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Abstract 
 
 

Designing Intrinsically Stretchable Electrodes, 

Luminescent Films, and Light-Emitting Devices 

 

 

Huanyu Zhou 

Department of Materials Science and Engineering  

Graduate School of Engineering  

Seoul National University 

 

Soft materials and processing have enabled the development of a wide variety of 

wearable electronics including on-skin electrical, physical, and chemical sensors. 

Continuous monitoring of typical physiological data such as respiration rate, heart 

rate, contraction/expansion of muscles, and ground reaction forces through the 

sensors is particularly important for the understanding of human physiology and 

phenotypes that lead from health to diseases. One of the fundamental units of 

wearable electronics is a stretchable display that simultaneously visualizes signals 

from the “bodyNet” and provides feedback to the system. The ultimate goal in 

production of stretchable displays is to fabricate them directly on stretchable 

substrates that can be placed in conformal contact with human skin. However, the 

development of intrinsically stretchable displays is still underdeveloped due to the 

limitations of stretchable encapsulations and electrodes.  
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Conventional organic light-emitting devices without an encapsulation layer are 

susceptible to degradation when exposed to air, so realization of an air-stable 

intrinsically-stretchable display is a great challenge because the protection of the 

devices against penetration of moisture and oxygen is even more difficult under 

stretching. We propose an air-stable intrinsically-stretchable display that is 

composed of an intrinsically-stretchable electroluminescent device (SELD) 

integrated with a stretchable color-conversion layer (SCCL) that contains perovskite 

nanocrystals (PeNCs). PeNCs normally decay when exposed to air, but they become 

resistant to this decay when dispersed in a stretchable elastomer matrix; this change 

is a result of compatibility between capping ligands and the elastomer matrix. 

Counterintuitively, the moisture can efficiently passivate surface defects of PeNCs, 

to yield significant increases in both photoluminescence intensity and lifetime. We 

demonstrate a display that can be stretched up to 180%; it is composed of an air-

stable SCCL that down-converts the SELD’s blue emission and reemits it as green. 

Our work elucidates the basis of moisture-assisted surface passivation of PeNCs and 

provides a promising strategy to improve the quantum efficiency of PeNCs with the 

aid of moisture, which allows PeNCs to be applied for air-stable stretchable displays 

that have high color purity.  

To lower the operating voltage of the stretchable display, direct-current (DC) 

driven stretchable displays have been developed. Embedded silver nanowires 

(AgNWs) have been widely used as stretchable electrodes. However, the contact area 

is limited at the 1D AgNW/organic layer interface, so the embedded AgNWs have 

poor charge-injection properties. Energy-level misalignment at stretchable 

electrode/organic interfaces of ISOLEDs is another problem that must be solved. 
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Hence, two-dimensional materials have been used as the electrode to form a 

complete two-dimensional contact at the electrode/organic interfaces. 

MXenes are a rapidly growing family of two-dimensional materials that are 

promising for optoelectronic applications because of numerous attractive properties, 

including high electrical conductivity. However, the poor environmental stability of 

MXene thin films and low work function (WF) of MXene electrodes are the biggest 

challenges to practical applications of solution-processed optoelectronics that 

require long environmental stability, high WF, and low sheet resistance (Rs). Herein, 

we present a Ti3C2Tx MXene with a compact structure and a perfluorosulfonic acid 

(PFSA) barrier layer as a promising electrode for organic light-emitting diodes 

(OLEDs). The electrode simultaneously exhibits excellent environmental stability, 

high WF at 5.84 eV and low Rs at 134.4 Ω/sq. The compact Ti3C2Tx structure after 

thermal annealing resists the intercalation of moisture and environmental 

contaminants. In addition, the PFSA surface-modification passivates interflake 

defects and modulates the WF. Thus, negligible changes in the Rs and WF (>5.60 

eV) were observed even after 22 days of exposure to ambient air. Lastly, Ti3C2Tx 

MXene was applied for large-area and ten-by-ten passive matrix flexible OLEDs on 

six-by-six cm substrates for the first time.  

To further enhance the stability of the stretchable electrode, graphene has been 

introduced to overcome the unstable nature of MXene. We demonstrate highly-

efficient ISOLEDs that use graphene-based two-dimensional-contact stretchable 

electrodes (TCSEs) that incorporate a graphene layer on top of embedded metallic 

nanowires. The graphene layer modifies the work function, promotes charge 

spreading, and impedes inward diffusion of oxygen and moisture. The work function 

(WF) of 3.63 eV is achieved by forming a strong interfacial dipole after deposition 
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of a newly-designed conjugated polyelectrolyte with crown ether and anionic 

sulfonate groups on TCSE; this is the lowest value ever reported among ISOLEDs, 

which overcomes the existing problem of very poor electron injection in ISOLEDs. 

Subsequent pressure-controlled lamination yielded a highly efficient fluorescent 

ISOLED with an unprecedently high current efficiency of 20.3 cd/A, which even 

exceeds that of an otherwise-identical rigid counterpart. Lastly, a three-inch five-by-

five passive matrix ISOLED was demonstrated using convex stretching.  

