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Abstract 

 With increasing consumption of wearable devices, research on flexible displays used as light sources 

in flexible devices has been conducted in recent years. For realization of flexible, all components of 

light-emitting diodes (LEDs) must have flexibility. For this reason, studies on organic light-emitting 

diodes (OLEDs) with high flexibility characteristics are predominant. However, organic 

semiconductors have disadvantage such as poor color purity with broad full-width half maximum 

(FWHM) and low-charge carrier mobility. On the other hand, organic-inorganic hybrid perovskites have 

both characteristics of organic semiconductor materials such as high color purity with narrow full-width 

half maximum, high charge-carrier mobility and inorganic semiconductor materials such as low 

processing-cost based on solution process, easy band gap deformation.  

 Recently, many researches have been conducted to apply perovskite to flexible devices, which have 

the above advantages, and many flexible devices using perovskite have been developed. However, the 

study on the deformation characteristics of the developed perovskite flexible LEDs is mainly focused 

on whether the optical properties are maintained under the deformed state. If all the components deform 

within the elastic deformation range, they will return to their original state when the external force is 

removed. When a specific component is subjected to plastic deformation, interface separation 

phenomenon occurs, which causes a problem in driving the device. For the above reasons, it is important 

to improve the mechanical characteristics of a weakest material in order to improve the flexibility 

characteristics of the device. There is a lack of research on flexibility analysis based on mechanical 

properties. 

 Although research on flexible devices using perovskite has progressed through the above research. 

Organic materials react easily with moisture in air and degrade easily, so encapsulation performance of 

flexible devices must be improved at the same time. Encapsulation performance of flexible devices has 

been improved through the development of thin film encapsulation (TFE) materials with flexibility 

characteristic. However, unlike a rigid device using glass as a substrate, a flexible device uses a 

polymer-based substrate for its deformation characteristics, so that the substrate functions as a moisture 

infiltration path. Research on substrates for flexible devices with improved encapsulation performance 

is needed. 

 In this study, flexibility of perovskite LEDs was analyzed based on the mechanical properties of 

constituent materials of perovskite LEDs, and substrate for flexible devices with encapsulation 

properties was developed using silicon dioxide thin films.  

 The critical bending radius of the perovskite LED was set to be the point where the light intensity 

starts to decrease when repetitive bending deformation was applied at a specific bending radius. The 

elastic limit of constituent materials of perovskite LEDs was evaluated using a hole nanoindentation. 



ii 

 

In-situ micro tensile test was conducted to measure the exact elastic limit of perovskite, which was the 

weakest material among the constituent materials. The critical bend radius was analyzed using the 

measured perovskite elastic limit and the distance from the neutral plane of the LED. The critical 

bending radius based on mechanical properties was compared with the critical bending radius which 

decreased the actual efficiency. 

 The substrate for flexible devices with encapsulation performance was developed using silicon dioxide 

thin films and analyzed for deformation characteristics. Silicon dioxide thin films were fabricated using 

sol-gel process. The encapsulation performance of the fabricated silicon dioxide thin film was evaluated 

by commercialized equipment and accelerating exposure test experiment applied to actual devices. The 

mechanical properties of silicon dioxide were analyzed by in-situ micro tensile test, and repeated 

bending tests were performed to evaluate critical bending radius applied to a polymer substrate for 

flexible device. 
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1. Introduction 

 As the demand of wearable devices increases, researches on deformable devices such as flexible and 

stretchable devices have increased. To ensure the flexibility of the device, all components must have 

sufficient deformation characteristics. Organic materials, which are widely used as an emission layer of 

a flexible device, are excellent in deformation characteristics but have a disadvantage in that they lack 

optical characteristics. In order to secure this point, much attention has been focused on organic / 

inorganic hybrid perovskites, which have both the characteristics of organic materials with low-cost 

solution-based processing and tunable band gap and the characteristics of inorganic materials with 

excellent optical properties.  

 Recently, many researches have been conducted to apply perovskite to flexible devices. Since indium 

tin oxide electrode, which is widely used as an electrode for a rigid perovskite LED, has a poor 

deforming property, many studies have been conducted to replace it with a flexible electrode. Flexibility 

of the device was evaluated by changing the efficiency under repetitive bending of fabricated devices. 

However, there has been no any analytical and systematical studies on flexible perovskite LEDs for 

analyzing the mechanical properties of each component layer, in order to determine which layer is the 

weakest under mechanical bending.  

 Additionally, deformation properties of perovskite LEDs are important to apply flexible device, but 

encapsulation performance is also important because the perovskite used as an emission layer is very 

sensitive to moisture. However, polymeric materials, which are widely used as substrate materials for 

flexible devices, have high deformation characteristics unlike rigid substrates such as glass and silicon, 

but they are very poor in barrier properties. Since the substrate acts as a penetration path of moisture, 

research for improving the moisture-proof property of the polymer substrate is needed. 

 In this study, flexible of light-emitting diodes was evaluated using mechanical properties of constituent 

materials and silicon dioxide thin films for encapsulation materials were fabricated by sol-gel process. 

Flexible LEDs were fabricated using perovskite used as emission layer in device and critical bending 

radius of perovskite LEDs was analyzed by changing of efficiency during repeated bending tests. 

Mechanical tests such as hole-nanoindentation and micro-tensile test were carried out to measure 

mechanical properties of constituent materials of perovskite LEDs. Critical bending radius was 

evaluated by elastic limit of constituent materials and compared to critical bending radius measured by 

experimentally. Silicon dioxide thin films were prepared by sol-gel process in amorphous phase. The 

fabricated films were analyzed for barrier properties for use as encapsulation materials. Mechanical 

properties were measured by tensile test in order to analyze critical bending radius. Repeated bending 

tests were carried out near the critical bend radius to evaluate the applicability to flexible devices.  
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2. Theoretical background 

 2.1 Perovskite light emitting diodes (PeLEDs) 

 Organic-inorganic hybrid perovskite have emerged as suitable materials for photovoltaic devices due 

to several advantages such as very high color purity with a narrow full-width half maximum (FWHM) 

regardless of crystal size, high charge-carrier mobility, high photoluminescence quantum yield (PLQY), 

low-cost solution-based processing, and a simply tunable band gap. Therefore, perovskite is an 

attractive material as emission material for light-emitting diodes1-10.  

 In early days, methylammonium lead mixed halide perovskite (MAPbBrxI3-x) and methylammonium 

lead tribromide (MAPbBr3) have low external quantum efficiency as 0.76% for near-infrared and 0.1% 

for green regimes, respectively1. Near-infrared device was fabricated using a thin 15 nm layer of 

MAPbBrxI3-x perovskite layer positioned between titanium oxide (TiO2) and poly(9.9’-dioctyl-fluorene) 

(F8) layers. Device of green light emitted was fabricated using MAPbBr3 with indium tin oxide (ITO) 

and poly(3, 4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) used as anode, F8, Ca, and 

Ag layers used as cathode. Radiative recombination was performed by effectively confining hole and 

electron in MAPbBrxI3-x and MAPbBr3 perovskite layers due to ITO or TiO2 and F8 in each perovskite 

LEDs structures. Structures and external quantum efficiency were shown in Figure 2.1. This 

demonstration This description provided the potential for development of perovskite materials. 

possibility of developing perovskite materials. This explains the potential for development of perovskite 

materials 

 Various efforts have been made to reduce non-radiative recombination and increase 

photoluminescence quantum efficiency (PLQE). Performance of perovskite LEDs notably improved by 

two strategies11-14. In first strategy, nanocrystalline perovskite directly coated in colloidal state by spin-

coating method. Nanocrystalline perovskite have highly luminescent with PLQY of nearly 90% but 

maximum external quantum efficiency of perovskite LEDs is around 12% for near-infrared and 14% 

for green regimes, respectively15. Optical properties of nanocrystalline perovskite are modified by 

composition and crystal size. In second strategy, bulk perovskite film was deposited using precursor 

solutions with long chain ammonium halide additives.  

 Recently, two studies have been carried out to increase the efficiency of the perovskite and the 

efficiency of the perovskite has exceeded 20%16, 17. In first research, light trapping was mentioned to 

main cause of efficiency loss due to higher refractive index of perovskite16. Sub-micrometer-scale 

structure of perovskite effectively extractive trapped light from perovskite LEDs. Microstructure of 

perovskite layer for extraction of trapped light is simply formed by amino-acid additives into precursor 

solution. Additives effectively passivate defects on perovskite surface and decrease non-radiative 

recombination. Perovskite LED with amino-additives accomplished peak external quantum efficiency 
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as 20.7% and energy conversion efficiency as 12%. Related images were shown in Figure 2.2. As shown 

in Figure 2.3, the second approach requires management of compositional distribution in perovskite 

device for high luminescence and balanced charge injection17. Pre-synthesized CsPbBr3 perovskite 

solution with CH3NH3Br additive was formed quasi-core/shell structure by sequential crystallization 

due to differing solubilities. Photoluminescence quantum efficiency was boosted by passivated non-

radiative defects due to CH3NH3Br shell.  

 

Figure 2.1. (a) Schematic of structure of near-infrared (left) and green (right) perovskite LEDs. (b) 

External quantum efficiency versus voltage curve of near-infrared perovskite LEDs. (c) External 

quantum efficiency versus current density curves of green perovskite LEDs1. 
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Figure 2.2. (a) Schematic of fabrication process of device with sub-micrometer structure. Rays A, B, 

and C is extracted by sub-micrometer structure. (b) STEM image of fabricated device. (c) External 

quantum efficiency and energy conversion efficiency plotted against current density16. 
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Figure 2.3. (a) Schematic of quasi-core/shell perovskite layer fabrication process, (b) Photo of three 

perovskite films under ultra-violet light. (c) SIMS depth analysis of quasi-core/shell structure perovskite 

films. (d) Cross-sectional TEM image of quasi-core/shell structure perovskite on PEDOT:PSS. (e) 

Schematic of quasi-core/shell perovskite LEDs with thin PMMA layer. (f) characteristic of best-

performing perovskite LEDs17. 
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 2.2 Flexible perovskite light emitting diodes 

 For the realization of flexible and stretchable displays, each component layer of the devices should 

also be flexible and stretchable. Thus, flexible and stretchable organic light-emitting diodes (OLEDs) 

are being studied extensively, given the excellent flexibility and stretchability of organic materials. 

Recently, many researches have been conducted to apply perovskite to flexible devices. However, 

indium tin oxide (ITO) electrodes, which are conventional transparent conductive oxide (TCO) used in 

rigid devices, are not suitable for flexible devices because ITO electrode is brittle. Therefore, developing 

an electrode to replace the ITO electrode is most important in realizing a high-efficiency flexible device. 

 Bade et al. compared several properties of flexible printed perovskite LEDs on rigid ITO/glass 

substrate and carbon nanotube (CNT)/polymer substrate18. Device is consisted ITO or CNT electrodes 

used as transparent anode, a printed perovskite film used as emissive layer and, printed silver nanowire 

(AgNW) used as cathode. Structure and images of emitted device on CNT/polymer substrate were 

shown in Figure 2.4. Best performance of device on ITO /glass substrate was maximum luminance 

intensity (Lmax) of 12,014 cd m-2 and maximum external quantum efficiency (EQE) of 1.1%. On the 

other hand, Device on CNT/polymer substrate had lower performance EQE of 0.14% with Lmax of 360 

cd mm-2. Despite low efficiency of device on CNT/polymer substrate, device was bent to 5 mm without 

affecting the characteristic of the device. 

 

 

Figure 2.4. Schematic of flexible perovskite LEDs using carbon nanotube/polymer substrate. (b) 

Images of emitted device at flat and bending state18. 
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 Bade et al. also demonstrated intrinsically stretchable perovskite LEDs consisting methylammonium 

lead tribromide (MAPbBr3) and poly(ethylene oxide) (PEO) used as emissive layer19. Device consisted 

PEDOT:PSS modified using PEO used as transparent and flexible anode, eutectic indium-gallium 

(EInGa) as anode, and emissive layer. Devices had a brightness of 15.960 cd m-2 at 8.5V and maximum 

external quantum efficiency of 0.62%. Device was not affected by stretching. Current efficiency was 

2.7, 2.9, 3.2 cd A-1 at 0, 20, 40% strain, respectively. However, luminance decreased from 2887 cd m-2 

to 583 cd m-2 at 4V during 100th stretching cycles. Graphs and images of stretchable perovskite LEDs 

were shown in Figure 2.5. 

 

Figure 2.5. (a) Current density versus voltage, (b) Luminance versus voltage, (c) efficiency versus 

voltage characteristics of stretchable PLEDs before and after 20, 40% bending. (d) Images of emitted 

perovskite LEDs at 0 and 40% strain. (e-g) images of emitted perovskite LEDs after 10, 50, 100th cyclic 

stretched19. 
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 Seo et al. reported highly efficiency ITO-free flexible perovskite LEDs based on graphene anodes20. 

Device consisted four-layer graphene, PEDOT:PSS , perfluorinated ionomer (PFI), MAPbBr3. They 

modified MAPbBr3 emission layer using additive based nanocrystal pinning due to overcome low 

device efficiency. Images of device structure and emitted device were shown in Figure 2.6 (a) to (c). 

Perovskite LEDs on ITO anodes were also fabricated with higher maximum current efficiency 10.6 cd 

A-1 and external quantum efficiency 2.2%. Perovskite LEDs on graphene anodes showed higher 

maximum current efficiency as 18.0 cd A-1 and external quantum efficiency as 3.8% than perovskite 

LEDs on ITO anode. Since the graphene electrode excludes the negative effects of the ITO electrode in 

terms of exciton quenching, the efficiency is high. After 1200 bending cycles with 1.34% strain, Current 

density of perovskite LEDs on graphene electrode decreased by 81% from initial current density. 

However, Current density of perovskite LEDs on ITO electrode decreased by 64% from initial current 

density after 200 bending cycles and failed completely after 1200 bending cycles due to brittleness of 

ITO electrode. Graphs of efficiency of perovskite LEDs were shown in Figure 2.6 (d) to (f).  

