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Where F is the electric field, T is the temperature, ΔE is the activation energy for 

intermolecular hopping, k is a Boltzmann constant, and β is a constant value. 

1.2.3 Excitons 

A bound electron-hole pair is defined as exciton in organic electronics. Due to the 

strong tendency of localization of charge carriers in organic semiconductors, instead of 

generating free electrons and holes, the excitation leads to the creation of excitons.21 In 

organic photovoltaic (OPV), the absorption of photon leads to the excitation of one 

electron from HOMO level on to LUMO level, leaving one hole in the HOMO level. In 

OLEDs, electrons and holes are injected into LUMO and HOMO level from cathode and 

anode and form excitons in an emissive layer, which then recombine to emit a photon.2 

There are three types of excitons as shown in Figure 1-4: Frenkel, charge-transfer 

(CT), and Wannier-Mott. The highly delocalized Wannier-Mott excitons have low binding 

energy (a few meV) and are found only in inorganic semiconductors. In the organic 

semiconductors, the typical excitons are Frenkel excitons and CT excitons. In Frenkel 

exciton, the electron-hole pair is bounded by relatively high energy (0.5-2 eV)1, 23, 24 

within one molecule. CT excitons exist when excitonic state delocalizes over adjacent 

molecules, such as in the donor/acceptor intersurface. 30 

1.2.4 Energy Transfer 

Excitons diffuse in organic semiconductors through band transport or hopping 

process, similar to the transport of charge carriers. The energy transfer between 

molecules occurs in company with the diffusion of excitons. When the excitation energy 

is larger than the bandgap energy, the absorption process occurs, causing the formation 
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of excitons. The two carriers in an exciton can have four different spin states. Three of 

the spin states are symmetric and have the spin quantum number of 1. Those spin 

states are defined as triplet. The other one state is anti-symmetric and has the spin 

quantum number to be 0, which is defined as singlet. Due to different spatial symmetry, 

the singlet state has a higher energy than the triplet state. After absorption of the energy, 

the excitons relax from the excited singlet state to the ground state by emitting a photon, 

which is defined as fluorescence. Some energy may transfer through intersystem 

crossing, from the lowest excited singlet state to the excited triplet state. This process is 

a nonradiative transition involving vibrational coupling. Once the molecule reaches a 

triplet state, it continues loose some energy by stepping down in triplet ladder. The 

radiative decay of excited triplet state to the ground state is defined as 

phosphorescence. Typically, the life time of phosphorescence (10-4 s ~ 1 s) is much 

longer than that of fluorescence (10-9 s to 10-7 s).4 Figure 1-5 demonstrates the process 

of fluorescence and phosphorescence. 

Inter-molecular energy transfer consists of two types of mechanisms: the long 

range Förster transfer and the short range Dexter transfer. The Förster transfer is due to 

the dipole-dipole interaction and no photon is emitted in this process. The donor 

molecule’s dipole relaxes first with the emission of photon, and then the energy is 

absorbed by the acceptor molecule. This process depends on both the spectral 

absorption overlap of the two molecules and the distance between them, usually tens of 

Angstroms. In Dexter transfer, the electron moves directly to the neighboring molecules, 

when there is a strong overlap between the orbitals of donor and acceptor molecules, 

usually in a short distance. 



 

19 

1.3 Advantages and Disadvantages of Organic Electronics 

Organic electronics are widely used recently because they have many advantages 

over the conventional inorganic electronics. Most of the organic semiconductors have 

attractive properties such as flexibility, low-cost manufacturing processes and the 

capability of large-area fabrication. The techniques used to manufacture organic thin 

film are cheap, simple and require relatively low temperatures. Small molecular thin 

films can be deposited using simple vacuum thermal evaporation.5 Polymer thin films 

are usually formed by spin-coating or ink-jet printing.6-9 Some of those techniques, 

especially the ones used to make polymer thin films, are compatible with large-area 

process which allow high efficiency and low cost to come. Another impressive 

advantage is that the optical and electrical properties of the organic semiconductors can 

be simply controlled by changing their chemical structures. For example, the OLEDs 

can emit blue, green or red light when modifying the molecular structures, as for iridium 

or platinum complexes.25-28 Figure 1-6 shows the emission spectrum of cyclomated 

platinum complexes for phosphorescent OLEDs with different molecular structures. 

However, organic electronics do have some disadvantages despite all those 

advantages above. As has been mentioned before, due to the weak intermolecular 

interactions, the carrier mobility in organic semiconductors is low. Besides, the localized 

molecular nature causes the intrinsic carrier density to be low, which then restricts the 

conductivity of the organic semiconductors. Also, the purification of such materials can 

be a problem because the small molecules can contain high concentrations of chemical 

impurities. Finally, organic materials often degrade in ambient environment when 

exposing to oxygen, water vapor or other contaminants, which can decrease the 
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stability and shorten the lifetime. Therefore, further researches still need to be done to 

solve all the problems and to enlarge the applications of organic electronics. 
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Figure 1-1.  Molecular structures of several organic small molecules (top row) and 
polymers (bottom row). [Adapted with permission from J.D. Myers. 2011. PhD 
dissertation (Page 23, Figure 1-2) and J. Lee. 2009. PhD dissertation (Page 
152, Appendix A). University of Florida, Gainesville, Florida.] 

Figure 1-2.  Diagram of the formation of σ – bond and π-bond in organic 
semiconductors. [Source: http://www.orgworld.de/]  
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Figure 1-3.  Schematic diagram of HOMO and LUMO energy level in organic molecule. 
[Adapted with permission from J.D. Myers. 2011. PhD dissertation (Page 25, 
Figure 1-4). University of Florida, Gainesville, Florida.] 

Figure 1-4.  Schematic representation of different types of excitons: A) Frenkel B) 
charge-transfer and C) Wannier-Mott, with different delocalization of excitons. 
[Reprinted with permission from J. Lee. 2009. PhD dissertation (Page 52, 
Figure 1-6). University of Florida, Gainesville, Florida.] 
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Figure 1-5.  Schematic diagram of fluorescence and phosphorescence process where 
ISC is intersystem crossing. [Adapted with permission from J. Kalinowski. 
2005. Organic Light-Emitting Diodes : principles, characteristics, and 
processes (Page 24, Figure 10). Marcel Dekker, New York.] 

Figure 1-6.  The emission spectrum of cyclomated platinum complexes for 
phosphorescent OLEDs with different molecular structures. [Reprinted with 
permission from N. Chopra. 2009. PhD dissertation (Page 39, Figure 1-6). 
University of Florida, Gainesville, Florida.] 
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CHAPTER 2 
INTRODUCTION TO ORGANIC LIGHT EMITTING DIODES 

Holding the advantages of fast response time, wide viewing angle and low power 

consumption, organic light emitting diodes (OLEDs) have become one of the most 

promising devices for display applications and solid-state light sources. In this chapter, 

a brief introduction to OLED, including their history, application, advantages and 

disadvantages is given. The structure and physics of OLED are also explained. Finally, 

the readers are provided the fabrication processes and characterization techniques of 

OLED. 

2.1 Organic Light Emitting Diodes 

An OLED is an LED with organic light emitting layer. It was first invented by C. W. 