This dissertation can provide effective approaches for designing air-stable 

stretchable displays without using encapsulations and intrinsically stretchable high-

efficiency optoelectronic devices with the introduction of two-dimensional materials. 
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Chapter 1. Introduction 

 

1.1. Development of wearable electronics 

Recent advances in soft materials and processing techniques have enabled 

development of a wide variety of wearable electronics including on-skin electrical, 

physical, and chemical sensors (Figure 1.1).[1-4] Continuous monitoring of typical 

physiological data such as respiration rate, heart rate, contraction/expansion of 

muscles, and ground reaction forces through the sensors is particularly important for 

the understanding of human physiology and phenotypes that lead from health to 

diseases.[5-7] Such sensory skins require lightweight, and stretchability to overcome 

the fundamental mismatch in mechanics between soft biology and rigid silicon 

wafers.[8-10] Hence, wearable electronics must be stretchable to sustain various 

mechanical deformations including, bending, stretching, compressing, twisting, or 

deformations in other complex shapes. 

Two different strategies can be made to achieve stretchability: one is using 

intrinsically stretchable materials and the other is using structures that can undergo 

large deformations (Figure 1.2).[11] Structural design is a powerful tool to impart 

stretchability to rigid materials such as gold and silicon wafers; this approach is also 

referred to as the geometrically stretchable method.  

Inspired by the complex surface of human skin with wrinkles and waves, out-of-

plane buckling is the most widely used technique for rigid thin-film devices.[12] In 

this approach, thin films are attached to the pre-stretched elastomer first, and after 

realizing the strain, buckling and wave patterns are formed. The key to achieving 

buckling is controlling the thickness of the substrate that is attached to the pre-
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strained elastomer as the bending strain-induced to surface of the wave structure is 

proportional to the thickness of the substrate.[13] Controlled delamination also allows 

the device for a smaller bending radius to enhance the stretchability.[14] In terms of 

bi-axial stretching, areal pre-strain can also be applied to the substrate, forming a 

two-dimensional wrinkle structure.[15] However, the degree of stretchability is 

greatly determined by the thickness of the attached thin film, the value of pre-strain, 

and adhesion between the elastomer and the thin film. Besides, such geometrical 

stretchable structures can hardly form an intimate contact with human skin. 

As a most intuitive approach, developing the intrinsically stretchable materials 

provide the possibility to achieve “on-skin” electronics. Functional devices normally 

consist of multilayered structures from dielectrics or substrates, conducting materials, 

and semiconducting materials. Micro-structural engineering of conducting polymers 

will lead to the phase separation and the formation of stretchable nanofibril 

structures.[16] Phase separation induced nanofibril can also be achieved in the 

conjugated polymer semiconductors and elastomer composite.[17] Hence, this 

dissertation will focus on intrinsically stretchable materials for light-emitting 

applications. 

 

1.2. The state-of-the-art stretchable displays 

Despite the significant improvement of stretchability of the devices, the 

development of intrinsically-stretchable displays stagnated because of high 

operating voltages and low current efficiencies that are not suitable for practical 

applications. The state-of-art stretchable displays that consist of fully-stretchable 

layers can be easily stretched > 100%, but are normally operated under an AC electric 
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field of several kilovolts by using a high-voltage amplifier (Figure 1.3) [5,18-20].  

As an alternative, DC-driven intrinsically-stretchable organic light-emitting 

diodes (ISLEDs) are preferred, because they can be operated at much lower voltages, 

so they are more promising candidates for wearable applications [21-26]. However, 

only several papers on DC-driven fully intrinsically stretchable LEDs using 

intrinsically stretchable emitting layers and electrodes have been reported since 2011 

because of a technical issue that the strategies improving the stretchability always 

degrade the device performance. Especially, the reported DC-driven IOSLEDs still 

suffer from the low current efficiency that strongly depends on the energy-level 

alignment at the interface between the stretchable electrode and the adjacent organic 

semiconductor. An ideal stretchable electrode must have a tailored work function 

(WF) that facilitates the charge injection, hence, enhancing the device efficiency. A 

high WF electrode is beneficial for hole injection [27-29], whereas low WF electrodes 

will facilitate the electron injection at the electrode interface [30-32]. Although the 

stretchability of the ISLED has been improved in recent years [21-26], the low current 

efficiency of the ISOLED problem has not been addressed from the design of 

stretchable electrode materials yet.  

Previously-demonstrated ISLEDs that use silver nanowire (AgNW) electrodes 

have not achieved low Von , high current efficiency simultaneously (Figure 1.4), 

while the conventional flexible organic light-emitting diodes with properly designed 

band structures normally show high current efficiency and Lmax>104 cd/m2 [27]; these 

results indicate a high charge-injection barrier(s) induced by the energy-level 

mismatch at the stretchable electrode/organic interface. The poor charge injection 

could also be a result of the limited electrical contact area and high injection barrier 

between AgNW networks and the adjacent charge transport layer because the 



 

 ４ 

percolated AgNW networks are partially embedded in the elastomer surface and thus 

do not form complete 2-dimensional surface coverage and the WF of the AgNWs 

was not engineered. As an improvement of the contact area, AgNW percolation 

networks are fully embedded in zinc oxide and polyethyleneimine using a direct 

solution process on the active layer to increase the electrode contact area[26]. 

However, the devices still suffer from a high Von (8.3 V) and a very short device 

lifetime (~90 s) [26].  

 

1.3. Outline of the thesis 

Conventional organic light-emitting devices without an encapsulation layer are 

susceptible to degradation when exposed to air, so realization of an air-stable 

intrinsically-stretchable display is a great challenge because the protection of the 

devices against penetration of moisture and oxygen is even more difficult under 

stretching.  