 Zhao et al. introduced effect of bulky organo-ammonium halides on grain size and surface roughness 

of perovskite layer21. Bulky organo-ammonium halides lead to smooth surface of perovskite films with 

small crystal size due to confine crystal growth of perovskite. Authors used five different additives such 

as butylammonium iodide (BAI), dodecylammonium iodide (DDAI), benzylammonium iodide (PMAI), 

phenethylammonium iodide (PEAI), and 4-flurobenzylammonium iodide (FPMAI). Additives had 

different chain length and molecular size. The additives adjusted the grain size and surface roughness 

of perovskite according to the chain length and molecular weight. Authors demonstrated trade-off 

between optical properties and mechanical properties depending on tuning alkyl chain length of 

additives. Trade-off was overcome by increasing polarity of additives using electron-withdrawing 

groups. Flexible perovskite LEDs recorded high external quantum efficiency as 13%. Efficiency 

degradation did not observe after 10,000 bending cycles at bending radius of 2 mm. However, external 

quantum efficiency perovskite LEDs maintained by 80% of initial value after 10,000 bending cycles at 

bending radius of 1 mm. Characterization of flexible perovskite LEDs were presented in Figure 2.7. 

 Many researchers have developed a flexible perovskite light emitting device through evaluation of 

flexible electrodes and modification of perovskite layer. Flexibility of the device was evaluated using 

the change in efficiency of the device under repeated bending at various bending radius. However, there 

has been no any analytical and systematical studies on flexible perovskite LEDs for analyzing the 

mechanical properties of each component layer, in order to determine which layer is the weakest under 

mechanical bending. 
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Figure 2.6. (a) Schematic and (b) cross-sectional images of perovskite LEDs on graphene anode. (c) 

optical images of emitted perovskite LEDs at flat and bending state. (d) Steady-state photoluminescence 

spectra of MAPbBr3 film on graphene and ITO anode. (e-f) Normalized current density of graphene and 

ITO anode according to (e) bending cycle at bending strain 1.34% and (f) bending radius20. 

  



10 

 

 

Figure 2.7. (a) Photo of emitted flexible perovskite LEDs with FPMAI additives. (b) EQE versus 

current density curves of perovskite LEDs. Normalized EQE depending on (c) bending cycles at 

bending radius of 1 and 2 mm. (d) bending radius after 10 bending cycles21. 
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 2.3 Previous research for mechanical properties of perovskite 

 Various types of highly flexible and semitransparent electrodes have been used for making flexible 

devices. However, critical requirement exists to fabricate flexible and semitransparent perovskite LEDs 

(FSPeLEDs) because appropriate solvent and processing temperature should be considered to coat 

flexible and transparent top electrode without the damage of perovskite film or other component layers. 

Unlike materials used for replaceable electrodes and substrates, perovskite has several advantages as an 

active material for LEDs. The perovskite is expected to be low in elastic deformability than other 

constituent materials used in perovskite LEDs due to high crystallinity1, 11, 22. The flexibility of 

perovskite LEDs has been studied extensively by experimental methods such as optical characterization 

under cyclic bending deformation, flexural properties of perovskite used in LEDs has not been studied. 

 As shown in Figure 2.8, crystal structure of perovskite compounds. Mechanical properties of 

perovskite depend on crystal structure and directional. Mechanical properties of perovskite have been 

studied extensively in various measurement method. Polycrystalline perovskite thin films easily 

degraded by reaction with moisture in the air. It is difficult to measure mechanical properties in external 

environment. Mechanical properties analysis has been carried out on single crystalline perovskite. 

Single crystalline perovskite was fabricated in the ambient conditions by anti-solvent evaporation 

method. The fabricated samples showed no significant degradation in air. The elastic modulus of single-

crystalline MAPbBr3 was determined to be 29.1 GPa based on density functional theory (DFT) 

calculations and 28.3 and 30.2 GPa using a laser ultrasonic technique23-25. Using nanoindentation 

measurements, the elastic modulus of single-crystalline MAPbBr3 was determined to be 19.6 GPa and 

17.7 GPa while its hardness was determined to be 0.36 GPa and 0.31 GPa26, 27. The images related to 

laser ultrasonic technique and nanoindentation were shown in Figure 2.9 and 2.10, respectively. 

 The mechanical properties of single-crystalline perovskite may be different from those of the 

perovskite used in thin-film form in PeLEDs, since the microstructure of perovskite thin films is highly 

dependent on the chemical composition and the fabrication process used28, 29. Thus, based on only the 

elastic modulus of perovskite as determined by DFT calculations and the laser ultrasonic technique, it 

is not possible to evaluate the flexibility of perovskite materials. Even though nanoindentation 

measurements allow one to determine the elastic modulus and hardness, the nanoindentation depth 

should be limited considering the thickness of the perovskite layer. This means that the elastic modulus 

and hardness as measured by nanoindentation would only be reflective of the local volume and would 

not represent the actual mechanical properties of the entire perovskite layer. However, the best way of 

evaluating the flexibility would be to perform uniaxial tensile tests on free-standing perovskite layers 

prepared using the same procedure as those used for the device itself. This would allow the stress and 

strain values corresponding to the onset of plasticity and fracture in the uniaxial stress to be determined 

and also allow the deformation and fracture behavior in the complex stress state to be evaluated based 
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on continuum mechanics. 

 

Figure 2.8. The crystal structure of CH3NH3BX3 (B=Sn, Br; X=Br, I) perovskite compounds23. 

 

 

Figure 2.9. Image of single-crystal perovskite (CH3NH3PbBr3) presenting (100) face and (b) image 

after indentation test. (c) Typical nanoindentation load-displacement curve on single-crystal 

CH3NH3PbBr3
26. 
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Figure 2.10. (a) Schematic of measurement equipment. (1) pulsed laser operating, and (2) C.W. laser. 

(b) Typical signal of two acoustic waves. (c) Scan along wave propagation direction. (d) Time versus 

displacement graph of wave. (e) Acoustic modes on (001) surface calculated from the extracted elastic 

modulus24. 
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Table 2.1. Mechanical properties of perovskite (MAPbBr3).  

Composition 

(Crystallinity) 
Phase Testing method 

Young’s modulus 

(GPa) 

Hardness 

(GPa) 
Ref. 

CH3NH3PbBr3 

(single crystal) 

Cubic Density function 

theory 

29.1  
23 

Tetragonal 15.1  

Cubic (100) 

Nanoindentation 

17.7 0.31 
27 

Cubic (110) 15.6 0.26 

Cubic (100) 19.6 0.36 26 

Cubic (100) 

Lase ultrasonic 

technique 

28.3  
24 

Cubic (110) 11.7  

Cubic (100) 30.2  
25 

Cubic (111) 11  
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 2.4 Deformation behavior of multi-layer structure 

 LEDs are manufactured in the form of multilayer structure with various constituent materials in thin 

film. If bending deformation occurs, the compressive and tensile strain are different depending on 

distance from neutral plane. When all components deformed in elastic deformation range, they return 

to original state by elastic recovery when external force is removed. When a specific component 

undergoes plastic deformation, interfacial separation phenomena such as wrinkle or delamination are 

generated, and the efficiency is decreased. If breakage occurs in the device, a problem occurs in driving 

the device itself. In order to ensure the durability of the device, all components must be deformed within 

the elastic deformation range. Schematics of deformation behavior were shown in Figure 2.11. 

 

 

Figure 2.11. Schematic illustration of deformation behavior of multi-layered element depending on 

deformation behavior of constituent materials. 

 

 The strain acting on each component during bending deformation is determined by the distance from 

the neutral line in the device30, 31. Based on the neutral line, tensile strain is applied to the outside and 

compressive strain is applied to the inside. On the neutral line, strain is canceled and does not work. 

When there is only one layer on a thick substrate, generally half of the thickness of the substrate is 

regarded as a neutral line. In the case of the multi-layer structure, the position of the neutral line changes 

due to the different elastic modulus, Poisson ratio and thickness of each constituent materials.  
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Figure 2.12. Schematic showing a multilayer strip and coordinate system.  

Multilayer is schematically shown in Figure 2.12. The n layers individually have thickness ti and are 

attached to a substrate having a thickness ts. The subscript i is determined by the number of thin films 

in the range from 1 to n. Layer 1 is attached to top surface of substrate. The reference of the z-axis is 

set at the interface of the substrate with one layer, and the bottom surface of the substrate is expressed 

as z = ts. The free surface of the top layer is represented by z = hn and the interface between i and i + 1 

layers is represented by z = hi. In the multi-layer structure, the distribution of strain is expressed by the 

expression  

     ε = (z − 𝑡𝑛)/𝑟𝑏,                            (2.1) 

where tn is location of neutral axis and rb is bending radius of multi-layer structure. Stress/strain 

distribution in multi-layer structure, resultant force generated by the bending strain component is zero, 

the following equation is satisfied.  

  ∫
𝐸𝑠(𝑧−𝑡𝑠)

𝑟

0

−𝑡𝑠
dz +  ∑ ∫

𝐸𝑖(𝑧−𝑡𝑠)

𝑟

ℎ𝑖

ℎ𝑖−1

𝑛
𝑖=1 dz = 0,                  (2.2) 

Solutions of Equation (2.1) and (2.2) yield 

       t𝑏 =  
−𝐸𝑠𝑡𝑠

2+∑ 𝐸𝑖𝑡𝑖(2ℎ𝑖−1+𝑡𝑖)𝑛
𝑖=1

2(𝐸𝑠𝑡𝑠+∑ 𝐸𝑖𝑡𝑖
𝑛
𝑖=1 )

,                        (2.3) 

In the following section, the distance from the position of neutral axis (tb) to bottom surface of layer 

was set to dn. The strain acting on the top surface of each layer of the LEDs element was calculated 

using the following equation as 

ε =
𝑑𝑛+𝑑𝑓

𝑟
,                                 (2.4) 

where dn is distance between neutral plane to bottom surface of film and df is thickness of films equal 

to ti. 
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 2.5 Encapsulation OLEDs 

 Organic light-emitting diodes has developed rapidly in recent few decades with much attention due to 

their several advantages32-35. Organic light-emitting diodes is easily degraded by atmospheric moisture 

and oxygen by various method36-43. Encapsulation of organic light-emitting diodes is necessary to 

prevent moisture and oxygen in atmosphere. Thus, lifetime of device is determined by permeation rate 

of encapsulation materials produced at end of device fabrication process. Required barrier properties of 

various application were presented in Figure 2.1344. 

 

 

Figure 2.13. Barrier requirements for different applications44. 

 Schaer et al. demonstrated that moisture is thousand times more effective than oxygen at room 

temperature by analyzing the degradation mechanism of OLEDs40. In general, Pinhole in cathode was 

formed by dark particles deposited during fabrication process. The water vapor penetrated through 

pinhole in cathode, diffused to interface between cathode and emission layer, and generated hydrogen 

gas by interaction with cathode. Because of pressure of hydrogen gas, bubble was created, and water 

vapor was transferred through bubble faster than diffusion. In the end, the bubble burst and created an 

additional water infiltration path. Related images were shown in Figure 2.14. 
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Figure 2.14. (a) Optical microscopy image of OLED working under pure oxygen atmosphere. Dark 

spots are composed of a black core (b) SEM image of aluminum cathode surface on which a black spot 

has formed under operation in a pure oxygen atmosphere. (c) Mechanism of dark spot formation during 

operation of an OLED under (upper) water vapor and (lower) pure oxygen atmosphere40. 

 Generally, many light-emitting diodes are manufactured based on a rigid substrate. In this case, glass 

or metal lid is used as an encapsulating material by attaching to a device45, 46. Although glass increases 

the thickness of the device and eliminates the mechanical flexibility of the device, it completely prevents 

the penetration of moisture and oxygen due to excellent permeation properties. Structure of 

encapsulated rigid device was shown in Figure 2.15 (a)47. Glass was used as substrate and ITO layer 

used as anode was coated on substrate. Organic layer used as emission layer and top electrode were 

deposited on ITO layer. The fabricated device was transferred to a glove box in a nitrogen atmosphere. 

Lastly, glass or metal lid was attached on top of device using epoxy adhesive. The empty space between 

encapsulation material and top electrode was filled with nitrogen gas. In some case, several desiccants 

are used to absorb residual water48.  

 However, in the case of encapsulation technique using rigid materials, there are some problems to be 

applied to the flexible devices which have been studied extensively in recent years. As shown in Figure 

2.15 (b) and (c), it is much more effective to use the thin film encapsulation technology for the flexible 

device47. However, in the case of a single thin film, the moisture barrier properties are limited due to 
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the pinholes generated during the deposition process. Jamieson et al. deposited a 10 to 100 nm thick 

aluminum films on polyester using vacuum deposition method and measured barrier properties of 

aluminum layers49. Measured barrier properties have linear relation with density of pinhole defect on 

aluminum thin films. On the other hand, it has no relation with thickness of aluminum thin films. The 

main cause of degradation of barrier properties was pinhole generated by dust particle on polyester 

substrate during deposition process. 

 

Figure 2.15. (a) Schematic side view of encapsulated OLED with traditional encapsulation, (b) coated 

flexible lid, and (c) thin-film47. 
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 In order to improve barrier properties, many researches have been carried out to deposit the organic 

material between the inorganic materials50-52. Multilayer structure was shown in Figure 2.16. There are 

two reasons why inorganic and organic hybrid encapsulation material has better barrier properties than 

single encapsulation thin film. The first is that the organic layer increases the penetration path of water 

permeation. The second is that the nanolaminates prevent the defects from spreading throughout the 

multilayer structure. Both characteristics are associated with improved barrier properties of 

encapsulation films53, 54. On the other hand, the multilayer structure limits the transmission of light due 

to inherent absorption of component materials and interference effect between constituent materials in 

multi-layer structure55, 56. The interference effect changes the color balance by reducing the light 

emission of the OLED devices. In order to have sufficient encapsulation performance and maximum 

highest light transmittance simultaneously, the multi-layer structure should be designed considering 

optical performance of constituent materials. 