Tang from Kodak in 1987.16 They reported an OLED based on heterojunction structure 

using Alq3 as the light emitting layer and aromatic diamine as the hole transport layer. 

This research initiated tremendous developments in OLED and the OLED technology 

has become the most mature technology in organic electronics. Another important 

research was about phosphorescence OLED done by Förrest et al., which reached the 

internal quantum efficiency higher than the theoretical limit of fluorescent OLEDs.29 Now, 

as the most mature devices in organic electronics, OLEDs are used widely in industry. 

OLEDs are commercialized out for mobile displays and TV displays by Samsung, LG 

and Sony. 

There are two main application areas for OLED: flat panel display and solid-state 

light source. The most traditional and popular display device is liquid crystal display 

(LCD). However, its efficiency is limited by the color filters used to emit different color of 

light. One of the advantages of OLED over traditional LED is its short radiative lifetime, 
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usually in the scale of nanoseconds, which leads to fast response time. Also in order to 

be used as display devices, the devices need to have a wide viewing angle which is 

another great advantage of OLED. In 2007, Sony released the first commercialized 11” 

OLED display, XEL-1, as is shown in Figure 2-1 A. Samsung also introduced OLED in 

the fabrication of mobile display as is shown in Figure 2-1 B. 

The OLED used for solid-state light (SSL) source is not as popular as the 

application of display device, but it is expected to have significant growth by 2015.31 A 

good SSL source requires higher luminance, better color rendering index (CRI), 

matching of Commission Internationale de l‟Eclairage (CIE) coordinates with that of a 

blackbody radiator, which is on the Planckian locus, and a proper correlated color 

temperature (CCT) between 2500 K and 6000 K.32 OLEDs use very low voltages 

compared with typical incandescent light bulbs, however, the efficiency can reach close 

to 100 lm/W when incandescent light bulbs have the efficiency of 12-17 lm/W.21 

Therefore, OLED is a great energy-saving light source which has a promising future. 

In spite of all the advantages mentioned above, there are still some challenges 

needed to be overcome for OLEDs. Although OLEDs have relatively high current and 

power efficiencies, they are low compared with florescent lighting. So the optimization of 

device structure and development of new organic materials are urgently needed for 

better performance of OLED devices until they can be commercialized in a larger scale. 

2.2 Physics and Device Structure of OLED 

2.2.1 Structure of OLED 

Basically, an OLED consists of an organic layer which functions as light emitting 

layer between two electrodes, like the sandwich structure. Charge carriers are injected 

into the organic layer and recombine to form excitons then radiatively decay to emit light. 
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However, in most cases, an OLED has multiple layers which serve different functions. 

The structure of a conventional OLED includes substrate, anode, hole transport layer 

(HTL), emissive layer (EML), electron transport layer (ETL) and cathode layer as is 

shown in Figure 2-2. Hole injecting layer (HIL), electron injecting layer (EIL), hole 

blocking layer (HBL) and electron blocking layer (EBL) are sometimes added to improve 

the performance of OLEDs.  

Glass or plastics is often used as substrate to support the OLED device. Anode 

layer is used to inject holes into the device. Indium tin oxide (ITO) is the most popular 

material for the anode because of its high transmittance and low sheet resistance. HTL 

is to transport the injected holes to the EML and similarly, ETL is to transport electrons 

to the EML. EML is where the electrons and holes recombine and generate excitons, 

then emit light by radiative relaxation. Cathode layer is used to inject electrons into the 

device and highly reflective metals such as aluminum or silver are usually used in this 

layer. HIL is sometimes added between anode and HTL to facilitate hole injection. HBL 

is a layer between EML and ETL to block the holes from entering ETL in order to 

prevent any emission from ETL. EIL and EBL serve the similar function as HIL and HBL. 

The structure of those layers is always overlapped therefore one material can be used 

for several layers.  

OLED devices can be divided into two types: the bottom-emitting OLED (BOLED) 

and the top-emitting OLED (TOLED). In BOLED, the light is emitted from EML and goes 

through the glass substrate into the air while in TOLED, the emitted light comes out 

directly to the air through transparent cathode. The structures of BOLED and TOLED 

are shown in Figure 2-3. 
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2.2.2 Operation Principles of OLED 

In order to explain the operation principles of OLED, a simple three layer model is 

used. When the electrical contact happens between the electrodes, the Fermi levels (EF) 

of the electrodes and organic layer are aligned. However, the charge carriers cannot 

simply be injected into the organic layer due to the energy barrier, which is defined as 

built-in potential. The energy band diagram is shown in Figure 2-4 A and B. When the 

applied bias equals the built-in potential, the electrons and holes are ready to be 

injected into the organic layer. When the voltage bias continues increasing, the 

electrons are finally injected from cathode into ETL and move through HOMO level. 

Meanwhile holes are injected from anode into HTL and move through LUMO level of the 

organic layer. The energy band diagram during this process is shown in Figure 2-4 C 

and D. Once the charge carriers reach the EML, they will form excitons by bounding 

each other and emit light through the radiative relaxation.  

2.3 Fabrication of OLED 

As has been mentioned before, small molecules and polymers can both be used 

to make OLEDs. Small molecule thin films are deposited by vacuum thermal 

evaporation. Polymer thin films are usually formed using the techniques like spin 

coating, drop casting and ink-jet printing. In our research, vacuum thermal evaporation, 

spin coating and sputtering processes are used.  

Figure 2-5 shows the schematic of vacuum thermal evaporation system. A vacuum 

thermal evaporation system usually consists of the deposition boats, a quartz crystal 

monitor, a shutter and some patterned shadow masks. The source materials are loaded 

into the boats and heated to their evaporation temperatures. The vapor of organic 

materials travels ballistically and deposits on the cold substrates. To accurately control 
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the thickness of the thin film, a quartz crystal monitor and a shutter are used to check 

the deposition rate and real-time thickness. Different masks are used to deposit certain 

patterns of the thin film. 

Spin coating is used to fabricate the PDMS substrates in our research. Figure 2-6 

demonstrates the process of spin coating. The polymer solution is dispensed on the 

substrate, and then the substrate is accelerated. The centrifugal force of the spin 

coating helps to spread the polymer solution evenly on the substrate and the excess 

solution is thrown off the edge of the substrate. The thickness of the film is controlled by 

the spin speed and the concentration of the solution. A hot plate is used after the spin 

coating to heat the substrate so as to completely evaporate the solvent residue. 

In our research, the anode ITO layer is deposited by sputtering process. Figure 2-

7 shows the schematic of sputtering process. In the sputtering process, a target plate is 

bombarded by energetic ions generated in glow discharge plasma, situated in front of 

the target.34 The target atoms are sputtered and deposit on the substrates. Secondary 

electrons can also be generated from the target surface, and help to maintain the 

plasma. In our research, magnetron sputtering is used, which applies a magnetic field to 

get a denser plasma and higher deposition rate. 

2.4 Characterization of OLED 

In our research, the luminance – current –voltage (L-I-V), electroluminescent (EL) 

spectra and angular emission patterns are measured to test the performance of OLED 

devices.  

Luminance is defined as the luminous intensity per unit area in the unit of cd/m2. 