In Chapter 2, we propose an air-stable intrinsically-stretchable display that is 

composed of an intrinsically-stretchable electroluminescent device (SELD) 

integrated with a stretchable color-conversion layer (SCCL) that contains perovskite 

nanocrystals (PeNCs). PeNCs normally decay when exposed to air, but they become 

resistant to this decay when dispersed in a stretchable elastomer matrix; this change 

is a result of compatibility between capping ligands and the elastomer matrix. 

Counterintuitively, the moisture can efficiently passivate surface defects of PeNCs, 

to yield significant increases in both photoluminescence intensity and lifetime. We 

demonstrate a display that can be stretched up to 180%; it is composed of an air-

stable SCCL that down-converts the SELD’s blue emission and reemits it as green. 
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Our work elucidates the basis of moisture-assisted surface passivation of PeNCs and 

provides a promising strategy to improve the quantum efficiency of PeNCs with the 

aid of moisture, which allows PeNCs to be applied for air-stable stretchable displays 

that have high color purity.  

To lower the operating voltage of the stretchable display, direct-current (DC) 

driven stretchable displays have been developed. Embedded silver nanowires 

(AgNWs) have been widely used as stretchable electrodes. However, the contact area 

is limited at the 1D AgNW/organic layer interface, so the embedded AgNWs have 

poor charge-injection properties. Energy-level misalignment at stretchable 

electrode/organic interfaces of ISOLEDs is another problem that must be solved. 

Hence, two-dimensional materials have been used as the electrode to form a 

complete two-dimensional contact at the electrode/organic interfaces. 

Two-dimensional titanium carbide (Ti3C2Tx, MXene) is being intensively 

explored as a replacement for conventional indium tin oxide (ITO), and graphene 

electrodes due to its excellent metallic conductivity and solution processability. 

However, the poor environmental stability of Ti3C2Tx which inevitably stems from 

the hydration of Li+ cations in the interlayer space substantially limits its applications 

as the transparent conductive electrode (TCE) for solution-processed organic light-

emitting devices. 

 In Chapter 3, an environmentally-stable high work function (WF) Ti3C2Tx TCE 

was developed. High-temperature annealing has reduced the Ti3C2Tx d-spacing from 

1.33 to 1.06 nm, resulting in a highly compacted thin film that can prevent the 

diffusion of moisture intercalants. Besides, the unprecedently high WF = 5.84 eV is 

achieved after p-type molecular doping of Ti3C2Tx using perfluorosulfonic acid 

(PFSA), which is the highest reported value using MXene. With benefits from the 
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highly compacted structure of Ti3C2Tx and superior chemical stability of overcoated 

PFSA, the p-doped Ti3C2Tx exhibited only a 4.8% increase in sheet resistance (Rs) 

with WF maintained above 5.60 eV even after 22-day exposure in the open air. Lastly, 

the Ti3C2Tx TCE has been successfully applied as the anode for both large-area and 

ten-by-ten passive matrix flexible organic light-emitting diodes (OLEDs) on 6 cm × 

6 cm substrates. The significant improvement in environmental stability and WF has 

opened up new opportunities for practical applications of MXene as TCEs for 

optoelectronics and photovoltaics. To further enhance the stability of the stretchable 

electrode, graphene has been introduced to overcome the unstable nature of MXene.  

In Chapter 4, we demonstrate highly-efficient ISOLEDs that use graphene-based 

two-dimensional-contact stretchable electrodes (TCSEs) that incorporate a graphene 

layer on top of embedded metallic nanowires. The graphene layer modifies the work 

function, promotes charge spreading, and impedes inward diffusion of oxygen and 

moisture. The work function (WF) of 3.63 eV is achieved by forming a strong 

interfacial dipole after deposition of a newly-designed conjugated polyelectrolyte 

with crown ether and anionic sulfonate groups on TCSE; this is the lowest value ever 

reported among ISOLEDs, which overcomes the existing problem of very poor 

electron injection in ISOLEDs. Subsequent pressure-controlled lamination yielded a 

highly efficient fluorescent ISOLED with an unprecedently high current efficiency 

of 20.3 cd/A, which even exceeds that of an otherwise-identical rigid counterpart. 

Lastly, a three-inch five-by-five passive matrix ISOLED was demonstrated using 

convex stretching.  

This dissertation can provide general approaches for designing air-stable 

stretchable displays without using encapsulations and intrinsically stretchable high-

efficiency optoelectronic devices (Figure 1.5). 
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Figure 1.1 Overview of the closed-looped wearable bioelectronics system.[1]  
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Figure 1.2 Two strategies that can be applied to realize stretchable electronics: 

using intrinsically stretchable materials or structures that can be stretchable.[11]  

  

1D/2D

Int
rin

sic
all

y 

str
etc

ha
ble

 

mate
ria

ls



 

 ９ 

 

Figure 1.3 Timeline of the development of stretchable light-emitting didoes.[33]  
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Figure 1.4 Milestones of the development of intrinsically stretchable light-emitting 

didoes and their key performances.[33]  
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Figure 1.5 Challenges and achievements in this dissertation.
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Chapter 2. Environmentally Stable Stretchable Color 
Conversion Layer for Stretchable Displays 

 
 