 

 

Figure 2.16. Cross sectional TEM images of 2nm/2nm multi-layer at (a) low resolution and (b) high 

resolution47. 
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 2.6 Stretchable substrate of OLEDs 

 Glass and silicon are representative substrates used in light-emitting diodes. However, due to the rigid 

nature of the substrate, it is impossible to use it in a flexible device. PDMS is widely used as a substrate 

material for flexible devices. Generally, devices are fabricated by transferring devices made from rigid 

substrates to flexible substrate. Another method is to mount the device on a PDMS substrate to ensure 

the flexibility of the device. As shown in Figure 2.17, island type device mounted on substrate was not 

deformed, and the deformation concentrated only on the elastomer substrate between island type 

devices57.  

 In addition, PET, NOA, PDMS. Polyurethane, and Eco-flex have also been studied extensively for 

highly stretchable substrate materials. As shown in Figure 2.18, polyurethane substrates stretched up to 

400% with carbon nanotube layer and Eco-flex substrates stretched up to 460% with silver nanowire58. 

Research has also been conducted on the effect of elastic substrates of stretchability. Vijay et al. coated 

PEDOT:PSS on various substrate materials such as PDMS, PMMA, SEBS, and rubber substrates and 

evaluated stretchability of substrates59. As show in Figure 2.19, Experimental results show that cracks 

and delamination occurred in most substrates with a strain of 2 to 5%, but SEBS deformed to 28% 

without cracks on PEDOT:PSS due to van der Waals interaction between SEBS substrate and 

PEDOT:PSS. Thus, when a flexible device is selected in accordance with the purpose and application, 

enough flexibility can be secured. 

 Polymer substrates provide higher deformation characteristics compare to glass and metal substrates, 

but do not provide resistance of moisture and oxygen permeation. devices are manufactured by 

transferring manufactured devices to a substrate. The moisture and oxygen permeability of commonly 

used polymer substrate materials is summarized in Table 2.248. Due to the low humidity resistance of 

the polymer substrate, the device is easily deteriorated and is not functioning. In order to be used as a 

substrate of an OLED device, moisture resistance through addition of layers must be ensured 60, 61.   

 In addition, unlike glass substrates, polymer substrates are not polished and there is a problem of 

depositing devices directly because of roughness62. The thickness of the organic layer used in the OLED 

device is 100-200 nanometers, but surface roughness of commonly used PET substrate due to thermal 

stability is more than 150 nm. Therefore, planarization is required to use a polymer substrate having a 

smooth surface for device stability.  

 Since various considerations such as thermal stability, Young’s modulus, chemical resistance, 

dimensional stability, moisture permeability, and elastic limit for use as substrates for OLEDs must be 

regarded, additional research of polymer substrates is required depending on the purpose and function 

for stretchable substrate of OLEDs. 
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Figure 2.17. Schematic illustration of stretchable GaInP/GaAs photovoltaic modules, optical 

microscopy, and FEM results57. 

 

 

Figure 2.18. Surface images of electrode on pre-strained Eco-flex during stretching process58. 
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Figure 2.19. (a) Stretched image of PEDOT:PSS coated natural rubber substrate. Surface imager of 

PEDOT:PSS coated on (b) natural rubber substrate, (c) nitrile rubber, and (d) SEBS substrate during 

stretching59. 

 

Table 2.2. WVTR and OTR for various polymer materials as flexible substrate48.  

Polymer 

WVTR 

(g/m/day) 

(37.8-40℃) 

OTR 

(cm3/m2/day) 

(20-23℃) 

Polyethylene 1.2-5.9 70-550 

Polypropylene (PP) 1.5-5.9 93-300 

Polyester (PS) 7.9-40 200-540 

Poly ethylene terephthalate (PET) 3.7-17 1.8-7.7 

PEN 14 0.04 

Polyimide 7.3 3.0 

15 nm Al / PET 0.4-21 0.04-17 

SiOx/PET 0.18 0.2-2.9 

OLED requirement 1 x 10-6 1x10-5 - 1x10-3 
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 2.7 Previous research for mechanical properties of silica thin films 

Silicon dioxide thin films have been used in various fields such as microelectronic, optical, packaging 

industry for many years due to their various excellent properties such as corrosion resistance, optical 

transparency, and hardness. Since the silicon dioxide thin film is used in various areas, a high-quality 

silicon dioxide thin films should always be prepared in accordance with the purpose. The silicon dioxide 

thin film can be deposited by various methods such as physical vapor deposition (PVD, evaporating 

deposition sputtering deposition), chemical vapor deposition (CVD, traditional chemical vapor 

deposition, plasma enhanced chemical vapor deposition), sol gel method, and oxidation method.  

 Since silicon dioxide has various manufacturing processes, a thin film is formed under various 

conditions such as temperature, source, and environment. Different chemical reactions occur depending 

on the production environment and thus the quality of the thin film is changed. As simple example of 

the thermal evaporation method, the growth rate and chemical reaction of silicon dioxide are different 

between the dry oxidation method which is performed at 1000-1200℃ using oxygen and the wet 

method which is made at 900-1000℃ using moisture. Due to the slow production rate and few 

impurities in the manufacturing process, the dry thermal oxidation method has good density and quality. 

 The mechanical properties of the silicon dioxide thin films deposited by various methods have been 

studied in order to suit the purpose. The previously studied mechanical properties of silicon dioxide are 

summarized in Table 2.3. Though silicon dioxide can be manufactured by various methods such as 

nanowires, aerogels, and thin films depending on the use environment. Only the thin film form of silicon 

dioxide having thickness of nanometer to micrometer has been summarized. Mechanical properties 

were measured by various method such as bulge, nanoindentation, tensile test, cantilever bending, 

torsion test, and non-linear finite deformation theory. The image of the measurement method is 

summarized in Figure 2.2063-65.  

 In most of the results, the silicon dioxide thin film shows brittle fracture behavior without plastic 

deformation. Tensile strength of bulk scale silicon dioxide thin films is known to be several hundreds 

of megaPascal depending on the manufacturing process66. Tensile strength of micrometer thick silicon 

dioxide thin film is 10 times higher than that of bulk scale silicon dioxide. The Elastic modulus is in the 

range of 60 - 70 gigapascals, similar to bulk materials, depending on the deposition method. Many 

researchers have studied the effect of fracture strength on the thickness of silicon dioxide thin films. As 

shown in Fig 2.21, though there was a slight increase in the breaking strength as the thickness decreased 

due to Weibull size effect, there was no significant effect of thickness on fracture strength regardless of 

the deposition method. On the other hand, measured fracture toughness of PECVD silicon dioxide is 

lower than that of thermally grown silicon dioxide. When deposited by PECVD, generated hydrogen 

bond interferes with the inter-atomic bond and the silicon dioxide structure is not formed well. The 
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mechanical properties of thin films prepared by PECVD process are lower than those of thermally 

grown thin films.  

 Although many studies have been made in the past, mechanical properties measured by tensile tests 

have not been analyzed due to the difficulty of sampling. For use as a structural material, it is necessary 

to study mechanical properties such as breaking strength and yield strength through tensile test. 

 

Table 2.3. Mechanical properties of silicon dioxide thin films.  

Deposition 

method 
Thickness 

Young’s 

modulus 

(GPa) 

Fracture 

strength 

(MPa) 

Residual 

strength 

(MPa) 

Testing method Ref. 

Thermally 

grown 

1 μm 64.6 ± 3 350 – 489 354 
Tensile test 

Stress relaxation 

67 

1 μm 74 1850  
Tensile test 

(torsion) 

64 

0.4 μm 85 ± 13   Bending test 68 

1 μm 64   Bending test 
69 

1 μm 83   Nanoindentation 

< 2 μm 66   Bulge test 70 

2 μm 65.5 ± 2.8  270 
Non-linear finite 

deformation theory 

Buckled shape 

measuring method 

71 

2 μm   511 72 

0.28 – 2.38 

μm 

70.6 ± 2.1 3700 ± 130  Bending 

Nanoindentation 

(σ = H/3) 

73 

PECVD 

67.8 ± 3.5 2067 ± 200  

1 μm 60.1 ±3.4 364 ± 57  Tensile test 74 

0.65 μm  600 – 1900  Tensile test 65 

0.5 μm 59   Bending test 75 

0.5 – 2 μm 59 - 82   Nanoindentation 76 
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Figure 2.20. Schematics of testing method in previous researches. (a) Tensile test with electrical grip, 

(b) microbeam cantilever, (c) bulge test, and (d) torsion test63-65. 

 

Figure 2.21. (a) Fracture stresses determined by cantilever bending and (b) hardness determined by 

nanoindentation of thermally grown silicon dioxide, PECVD silicon dioxide and PECVD silicon 

nitride73. 

  



27 

 

 2.8 Principle of sol-gel method for silicon dioxide 

 The sol gel process can be divided into three main methods. Method 1, gelation of colloidal solution. 

Method 2, hypercritical drying of gel after hydrolysis and polycondensation of alkoxide precursors. 

Method 3, Aging and drying under ambient condition after hydrolysis and polycondensation of alkoxide 

precursors. A sol is a dispersion of 1-100 nm solid particles in a liquid, and a gel is a solid network of 

polymer chains with lengths in excess of micrometers and sub-micrometer-sized pores.  

 Silica gel is formed by network growth of colloidal particles dispersed in liquid (method 1) or by 

simultaneous reaction of hydrolysis and condensation polymerization of organometallic precursor to 

form 3D network (method 2 and 3). If the pore liquid is removed in a gaseous form from the gel network 

below hypercritical conditions, network of gels does not collapse and forms low density aerogels. The 

aerogels occupy 98% of the pore volume and the density is as low as 80 kg.m. 

 If the pore liquid is removed in a gaseous form from the gel network at ambient pressure by thermal 

evaporation and shrinkage occurs, resulting material is called xerogel. If the pore liquid is alcohol-based, 

the product is called an alcogel. Gels are defined as dried when the adsorbed water is completely 

emptied and usually occurs at 100-180 degrees. The surface area of the dried gel is very large (over 400 

m2/g) and the average radius of the pores is very small (below 10 nm). The pore size can be increased 

by various methods such as thermal treatment, additions of HF to sol, and chemical washing during 

aging. The dried gel has a lot of hydroxyl on the pores of the surface by chemical adsorption Thermal 

treatment at range from 500 to 800 degree desorbs hydroxyl and decrease sensitivity of rehydration 

stress. As a result, gel is stabilized. 

 When the heat treatment temperature of the gel is increased, the number of pores and the connectivity 

are reduced due to the sintering of the viscous phase. This process is termed densification. During 

sintering, the density of gel increases and the porosity fraction decreases. When the pores are completely 

removed, the porous gel is changed to dense glass. Densification is completed at range from 1250 to 

1500 degree for method 1, and at about 1000 degree for method 3. The silica glass fabricated by 

densification of porous gel has amorphous microstructure and is almost identical in structure and density 

to silica fabricated by fusing quartz crystal.  
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 Fabrication process of step 1 to 7 for silica glass by sol-gel is described below.  

Step 1 : Mixing.  

 Liquid alkoxide precursor as tetraethyl orthosilicate (TEOS, Si(OC2H5)4 ) is hydrolyzed by mixing 

with water. The hydrated silica tetrahedra interact to form =Si-O-Si= bonds by condensation 

polymerization.  Condensation polymerization, which is an additional tetrahedra connected, proceeds 

to form a silicon dioxide network. The moisture released from the reaction remains in pores of network. 

Hydrolysis and condensation polymerization occurred at multiple sites when the TEOS and H2O 

solution begins to mix. The structure density is almost the same as that of fused silica. When sufficient 

bonding is formed, it becomes colloidal particles or sol. The size and cross-linking of sol particles are 

determined by the pH and R ratio (R=[H2O]/[Si(OR)4]). Schematic of chemical reaction is shown in 

Figure 2.22.  

 

Figure 2.22. Schematic of hydrolysis and condensation polymerization of TEOS in sol-gel process 
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Step 2 : Casting 

 Since the sol solution is a liquid with a low viscosity, it is possible to cast the mold. 

Step 3 : Gelation.  

 Depending on the time, the colloidal particles and the condensed silica are connected to form a three-

dimensional network. The physical properties of the gel network depend on extent of cross-linking and 

particle size prior to gelation. Since the viscosity of the sol rapidly increases during the gelation, the 

viscosity can be adjusted using time.  

Step 4 : Aging 

 Aging involves maintaining the state of gel solution for period time as a hour to days. Condensation 

polymerization continues during aging to increase thickness of interparticle necks and reduce porosity 

of gel network.  

Step 5 : Drying  

 The liquid is vaporized from interconnected pore network by drying. If the pore is small, a large 

capillary stress is generated during drying. These stresses will cause defects in the gel unless drying 

process is managed by reducing surface energy of liquid by obtaining size of pore by controlling rate 

of condensation polymerization and hydrolysis. 

Step 6 : Dehydration 

 Surface silanol (Si-OH) is removed from pore network by chemically stable porous solid. Gel with 

interconnected porosity is optically transparent and have enough strength to be used for optical 

components.  

Step 7 : Densification  

 When the porous gel is heat-treated at a high temperature, the pores disappeared, and the density 

becomes equal to that of fused silica. Alkoxide gels were densified at 1000 degree. Purity and uniformity 

of silica fabricated by method 3 is superior to other methods. 
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 2.9 Measurement method of mechanical properties for nanoscale thickness thin films  

  2.9.1 Hole-nanoindentation 

 Nanoindentation is a useful way of measuring the mechanical properties of thin films and two-

dimensional materials. Sample fabrication process for hole-nanoindentation is simpler than sample 

fabrication process for other mechanical properties measurement method. Testing material was 

deposited on sacrificial layer and transferred to hole substrate by removing sacrificial layer. In case of 

two-dimension and thin film materials, it is important that sample were fabricated by same fabrication 

process because the mechanical properties are easily changed according to the microstructure.  