Luminance can be expressed by Equation 2-1: 
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detIL ⋅= α                                                         (2-1) 

Where α is the conversion factor, and Idet is the measured photocurrent.  

The current efficiency is the ratio of luminance to the current density in the unit of 

cd/A, which can be expressed by Equation 2-2: 

J
L

L =η
                                                           

(2-2) 

Where ηL is the current efficiency (luminance efficiency), and J is the current 

density of the device (mA/cm2).  

Power efficiency is defined as luminous power emitted in the forward direction 

divides by total electrical power needed to operate the OLED device, in the unit of 

(lm/W). The power efficiency can be expressed by Equation 2-3: 

L
OLED

P VVI
lmosityLu ηπη ×==

)(min

                                    
(2-3) 

Here, π is the solid angle, V is the applied bias and the luminosity or luminous flux 

is defines as 21 

∫=Φ λλφ dVKm )(                                               (2-4) 

Φ is the luminance flux in lumens (lm), φ is the radiant power in W/nm, λ is the 

wavelength in nm, V (λ) is the photopic or scotopic response, and Km is the maximum 

spectral luminous efficacy, which is 683 lm/W and 1754 lm/W for photopic and scotopic 

vision, respectively. 

The external quantum efficiency (EQE) is the ratio of the number of photons 

emitted from OLED to the number of charge carriers injected. 
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Where S(λ) is the optical power of the OLED, I is the current injected into the 

OLED, h is Planck’s constant, and q is an electric charge. 
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Figure 2-1.  OLED applications: A) 11” OLED display, (Sony, XEL-1) [Source: 
http://www.oled-display.net/sony-xel-1-oled-tv/] B) 5.3” active-matrix OLED 
display (AMOLED, Samsung Mobile Display, SMD) [Source: 
http://www.samsung.com/us/news/newsRead.do?news_seq=20057] 

 

 

 

 

 

 

 

Figure 2-2.  Demonstration of typical OLED structure. 
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Figure 2-3.  The structure of BOLED and TOLED. [Reprinted with permission from S. 
Eom. 2010. PhD dissertation (Page 48, Figure 3-1). University of Florida, 
Gainesville, Florida.] 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-4.  Schematic energy band diagrams during OLEDs operation. Energy band 
diagram: A) before the electric contact, B) after electrical contact, C) with the 
applied bias to be the same as built-in voltage and D) with the applied bias 
larger than the built-in voltage. 
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Figure 2-5.  A schematic of vacuum thermal evaporation (VTE) system. [Reprinted with 
permission from J.D. Myers. 2011. PhD dissertation (Page 34, Figure 1-7). 
University of Florida, Gainesville, Florida.] 

Figure 2-6.  Demonstration of the process of spin coating. [Reprinted with permission 
from J.D. Myers. 2011. PhD dissertation (Page 38, Figure 1-9). University of 
Florida, Gainesville, Florida.] 
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Figure 2-7.  A schematic of sputtering process. [Source: http://ia.physik.rwth-
aachen.de/research/sputtering/www-sputter-eng.pdf] 
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CHAPTER 3 
BUCKLING STRUCTURE IN OLED 

The conventional OLEDs have low light extraction efficiency of about 20%.35, 36 

Many techniques were used to solve this problem but they all had certain limitations. A 

quasi-periodic buckling structure was proved to be effective in the enhancement of light 

extraction efficiency in wide range of spectra.37 In this chapter, a brief introduction of 

light extraction modes is provided. The problems of conventional OLEDs are put 

forward and the advantages of buckling structure are introduced. Besides, the readers 

are provided the fabrication process of buckles. This chapter also highlights the 

meaning of our research that is to give a new method to fabricate OLED devices on 

buckling structure substrates. 

3.1 Introduction to Light Extraction in OLED 

There are three modes of the light emitting from an OLED device: the extracted 

mode, the substrate mode and the ITO/organic mode as is shown in Figure 3-1. 

Because of the mismatch of the refractive indices between air and glass, and between 

glass and ITO, some of the emitted light is trapped in the glass substrate, ITO and 

organic layers due to total internal reflection (TIR). The percentage of the light trapped 

is determined by the angle of incidence of the light ray undergoing TIR at different 

interface.38 In extracted mode, the light is extracted from the substrate to air; in 

substrate mode, the light is trapped in the substrate; in ITO/organic mode, which is also 

called waveguide mode, the light is trapped in the ITO and organic layers.  

The definition of light extraction efficiency can be explained as following. Define 

the angle of incidence in the semiconductor at the semiconductor-air interface as φ and 

the angle of the refracted ray as Φ, then according to the Snell’s Law: 
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Φ= sinsin airs nn φ                                                       (3-1) 

where ns and nair are the refractive indices of the semiconductor and air, 

respectively. The critical angle for TIR is gotten when the refracted ray is parallel to the 

semiconductor-air interface, that is, Φ=90°. 

sairC nn /sin =φ                                                        (3-2) 

The internal reflection can be demonstrated as a light-escape cone, as is shown in 

Figure 3-2. The light emitted into the cone can escape from the OLED while the light 

emitted outside the cone is trapped in each layer. The surface area of the calotte-

shaped surface is given by: 

)cos1(2 2
CrA φπ −=                                                   (3-3) 

Therefore, the power of escaped light will be: 

2

2

4
)cos1(2

r
rPP C

sourceescape π
φπ −

=
                                       

(3-4) 

where Psource is the total power of emitted light from the OLED. The light extraction 

efficiency is then defined as the ratio of Pescape to Psource. 

3.2 Problems of Conventional OLED and Advantages of Buckling Structure 

In conventional OLEDs, since great differences between the refractive indices of 

the ITO/organic layer (n = 1.7-2), glass substrate (n = 1.5) and air (n = 1) exist, the 

emitted light is trapped in ITO/organic layer and glass. The amount of trapped light in 

ITO/organic layer and glass can be 40-60% and 20-40% of the total emission, 

respectively.36 Therefore the total light extraction efficiency can be relatively low (~20%). 

In order to solve this problem, many methods were used to extract more light out of the 

OLEDs. Those methods can be divided into two kinds, one is to extract light from glass 
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substrate mode and the other is to extract light from waveguide mode. Surface 

modification such as macrolens or microlens arrays fabricated by imprint lithography40, 

41 is always used to extract glass substrate mode. Bragg diffraction grating using 

photonic crystal layers fabricated by holographic lithography42 or nanoimprint 

lithography 43, or using nanoimprinted low refractive index material44, as well as low-

index grids45 is used to extract ITO/organic mode. 

However, the Bragg diffraction grating can enhance the outcoupling of guided light 

just at specific emission wavelengths because of the directionality of the periodic 

structure. Therefore it is not possible for the application of white OLED devices. Besides, 

the cost for large periodic pattern is high and the procedures are complicated. In order 

to reach higher light extraction efficiency in wider range of wavelengths, a new 

technology introducing buckling structure into the OLED device is presented.  