2.1. Introduction 
 

Soft materials and processing have enabled development of a wide variety of 

wearable electronics including on-skin electrical, physical, and chemical 

sensors.[2,3,16,34,35] Continuous monitoring of typical physiological data such as 

respiration rate, heart rate, contraction/expansion of muscles, and ground reaction 

forces through the sensors is particularly important for the understanding of human 

physiology and phenotypes that lead from health to diseases (Figure 2.1).[36-40] One 

of the fundamental units of wearable electronics is a stretchable display that 

simultaneously visualizes signals from the “bodyNet” and provides feedback to the 

system.[6,41-45] However, existing organic and quantum-dot (QD) light-emitting 

devices are degraded by various molecular interactions with oxygen and water.[46,47] 

The ultimate goal in production of stretchable displays is to fabricate them directly 

on stretchable substrates that can be placed in conformal contact with human 

skin.[9,48,49] Current stretchable devices require an excellent stretchable encapsulation 

layer to avoid acceleration of degradation in the air during stretching; avoiding the 

need for an encapsulation layer is currently a serious bottleneck to the development 

of stretchable displays.[50]  

One solution to this problem is to fabricate intrinsically-stretchable light-emitting 

devices that are stable in the air without an encapsulation layer. One can combine 

blue light-emitting devices with a stretchable air-stable color-conversion layer to 

attain full-color displays: the use of an air-stable stretchable color-conversion layer 

can avoid the use of a stretchable encapsulation layer and conventional pixelated 
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green-emitting or red-emitting organic and QD devices that are prone to degrade 

when stretched or exposed to air. Furthermore, the wide linewidth of the emission 

spectrum of conventional down-conversion phosphors does not meet the 

requirements for vivid displays.[51] In conventional phosphor-based solid-state white 

LEDs, the typical device structure fabricated on Si substrate is composed of a blue-

emitting GaN LED with a coating of Ce3+-doped yttrium aluminum garnet that 

absorbs a certain fraction of the blue light and re-emits it at a longer wavelength.[52] 

In the same manner, the emission wavelength and linewidth of the stretchable 

electroluminescent device (SELD) can be tailored by using a stretchable color 

conversion layer (SCCL) and applying it directly to the top of the SELD (Figure 

2.1).  

Here we demonstrate a simple approach to fabricating an air-stable stretchable 

display that has a free-standing SCCL and does not require a stretchable 

encapsulation layer. We used methylammonium lead bromide (MAPbBr3) 

perovskite nanocrystals (PeNCs) combined with styrene-ethylene-butylene-styrene 

(SEBS). PeNCs degrade rapidly in air; to overcome this limitation, we encapsulated 

the PeNCs in the SEBS matrix to concurrently impart stretchability to the SCCL and 

improve its chemical stability. The SCCL down-converts the SELD’s blue emission 

and reemits it as green. PeNCs exhibit remarkable properties such as size-

independent narrow spectrum, tunable wavelength, and high photoluminescence 

quantum yield (PLQY).[53-58] Counterintuitively, we observed that controlled 

diffusion of moisture through the SEBS polymer matrix into the PeNCs can 

efficiently passivate their surface defects.  
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2.2. Materials and Experiments 

A. Perovskite nanocrystals (PeNCs) synthesis. A precursor solution was prepared 

by dissolving 1.2 mmol of CH3NH3Br (MABr) and 1.5 mmol of PbBr2 in 6 mL of 

N, N-Dimethylformamide (DMF, Sigma Aldrich, anhydrous, 99.8%). Then 1 mL of 

precursor solution was quickly injected into a solution of 5 mL of hexane, 0.4 mL 

oleic acid and 25 μL octylamine. Then 3 mL of tert-butanol was added, and the 

solution was mixed under vigorous stirring for 10 min, then centrifuged at 3000 rpm 

for 10 min to remove large particles that precipitate to the bottom of the Falcon tube. 

Then both perovskite nanocrystal (PeNC) supernatant and precipitate after 

centrifugation were collected and moved to another vial for the stretchable color 

conversion layer. 

B. Preparation of stretchable color conversion layer (SCCL). First, 3 mM 

ocatadecyltrimethoxysilane (OTMS) dispersed in trichloroethylene was spin-cast at 

2000 rpm for 60 s onto a UV-ozone-treated SiO2 (100 nm)/Si wafer. The substrate 

was placed in a vacuum desiccator with a small vial inside containing 4 mL of 

ammonium hydroxide, then stored in the desiccator overnight at room temperature. 

As a result, OTMS self-assembled monolayer was formed on the surface of SiO2. 

As-prepared MAPbBr3 PeNC supernatant was mixed at 300 rpm for 12 h with 100 

mg/mL styrene-ethylene-butylene-styrene (SEBS) solution (1:1 v:v) in a nitrogen-

filled glove box. To increase PeNC loading in the SEBS, we also used the PeNCs 

precipitate as the emitting material for the PL application: 20, 60 or 90 mg of 

precipitate was mixed with 1 mL of 100 mg/mL SEBS solution and stirred at 300 

rpm for 12 h in a nitrogen-filled glove box. The as-prepared solution using 

supernatant or precipitate was spin-cast onto the OTMS treated SiO2/Si wafer; the 



 

 １５ 

resulting film was peeled off from the OTMS layer to yield a free-standing SCCL 

that had a bright-green emission spectrum. 

C. Fabrication of light-emitting devices and the SCCL integration. Blue µ-LED 

fabrication: A 125 μm × 180 μm × 7 μm sized blue µ-LED with an EL peak at � = 

471 nm was integrated on an 18-μm Cu/25-μm polyimide (PI)/18-μm Cu substrate. 