The ratio between the diameter of the hole and the tip is important to measure mechanical properties77. 

When the ratio is less than 0.03, the hole indentation proceeds to point loading. However, if ratio 

exceeds 0.14, the loading mechanism changes from point loading to sphere loading due to increasing 

contact area during the experiment. Therefore, the ratio should be kept below 0.03 The associated graph 

is shown in Figure 2.23. 

Deformation mechanism during hole-nanoindentation process is represented by linear (plate) solution 

or nonlinear (membrane) solution under influence of pre-strain, Poisson ratio, diameter of hole, and 

sample thickness78. If the ratio of sample thickness and diameter of hole exceeds 0.075, the nonlinear 

deformation behavior disappears regardless of other variables. For this reason, it is important to keep 

the ratio of sample thickness and diameter of hole below 0.075.  

 Mechanical properties of two-dimensional materials and thin films suspended on circular hole were 

evaluated by force-displacement curve measured by indenting using spherical indenter at center of 

hole79. The relationship between the force-depth curves and the properties of the suspended film being 

tested by hole-nanoindentation measurements can be described by the following equations: 

F = σ0(𝜋𝑎) (
𝛿

𝑎
) + 𝐸(𝑞3𝑎)(

𝛿

𝑎
)3,                    (2.5) 

𝜎𝑚 = (
FE

4πR
)1/2,                             (2.6) 

where F is the applied force, δ is the deflection at center position, σ0 is the pretension, E is the elastic 

modulus; q=1/(1.05-0.15υ-0.16υ2) is the dimensionless constant where υ is the Poisson’s ratio, a is the 

radius of hole, σm is the maximum stress at center position, and R is the radius of tip. If the material 

undergoes a linear elastic deformation until fracture, it is fitted with the preceding formula. However, 

if the material contains plastic deformation, it will leave the fitting. Using the above phenomenon, the 

maximum stress at the point where the force-displacement curve exits the fitting is designated as the 

yield strength.  
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Figure 2.23. Change of load displacement curve according to ratio of tip and hole curvature77. 
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  2.9.2 Fabrication process of hole substrate 

As mentioned above, since the deformation mechanism varies depending on the ratio of the thickness 

of the thin film and the diameter of the hole, it is important to select the diameter of the hole according 

to the thickness of the sample. As show in Figure 2.24, the hole substrate is set to four kinds according 

to the diameter of the hole, and the interval between the holes is set to 10 times the hole diameter. 

Design of hole substrate was patterned on silicon substrate using photo-resist AZ5214E 

(MicroChemicals GmbH, Ulm, Germany) with mask aligner MA/BA6 (SUSS MicroTech, Garching, 

Germany). Silicon substrate was etched up to 20 μm and photo resist was used to soft-mask during deep 

reactive-ion etching process using deep Si etcher Tegal 200 (Tegal, Petaluma, CA, USA) Finally, photo 

resist was removed with acetone. Cross-sectional image measured by scanning electron microscopy 

(SEM) are shown in Figure 2.24. 

 

Figure 2.24. Design and cross-sectional image of hole substrates 
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  2.9.3 In-situ tensile test in micro- and nano-scale 

 Mechanical properties such as elastic modulus, yield strength, yield strain, and fracture strain are 

required for life prediction and quality control. The tensile test has the advantage that it can apply 

uniform load and deformation to the sample and can measure the accurate mechanical properties. 

Tensile test was widely used to measure mechanical properties in bulk-scale. Standard for tensile test 

method were established early, and a lot of equipment for the experiment was developed in bulk-scale. 

 However, Tensile test is challenging at micro- and nano-scale due to difficulties in preparation of free-

standing and stress-free state samples. In addition, there is a difficulty of experimental preparation such 

as sample alignment, gripping, deflection and load and strain measurement. Due to these disadvantages, 

mechanical properties of micro- and nano-scale materials have been measured by various other methods 

such as nanoindentation, bulge test, bending test, and torsion test. 

 Recent developments in technology have led to much research into the analysis of mechanical 

properties by tensile test. Actuators with micro-newton scale resolution have been developed and 

various strain analysis methods such as digital image correlation and optical encoders80-82. On-chip test 

devices based on MEMS device system was developed and has been extensively studied to supplement 

the experimental difficult83, 84. However, on-chip test devices cannot be used more than once. Also, it is 

difficult to apply it to various materials because it is limited in device manufacturing process. For this 

reason, the most recent on-chip test method is being studied in such a way that a sample is prepared 

separately and transferred to the device. However, this approach also creates alignment issues.  

 In this study, pico-indenter and Push-to-Pull device developed by Hysitron was used to perform tensile 

test. Push-to-Pull device was developed for MEMS device to measure mechanical properties by tensile 

test in scanning electron microscopy and transmission electron microscopy with pico-indenter. The 

Push-to-Pull device has been able to obtain the force-displacement behavior and real-time deformation 

image of tensile samples can be obtained with an SEM and TEM. It is also possible to perform tensile 

tests on organic materials which degrade easily by moisture in the air. Since nanoscale samples are very 

small, tensile test specimens must be fabricated using focused ion beam and transferred to Push-to-Pull 

device by Omni-probe system. Alignment issues were solved by aligning the sample and the device 

using the rotation function of the FIB equipment. 
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  2.9.4 MEMs device fabrication process for in-situ mechanical test 

 Microelectromechanical systems (MEMS) device for in-situ tensile test was designed based on Push-

to-Pull device (Hysitron, Minneapolis, MN, USA). Hysitron Push-to-Pull device is mainly used to 

tensile nanowires and has a very narrow gap between the mobile part and the fixed part of 2 μm. Since 

the sample size varies depending on the material, the gap is varied from 6 μm to 30 μm. Push-to-Pull 

device was fabricated using Silicon on insulator (SOI) wafer composed 10 μm-thick device layer, 1 μm-

thick SiO2 box layer, and 300 μm-thick Si handle layer. Device designs were patterned with photo resist 

by mask aligner MA/BA6 (SUSS MicroTech, Garching, Germany), Chromium layer was deposited by 

DC sputter SRN-120 (Sorona, Korea) on patterned photo resist, and lift-off process was performed on 

both sides of the SOI wafer. Deep reactive-ion etching process was performed on both side of SOI wafer 

using deep Si etcher Tegal 200 (Tegal, Petaluma, CA, USA) to stop at box layer. Finally, Silicon dioxide 

box layer was etched by Hydrogen fluoride (HF, J.T.Baker). Schematic of fabrication process and image 

of Push-to-Pull device was shown in Figure 2.25. The manufactured push-to-pull device was pressed 

with a sharp tip to confirm that the stiffness was linear and overlapped during loading and unloading. 

Figure 2.26 shows how to check the stiffness using UTM after device creation, and the device's stiffness 

when pressed up to 4 μm. 
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Figure 2.25. (a) Schematics of fabrication process of device and (b) image of Push-to-Pull device. 
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Figure 2.26. (a) Image of nano-UTM equipment set-up for stiffness measurement test and (b) graph of 

stiffness of Push-to-Pull device. 
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3. Flexibility of perovskite LEDs 

3.1 Fabrication of perovskite LEDs 

3.1.1 Materials 

 The synthesis of MABr and the preparation of the MAPbBr3 solution have been described elsewhere85. 

The polymer SPW-111 (Merck Co.) and PFN (1-Materials) were obtained commercially and used 

without further purification. NOA63 (Norland Optics) was used for the encapsulation layer, and PET 

(PET 70 μm, AMG) was used as the substrate. All the reagents, namely, PbBr2 (99%, Alfa Aesar), N,N-

dimethylformamide (DMF, Aldrich), 2-propanol (IPA, Aldrich), acetic acid (Aldrich), chlorobenzene 

(Aldrich), 1,2 dichlorobenzene (Aldrich), PEDOT:PSS (PH1000, Clevios), Zonyl FS-300 (Aldrich), 

and AgNWs (1.0 wt% IPA suspension, Nanopyxis), were used as received without further purification. 

 

3.1.2 Device fabrication 

 PEDOT: PSS was filtered with a 0.45 PVDF filter to make the PDZ. After the filtration process, PDZ 

was prepared by mixing 5 wt% DMSO and 0.5 wt% Zonyl in filtrated PEDOT:PSS. Next, PDZ layer 

was made by spin-coating on oxygen-plasma-treated PET substrates at 3000 rpm for 60 s. Coated PDZ 

layer annealed at 110°C for 10 min. The coating and annealing process was repeated to make three 

layers PDZ electrode. The precursor mixture was prepared by mixing MABr (Dyesol) and lead bromide 

(PbBr2 Alfa Aesar) in a molar ration of 1:1. The resulting mixture was dissolved in a mixture of DMF 

and DMSO to form a precursor solution. Prepared precursor solution was spin-coated on PDZ layer. 

After 30 s of spinning, 50 μL of dichlorobenzene was dropped onto spinning sample to rinse DMSO off 

perovskite. SPW-111 dissolved in chlorobenzene was spin coated on perovskite layer. PFN dissolved 

in isopropyl alcohol and acetic acid by stirring at 75℃. Prepared PFN solution was spin-coated on 

SPW-111 layer. Finally, silver nanowires dissolved in isopropyl alcohol were coated on PFN layer by 

spaying process using air brush. The light emitting area of device was 13.5 mm2. Encapsulation of 

devices were performed using NOA63 before testing. The whole production process is shown on Figure 

3.1 
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Figure 3.1. Schematic of process for fabrication FSPeLED86. 

 

3.2 Microstructure and optical properties of perovskite LEDs 

3.2.1 Characterization of MAPbBr3 films and FSPeLEDs.  

 Surface morphology of perovskite layer and multi-layer structure of FSPeLEDs are confirmed by 

scanning electron microscopy (Nanonova 230, FEI). The crystallinity of perovskite layer was analyzed 

using XRD measurement. A Cu-Kα radiation source installed in D8 Advanced diffractometer (Bruker) 

was used to record of XRD pattern as step size 0.01° and acquisition rate 5 min deg-1. Source meter 

(Keithley 2400, Keithley) and a spectroradiometer (CS-2000, Konica Minolta Co.) were used to 

determine characteristic of FSPeLED device. Source meter (Keithley 2400, Keithley) was used to 

determine variation in luminance of FSPeLEDs under a constant applied current condition. Four-point 

probe (CMT-2000N, AIT) was used to determine sheet resistances of electrodes. Ultraviolet-visible-

near infrared spectrometer (UV-1800, Shimadzu) was used to determine transmittances of device and 

electrodes. In this study, the transmittance at 550 nm, which is the wavelength of general green light, is 

represented as a representative value because the MAPbBr3 used as the light emitting layer of the 

perovskite LEDs emitted green light. 

 Schematic of fabricated device and a cross-sectional image of an entire device measured by scanning 

electron microscopy are present in Figure 3.2. Flexible and semitransparent perovskite LEDs are 

realized using transparent and flexible constituent materials. 
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 As shown in Figure 3.3, the uniformity and density of fabricated MAPbBr3 layer on the PDZ anode 

was confirmed by X-ray diffraction and scanning electron microscopy imaging analyses. Diffraction 

peaks of MAPbBr3 was represented by three individual diffraction peaks presented in Figure 3.3(a). 

Based on results of X-ray diffraction pattern and surface image of perovskite, it is confirmed that 

perovskite grew uniformly in cubic structure on PDZ layer  

  

 

 

Figure 3.2. Schematic of flexible and semitransparent Perovskite LEDs (FSPeLEDs). (b) Cross-

sectional SEM image of FSPeLEDs86.  

 

 

Figure 3.3. (a) X-ray diffraction (XRD) patterns and (b) SEM image of MAPbBr3 on PDZ86. 
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 Anode of FSPeLEDs was fabricated using PEDOT:PSS doped by DMSO and zonyl instead of indium 

tin oxide (ITO). The PEDOT:PSS was doped with 5 wt.% DMSO and 0.5 wt.% Zonyl to increase 

conductivity of anode87. The fluorosurfactant Zonyl was specially doped in PEDOT:PSS so that 

PEDOT:PSS was well coated on hydrophobic poly(ethylene terephthalate) (PET) substrate87. The 200 

nm thick PDZ layer as anode in fabricated device has high optical and electrical properties with low 

sheet resistance as 74 Ω sq-1 and transmittance as 85.7% as 550 nm shown in Figure 3.4 and Table 3.1. 

PFN and silver nanowire used as cathode in fabricated device has low sheet resistance as 20.5 Ω sq-1 

and high transmittance as 81.3% at 550 nm shown in Figure 3.5 and Table 3.2. Both cathode and anode 

are transparent and very flexible. As shown in Figure 3.6, transparency of FSPeLEDs was confirmed 

by photograph and transmittance spectrum was determined. Transmittance of fabricated device was 

determined to be 48% at 550 nm. 

 

 

Figure 3.4. (a) Optical images and (b) transmittance spectrum of various thickness of PDZ electrode86.  
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Table 3.1. Summarized electrode performance of various thickness of PDZ86.  

Thickness of PDZ layer Rsheet (Ω/□) 
Transmittance (%) 

@550nm 

60 nm 240 96.8% 

130 nm 110 91.3% 

200 nm 74 85.7% 

 

 

Figure 3.5. (a) Optical images and (b) Transmittance spectrum of AgNW electrode86.  

 

Table 3.2. Summarized electrode performance of AgNW86.  