Compared with Bragg diffraction grating, buckling structure OLEDs have many 

advantages such as broad periodicity distribution and the randomly oriented wave 

vectors. As is shown in Figure 3-3, the grating vector of the buckles can shorten the x-

axis component of the wave vector, which consequently reduces the incident angle of 

the emitted light and extracts the light from waveguide mode. The grating vector is in 

inverse proportion to the periodicity of the buckles. Therefore, shorter periodicity can 

lead to large grating vector and smaller incident angle, which will finally increase the 

possibility of light extraction. Because of the broad periodicity distribution and the 

randomly oriented wave vectors of the buckles, the light can be extracted from a broad 

range of angles corresponded to the entire emissive spectra.  
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3.3 Techniques to Generate Buckling Structure 

The buckles can be generated by thermally evaporating aluminium thin film on 

poly(dimethylsiloxane) (PDMS) substrate. Due to the difference between the thermal 

expansion coefficients of the PDMS and aluminium film, by releasing the compressive 

stress, the buckles are spontaneously generated. Figure 3-4 shows the structure of 

PDMS and the buckling substrate.  

The depth of the buckling structure depends on buckling periodicity and the 

imposed compressive strain.46, 47 

λ
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                                                        (3-6) 

λ is the periodicity (characteristic wavelength) of the buckling structure, Δ/W is the 

compressive strain, tf is the thickness of the thin film, Ef is the elastic modulus of the thin 

film and Es is the elastic modulus of the substrate.  

For the higher efficiency, larger depth of buckles is needed. In order to get light 

emission at certain spectra, the periodicity of the buckling structure also needs to be 

controlled. For example, to get green light with wavelength around 530 nm, the 

periodicity of the buckling structure should be in the range from 300 nm to 400 nm.48 

3.4 Effects of Al Thickness and UVO Treatment on Buckling Structure 

In order to get effective buckling structure, the periodicity should be as short as 

300 to 400 nm and the depth should be as deep as possible. To meet those 

requirements, two factors were controlled in our research: the thickness of Al thin film 

and ultraviolet/ozone (UVO) treatment before the deposition of Al. 
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The thickness of Al layer has effects on both the periodicity and the depth of the 

buckles. According to Equation 3-6, the periodicity of the buckles is in proportion to the 

thickness of Al thin film. Besides, based on Equation 3-5, the depth of the buckles is a 

function of periodicity. Therefore, when increasing the thickness of Al layer, the 

periodicity and depth of the buckles can both increase.  

UVO treatment was used to decrease the periodicity of the buckles. It was proved 

that UVO treatment could modify the surface of the PDMS to the silica-like structure. A 

short time of UVO treatment can convert the density of the first ~5 nm PDMS to ~50% 

density of pure silica and the PDMS density at the depth ~10 nm below the surface to 

~10% density of pure silica.50 It was raised by Kovacs and Vincett39, 51, 52 that a metal 

subsurface could be formed under the polymer surface, which in our case was the 

PDMS surface, when the metal was thermally evaporated on the polymer substrate 

above its glass transition temperature. The subsurface consists of spherical clusters, 

which are embedded below the surface with a distribution of several tens of nanometers. 

The Al adatoms can sink and coalesce under the PDMS surface due to the low surface 

energy and glass transition temperature of PDMS. Besides, as a reactive metal thin film, 

the Al film can react with PDMS and be oxidized. However, the UVO treated silica-like 

PDMS surface can prevent the Al adatoms from being sank and oxidized beneath 

surface. Therefore the thickness of the modified composite layer decreases, so does 

the elastic modulus due to a lower elastic modulus of Al (~69 GPa) compared with that 

of alumina (~370 GPa).33 According to Equation 3-5 and 3-6, the periodicity and depth 

can decrease with the increase of the UVO treatment time. 
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3.5 Direct Fabrication of OLED Device on Buckling Substrate 

As has been mentioned above, the buckling structure requires large depth and a 

relatively small periodicity. In the research done by WH Koo et al.,48, 49 in order to 

increase the depth of the buckles without changing their periodicity, imprinting process 

and multiple deposition were used. PDMS replica was obtained from buckled PDMS 

master and was used as the substrate for the second deposition. The procedure was 

repeated once to get the third deposition substrate.  

Although effective, this fabrication method has its own limitations. First of all, 

during the imprinting process, it has no guarantee that the added PDMS can have a 

thoroughly contact with the buckled PDMS master. Therefore, the periodicity and depth 

of the buckles can possibly change from the master to the replica. Besides, the 

fabrication of PDMS replica and the second and third deposition are time-consuming as 

well as complicated. 

In our research, a more direct way to fabricate OLED devices on buckling structure 

substrates was put forward. Buckling structure was spontaneously generated by 

thermally evaporating aluminum films on PDMS substrates like the conventional way. 

Then the anode ITO layer was deposited directly on the buckling substrates, followed by 

the deposition of organic and cathode layers. The periodicity and depth of the buckles 

were controlled by adjusting the thickness of Al film and applying UVO treatment before 

the deposition of Al. This new technique abandoned the imprinting and multiple 

deposition processes which made the whole process simpler and avoided the possible 

changes in the buckling structure. 
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Figure 3-1.  Light extraction modes in OLEDs. [Reprinted with permission from J. Lee. 
2009. PhD dissertation (Page 58, Figure 1-13). University of Florida, 
Gainesville, Florida.] 

Figure 3-2.  Demonstration of light-escape cone. A) Definition of the escape cone by the 
critical angle. B) Area element dA. C) Area of calotte-shaped section of the 
sphere defined by radius and critical angle. [Adapted with permission from J. 
Lee. 2009. PhD dissertation (Page 58, Figure 1-12). University of Florida, 
Gainesville, Florida.] 
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Figure 3-3.  Demonstration of light extraction mechanism in buckling structure devices. 
Black line represents the light trapped in the waveguide mode. When 
introducing the buckling structure, the grating vector of the periodic structure 
(blue line) will change the direction of wave vector and make the light to meet 
the requirement of extraction. Red line represents the modified wave vector 
by buckling structure. 

 

Figure 3-4.  Structure of PDMS and surface of buckles. A) Molecular structure of PDMS. 
B) The structure and surface morphology of buckling structure substrates.  
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CHAPTER 4 
MODIFICATION OF BUCKLING STRUCTURE 

4.1 Background 

In order to get higher light extraction efficiency of the OLED devices, the 

periodicity and depth of the buckles need to be modified to get most favorable structure 

before the fabrication of the OLED devices. In previous research,49 it was demonstrated 

that the green light with a wavelength of 525 nm could be obtained from the buckling 

structure OLED with a periodicity of 300 to 400 nm. The periodicity of the buckles can 

be changed by depositing different thickness of Al thin film based on Equation 3-6. 

However, according to the previous research, it was hard to generate buckles with the 

periodicity lower than 400 nm only by changing the Al thickness. So the UVO treatment 

was applied before the deposition of Al thin film to further decrease the periodicity of the 

buckles. Based on the research done by WH Koo et al.,48 the buckling structure 

generated by depositing 10-nm-thick Al layer on PDMS substrate with 3 min UVO 

treatment could reach a peak characteristic wavelength as low as ~300 nm.  

Based on the above background, in this chapter, the relationship between the 

periodicity of the buckles and the thickness of the Al thin film was studied. Besides, 

UVO treatment was used and the time for UVO treatment was changed so as to 

observe the effect of UVO treatment on the buckling structure. Transmittance and AFM 

test was carried out to check the transmittance of the substrates, the periodicity and 

depth of the buckling patterns, respectively. The structure of buckling substrates is 

shown in Figure 4-1. 
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4.2 Experimental Details  

The thin glass substrates were cleaned by acetone and isopropanol in ultrasonic 

cleaner for 15 minutes respectively. After blown by nitrogen gas, the substrates were 

treated by UVO treatment (Jelight UVO cleaner model 42) for another 15 minutes. 