Three-layered Cr/Cu/Au was used as a metal interconnection. The µ-LED probe was 

encapsulated by PIB and PDMS and has a length of 5 mm, a width of about 300 μm, 

and a thickness of about 140 μm. The detailed fabrication process has been described 

previously.[1] The µ-LED probe was mounted on a home-made adaptor that was 

connected to a source meter (Keithley 2400) and the SCCL was placed right on top 

of the µ-LED probe. Stretchable electroluminescent devices (SEL) fabrication: the 

ionic conductive hydrogel electrode (IHE) was synthesized using 2.3456 g of 

acrylamide (Sigma) as the monomer, 0.0014 g of N, N-methylenebisacrylamide 

(Sigma) as the crosslinker, 0.0040 g of ammonium persulfate (Sigma) as the 

photoinitiator and 4.8037 g of LiCl (Sigma) dissolved in 15 mL of deionized water 

in a vial. After vigorous mixing, the gel was degassed in a vacuum desiccator and 

then poured into a 200-μm-depth polyacrylic mold that had been cut into the desired 

shape by using a laser cutter. The gel was then cured using an ultraviolet light 

crosslinker (CL1000, UVP) for 20 min. The emitting layer (EML) was formed using 

a mixture of polydimethylsiloxane elastomer base (PDMS, Sylgard 184, Dow 

Corning), curing agent, and ZnS:Cu powder (KPT) with blue light-emission in a 

10:1:4 weight ratio. After degassing in the vacuum desiccator, the EML was cured 

in another polyacrylic mold with 400 μm depth at 60 ℃ for 12 h on a hot plate. The 

cured EML, and IHE were peeled off from the mold, and instant bonds at IHL/EML 
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and SCCL/IHL interfaces were formed using ethyl cyanoacrylate (10 vol% in 

trimethylpentane) as the bonding agent.  

E. Characterization steady-state PL spectra and photostability of the thin film 

samples were measured using a spectrofluorometer (FP-8500, JASCO) with or 

without glass lid encapsulation; excitation wavelength was 405 nm (Xenon arc lamp; 

power = 150 W). Temperature-dependent PL was measured using a closed-cycle 

helium cryostat (CS-204, ARS) connected with a compressor (4HW, ARS). Samples 

were excited by a picosecond-pulse laser (LDH-P-C-405B, PicoQuant GmBH) with 

an excitation wavelength of 405 nm, pulse width < 70 ps, and repetition rate 5 MHz, 

driven by a PLD 800-B driver (PicoQuant). A photon-counting detector (PMA 

Hybrid 07) and time-correlated single-photon counting (TCSPC) module (PicoHarp, 

PicoQuant) with a microchannel plate photomultiplier tube (MCP-PMT, R3809U-

59, Hamamatsu) were used to detect the emitted light from the samples. 

X-ray photoelectron spectra of perovskite nanocrystals were obtained (XPS, K-

alpha, Thermo Scientific™) with a monochromatic Al Kα radiation source (1486.6 

eV). Sampling area diameter was 200 μm and pressure inside the chamber during 

measurement was 4.92 ́  10-9
 mbar. C-f measurements of the perovskite nanocrystals 

before and after water vapor treatment was measured using electrochemical 

impedance spectroscopy (Solartron 1260A) in darkness at 10 ≤ f ≤ 106 Hz while the 

amplitude of the AC signal was maintained at 100 mV. 

Absorption spectra of the perovskite nanocrystals were determined using UV-

visible spectroscopy (Lambda 465, PerkinElmer). The crystal structures of the 

perovskite nanocrystal were defined using an X-ray diffractometer (XRD, D8-

Advance, Bruker). Transmission electron microscopy (TEM) experiment was 

performed using a JOEL-JEM 2100F operating at an acceleration voltage of 200 kV. 
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. The TEM samples were prepared through dropping the as-prepared PeNC 

dispersion onto the TEM grid (PELCO®, Grid) and drying in the desiccator to 

remove the residual toluene. After treated with water vapor, the TEM sample was 

transferred into the sample chamber. Electroluminescence spectrum was measured 

using a spectro-radiometer (CS2000, Minolta) with a source meter (Series 2400, 

Keithley) as a power supply. Universal tensile test equipment (Instron 3343) was 

used to estimate the mechanical properties of ionic hydrogel electrode. 

 

2.3. Results and Discussion 

SEBS is a transparent triblock copolymer that has rubber-like elasticity with a 

tensile strength of 10.3 to 35 MPa and elongation at break of 500 to 700%.[10] The 

elasticity of SEBS originates mainly from phase-separated rigid PS domains within 

soft polybutylene and polyethylene middle blocks.[10] Estimates using Hansen 

solubility parameters suggest that SEBS has high miscibility in oleic acid (Table 

2.1), and effectively encapsulates the surface of the PeNCs with a long alkyl-chain 

ligand that stabilizes them when they are dispersed in the SEBS matrix.[11]  

Methylammonium lead bromide (MAPbBr3) PeNCs were synthesized using 

ligand-assisted reprecipitation.[59] As-prepared MAPbBr3 PeNCs were mixed with 

100 mg/mL SEBS solution (1:2 v:v) for 12 h with stirring at 300 rpm in a N2-filled 

glove box. The solution was spin-cast onto a Si substrate that had been coated with 

octadecyltrimethoxysiliane (OTMS); the resulting ‘reference’ film was peeled off 

from the OTMS layer to yield a free-standing SCCL that had a bright-green emission 

spectrum (Figure 2.1). 
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To further increase the PeNC loading in the SEBS for color-conversion 

application, the precipitate after centrifugation was used. We dispersed precipitated 