Thickness of PDZ layer Rsheet (Ω/□) 
Transmittance (%) 

@550nm 

130 nm 20.5 81.3% 

 

 

Figure 3.6. (a) Photographs and (b) transmittance spectrum of FSPeLEDs86.  
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3.2.2 Device performance of FSPeLEDs  

 Device performance curves of FSPeLEDs are presented in Figure 3.7. Graphs denoted the current 

density versus voltage curve (Figure 3.7 (a)), the luminance versus voltage curve (Figure 3.7 (b)), and 

the luminous efficiency versus voltage curve (Figure 3.7 (c)), respectively. The fabricated perovskite 

element emits green light with a maximum peak at 537 nm. The narrowness of the peaks (FWHM = 20 

nm) confirmed to high color purity of FSPeLEDs shown in Figure 3.7 (d). Maximum luminance, 

luminous efficiency, and maximum external quantum efficiency of FSPeLEDs was measured to be 

1,260 cd m-2 (at 5.5 V), 0.79 cd A-1 (at 5.0 V), and 0.17% (at 3.0 V), respectively. Table 3.3 summarize 

the device performance parameters of the FSPeLEDs. 

 

Figure 3.7. Device performance of FSPeLEDs with and without PFN. a) J-V, b) L-V, and c) LE-V 

characteristics of FSPeLEDs. d) EL spectrum of FSPeLEDs86.  

Table 3.3. Summarized device performance of FSPeLEDs86. 

Device configuration 
Lmax 

(cd/m2) 

LEmax 

(cd/A) 

PEmax 

(lm/W) 

EQEmax 

(%) 

PET/PDZ/MAPbBr3/PFN/AgNW 
1,260 

(5.5 V) 

0.79 

(5.0 V) 

0.50 

(5.0 V) 

0.17 

(5.0 V) 
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3.3 Flexibility of perovskite LEDs and top & bottom electrodes 

3.3.1 Characterization of bendability of FSPeLEDs 

 Image of fabricated perovskite LEDs under a bending and twisting stress state are presented in Figure 

3.8. These images showed that fabricated devices are semitransparent and very flexible. Photographs 

of FSPeLEDs under various bending radius of 10, 5, 2.5, and 1mm to confirm experimental condition 

of cyclic bending test are present in Figure 3.9 (a) 

 As shown in Figure 3.9 (b), the luminance changes of fabricated perovskite LEDs with different 

bending radius were determined during repeated bending in ambient conditions to confirm the 

mechanical bendability of FSPeLEDs. Since there is no difference in the results for samples with 

bending curvature of 2.5 mm or more in preliminary test, bending radius for the cyclic bending tests 

were set to 2.5 mm, and 1 mm. Cyclic bending test of FPSeLEDs were performed using a linear actuator 

(PI, Karlsruhe, Germany). Change of luminance was measured every 20 cycles and measured up to 400 

cycles. 

 The luminance of FSPeLED became zero after 320 bending cycles at bending radius of 1 mm. On the 

other hands, the luminance of FSPeLEDs maintained 80% of initial luminance of FSPeLEDs after 400 

bending cycles at bending radius of flat and 2.5 mm. Reason of these results are mechanical failure in 

component materials and interfacial separate phenomena during repeated bending at bending radius of 

1 mm. The measurement interval of luminance at bending radius of flat was set equal to bending radius 

of 2.5 mm and 1 mm. Based on result of change in luminance at bending radius, encapsulation was not 

perfectly good by 50 μm-thick Norland optical adhesive 63 (NOA63). Therefore, I thought that decrease 

in luminance of FSPeLEDs with bending radius of flat and 2.5 mm occurred by reaction with moisture 

and oxygen due to incomplete encapsulation. 

 

 

Figure 3.8. Photographs of FSPeLEDs under twisted bending stress that shows luminescence in both 

side direction86. 
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Figure 3.9. Cyclic bending test of FSPeLEDs. (a) Side-view images of emissive FSPeLEDs with 

different rb. (white dashed circles are visual aids. inset: diagonal views of emissive FSPeLEDs wrapped 

around cylindrical objects of described rb). (b) Change in luminance under cyclic bending of 

FSPeLEDs86. 

 

  



45 

 

3.3.2 Characterization of bendability of electrodes 

 Repeated bending tests were performed for PDZ and PFN/AgNW used as flexible electrodes in 

FSPeLED. Changes in sheet resistances are presented in Figure 3.10. The flexible electrodes are 

positioned between PET used as substrate and NOA63 used as encapsulation material used in repeated 

bending tests for FSPeLEDs. Stress applied in flexible electrodes during cyclic bending test is similar 

to that stress applied in repeated bending test for FSPeLEDs. Repeated bending tests of top and bottom 

electrodes were also performed using a linear actuator (PI, Karlsruhe, Germany) under ambient 

conditions. Bending radius of 1.0 mm was used. Resistance measurement of electrode was carried out 

up to 1,000 times every 100 times of repeated bending. Change of sheet resistance of electrode were 

measured by four-point probe.  

 The flexibility of the PDZ anode and the PFN/AgNW cathode were determined by measuring the 

changes in the sheet resistances of PDZ (see Figure 3.10 (a)) and the PFN/AgNW (see Figure 3.10(b)) 

up to 1,000 bending cycles. The maximum change in the sheet resistance per unit initial sheet resistance 

was measured to be 0.127 for the cathode and 0.135 for the anode. This result proves that the PDZ and 

PFN/AgNW electrodes are highly flexible, as shown in Figure 3.10. This means that one or more of the 

other components of the perovskite LEDs such as SPW-111 and MAPbBr3, does not sustained applied 

stress during repetitive bending at a bending radius of 1 mm, thereby reducing the luminance of 

FSPeLEDs.. 

 

 

Figure 3.10. Cyclic bending test. Changes in sheet resistances of (a) PDZ and (b) PFN/AgNW layers 

with rb of 1.0 mm because of cyclic bending under ambient conditions86. 
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3.4 Mechanical properties of constituent materials by hole-nanoindentation test 

3.4.1 Sample fabrication process for hole-nanoindentation 

 As shown in Figure 3.11, the SPW-111, PDZ, and MAPbBr3 samples for the hole-nanoindentation 

measurements were prepared by the transfer method. The materials were coated on sacrificial layers - 

PEDOT:PSS for SPW-111 and PMMA for PDZ and MAPbBr3 - using the same procedures as those 

used for fabricating the FSPeLEDs, in order to ensure that the test samples had similar microstructures 

and thicknesses as in the devices. It is important to note that these materials were prepared by same 

procedures as those employed for fabricating the FSPeLEDs that they, PDZ, MAPbBr3, and SPW-111 

suspended on the holes, are expected to have identical microstructure and thickness in the device. The 

material layers were separated from the substrates by removing the sacrificial layers and were 

transferred onto hole-patterned silicon substrates. The diameters of the holes were 4 micrometer for 

SPW-111, 5 micrometer for PDZ, and 50 micrometer for MAPbBr3, respectively. The ratio of the hole 

radius and the sample thickness was kept at less than 0.01. The nanoindentations measurements were 

carried out using a PI-87 SEM picoindenter (Hysitron, Minneapolis, MN, USA) with a load capacity of 

10 mN. A cube corner type tip with a tip curvature of 90 nm was used. The displacement rate was 

controlled based on the thickness of the material being tested.  

 

 

Figure 3.11. Schematic of process for fabricating samples for hole-nanoindentation measurements86. 
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3.4.2 Confirm method of elastic deformation range of hole-nanoindentation 

Hole-nanoindentation was performed by point loading deformation until fracture. During the hole 

nanoindentation, machine compliance occurs in which the load is reduced due to thermal drift 

phenomenon in the chamber. Correction is required because the measured load is less than the load on 

the actual sample. The indentation section can be divided into four regions approach, loading, unloading 

with contact and unloading without contact. As shown in range from the approach to unloading with 

contact of Figure 3.12 (a) and (b), the load is constantly decreasing displacement rate. Unloading 

proceeds at a fast rate programmatically. The rate of load reduction caused by thermal drift be evaluated 

by the equation as  

𝑑𝑙 =
𝐹𝑠−𝐹𝑐

𝑡𝑠−𝑡𝑐
,                                  (3.1) 

where dl is rate of load drop during indentation, F is force, t is time, and subscripts s and c mean contact 

and separation, respectively. As shown in Figure 3.12 (c), the load acting on the actual sample was 

obtained through load reduction correction. 

 

Figure 3.12. (a) Force-time and (b) Force-indentation depth curves of SPW-111 during hole-

nanoindentation. (c) Force-indentation depth curves of SPW-111 before and after load correction. 
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 Materials such as graphene, which mainly generate brittle fracture, undergo elastic deformation until 

fracture, but in the case of polymer materials, elasticity and plastic deformation occur together during 

hole-nanoindentation test. In order to accurately analyze the elastic limit of the material, it is important 

to find the point where the plastic deformation occurs. Elastic modulus was evaluated by equation as  

F = σ0(𝜋𝑎) (
𝛿

𝑎
) + 𝐸(𝑞3𝑎)(

𝛿

𝑎
)3,                        (3.2) 

where F is the applied force, δ is the deflection at center position, σ0 is the pretension, E is the elastic 

modulus; q=1/(1.05-0.15υ-0.16υ2) is the dimensionless constant where υ is the Poisson’s ratio, a is the 

radius of hole to load-displacement curves79. As shown in Figure 3.13, if the sample undergoes plastic 

deformation above a certain indentation depth, the graph fitted by equation does not match the graph 

fitted by measured values. The elastic modulus differs from preceding range. 

 

 

Figure 3.13. Correlation between hole-nanoindentation and fitting curves of (a) elastic deformation, (b) 

elastic and plastic deformation.  

 

As shown in Figure 3.14, the elastic modulus and pre-strain of SPW-111 and PDZ were obtained by 

fitting with Equation (3.2) by increasing the range up to fracture. Elastic modulus and pre-strain of 

SPW-111 and PDZ according to indentation depth were presented in Figure 3.14 (b) and (d) and 

summarized in Table 3.4 and 3.5, respectively. At very low indentation depths, the fitting results are 

inaccurate due to the lack of data. As a result, the elastic modulus of the SPW-111 was also maintained 

until fracture. The elastic modulus of the PDZ was maintained until 700 nm and then decreased. SPW-

111 does not undergo plastic deformation until fracture. The elastic limits of PDZ were analyzed at 700 

nm.  
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Figure 3.14. (a) and (c) Division of fitting ranges of force-indentation depth curves. (b) and (d) Pre-

strain and elastic modulus of testing materials depending on fitting range. (a) and (b) are graph of SPW-

111 and (c) and (d) are graph of PDZ, respectively. 

Table 3.4. Pre-stress and elastic modulus according to fitting rang of SPW-111.  

Fitting range 80 100 120 140 160 180 200 220 240 260 

Normalize depth 31% 38% 46% 54% 62% 69% 77% 85% 82% 100% 

Pre-stress (MPa) 73 95.7 93.3 92 92.3 92 92.7 92.3 92.3 92.7 

Elastic modulus 

(GPa) 
-4.1 1.99 6.11 7.83 7.47 7.73 7.34 7.46 7.47 7.38 

 

Table 3.5. Pre-stress and elastic modulus according to fitting rang of PDZ.  

Fitting range 300 400 500 600 700 800 900 1000 1100 Max 

Normalize depth 25% 33% 42% 50% 58% 67% 75% 83% 92% 100% 

Pre-stress (MPa) 23.68 24.42 24.84 24.95 25 25.21 25.42 25.79 26.16 26.79 

Elastic modulus 

(GPa) 
11.6 7.25 5.72 5.38 5.28 5.02 4.85 4.55 4.32 3.98 
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3.4.3 Characterization of mechanical properties by hole-nanoindentation 

At least five reproducible force-indentation depth curves were obtained for each material. Figure 3.15 

(a) shows a nanoindentation being made on a perovskite MAPbBr3 layer suspended on circular hole. 

Figure 3.15 shows SEM images for hole-nanoindentation and typical force-depth curves for PDZ, 

MAPbBr3, and SPW-111 in elastic deformation range. The elastic modulus and yield strength of the 

suspended films, which were indicative of the maximum strength in the elastic deformation range, were 

determined by fitting Equations (3.2) and  

𝜎𝑚 = (
FE

4πR
)1/2,                              (3.3) 

where F is the applied force, E is the elastic modulus, 𝜎𝑚 is the maximum stress at center position, 

and R is the radius of tip, to the nanoindentation force-depth curves, as shown in Figure 3.15 (b). SEM 

images of before and after hole-nanoindentation were shown in Figure 3.16. The elastic modulus and 

yield strength were 5.47 (±0.25) GPa and 606 (±23) MPa for PDZ, 28.15 (±2.94) GPa and 506 (±58) 

MPa for MAPbBr3, and 7.53 (±0.25) GPa and 792 (±82) MPa for SPW-111, respectively. The values of 

the elastic modulus and yield strength are also listed in Table 3.6. If constituent material shows linear 

elastic deformation in uni-axial tensile loading, yield strain is calculated as 11.1 (±0.4)% for PDZ, 1.81 

(±0.19)% for MAPbBr3, and 10.5 (±0.8)% for SPW-111 with elastic modulus and yield strength 

measured by hole-nanoindentation. Based on the results of the cyclic bending tests for electrodes and 

hole-nanoindentations, it can be concluded that MAPbBr3 is the weakest of all the constituent materials 

of FSPeLEDs. 

 The yield strain of a material, which is an elastic deformation limit, and a critical parameter affecting 

the mechanical robustness of the material under bending and stretching, cannot be measured directly by 

hole-nanoindentation measurements but is determined through uniaxial tensile tests. Nanoindentation 

is a useful way of measuring the mechanical properties of thin films and two-dimensional materials. 

However, the yield strain as determined by hole-nanoindentation could be inaccurate compared to that 

determined through uniaxial tensile testing, as several experimental issues have been reported with 

regards to hole-nanoindentation measurements, such as the concentration of stress around the contact 

region with the nanoindenter tip, determining the effective tip radius with accuracy, and friction between 

the suspended film and the tip/substrate hole edge77, 78, 88, 89. 
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Figure 3.15. Hole-nanoindentation tests performed on PDZ, MAPbBr3, and SPW-111 layers suspended 

on hole-patterned substrates. (a) SEM images of nanoindentation made on suspended perovskite 

MAPbBr3 layer, and (b) typical indentation force-depth curves for PDZ, MAPbBr3, and SPW-111 as 

measured by nanoindentation tests; the elastic modulus and yield strength values were determined based 

on these curves86. 