Commercial PDMS material (Wacker ELASTOSIL RT 601) was mixed with the curing 

agent in a weight ratio of 9:1, and then the mixed solution was spin-coated on pre-

cleaned glass substrates at a spin rate of 1000 rpm for one second and 4000 rpm for 50 

seconds. The PDSM substrates were cured in a hotplate at 100˚C for 1 h. 10-, 20- and 

50-nm-thick Al layer was deposited on the cured PDMS substrates by thermal 

evaporation at the pressure around 3×10-6 Pa. The deposition rate was manually 

controlled to be 1.7Å/s. The substrates were cooled to ambient temperature by keeping 

in the chamber for 30 minutes and venting to atmosphere. UVO treatment was 

conducted on the PDMS substrates before Al deposition. For 20- and 50-nm-thick Al 

layer substrates, 0, 1, 3 and 5 minutes UVO treatment was used. For 10-nm-thick Al 

layer substrates, 0, 20, 40 and 60 seconds UVO treatment was conducted.  

Transmittance of the buckling structure substrates was measured by the 

spectrophotometer for the wavelength from 250 nm to 850 nm, with a reference of bare 

thin glass. Atomic force microscopy (AFM) images of the buckling structure substrates 

were obtained using tapping mode and were analyzed to get the information about the 

characteristic wavelength, depth, area ratio and fast Fourier transform (FFT) pattern of 

the buckles. 
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4.3 Results and Discussion 

4.3.1 Transmittance of Buckling Structure Substrates 

As is shown in Figure 4-2 A, when the UVO treatment time before Al thin film 

deposition stayed the same (in this case, 0 min UVO treatment was used for the 

comparison), the transmittance of the substrates had an obvious relationship with the 

thickness of Al layer. The buckling structure substrates with 10-nm-thick Al layer had the 

transmittance above 90% in visible wavelength region; the buckling structure substrates 

with 20-nm-thick Al layer had the transmittance increasing from 30% to 72% with 

increasing wavelength; the buckling structure substrates with 50-nm-thick Al layer had 

the transmittance increasing from 10% to 38% with increasing wavelength. Therefore, it 

is obvious that with increasing thickness of Al layer, the transmittance of the buckling 

structure substrates decreases sharply. This is because the solid Al is opaque metal, 

and increasing thickness of the thin film can make its properties more like the solid bulk. 

In order to get high luminance of the OLED devices, the substrates need to have high 

transmittance above 90%. Thus the buckling structure substrates with 10-nm-thick Al 

layer are the best for making the OLED devices considering the transmittance. The 

relationship between the transmittance and the UVO treatment time is shown in Figure 

4-2 B. The 10-nm-thick Al layer substrates with 0, 20, 40, 60 seconds UVO treatment 

were measured and it could be seen that the UVO treatment nearly had no effect on the 

transmittance of buckling structure substrates. 

4.3.2 AFM Analysis of Buckles 

The AFM images and FFT patterns under different conditions are shown in Figure 

4-3 and 4-4. The symmetric rings in the FFT patterns indicate that the buckles have 

characteristic wavelengths with wide distribution and random orientations.48 The AFM 
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images in Figure 4-3 demonstrate the effect of Al layer thickness on the structure of 

buckles. It could be analyzed that with increasing Al thickness, the characteristic 

wavelength and depth of the buckles also increased. The characteristic wavelengths for 

the 10-, 20- and 50-nm-thick Al layers without UVO treatment were 390 to 460 nm, 630 

to 780 nm and 1300 to 1600 nm, respectively. This result corresponded with Equation 

3-6, showing that the periodicity of buckles depends on the thickness of the thin film.  

Figure 4-4 exposes the relationship between the UVO treatment time and the 

buckling structure. The characteristic wavelengths for the 10-nm-thick Al layer with 0, 20 

and 40 seconds UVO treatment were 390 to 460 nm, 390 nm and 320 to 360 nm, 

respectively, showing that the characteristic wavelengths decreased with the increase of 

UVO treatment time. As has been introduced in Section 3.4, UVO treatment can modify 

the surface of PDMS to the silica-like structure. This silica-like PDMS surface can 

prevent the Al adatoms from being sank and oxidized beneath the surface. It can 

therefore decrease the thickness of the metal subsurface, as well as the elastic modulus. 

According to Equation 3-6, the characteristic wavelengths of the buckles may decrease 

with increasing UVO treatment time. 

The depth of the buckles can also be analyzed from the AFM images. The depths 

of the buckles for 0, 20 and 40 seconds UVO treatment samples were 65, 70, 60 nm, 

respectively. Based on Equation 3-5, the depth of the buckles slightly decreased with 

the decrease of periodicity. However, the buckled substrate with 20 seconds UVO 

treatment had the largest depth among all the substrates. Considering both the 

characteristic wavelength and the depth of the buckles, 10-nm-thick Al layer buckling 
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structure substrates with 20 seconds UVO treatment were the most suitable ones for 

the OLED device fabrication. 

     4.4 Conclusion 

In this chapter, the most favorable condition for the fabrication of buckling structure 

substrates among all the conditions under testing was explored. Two factors were 

considered when making the buckled substrates: the thickness of Al thin film and the 

UVO treatment time. The transmittance and AFM images of the substrates were 

analyzed. Based on the transmittance measurement, the increasing Al thickness 

caused the transmittance of the substrates to decrease, while the UVO treatment did 

not have obvious effect on the transmittance. The AFM images showed that the 

periodicity and depth of the buckles may decrease with the decrease in the thickness of 

Al layer and with the increase in UVO treatment time. Considering all the factors, the 

buckling structure substrate with 10-nm-thick Al layer and 20 seconds UVO treatment, 

which had periodicity of 390 nm and depth of 70 nm, was the most suitable one for the 

OLED device fabrication. 
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Figure 4-1.  Structure of the buckling substrates.  