PeNCs in 100 mg/mL SEBS colloidal solution in toluene; our photoluminescence 

(PL) peaks occurred at 533 nm with an average PLQY of 70.0%. Compared with the 

reference SCCL, our peaks increasingly red-shifted with increasing PeNC loading in 

the SEBS (Figure 2.2a). However, the Stokes shift with an increase in PeNC loading 

was < 2 nm, which is not significant, and indicates that the optical properties of 

PeNCs are well preserved. The maximum PL intensity was obtained with 90 mg/mL 

PeNCs in the SEBS solution, so this loading is used as the standard SCCL fabrication 

condition in the remaining experiments and characterizations. The final film 

thickness was ≈ 70 µm.  

The photostability of PeNCs was evaluated under continuous illumination at 

wavelength λ = 530 nm (Figure 2.2b). PeNCs that had been encapsulated in a glass 

lid lost 23.2% of their PL intensity after 1 h of illumination, whereas those that were 

not encapsulated lost only ~10%. When the SCCL was used, the PL intensity initially 

increased slightly to 105%, then decayed continuously. We hypothesize that the 

initial increase in photostability may occur because the surfaces of the PeNCs are 

passivated by oxygen or moisture, or both, in the air.  

The response of PL intensity to tensile strain was also evaluated (Figure 2.2c, d). 

The PL intensity decreased by 29.8% at 100% tensile strain, but recovered to the 

initial state when the strain was released. The initial decline occurs because the 

particle density per unit area decreases during stretching; the recovery occurs 

because this density returns to its initial level after the strain is released, which can 

be expressed using the scaling law[60]: 

I/I0 ∝ η/η0 ∝ A0/A,                           (1) 
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where I is luminance intensity, η is areal number density of phosphors, and A is 

active area. The scaling law was confirmed by SEM study of the morphology of 

SCCL under tensile strain (Figure 2.3). 

The response of PeNCs to oxygen was measured by passing N2 and O2 alternately 

for 10 min each at 100 sccm/min through the PeNC dispersion (Figure 2.4). Increase 

in oxygen partial pressure led to a decline in PL intensity, because of the strong 

affinity of oxygen for electrons; direct extraction of photogenerated electrons to 

oxygen accounts for the oxygen quenching effect.[61] However, this extraction can 

occur only when O2 molecules are close enough to the surface of PeNCs. The 

continuous flow of N2 through the dispersion decreased the oxygen partial pressure, 

and yielded a recovery of PL intensity to the initial state; these observations suggest 

that oxygen molecules that function as quenching sites were not chemically bonded 

to the surface of PeNCs. The change in PL intensity was reversible; this result 

indicates that oxygen is physically adsorbed onto PeNCs without chemical reaction 

(Figure 2.2e). This phenomenon precludes the possibility that oxygen can boost the 

PL intensity during photostability measurement. Hence, the increase in PL intensity 

might be induced by water-assisted passivation of the surface defect.  

We propose that PeNC surfaces are passivated by at the initial stage, then 

decompose in a water environment. Therefore, to prolong the passivation and delay 

the decomposition process, the pristine PeNC film was treated with water vapor, 

rather than by immersion in water. The sample was stored in a glass container with 

a small Petri dish filled with deionized water to maintain RH > 70%. PL and PLQY 

during the WVT were measured every 10 min (Figure 2.2f, g). The PL intensity 

increased monotonically until 70 min, whereas the PLQY increased from 65.1% to 

71.2%. 
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The SCCL was then immersed in water at room temperature to prove its positive 

effect on PL intensity (Figure 2.2h). The peak red-shifted by 2 nm in the SCCL that 

had been soaked in water for 70 d; this change implies that crystal size had 

increased,[59] which is also consistent with the following transmission electron 

microscopy results of PeNCs after exposure to moisture (Figure 2.5a).  

Concurrently, the PL intensity increased by 125% as a consequence of the 

passivation of surface defects, while the PLQY increased from 70% to 76.3% after 

30 d of immersion in water (Figure 2.5b). We also tested the moisture-assisted 

passivation effect using PMMA as the matrix to encapsulate the PeNCs; the peak 

intensity increased by 82% with a redshift from 518 to 522 nm after 12 h of WVT; 

this result proves that moisture-assisted passivation of PeNCs can be applied to other 

polymer matrices (Figure 2.6). The water-assisted passivation mechanism can be 

utilized for some other halogen-based PeNCs. FAPbBr3 and mixed-cation 

MA0.5FA0.5PbBr3 PeNCs were spin-cast on glass substrate, then treated with water 

vapor. The PL peak area of FAPbBr3 started to decrease immediately, whereas that 

of MA0.5FA0.5PbBr3 increased by 22.3% after 5-min WVT; this result suggests that 

the passivation effect is dependent on the type of cation used in the PeNCs (Figure 

2.7). 

Generally, PeNCs are vulnerable to water because of a dynamic interaction 

between ligands and nanocrystals.[62,63] A minor amount of water can be introduced 

to the precursor solutions during the synthesis process; the water forms an inorganic 

matrix that entirely wraps the perovskites and efficiently passivates the surface 

defects.[64,65] In addition, ionized water molecules can partially replace surface 

ligands and affect the preferred growth orientation, so the size and shape of 

perovskite nanocrystals can also be correlated with the water content.[66] However, 
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these processes yield a rigid inorganic matrix, which is not appropriate for 

stretchable applications. 