 

Figure 3.16. SEM image of hole-nanoindentation sample before and after testing86. 

Table 3.6. Mechanical properties of constituent materials of FSPeLEDs measured by hole-

nanoindentation86. 

Materials 
Elastic modulus 

(GPa) 

Yield strength 

(MPa) 

Yield strain 

(%) 

PDZ 5.47±0.25 606±23 11.1±0.4 

MAPbBr3 28.15±2.94 506±28 1.81±0.19 

SPW-111 7.53±0.25 792±82 10.5±0.08 
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3.5 Mechanical properties of perovskite layer by in-situ micro tensile test  

3.5.1 Sample fabrication process for in-situ tensile test 

 The tensile test was carried out in order to measure the mechanical properties more accurately because 

of the disadvantage that the yield strength could not be obtained by using the hole indentation mentioned 

above. The tensile test was carried out only on the MAPbBr3 with the lowest elastic limit as a result of 

the hole indentation. 

 As shown in Figure 3.17, dog-bone-like tensile samples with a gauge length of 12 μm were prepared 

by focused ion beam (FIB) milling and transferred and attached to the push-to-pull device using the 

micromanipulation system of the FIB. The MAPbBr3 layer was prepared as described above and 

transferred onto a hole-patterned substrate. Since the perovskite is easily degraded by the ion-beam, 

sample was fabricated using a low current. In more detail about FIB milling process, shape of the gauge 

part was fabricated with 100 pA. When fabricated using high currents, the side of gauge section was 

not cleaned and was rough. The gauge section was fine milled using 50 pA. Next, the grip part which 

does not directly affect the experiment was formed using 300 pA. Finally, cutting area were formed 

using 300 pA. Tensile samples were cut off from hole-substrate. Tensile samples were transferred and 

attached to the push-to-pull device using the micromanipulation system of the FIB. Images of 

fabrication process were shown in Figure 3.18.  

In-situ micro-tensile tests were performed using a PI-87 SEM picoindenter installed on a Quanta 200 

FE-SEM system (FEI, Hillsboro, OR, USA) with a push-to-pull MEMS device. The in-situ micro-

tensile tests were performed at a constant displacement rate of 6 nm s-1. 

 

 

Figure 3.17. SEM image of tensile test sample of MAPbBr3 attached on Push-to-Pull device86. 
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Figure 3.18. Fabrication process of samples for tensile test of MAPbBr3 using focused ion beam milling 

process. (a) Fabrication of gauge section, (b) cleaning gauge section, (c) fabrication of grip section, and 

(d) fabrication of cutting area. 
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3.5.2 Correction method of machine and device compliance for in-situ tensile test 

Micro-tensile tests were performed to measure accurate elastic limit of MAPbBr3. When a tensile test 

is performed using a push to pull device, the load acting on the sample and the stiffness of the device 

are measured together. Calibration is required to use only the load applied on the sample. As shown 

Figure 3.19, The load displacement graph is divided into five sections such as approaching, loading 

with sample, loading without sample after fracture, and unloading with and without contact. In range 

of loading with sample, stiffness of Push-to-Pull device can be obtained by using the slope of the overlap 

range of the loading without sample and unloading with contact. Using the obtained stiffness, only the 

load acting on the sample can be obtained by excluding the load acting on the device in the loading with 

sample range.  

Displacement obtained by equipment is measured together with device and device compliance. The 

strain was analyzed by digital image correlation method using real - time video obtained during the 

tensile test. Perovskite sample images at the start point of the experiment, immediately before fracture 

and immediately after fracture are shown in Figure 3.20 (a) and (b). The fracture strain of each sample 

was analyzed using images of same state as in Figure 3.20 (a) and (b). 
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Figure 3.19. Force-displacement curve of MAPbBr3 during tensile test  
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Figure 3.20. Images of MAPbBr3 for tensile test at (a) starting point, (b) immediately before fracture, 

and (c) immediately after fracture86.  
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3.5.3 Characterization of mechanical properties by in-situ tensile test 

Corrected stress-strain curve is presented in Figure 3.21. MAPbBr3 exhibited linear elasticity and 

negligibly low plasticity and fractured at a strain of 1.1 (±0.14)%. Its elastic modulus was 4.38 (±0.23) 

GPa and fracture strength was 45.4 (±7.5) MPa. As shown in Figure 3.22, failure occurred by 

intergranular fracture owing to rapid crack propagation along the grain boundaries. The grain boundary 

can be considered as a weak part of the perovskite.  

Reported values for elastic modulus of MAPbBr3 range from 17.7 to 30.2 GPa, and those for yield 

strength is between 103 and 120 MPa that are calculated by one third of hardness90. Because these 

values were determined through DFT calculations and nanoindentation measurements performed on 

single-crystalline MAPbBr3, it is difficult to evaluate the properties of the MAPbBr3 layer in LEDs, 

which contains numerous grain boundaries and defects. On the other hand, with respect to in-situ micro-

tensile testing, the gauge section in the uniaxial stress state during the tests contains enough grain 

boundaries such that it can be considered to represent the actual MAPbBr3 layer. 
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Figure 3.21. Stress-strain curves of MAPbBr3 
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Figure 3.22. SEM image of MAPbBr3 after tensile test86.  
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3.6 Evaluating of critical bending radius 

3.6.1 Neutral plane 

 Perovskite LEDs consisted of 400-nm-thick MAPbBr3, 50-nm-thick PDZ, 40 nm-thick SPW-111, 50-

μm-thick NOA used as encapsulation material, and 70-μm-thick PET substrate. Neutral axis can be 

obtained by equation as 

t𝑏 =  
−𝐸𝑠𝑡𝑠

2+∑ 𝐸𝑖𝑡𝑖(2ℎ𝑖−1+𝑡𝑖)𝑛
𝑖=1

2(𝐸𝑠𝑡𝑠+∑ 𝐸𝑖𝑡𝑖
𝑛
𝑖=1 )

,                           (3.5) 

where E and t are elastic modulus and thickness of constituent materials30, 31. Elastic modulus of PDZ 

and SPW-111 measured by hole-nanoindentation, elastic modulus of perovskite measured by tensile 

test and typical elastic modulus of NOA and PET were used for analysis, respectively. The position of 

the neutral line was analyzed to be located at position x from the top surface of the substrate. 

 

3.6.2 Critical bending radius 

 The critical bending radius, rc, is given by 

r𝑐 = (𝑑𝑓 + 𝑑𝑛)/ε,                              (3.6) 

where df is the thickness of the film (i.e., the thickness of the MAPbBr3 layer) and dn is the distance 

from the neutral plane to bottom surface of film. The distance from the neutral line to the perovskite 

was 10 μm, the thickness of the film 400 nm and the breakage strain 1.1% were used for the calculations. 

The critical bending radius, rc, of the MAPbBr3 layer in the FSPeLEDs was calculated to be 0.96 mm. 

As described above, the luminance of FSPeLEDs decreased gradually by cyclic bending tests for rb of 

1 mm, but not for an rb of 2.5 mm. Bending radius of 1 mm is close to calculated critical bending radius, 

rc of 0.96 mm, which suggests that the observed decrease in the luminance of the FSPeLEDs for bending 

radius of 1 mm is most likely caused by the gradual introduction of local fractures in the MAPbBr3 

layer. 
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4. Flexibility of silica for encapsulation substrate 

4.1 Fabrication of Silicon dioxide thin film by sol-gel process 

4.1.1 Materials 

 The tetraethyl orthosilicate (TEOS, Alfa Aesar), isopropyl alcohol (IPA, Omnisolv) and distilled water 

(H2O, Omnisolv) were obtained commercially and used without further purification. Hydrochloric acid 

(J.T. Baker) was used for the catalyst, and 300 μm thick double side polished silicon wafer (Cemat) was 

used as the substrate.  

 The following materials were used to make OLEDs for the exposure test. All the reagents, namely, 

NOA63 (Norland Optics), super yellow light-emitting PPV copolymer (Merck Co.), sulfuric acid (J.T. 

Baker), PEDOT:PSS (PH1000, Clevios), and AgNWs (1.0 wt% IPA suspension, Nanopyxis), were used 

as received without further purification. 

 

4.1.2 Silicon dioxide thin film fabrication 

 The synthesis of sol-gel solution was mixed in Teflon jar. The mixed solution was soaked in 80℃ 

water for 3 hours while stirring at 500 rpm. The hot plate was protected with a windshield to prevent 

the influence of wind in the hood during the soaking process. The prepared solution was transferred to 

a vial and aged for 4 days. Prior to coating process, aged solution was filtered twice with a 0.45 μm and 

0.20 μm PVDF filter, respectively. After the filtration process, spin-coating process was performed 

using spin-coater maintained for IPA condition for 20 minutes or more to prevent volatilization of IPA 

solution because the IPA easily evaporated in the air. The filter process and the maintenance of the IPA 

condition in the spin coater are essential processes for reducing the number of defects present in the 

silicon dioxide film and uniformly coating of the film. The defect image of the sample with and without 

the filter process and IPA condition is shown in Figure 4.1. The solution was dropped on the substrate 

using a disposable syringe and sol-gel solution was spin-coated onto 30 × 30 mm2 silicon substrates 

at 2000 rpm for 40 s. Next, coated samples were annealed at 1000°C for 1 hour in nitrogen flow 

condition by tube furnace (TF-500H, Intech). After the heat treatment, the sample was immediately 

cooled in air and then subjected to sample cleaning. As indicated in the critical thickness theory 

mentioned earlier, the thickness may be thinner in order to improve the mechanical properties of the 

silicon dioxide thin film. However, in case of sol-gel process, ununiformly nanoparticles are produced 

in the solution. Because these nanoparticles are difficult to remove completely through the filtering 

process, they remain in solution and act as impurities in the heat treatment process to form a crack. 

Therefore, silicon dioxide thin film was coated to several layers for fill the generated defects, and then 

stacked layer was formed as a single layer through a heat treatment process. Schematic of coating 
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process was shown in Figure 4.2. The same coating and heat treatment process was repeated three times 

without last heat treatment. Finally, densification was performed on fabricated samples at 1000 °C for 

4 hours in nitrogen flow condition by tube furnace.  

 All mechanical properties and moisture permeability measurements except transmittance 

measurement samples were based on this sample. The transparency measurement sample was prepared 

in the same manner by changing the substrate to a quartz sample. the entire fabrication process of the 

silica thin films is described in Figure 4.3. 

 

Figure 4.1. (a) Entire sample images of surface change by filtration and coating condition. (b) images 

of surface change of silicon dioxide thin films by filtration process measured by optical microscopy. 
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Figure 4.2. Schematic of multi-layer coating process for filled defect on silicon dioxide thin film 

 

 

Figure 4.3. Schematic of fabrication process of sol-gel for silicon dioxide thin films. 
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4.2 Microstructure and optical properties of silicon dioxide thin films 

4.2.1 Characterization of silicon dioxide thin film  

 Morphology and elemental composition of silica thin films are determined by SEM (Nanonova 230, 

FEI). The roughness of silicon dioxide thin films was measure using atomic force measurement 

(Multimode V, Veeco). The microstructure of silicon dioxide thin films was confirmed by high-

resolution transmittance electron microscopy (JEM-2100F, JEOL). Ultraviolet-visible-near infrared 

spectrometer (UV-1800, Shimadzu) was used to measure transmittances. 

 

4.2.2 Microstructure and elemental component of silicon dioxide thin films 

 Images measured by scanning electron microscopy are shown in Figure 4.4 and elemental components 

are summarized in Table 4.1. Samples for SEM and elemental component measurement were fabricated 

by undercut process using XeF2 etcher (Advanced Communication Device, CA, USA) Elemental 

components of thin films were measured with silicon substrate and without silicon substrate, 

respectively. In the region where the substrate is present, the atomic ratio of Si and O is 68 at% to 32 

at%, and the atomic ratio of Si and O is 37 at% to 63 at% in the region without the substrate. It is 

considered that the ratio of Si is high because secondary electrons are measured up to the Si molecules 

of the substrate during the component analysis. In the free-standing film region, the ratio of silicon to 

oxygen is about 1: 2, indicating that the silicon dioxide thin film is well formed. 

 Sample image for TEM measurements and image and diffraction pattern of silicon dioxide thin films 

measured by transmittance electron microscopy is shown in Figure 4.5. Samples for TEM measurement 

were fabricated by focused ion beam system using XeF2 etched sample and transferred to TEM grid 

using Ohmniprobe manipulation system. TEM measurements were performed at 300keV. No evidence 

of grain boundaries or crystallinity was observed in the images, and the diffraction pattern was ring-

shaped, indicating that the microstructure of the silicon dioxide thin film was amorphous.  

 

Table 4.1. Element components of silicon dioxide thin films with and without silicon substrate.  

Element component Si O 

With silicon substrate 68 at.% 32 at.% 

Without silicon substrate 37 at.% 63 at.% 
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Figure 4.4. (a) Top view image and (b) tilt view image of free-standing silicon dioxide thin films images 

measured by scanning electron microscopy after XeF2 etching process.  

 

 

Figure 4.5. (a) Optical microscopy images of silicon dioxide thin films on TEM grid. (b) High 

resolution image and (c) diffraction pattern of silicon dioxide thin films measured by TEM. 
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4.2.3 Surface roughness of silicon dioxide thin film 

 If the roughness of the material is relatively high relative to the thickness, it may affect the reflection 

of light and mechanical deformation behavior. It is important to minimize surface roughness. The 

roughness of the fabricated silicon dioxide thin films was measured as 0.157 ±  0.008 nm and image 

of roughness measurement are shown in Figure 4.6.  