Figure 4-2.  Transmittance of the buckling structure substrates. A) Buckling structures 
formed by depositing different thickness of Al layer on PDMS without UVO 
treatment. B) Buckling structures formed by depositing 10-nm-thick of Al layer 
on the PDMS with different UVO treatment time. 
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Figure 4-3.  AFM analysis of buckling patterns. A) Buckling structures formed by 
depositing 50-nm-thick Al layer on PDMS without UVO treatment. (Dimension 
20μmx20μm) B) Buckling structures formed by depositing 20-nm-thick Al 
layer on PDMS without UVO treatment. (Dimension 10μmx10μm) C) Buckling 
structures formed by depositing 10-nm-thick Al layer on PDMS without UVO 
treatment. (Dimension 5μmx5μm) 

 

 

 

 

 

 

Figure 4-4.  AFM analysis of buckling patterns. (Dimensions 5μmx5μm) A) Buckling 
structures formed by depositing 10-nm-thick Al layer on PDMS without UVO 
treatment. B) Buckling structures formed by depositing 10-nm-thick Al layer 
on PDMS with 20s UVO treatment. C) Buckling structures formed by 
depositing 10-nm-thick Al layer on PDMS with 40s UVO treatment. 
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CHAPTER 5 
OLED FABRICATION AND STRUCTURE MODIFICATION  

5.1 Background  

In this chapter, the green light emitting Alq3 OLEDs were fabricated directly on the 

top of buckling structure PDMS substrates made in former steps. Although it was shown 

in the previous experiments that the buckling structure substrates with 10-nm-thick Al 

layer and 20 seconds UVO treatment had the optimum buckling structure, after the 

deposition of ITO layer, some cracks were found on the surface of the substrates with 

10-nm-thick Al layer. Therefore the buckling structure substrates with 15-nm-thick Al 

layer and different UVO treatment time were prepared and examined. The OLED 

devices had the structure of ITO/NPB/Alq3/LiF/Cathode and the thicknesses of ITO, 

NPB and cathode Al layer were changed to improve the performance of the OLED 

devices. The structure of OLED device is demonstrated in Figure 5-1. In order to further 

solve the problem of cracks on the PDMS substrates and improve the efficiency of the 

devices, a buffer layer before the ITO deposition was added and the UVO treatment 

was used before and after the deposition of the buffer layer to improve the device 

performance.  

AFM images were measured to analyze the buckling structure of 15-nm-thick Al 

layer substrates. The OLED devices performance was expressed by L-I-V 

characteristics, electroluminescence (EL) spectra and angular emission patterns.  

5.2 Experimental Details  

The buckling structure PDMS substrates were prepared in the process introduced 

in Section 4.2. After UVO treatment for 5 minutes, the substrates were loaded into the 

DC sputter to deposit ITO layer. After another 5 minutes UVO treatment, all the 
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following layers were thermally evaporated at a pressure around 3×10-6 Pa: N, N'-

bis(naphthalen-1-yl)-N,N'-bis(phenyl)-benzidine (NPB) layer as hole transport layer, tris-

(8-hydroxyquinoline) aluminium (Alq3) as light emissive layer and electron transport 

layer, LiF as the electron injection layer and Al as cathode layer. The deposition rate for 

LiF layer was 0.1 Å/s and for other layers was 2 Å/s. The thickness of ITO, NPB and 

cathode layer was adjusted to improve the device performance. The buffer layers of LiF, 

MoOx and Alq3 with different thickness were thermally evaporated before the deposition 

of ITO layer. 5 and 20 minutes UVO treatment before or after the deposition of buffer 

layer was carried out to find its relationship to the current efficiency of the OLED devices. 

The devices were encapsulated in a glove box under an argon atmosphere with cover 

glasses and 5 minutes UV curable epoxy. The epoxy should only cover the edge of the 

cover glass and avoid touching the pixels.  

The luminance-current-voltage (L-I-V) characteristics of the devices were 

measured by a sourcemeter (Keithley Series 2400), a picoammeter (Keithley Series 

6485) and a luminance meter (Konica Minolta LS-100). The applied bias was from -5 V 

to 10 V. All the four pixels on one sample were measured for the L-I-V characteristics 

and the pixels with highest current efficiency on the reference and grating devices were 

tests for the EL spectra and angular emission patterns. Electroluminescence (EL) 

spectra were measured by a spectrometer (Ocean Optics USB 2000) under a constant 

current density (5 mA/cm2). The angular emission patterns were measured by 

integrating the EL spectra of the devices according to emission angles from 0o to 70o. 

During the EL spectra and angular emission patterns measurements, a glass 

hemisphere lens with 5 mm diameter was used to enhance the outcoupling of light from 
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the glass substrate. Then the lens was removed to compare the enhancement of light 

extraction efficiency without extraction from the substrate mode.  

5.3 Results and Discussion  

5.3.1 Adjustment of Buckling Structure after ITO Deposition 

It had been studied that the best buckling structure was the one with 10-nm-thick 

Al layer under 20 seconds UVO treatment for the fabrication of OLED devices based on 

its periodicity and depth of the buckles. However, after 120-nm-thick ITO layer 

deposition, some cracks were generated on the surface of the substrates because of 

the compressive stress in ITO layer caused by the squeezing of buckles and the low 

glass transition temperature of PDMS, as is shown in Figure 5-2. Meanwhile, the 

substrates with 20-nm-thick Al layer showed much less cracks after ITO deposition. 

Therefore, 15-nm-thick Al layer substrates with 0, 20, 40, 60 seconds UVO treatment 

were made to get acceptable buckling structure as well as to reduce the cracks. The 

AFM measurement was carried out to check the buckling structure. The AFM result of 

the 15-nm-thick Al layer samples is shown in Figure 5-3. The samples with 0, 20, 40, 60 

seconds UVO treatment had characteristic wavelengths of 630 nm, 560 nm, 390 nm 

and ~390 nm, respectively. After 70-nm-thick ITO deposition, the substrates with 40 and 

60 seconds UVO treatment showed cracks on the surface, then after another 50-nm-

thick ITO deposition, all substrates had cracks on the surface. Among all these 

substrates, the one without UVO treatment showed the least number of cracks on the 

surface. Therefore, considering both reasonable buckling structure and the number of 

cracks, the OLED devices were fabricated on the buckling structure substrates with 15-

nm-thick Al layer and without UVO treatment before Al deposition.  
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5.3.2 Modification of OLED Structure 

The sputtering condition and thickness of anode ITO layer control the conductivity 

of the OLED device; the increase in the thickness of organic layers can generate lager 

buckles even second buckles and the thickness of cathode Al layer can affect the 

reflection of the emitted light and the proportion of back-emitted light. Thus, to get 

higher current efficiency and light extraction efficiency, the structure of each layer needs 

to be modified. In our research, the thicknesses of ITO, NPB and Al layers were 

changed to see their effects on the device efficiency.  

The basic structure of OLED in our research was PDMS/Al 15 nm/ITO 70 nm/NPB 

50 nm/Alq3 63 nm/LiF 1 nm/Al 90 nm. 120-nm-thick ITO layer, 70-, 85- and 90-nm-thick 

NPB layer and 70-nm-thick cathode Al layer were also applied to make the OLED 

devices. L-I-V characteristics showed that the highest enhancement of grating devices 

in the light extraction efficiency compared with reference devices without buckling 

structure came from the OLED device with the basic structure. The L-I-V characteristics, 

EL spectra and the angular dependence pattern of the devices are shown in Figure 5-4. 

From the graphs, it could be told that the current efficiency of the reference devices 

without buckling structure was 1.65 cd/A, while the current efficiency of the grating 

devices was 3.7 cd/A, which had an enhancement of 120%. Also, there was no leakage 

current based on the result in low bias area. It was studied49 that since the buckling 

structure had a broad distribution in periodicity and random directionality, the modes 

guided in all azimuthal directions could be extracted over the entire emission 

wavelength range. The enhancement of light extraction is the result of the increase in 

the outcoupling efficiency. The EL spectra showed that there was a broad enhancement 

over the entire spectrum indicating that the entire emission wavelength range in a white 
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OLED could be outcoupled by only one grating structure. The angular dependence 

pattern showed that the strongest intensity emerged in normal direction (except for the 

grating device with hemisphere lens, which showed high intensity from 0-30˚). Moreover, 

with hemisphere lens, the buckling structure devices had another 39% enhancement of 

light extracted from substrate mode, which made the total enhancement in the light 

extraction efficiency to be 1×2.2×1.39≈3.1 times. 