Therefore, in this study, the nanocrystals (PeNCs) were first synthesized and then 

re-dispersed in SEBS elastomer matrix. Controlled diffusion of moisture through this 

matrix can effectively passivate surface defects that quench excitons. Water vapor 

treatment (WVT) of bulk perovskite is widely adopted to improve the optical and 

electrical properties of polycrystalline perovskite thin film for solar cells,[67] but this 

is the first report of post-synthesis moisture-assisted surface passivation of PeNCs 

particles.  

Time-Correlated Single Photon Counting (TCPSC) of the SCCL during 

immersion in water (Figure 2.2i) demonstrated that the PL decay over time can be 

described well by a triexponential model. The average PL lifetimes of the sample 

were 368.3 ns before immersion, 737.7 ns after immersion for 12 d, and 599.8 ns 

after immersion for 70 d (Table 2.2). The initial increase in PL lifetime during 

immersion indicates a decrease in the number of surface defects that function as non-

radiative recombination sites. The decrease in PL lifetime at 70 d suggests that 

extensive immersion of PeNCs in water would in turn degrade themselves. This 

originated from failing to control the diffusion rate of moisture through the polymer 

matrix due to the increase in amount of residual water molecules.[68]   

High-resolution X-ray photoelectron spectroscopy (XPS) was conducted to 

further analyze the chemical state of SCCL before and after the water stability test. 

The Pb 4f7/2 spectrum for the SCCL recorded three contributions: metallic Pb at 

136.5 eV, the Pb-Br bond at 138.5 eV, and the Pb-OH bond at 139.1 eV (Figure 

2.2j).[69] Metallic Pb atoms strongly quench excitons and must be eliminated using 

stoichiometric engineering in the case of bulk perovskites.[70] However, the metallic 
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Pb peak of the SCCL was eliminated after immersion in water; the O1s spectrum 

showed the Pb-OH peak at 531.5 eV (Figure 2.8); this result indicates that the Pb 

atoms oxidized to form Pb-OH bonds. The Pb-OH intensity decreased after extensive 

soaking in water for 70 d due to higher diffusion of moisture through the swollen 

polymer matrix. 

The structural evolution of PeNCs films during the WVT was studied using x-ray 

diffraction spectroscopy (XRD) (Figure 2.9). The spectra did not show shifts in the 

peaks; this lack of change indicates that no phase transition occurred. However, 

PeNC shape changed from spherical to platelet after 50 min of WVT, and 

transmission electron microscopy (TEM) showed that the average particle size 

increased from 7.9 to 14.1 nm (Figure 2.10a).  

We propose the following mechanism to explain the formation of platelet structure 

after WVT (Figure 2.10b). Given the fact that water is a polar solvent, it can be 

ionized into H3O+ and OH- that can partially replace surface ligands and affect the 

preferred growth orientation.[66] Once the moisture diffuses through the SEBS matrix 

and arrives at the surface of the PeNCs, their ionic ligands can be captured by the 

polar H2O molecules and readily removed from the PeNC surface, creating the 

surface without capping ligands. Therefore, PeNCs tend to aggregate with their 

neighbors and reconstruct the surface to reduce the total energy. 

The PeNCs thin films before and after WVT were further characterized using 

steady-state PL spectra at temperatures from 80 to 300 K in increments of 20 K 

(Figure 2.10c). The normalized PL spectra of the same PeNCs for the whole 

temperature range (Figure 2.11) differ from those of inorganic semiconductors. In 

PeNCs, the band gap is determined by the boundary of the Brillouin zone; the band 



 

 ２３ 

gap-edge states stabilize as the lattice expands, so the band-gap energy increases as 

temperature increases.[71]  

The temperature dependence of PL linewidth can be exploited to study the 

electron-phonon scattering that is responsible for the nonradiative decay of excitons 

(Figure 2.10d). The linewidth broadens as  absolute temperature T increases:[72]  

              Γ(T) = Γ0 + Γac + ΓLO = Γ0 + γacT + γLONLO(T),              (2) 

where Γ(T) is a temperature-dependent inhomogeneous term that arises from 

disorder and imperfections; Γac and ΓLO represent respectively homogenous 

broadening induced by acoustic and longitudinal optical (LO) phonons, and γac and 

γLO are their corresponding coupling strengths, respectively; NLO(T) is the Bose-

Einstein distribution function that describes the occupation numbers of the respective 

LO phonons. Comparison of γac and γLO indicates that the acoustic phonon coupling 

by the deformation potential interaction is not dominant for PeNCs either before or 

after WVT; this conclusion is in accordance with previous results (Table 2.3).[72,73] 

After WVT, γLO decreased from 368.3 meV to 246.5 meV; this change indicates that 

the number of non-radiative pathways decreased. Moreover, the Urbach energy 

extracted from the absorption spectra at the band edge decreased as WVT duration 

was increased to 60 min (Figure 2.12); this trend implies a decrease in electronic 

disorder such as defects that quench excitons. Hence, we conclude that WVT indeed 

passivates the surface of the PeNCs without the aid of the elastomer matrix, and 

thereby yields an increase in PLQY.  