4.2.4 Optical property of silicon dioxide thin film 

 Images of transparency measurement samples and graph of transparency of silicon thin films coated 

on quartz substrate are shown in Figure 4.7. In shown Figure 4.7 (b), the cracks in the thin film at the 

corners of the substrate were formed during the heat treatment process by thick coating of the thin film 

during the silver spin coating process. Transmittance of silicon dioxide thin films were measured in 

range of 400 nm to 780 nm. Transparency of the quartz substrate was also measured in the same manner 

as the reference sample. The measured transmittance of silicon dioxide samples was normalized by 

using the transmittance of the quartz substrate and was shown Figure 4.7 (c). The transmittance of the 

silicon dioxide thin film was analyzed with a transmittance of about 99% compared to the quartz 

substrate at 550 nm. It can be seen that silicon dioxide thin film has high transparency and does not 

sacrifice transparency when used as a sealing material. 

4.2.5 Thickness of silicon dioxide thin film 

 Thickness of silicon dioxide thin films was measured at 700 nm by thickness measurement ST4000-

DLX (K-MAC, Korea). 

 

 

Figure 4.6. Image of 2D and 3D AFM measurement result of silicon dioxide thin films. 
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Figure 4.7. (a) Photograph image of samples for transparency measurement samples and (b) image of 

corner portion of silicon dioxide thin films on quartz substrate (upper) and quartz substrate (lower) 

measured by optical microscopy. Graph of transmittance of silicon dioxide thin films on quartz 

substrates (left) and normalized silicon dioxide thing films (right). 
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4.3 Permeability properties of silicon dioxide thin films 

4.3.1 Fabrication process silicon dioxide samples for WVTR measurement by MOCON 

 In order to use the silicon dioxide thin film prepared by sol gel process as an encapsulating material, 

the moisture permeability of the thin film should be analyzed. Schematic of fabrication process for 

water vapor transmittance rate was shown in Figure 4.8.  

 In order to measure the moisture permeability with MOCON, the area of free-standing silicon dioxide 

film should be over 5cm2. Free-standing area was obtained by forming a hole in a silicon substrate on 

opposite side of silicon dioxide coated surface. In the center of the sample, a hole mask was patterned 

by photo-resist, followed by deposition of chromium, followed by a lift-off process to form a hard mask 

for the etching process. NOA61 (Norland Optics) was coated on silicon dioxide layer at 500 rpm for 40 

s and cured by UV light. NOA was used as a supporting layer because silicon dioxide thin films were 

easily broken in a free-standing state. Silicon substrate was etched in a hole shape until the remaining 

thickness was about 10 to 20 μm. Finally, residual silicon was removed by XeF2 etching process. 

 Entire sample and optical microscopy images were shown in Figure 4.9. The phenomenon of wrinkling 

formation in the free-standing area was caused by residual stress in the silicon dioxide thin film. In the 

sol-gel process, silicon dioxide is coated in a solution state and changed to a thin film form at 1000℃, 

and then cooled to room temperature. Residual stress is occurred due to the difference in change of 

volume caused by the difference in coefficient of thermal expansion between silicon substrate and 

silicon dioxide thin films. Since the silicon has a higher thermal expansion coefficient than silicon 

dioxide, compressive residual stress is generated in the silicon dioxide thin film during cooling process.  

 On the other hand, in the case of NOA coated on the silicon dioxide thin film, a volume reduction 

occurred in the UV curing process, and a tensile residual stress was generated in the silicon dioxide thin 

film. The tensile residual stress depends on the thickness of the coated NOA61. The residual stress 

generated in the silicon dioxide thin film can be offset by controlling the thickness of NOA61. When 

NOA was coated with millimeter thickness by casting method, tensile residual stress was generated 

more than compressive residual stress and cracks were formed on silicon dioxide thin film. When the 

thickness of NOA was very thin by spin coating at high rpm, the wrinkle structure was formed due to 

the compressive residual stress. The NOA thickness was optimized to control the residual stress to 

obtain a flat silicon dioxide thin film. 
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Figure 4.8. Schematic of sample fabrication process for water vapor transmittance rate by MOCON. 

 

 

Figure 4.9. Entire image and optical microscopy images of samples for water vapor transmittance rate 

by MOCON. 

  



68 

 

4.3.2 Water vapor transmittance rate of silicon dioxide thin films 

 Water vapor transmittance rate was measured by MOCON. For accurate measurements, sample was 

attached to aluminum supporting foil to prevent passage of moisture outside open area. The 

measurement was carried out at a relative humidity of 100% and a temperature of 23℃. The amount of 

water permeated through the membrane was analyzed at intervals of 30 minutes to 1 hour. 

 Generally, when water vapor permeability is measured by MOCON, if more than three points of the 

measured results show similar values, the value can be regarded as the moisture permeability of the 

sample. The graph of measurement results was shown in Figure 4.10 and water vapor transmittance rate 

was measured as 1.5 × 10−2 g/m2 ∙ day. The WVTR value was measured with the silicon dioxide thin 

film on the NOA film. WVTR of the NOA substrate was found to be within the range of several grams, 

measured WVTR values is specified as the WVTR value of the silicon dioxide thin film.  

 However, the WVTR value of 1 × 10−6 g/m2 ∙ day required for encapsulation materials for organic 

light emitting diodes was still insufficient. The defects formed by silicon dioxide nanoparticles in the 

sol-gel solution were covered by multilayer coating and densification process, but defects were not 

completely covered and acted as the penetration path of the water. If the thickness of the silicon dioxide 

thin film is increased to completely remove the defect, a lower WVTR value can be obtained. However, 

when the thickness is increased, the elastic limit is expected to be lowered. It is expected that it will be 

appropriate to extend the moisture permeation path by using a multilayer structure with organic 

materials to improve the moisture resistance. However, only the monolayer was studied in this study. 
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Figure 4.10. Graph of water vapor transmittance rate of silicon dioxide thin films by MOCON. 
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4.4 Mechanical properties of silicon dioxide thin films 

4.4.1 Sample fabrication process and testing condition of in-situ micro tensile test 

 To measure accurate tensile properties through tensile test, it is necessary to prepare samples in exact 

form so that the load and strain can be analyzed by uniform deformation in a specific area. Tensile test 

specimen of dog bone shape was prepared for in-situ micro tensile test to measure the mechanical 

properties of the silicon dioxide thin film. Schematic of fabrication process was shown in Figure 4.11. 

After cutting the center of coated sample, cut side surface of silicon substrate was etched to an enough 

extent to produce a tensile sample using the XeF2 etching process. The silicon dioxide thin film was cut 

into a rectangular shape using a focused ion beam and then transferred to Push-to-Pull device with 15μm 

device gap using an Omni-probe manipulation system. Since the thin silicon dioxide thin film is highly 

affected by the electron and ion beam, the beam current was minimized to a maximum of 50 pA during 

the sample preparation. The samples attached to the device were fabricated into dog shapes using the 

ion milling process. First, the shape of the grip part was made with a high current (50 pA). Then, the 

fine milling was performed by using a low current (30 pA) to remove defects generated in the milling 

process in the gauge section. Images of fabrication process were shown in Figure 4.12. Geometry of 

fabricated sample for micro tensile test was 6 μm in gauge length. The size of the sample was made 

according to the standard tensile specimen specification, and the length of the gage portion was set 

according to the thickness of the sample. 

 The tensile test was carried out using a PI-87 pico-indenter installed in the SEM, and the tensile test 

was conducted out until fracture at a displacement speed of 6 nm s-1 (strain rate: 10-3/s). The test was 

carried out after waiting for 10 minutes with alignment to prevent drift effects. In order to analyze exact 

elastic limit, a repeated tensile test was carried out by dividing interval in units of 100 nm. For actual 

strain analysis, the tensile test procedure was recorded as a video in real time.  

 

 

Figure 4.11. Schematic of sample fabrication process for in-situ micro tensile test. 
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Figure 4.12. Image of fabrication process for tensile test sample by FIB. (a-b) The silicon dioxide thin 

film is cut into a rectangular shape and attached to the omni probe to move to the device. (c-f) Patterning 

for dog-bone pattern on the Push-to-Pull device and fine-milling on the gauge section. 
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4.4.2 Result of in-situ micro tensile test 

 The tensile test was carried out using dog-bone shaped sample shown in Figure 4.13. As res

ults of repeated tensile tests, reproducible data was obtained and described in Figure 4.14 (a).

 When a tensile test is conducted using a Push-to-Pull device, the device's stiffness is measur

ed simultaneously with the load applied to the sample. Stiffness of the device was measured 

in the absence of a sample and the actual load value was corrected. Since the strain and stra

in can be measured with the equipment and the compliance of the device, the actual strain is

 analyzed by performing the digital image correlation analysis using the still shot obtained fro

m the video shot in real time. The stress-strain curve was described by correcting load and st

rain values to acting on actual sample.  

 Silicon dioxide thin film undergoes elastic deformation until the fracture and fracture occurs 

through the brittle fracture. Its elastic modulus was 88.65(±10.37) GPa and fracture strength was 2.7 

(±2.3) GPa. As shown in Figure 4.15, failure occurred by brittle fracture behavior owing to rapid crack 

propagation. As mentioned in section 2.7, the elastic modulus of the silicon dioxide thin films reported 

in previous studies was 59 to 85 GPa and the fracture strength was 350 to 2067 MPa. The fracture strain 

of the silicon dioxide thin film was high in this experiment because the thickness of the material was 

relatively thin compared to the material measured in the previous experiment. Generally, when a load 

is applied to a material, a defect such as a pinhole or a grain boundary existing in the material acts as 

initiation point of the crack. The generated crack propagates, and the sample is broken. As the thickness 

of the material decreases, the defects in the sample are stochastically decreased and the strength is 

increased.  

 For materials used as general structural materials, the elongation at break is important. However, when 

applied as an encapsulating material in a flexible device, since the device can be degraded due to 

moisture penetration through a crack generated by plastic deformation, the elastic limit that can be 

deformed without causing breakage is important. Since the material in the stress-strain curve shows 

elastic deformation behavior, plastic deformation may occur at the same time. To analyze the exact 

elastic limit, a cyclic loading tensile test was carried out with increasing displacement by 100 nm. As 

loading curves of repeated tensile test shown in Figure 4.14 (b). Repeated tensile tests were performed 

by fully unloading and reloading the device to the point where the tip and the tip were completely 

separated, and the load became zero. In graph of cyclic loading test, the unloading curves of the repeated 

tensile test procedure were excluded because they did not overlap because of machine compliance. The 

machine compliance of the loading curve corrected the stiffness of the device, indicating only the load 

acting on the actual sample. From the results of the repeated tensile test, it was confirmed that the 

loading curves all overlap to the breaking point of the material. Based on these results, silicon dioxide 

thin film was elastically deformed to the fracture. The elastic limit obtained as a result of the tensile test 
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is evaluated to be enough for application to a flexible device. 

 

Figure 4.13. Entire sample image of silicon dioxide for tensile test sample. 

 

  

Figure 4.14. Graph of (a) tensile test result until fracture and (b) loading curve of cyclic loading test up 

to 600 nm in 100 nm increments. 
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Figure 4.15. SEM image of tensile test sample (left) and fracture area in gauge section after tensile test 

(right). 
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4.4.3 Electron beam effect on silicon dioxide thin films 

 In the case of the silicon dioxide thin film, many studies have been made on the difference in 

deformation behavior when exposed to electron beam in the measurement of mechanical properties. In 

general silicon dioxide thin films have low elastic limit and show brittle fracture behavior, but plastic 

deformation occurs when deformed under electron beam exposure.  

 Mkhoyan et al. explained about full recovery of electron beam damage on silicon dioxide thin films91. 

Electron beam was exposed using scanning transmission electron microscopy (STEM) at 100 kV. 

Simultaneously recording ADF images and EELS spectra of component were also used to measure 

change of chemical composition in exposed area. As shown in Figure 4.16, electron-beam-induced 

damage was fully recovered in two minutes. The intensity difference before and after beam irradiation 

is shown in Figure 4.16 (f). The intensity of the damaged area immediately decreased after the 

irradiation and intensity of surrounding area was increased. This result indicates that the mass of 

damaged area was moved surrounding the damaged area without changing the total mass. ADF images 

and intensity were explained to the same state as before irradiation and after 2 minutes of electron beam 

irradiation. EELS spectrum of Figure 4.17 showed that oxygen molecules are formed by electron beam 

irradiation and disappear during beam-off state. The results summarized in Figure 4.16 and 4.17 

established that damage generated by the electron beam formed dangling bonds pair and molecular 

oxygen and moves back to suitable bonding site during the beam off state. 

 Zheng et al. demonstrated bonding switching mechanism using molecular dynamic simulation for very 

thin silica wire92. Highlight actions of silicon and oxygen bonds were shown in Figure 4.18. Electron 

beam broken bonding between silicon and oxygen atoms and created dangling bond of silicon atom and 

non-bridging oxygen atom. Non-bridging oxygen atom formed bonding with different silicon atom and 

simultaneously another oxygen separated from latter silicon atom. Consequently, bonding defect 

generated by energetic beam impart flexibility to silicon dioxide unit cluster for rotation and relocation. 

Flow stress was reduced, and large ductility mediated due to bond-switching mechanism. 

 Mackovic et al. demonstrated influence of electron beam on mechanical properties of silicon dioxide 

sphere using in-situ TEM technique and finite element measurement (FEM) simulations93. The 

experiment was conducted for three case such as low-dose irradiation and beam-off compression, high-

dose irradiation and beam-off compression, and high-dose irradiation and beam-on compression. As 

shown in Figure 4.19 and 4.20, high-dose irradiation and bean-off compression samples had a higher 

maximum load than low-dose irradiation and beam-off compression. This result indicates that high-

dose irradiation hardened silicon dioxide sphere due to densification of silica sphere. Densification 

occurs due to rearrangement of the silica networks randomly arranged during beam irradiation. At this 

time, silica network ring clusters were transformed from 5-7-5-7 weak silica ring cluster to 6-6-6-6 rigid 
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silica ring cluster. On the other hand, maximum load value of compression test in beam-on state was 

significantly lower than that of both compression test in beam-off state. This result due to defect 

generation mechanism such as pairs of dangling bonds between silicon and oxygen and formation of 

oxygen vacancy during beam irradiation. The electron beam support defect generation and plastic 

deformation, reducing load required for plastic deformation of silicon dioxide sphere. 