When increasing the thickness of ITO layer from 70 nm to 120 nm, more cracks 

were generated because the increasing thickness created more compressive stress 

inside the ITO layer. By increasing the thickness of NPB layer, the current efficiency of 

the reference devices increased, however, the total enhancement for the grating 

devices decreased. The L-I-V characteristics of 70-nm-thick NPB layer device is shown 

in Figure 5-5. It was studied that the increase in the current density of grating devices 

was due to the partially reduced organic layer thickness of the sinusoidal patterned 

gratings.3, 22 It can be deducted from this result that the decrease in the thickness of 

organic layers can increase the current density J, which then decreases the current 

efficiency based on Equation 2-2. This gives an explanation to the increase in current 

efficiency of the reference devices. However the increase in current efficiency of the 

grating devices was not as much as that for the reference devices so the total 

enhancement might experience a decrease. As for the thickness of cathode layer, when 

decreasing, the Al layer became sort of translucent, which could allow some light emit 

from the back side. 
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5.3.3 Effects of Buffer Layer 

According to previous publications, the Alq3 OLED devices have higher efficiency 

when the thickness of ITO layer is ~120 nm. Nevertheless, the experiments above 

showed that the cracks on the surface of the substrates could not be eliminated simply 

by changing the thickness of Al layer or the UVO treatment time. Therefore a buffer 

layer was added before the deposition of ITO layer in order to increase the possibility for 

a thicker ITO layer and to enhance the efficiency of both grating and reference devices. 

20-, 40-, 60- and 80-nm-thick LiF, 10- and 20-nm-thick MoOx, and 20- and 40-nm-thick 

Alq3 were used to be the candidates for the buffer layer. By releasing the compressive 

stress of ITO, buffer layer was expected to suppress the generation of cracks and large 

buckles.  

Because the effects of buffer layer on the buckling structure were not clear, the 

AFM measurement was used to check the periodicity and depth of the buckles before 

making the devices. The AFM results are shown in Figure 5-7. From the AFM results, it 

could be seen that the buffer layers did not have much effects on the buckling structure, 

so the ITO layer was deposited to see the number of cracks on the surface. For LiF 

buffer layer, after 70-nm-thick ITO deposition, the samples with the LiF layer thicker 

than 40 nm showed cracks on the surface and the number of cracks increased 

dramatically with the increase of LiF thickness. Figure 5-6 shows the photo of cracks on 

the surface of 40 nm LiF sample. After 70-nm-thick ITO deposition, the samples with 

MoOx or Alq3 buffer layer showed cracks more than the substrates without buffer layer. 

In sum, the most effective buffer layer to avoid the generation of cracks was 20-nm-thick 

LiF layer. The mechanism of why LiF buffer layers work effectively in this situation 

instead of MoOx or Alq3 is still unknown and needs future research. 
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5.3.4 Effects of UVO Treatment before and/or after Deposition of Buffer Layer 

As has been discussed above, the UVO treatment can be used to modify the 

surface structure of the device. In order to assist the buffer layer to reach better 

performance and to eliminate the cracks, the UVO treatment was applied before and/or 

after the deposition of buffer layer. OLED devices were made on the UVO treated 

substrates to observe the performance. In this section, the 20-nm-thick LiF was used as 

buffer layer. 5- and 20-minutes UVO treatment was introduced before the deposition of 

LiF buffer layer and/or after the deposition of LiF layer.  

After trying to use the UVO treatment merely before LiF deposition, merely after 

LiF deposition and both before and after LiF deposition, the result could be 

demonstrated from the L-I-V characteristics that the device with 20 minutes UVO 

treatment both before and after the buffer layer had the best performance. The 

complete structure of the OLED device was PDMS/Al 15 nm/UVO 20 min/LiF 20nm/ 

UVO 20 min/ITO 70 nm/NPB 50 nm/Alq3 63 nm/LiF 1 nm/Al 120 nm. The L-I-V 

characteristics, EL spectra and the angular dependence pattern of the devices are 

shown in Figure 5-8. The current efficiency of the reference device without buckling 

structure was 2.22 cd/A, and the current efficiency of the bucking device with the 

structure listed above was 4.04 cd/A, which had an enhancement of 82%. The EL 

spectra and the angular dependence pattern showed a broad enhancement over the 

entire spectrum and an extra enhancement of 34% with hemisphere lens, which made 

the total enhancement of the device to be 1×1.82×1.34≈2.44 times. The total 

enhancement was not as high as the OLED device with the structure of PDMS/Al 15 nm 

/ITO 70 nm/NPB 50 nm/Alq3 63 nm/LiF 1 nm/Al 90 nm, but the UVO treatment before 
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and after the deposition of buffer layer did increase the current efficiency of both grating 

and reference devices.  
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Figure 5-1.  Structure of Alq3 OLED devices. 

Figure 5-2.  Optical microscope image demonstrating the cracks on the surface of the 
buckling structure substrates after the deposition of ITO layer. 
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Figure 5-3.  AFM analysis of buckling patterns. (Dimensions 5μmx5μm) A) Buckling 
structures formed by depositing 15-nm-thick Al layer on PDMS without UVO 
treatment. B) Buckling structures formed by depositing 15-nm-thick Al layer 
on PDMS with 20 s UVO treatment. C) Buckling structures formed by 
depositing 15-nm-thick Al layer on PDMS with 40 s UVO treatment. D) 
Buckling structures formed by depositing 15-nm-thick Al layer on PDMS with 
60 s UVO treatment. 
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Figure 5-4.  The characterization of OLED with the structure of PDMS/Al 15 nm/ITO 
70nm/NPB 50 nm/Alq3 63 nm/LiF 1 nm/Al 90 nm. Black line represents the 
reference devices without buckling structure. Red line represents the grating 
devices with buckling structure. In Figure 5-4 A and B, each line with same 
color and different symbol represents one of the four pixels in the same 
sample. A) Current density–voltage characteristics. B) Current efficiency- 
luminance characteristics. C) EL spectra. D) Angular dependence patterns. 
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Figure 5-5.  The characterization of OLED with the structure of PDMS/Al 15 nm/ITO 
70nm/NPB 70 nm/Alq3 63 nm/LiF 1 nm/Al 90 nm. Black line represents the 
reference devices without buckling structure. Red line represents the grating 
devices with buckling structure. Each line with same color and different 
symbol represents one of the four pixels in the same sample. A) Current 
density–voltage characteristics. B) Current efficiency- luminance 
characteristics. 

Figure 5-6.  Photo of cracks on the surface of 40 nm LiF layer sample after ITO 
deposition. 
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Figure 5-7.  AFM analysis of buckling patterns after 120 nm ITO deposition with different 
buffer layers. (Dimensions 5μmx5μm) A) no buffer layer. B) 20 nm LiF layer. 
C) 40 nm LiF layer. D) 60 nm LiF layer. E) 80 nm LiF layer. F) 20 nm MoOx 
layer. G) 20 nm Alq3 layer. H) 40 nm Alq3 layer. 
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Figure 5-8.  The characterization of OLED with the structure of PDMS/Al 15 nm/UVO 
20min/LiF 20 nm/UVO 20 min/ITO 70 nm/NPB 50 nm/Alq3 63 nm/LiF 1 nm/Al 
120 nm. Black line represents the reference devices without buckling 
structure. Red line represents the grating devices with buckling structure. In 
Figure 5-8 A and B, each line with same color and different symbol represents 
one of the four pixels in the same sample. A) Current density–voltage 
characteristics. B) Current efficiency- luminance characteristics. C) EL 
spectra. D) Angular dependence patterns. 
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CHAPTER 6 
CONCLUSION AND FUTURE WORK 

6.1 Conclusion 

OLEDs have become one of the most promising organic electronic devices now. 

With fast response time, wide viewing angle and low power consumption, OLEDs can 

absolutely be the next generation of display and SSL source. However, the conventional 

OLEDs have limited light extraction efficiency due to the difference between the 

refractive indices of the ITO/organic layer, glass substrate and air. Many techniques 

were invented to enhance the light extraction efficiency including surface modification 

and Bragg diffraction grating, but none of them could enhance the outcoupling of guided 

light at a wide range of emission wavelength, which made it hard for the application of 

white OLEDs. Recently, the buckling structure OLEDs were fabricated by thermally 

evaporating Al thin film on the PDMS substrates to generate buckles. Those buckling 

structure devices have the advantages such as broad distribution in periodicity and 

random directionality which can make it possible to enhance the light extraction at the 

entire spectra. In our research, a new route to fabricate buckling structure OLEDs was 

put forward. All the layers of the OLEDs were deposited directly on the top of buckled 

PDMS substrates without imprinting process and the use of PDMS replica. Both the 

conditions in generating the buckles and the structure of OLED devices needed to be 

modified in order to get the highest light extraction efficiency. 

First of all, the buckling structure was modified. Two factors were considered: the 

thickness of the Al thin film and the UVO treatment time. From the transmittance 

measurement, it was obviously that the larger thickness of Al layer decreased the 

transmittance of the buckling structure substrates, but the UVO treatment time had 
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negligible effect on the transmittance. The AFM images showed that the increase in the 

thickness of Al thin film could increase both the periodicity and depth of the buckles, 

while the increase in the UVO treatment time could cause a decrease of the periodicity 

due to the silica-like surface modification. Because the goal of our research was to 

make green OLED devices which needed the periodicity from 300 to 400 nm and large 

depth, considering all the results of different conditions, the most suitable buckling 

structure was generated by the deposition of 10-nm-thick Al thin film on PDMS 

substrate pre-treated by UVO treatment for 20 seconds.  

After the modification of buckling structure, the Alq3 OLED devices were fabricated 

and the optical and electrical properties of those devices were measured. After the 

deposition of ITO layer, some cracks appeared on the surface of the substrates due to 

the compressive stress. Therefore, the conditions for making the buckling structure 

substrates needed to be changed to avoid the generation of cracks. It was found that 

the buckling structure substrates with 15-nm-thick Al layer and without UVO treatment 

had the least possibility to generate the cracks and could still keep the periodicity and 

depth of the buckles in a reasonable range (characteristic wavelength of ~600 nm and 

depth ~80 nm).  

The thickness of ITO, NPB and cathode layer was changed based on the L-I-V 

characteristics, EL spectra and the angular dependence pattern of the devices. The 

increase in the thickness of ITO layer generated more cracks due to the increasing 

compressive stress. The increase in the thickness of NPB layer could improve the 

current efficiency for the both buckling structure devices and the reference devices 

without buckling structure, but it could not get a high total enhancement in the light 
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extraction efficiency for the grating devices. When the thickness of cathode layer 

decreased, the transmittance of the cathode layer may increase, which could allow 

some light emit from the back side. The optimum OLED structure in the first part of our 

research was PDMS/Al 15 nm/ITO 70 nm/NPB 50 nm/Alq3 63 nm/LiF 1 nm/Al 90 nm. 

The current efficiency of the reference devices without buckling structure was 1.65 cd/A, 

while the current efficiency of the grating devices was 3.7 cd/A, which had an 

enhancement of 120%. Besides, with hemisphere lens, the buckling structure devices 

had another 39% enhancement from substrate mode, which made the total 

enhancement in the light extraction efficiency to be 1×2.2×1.39≈3.1 times. 

Buffer layer was used before the deposition of ITO layer to suppress the 

generation of cracks and large buckles. LiF, MoOx and Alq3 were used as the buffer 

layers to see their effects on the buckling structure. The MoOx and Alq3 could cause 

more cracks on the surface so they were not proper for the buffer layer. When using the 

LiF as the buffer layer, the periodicity of the buckles slightly decreased while the depth 

of the buckles slightly increased, which was perfect for the enhancement of light 

extraction. However, after 70-nm-thick ITO deposition, the samples with LiF layer 

thicker than 40 nm showed cracks on the surface and the number of cracks increased 

dramatically with the increase of LiF thickness. Therefore, the most effective buffer layer 

was 20-nm-thick LiF layer. 

The UVO treatment used before and after the deposition of the buffer layer was to 

modify the surface structure of the substrates and eliminated the cracks. The optimum 

structure of the OLEDs in our research with UVO treatment was PDMS/Al 15 nm/UVO 

20 min/LiF 20 nm/UVO 20 min/ITO 70 nm/NPB 50 nm/Alq3 63 nm/LiF 1 nm/Al 120 nm. 
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The current efficiency of the reference devices was 2.22 cd/A, and the current efficiency 

of the bucking devices was 4.04 cd/A, which had an enhancement of 82%. The EL 

spectra and the angular dependence pattern showed a broad enhancement over the 

entire spectrum and an extra enhancement of 34% with hemisphere lens, which made 

the total enhancement in light extraction efficiency of the grating devices to be 1×1.82

×1.34≈2.44 times. 

6.2 Future Work 

In our research, the method of direct deposition of OLED devices on the buckling 

structure PDMS substrates was proved to be effective. However, future works still need 

to be done.  

First of all, although a total enhancement in light extraction efficiency of 3.1 times 

was reached till now, the individual efficiencies of the reference and buckling devices 

were not high enough. It must be sure that the current efficiency of reference devices, 

buckling devices and the total enhancement can be improved at same time. So the 

structure of the OLEDs still needs to be optimized and the cracks must be eliminated. 

Secondly, some of the mechanisms of the interactions between certain layers are 

not clear till now. One of the examples is the function of buffer layer. It is known that the 

buffer layer plays the role of releasing the compressive stress and suppressing the 

generation of large buckles. But this cannot explain the reason why LiF can help to 

reduce the cracks while MoOx and Alq3 may increase the number of cracks. Therefore 

more theoretical physical principles need to be researched to get more information 

which can help to choose the buffer layer materials more accurately.  
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Finally, our research only focused on the Alq3 OLED devices, however, the 

buckling structure substrates can be used in many kinds of organic electronic devices 

theoretically. Thus more researches should be done to fabricate OLED devices with 

different range of emitting wavelengths, in order to get a wider application and further 

enhance the light extraction.  
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