 

 

Figure 4.16. ADF images of glass particle. (a) before, (b) after 2min of electron-beam damage, (c) after 

30 sec and (d) 2 min of recovery with beam turn off. (e) Line scans of ADF intensities across damaged 

area. (f) difference between line scans form (b) and (a)91. 
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Figure 4.17. Changes in integrated intensity of Ca L2,3 edge and O K edges with electron-beam exposure. 

(b) Integrated intensity ratio of the O K edge in O2 to total intensity of O K edge91.  

 

 

Figure 4.18. A representative bond-switching event revealed by molecular dynamic (MD) simulation92. 
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Figure 4.19. Electron beam hardening of nanoscale silicon dioxide. TEM image after compression test 

and load-displacement curves for each testing condition93. 

 

 

Figure 4.20. Maximum load vale of silicon dioxide spheres compression test for each testing condition93. 
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4.4.4 Influence of electron beam on silicon dioxide thin films during micro tensile testing 

 In this study, additional tests were carried out to confirm the effect of electron beam on the silicon 

dioxide thin film. The sample preparation process was the same as the tensile test. Even if tensile 

samples are produced by the same fabrication process, since the size of the tensile test specimen is very 

small, it is difficult to confirm the influence of the accurate electron beam due to the difference in the 

sectional area where the load acts due to errors in the fabrication process. For this reason, the experiment 

was carried out with the electron beam on / off state using the same sample.  

 As shown in previous studies, bonding between silicon and oxygen separated by an electron beam is 

restored in a few minutes. In the beam-on state, the alignment of the device and the tip was carried out 

to carry out the repeated tensile test. The acceleration voltage was maintained at 5 kV in the beam on 

state. Using the mechanical properties obtained from the tensile test results, cyclic loading tensile tests 

were carried out within the range where the specimens did not break and carried out with increasing 

strain length at intervals of 100 nm in the same manner as tensile test method. After cyclic loading test 

in e-beam on condition, the electron beam was turned off to maintain the blank state for 10 minutes. 

The repeated tensile test was performed until fracture in the same manner as the beam on condition. In 

the beam off state, it is impossible to analyze the strain through video analysis. The effect of electron 

beam was analyzed using the load-displacement curve. 

 Load-displacement curves were shown in Figure 4.21. Experimental results show that the load on the 

sample at same displacement acts on the beam-off state higher than the beam-on state. At 200 nm and 

300 nm, the load was measured as 192 and 331 μN in the beam-on state and 220 and 376 μN in the 

beam-off state, respectively. The load of about 10% was reduced due to the electron beam. The samples 

were elastically deformed, and the fracture strain was not different in the beam-on and beam-off state. 

The fracture strength of the silicon dioxide thin film in electron beam off condition was analyzed to be 

higher than that of the electron beam off condition. In this study, the elastic limit of the material is 

important for the application as a sealing material in the flexible element. Therefore, result obtained by 

the tensile test was used for the elastic limit which is not affected by electron beam. 

 In previous studies, experiments were performed in in-situ TEM environment with an acceleration 

voltage of about 300 kV. The silicon dioxide sample was affected by the electron beam and showed 

additional deformation behaviors such as plastic deformation and load drop which does not appear when 

there is no electron beam condition. In the cyclic tensile test, the acceleration voltage was kept low at 5 

kV, experimental results showed only a reduction in load without any deformation behavior under beam 

on and off condition. 
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Figure 4.21. Graph of cyclic loading test of (a) beam-on and (b) beam-off condition. 
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4.4.5 Sample fabrication process for cyclic bending test 

 In the case of a flexible device, it is subjected to repeated bending deformation, so that the silicon 

dioxide thin film must be deformed without being broken even under repeated bending in order to be 

used as an encapsulating material for flexible substrate. In the case of a simple deformation, when the 

external force is removed below the elastic limit, it returns to its original state. However, in the case of 

repetitive deformation, crack is propagated by the fatigue phenomenon during repetitive deformation. 

Therefore, in order to be applied to a flexible device, the deformation behavior of the material should 

be analyzed in the repeated deformation state. For application to flexible devices, a sample separated 

from a rigid substrate was prepared. In this study, a silicon dioxide thin film deposited on a polymer 

substrate was fabricated for the repetitive bending experiment in the following manner. 

 Schematic of fabrication process of samples for cyclic bending test was shown in Figure 4.22. 

Chromium was deposited on the center of the fabricated 3 × 3 cm2 sample at 1.5 × 1.5 cm2 size as 

protective mask during following process. Opened area of silicon dioxide thin film was etched by ICP 

process using CF4 and CHF3 gas at 1500W. After removing the chrome mask, a chromium thin film was 

deposited at the position where the silicon dioxide thin film was removed and used as a protector layer 

of NOA61 during XeF2 etching process. Silicon substrate was roughly etched in 2 × 2 cm2 size on the 

opposite side of the silicon dioxide coated surface by Bosch process using oxygen, SF6, and C4F8 gas at 

3000W using deep silicon etcher. Remaining silicon substrate was etched by XeF2 etching process. 

After XeF2 etching process, chromium protector layers removed by Cr etchant. Finally, Sample was 

attached on SUS supporting plate by Kapton tape and was separated by cutting the NOA between silicon 

dioxide thin film and remained silicon substrate. 

 

Figure 4.22. Schematic of sample fabrication process of silicon dioxide thin films for cyclic bending 

test. 
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4.4.6 Testing condition of cyclic bending test 

 Repeated bending experiments were carried out using self-production equipment. The equipment has 

been modified appropriately based on repeated machine developed by B. J. kim94. The machine is 

designed to use the rod to translate the rotational motion generated by the motor to the support plate as 

a linear motion. As shown in Figure 4.23, supporting plate was positioned with both ends fixed between 

two parallel plates. While the upper plate remains stationary, the lower plate performs a linear motion 

transmitted from the motor. The sample was prepared by depositing a 700 nm thick silicon dioxide thin 

film on 100 μm thick NOA61 with a 100 μm thick metal support layer. The critical bending curvature 

of the silicon dioxide thin film was estimated to be 3.1 mm when analyzed using the method described 

in section 2.4 above. The distance between two plates was set considering the elastic limit of the silicon 

dioxide thin film and was set to 3, 4, 5, 7, 10 mm which applied a tensile strain of 3.8, 2.9, 2.3, 1.6, 1.2% 

on silicon dioxide thin film. Compressive and tensile strain is applied to samples attached on inner and 

outer surface of supporting plate, respectively. Testing samples were attached on inner surface of 

supporting plate for apply compressive stress to sample because compressive strain is generally applied 

on encapsulation material used with substrate during mechanical bending deformation due to its 

position from neutral axis. 

 As shown in Figure 4.24, three different deformation sections are created in the supporting jig by the 

linear motion of the lower plate. Deformation sections consisted of zone A which is not deformed area, 

zone B which is repeatedly deformed are, and zone C which continuous bending deformed area. Zone 

c also remained undamaged area by cyclic bending deformation because the same strain acts 

continuously. When the strain is applied below the yield strength of the silicon dioxide thin film, cracks 

do not occur by cyclic bending test. In case of zone B, bending and unbending are repeated according 

to the repetitive linear deformation of the lower plate, and the strain is repeatedly changed in the sample. 

As shown in Figure 4.25 and Table 4.2, the length of zone B depends on the stroke of the lower plate 

and the distance between plate. After confirming the position of zone B considering various factors, the 

sample was attached on zone B and the experiment was conducted. The reference position was the 

center of the supporting plate when the stroke was zero. The sample was attached at 20 mm from 

reference point.  

 The test was carried out so that the bending deformation was applied to sample as 1 cycle per second. 

The repeated bending deformation progressed up to 10,000 cycles depending on the bending curvature. 

Crack initiation and propagation were measured by optical microscopy. 
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Figure 4.23. Image of cyclic bending machine. 

 

 

Figure 4.24. Schematic illustrations of cyclic bending machine and (b) deformation zone of supporting 

plate. Undeformed zone (A), cyclic bending zone (B), and continuous bending zone (C)94. 
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Figure 4.25. Schematic of distance of zone A and B on supporting plate at 20 mm stroke. 

 

Table 4.2. Length of zone B and Zone C according to bending radius.  

Bending radius 

(r, mm) 

Circumference/2 

(πr, mm) 

Zone B 

(mm) 

Zone C 

(mm) 

2 6 26 0 

4 12 32 0 

6 18 38 0 

8 24 40 4 

10 30 40 10 
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4.4.7 Result of cyclic bending test 

 The repeated bending experiments were conducted by controlling the bending curvature applied to the 

device by controlling the distance between the two plates as shown in Figure 4.26. Bending radius was 

defined as half of distance between upper and lower plate. The bending curvature was reduced from 10 

mm to 3 mm. Repeated bending was performed up to 10,000 cycles at each bending radius. 

Confirmation of defect initiation was performed with an optical microscope after bending at 100, 200, 

500, 1,000, 2,000, 5,000, and 10,000 cycles. 

 As shown in Figure 4.27, a portion of chromium and silicon dioxide thin film overlaps was created 

due to the inaccuracies of the shadow mask process during sample preparation. In the case of chromium 

deposited on NOA61, cracks occur in deformation due to residual stress difference. Cracks are also 

generated even in the portion where chromium and silicon dioxide were overlapped. Therefore, the 

cracks in the chromium easily propagate to the silicon dioxide thin film during cyclic deformation. For 

this reason, cracks generated in chromium and propagated to silicon dioxide thin films were excluded 

from the results of repeated bending deformation. 

 

 

Figure 4.26. Image of supporting plate fixed upper and lower plate. Bending radius(r) is half of distance 

(d) between upper and lower plate. 
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Figure 4.27. Optical microscopy image of edge of silicon dioxide sample for cyclic bending test 

attached on supporting plate. 

 

 The images were taken at the same place to confirm the initiation of cracks. As show in Figure 4.28, 

cracks did not occur when repeated bending was performed up to 10,000 cycles from 10 mm to 4 mm 

in bending radius. At each bending radius, images of sample surfaces were presented after 100 and 

10,000 bending cycle. The transmittance of the silicon dioxide thin film is so high that it is difficult to 

confirm whether the silicon dioxide thin film has cracks. Chromium particles attached on silicon dioxide 

layer during etching process were used as reference point to take images at same position and presence 

of cracks was confirmed. The black dot on the silicon dioxide thin film was residual silicon particle 

after the etching process and was used for focusing during the microscopic observation. 

 At a bending curvature of 3 mm, it was confirmed that cracks were generated after 100 cycles of 

bending. The change in sample surface image due to repeated bending deformation is shown in Figure 

4.29. Crack propagated as repeated bending progressed up to 5,000 cycles. When the bending curvature 

is 3 and 4 mm, the strains applied to the sample are 3.8 and 2.9%, respectively. Based on the elastic 

limit of 3.7% obtained from the tensile test. The two results show that the silicon dioxide thin film does 

not break even if it undergoes repeated bending below the elastic limit, and if the strain exceeding the 

elastic limit is applied, the silicon dioxide film breaks.  
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Figure 4.28. Optical microscopy image of silicon dioxide surface after 100 and 10,000 bending cycles 

at bending radius of 10, 7, 5, and 4 mm  
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Figure 4.29. Optical microscopy image of silicon dioxide surface before and after 100, 200, 500, 1000, 

and 2000 bending cycles at bending radius of 3 mm  
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5. Conclusion 

 Flexible devices were fabricated using perovskite layer used as emission layer and flexibility was 

analyzed. The reduced efficiency during repeated bending at 2 mm bending curvature is similar to the 

reduced efficiency of the device with natural deterioration. When the bending curvature was 1 mm, the 

efficiency of the device decreased sharply as the repeated bending cycles increased. Based on the results 

of repeated bending experiments, the critical bending radius of the perovskite LED was analyzed to be 

1 mm. Hole-indentation tests were performed to measure elastic limit of constituent materials of 

perovskite LEDs. The elastic limit of the perovskite was measured 10 times lower than the other 

components, confirming that perovskite layer is the weakest material among the constituent materials. 

In-situ micro-tensile tests were performed to measure accurate mechanical properties of perovskite. The 

strain of perovskite samples was measured at 1.1% using digital image correlation method. The critical 

bending radius was analyzed to be 0.96 mm using the elastic limit of perovskite layer. The critical 

bending curvature of 0.96 mm, which was analyzed by using the elastic limit, was similar to the bend 

curvature of 1 mm, in which the efficiency of the device decreased sharply during the repeated bending 

test. The degradation of perovskite LEDs during repeated bending deformation is caused by local 

deformation of perovskite layer.  

 Silicon dioxide thin films for encapsulation materials were fabricated by sol-gel process. The water 

vapor transmission rate of the silicon dioxide thin film was measured as 1.5×10-2 using MOCON. In-

situ micro-tensile tests and cyclic loading tests were carried out to measure mechanical properties of 

silicon dioxide thin films. Silicon dioxide thin films was elastically deformed without plastic 

deformation behavior and brittle fractured at a strain of 3.7%. The critical bend radius on polymer 

substrate was calculated using the elastic limit of silicon dioxide and position of neutral plane and 

repeated bending tests were carried out up to 10000 cycles at near critical bending radius. At the strain 

below the elastic limit, defects were not formed in the silicon dioxide thin film during repeated bending 

test. However, cracks were generated and propagated at strain above elastic limit. Based on the results 

of repeated bending experiments, it can be applied to the flexible device at the strain below the elastic 

limit. In addition, the critical bending curvature can be reduced when the polymer is laminated on the 

silicon dioxide thin film and the thin film is moved close to the neutral plane. 
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