PL intensity decreased exponentially as temperature increased (Figure 2.10e); 

this trend is a result of competition between exciton dissociation and radiative 

recombination. I(T) can be fitted to the Arrhenius equation as  

I(T)=I0/[1+A∙exp(-Ea/(kBT))],     (3) 
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where I0 [eV] is PL intensity at 0 K, Ea [eV] is the activation energy for exciton 

dissociation (exciton binding energy), A [scalar] is a pre-exponential coefficient, and 

kB = 8.617 x 10-5 eV/J is the Boltzmann constant. After WVT, Ea increased from 

64.50 meV to 70.91 meV, which is consistent with the decrease in dielectric constant 

as indicated in the capacitance -frequency (C - f) curve (Figure 2.13).[74]  

To assess the color-converting property of the SCCL, a high-efficiency blue-

emitting micro-scale light-emitting diode (µ-LED) (λmax = 476 nm) based on gallium 

nitride was fabricated on flexible polyimide substrate, then used to convert colors 

(Figure 2.14a). The green SCCL was applied to the top of the blue µ-LED to convert 

the blue light from the device to a green emission (Figure 2.14b). We normalize the 

EL spectrum first based on the blue peak intensity, then measured the SCCL’s color-

conversion efficiency (*) is calculated using the photon energy, which is defined as 

∫IGreen(λ)(hc/λ)dλ/∫IBlue(λ)(hc/λ)dλ, where IGreen, and IBlue represent the intensity of the 

green and blue light at a certain wavelength in the EL spectrum, λ is the photon’s 

wavelength, h is the Planck constant, and c is the speed of light in vacuum. As the 

number of stacked SCCL layers increased from one to three, * increased from 11.58% 

to 95.36% with applying 2.6 V to the µ-LED (Figure 2.15).  

We also assessed the response of an organic photodiode (OPD) during 

illumination of µ-LED with varying numbers of SCCL layers (Figure 2.16). The 

absorbance of the active layer of the OPD is higher at λ = 467 nm than at λ = 538 nm, 

so the increase in IG/IB ratio will lead to decrease in responsivity of the OPD, i.e., the 

current IL under illumination vs. current ID in darkness (Table 2. 4). To achieve white 

emission, a red SCCL composed of CdSe/ZnS and SEBS was fabricated using the 

same method, then transferred directly onto the green-emitting SCCL that used of 

MAPbBr3 PeNCs (Figure 2.14c). The PL peak positions of primary colors were 



 

 ２５ 

474.6, 535.7 and 623.2 nm, respectively. CIE coordinates of the three primary colors 

were (0.11, 0.10), (0.21, 0.75), and (0.65, 0.35) (Figure 2.14d). This chromaticity 

triangle area indicates that this device has potential applications in vivid stretchable 

displays with a color gamut ratio of 103.03% based on the NTSC standard.  

The coordinate could be placed anywhere on the chart by modulating the stacking 

order of red and green SCCLs and number of layers. The white emission generated 

from the red and green SCCL was located at (0.28, 0.35) with the color correlated 

temperature (CCT) of 8049 K. 

Finally, the SCCL was integrated with an SELD for stretchable display application. 

The challenge of the intrinsically-stretchable light-emitting device is to maintain the 

device function while it is under large tensile strain. We used an ionic hydrogel 

electrode (IHE) made of polyacrylamide and NaCl as the electrode, and 

ZnS:Cu/PDMS composite as the stretchable emitting layer (EML) of an alternating-

current electroluminescent device (Figure 2.14e). The stress-strain curve of the IHE 

was measured using a tensile test; the IHE had Young’s modulus of 10.8 kPa, and 

elongation at break of 1400% (Figure 2.17).  

Instant bonding at the interface between the IHE and the EML or SCCL without 

forming a rigid resin interlayer was achieved using ethyl cyanoacrylate as the 

bonding agent.[75] The EL intensity L in cd increased exponentially as bias voltage V 

was increased, as  

L = L0 exp(-β/V1/2)，     (4) 

where initial EL intensity L0 in cd and decay-rate factor β are constants that vary 

among devices.[20] Immediately after integration of the SCCL, the blue-light 

emission (CIE coordinate (0.175, 0.388)) from the SELD changed to green (0.238, 

0.568), while the maximum EL intensity at 20 V/μm decreased by 34% (Figure 
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2.14f). When the SELD was manually stretched up to 180% strain, the EL intensity 

showed negligible change; this stability indicates that strong bonds formed at both 

the IHE/EML and the SCCL/IHE interfaces (Figure 2.14g). Furthermore, the 

devices showed a negligible change (< 3%) in EL intensity after 1-h continuous 

operation under an AC electric field of 10 V/μm and after 30-d-storage in ambient 

air (RH ~ 40%, ~18 ℃) (Figure 2.18). 

 
 

2.4. Conclusion 

In conclusion, this work has reported an air-stable stretchable display that is 

composed of a SELD and an air-stable PeNC SCCL that down-converts the blue 

emission from the SELD to green light. PeNCs were stabilized using a SEBS 

polymer matrix that can effectively encapsulate the surface of PeNCs, and thereby 

significantly increase their stability in air. Notably, the SCCL recovered its original 

PL intensity after being stretched to 100% tensile strain, then released. During a test 

of stability during immersion in water, the PL intensity of the SCCL increased to 

225% after 70 d; this is the first observation of moisture-assisted surface passivation 

of PeNC emitters unlike organic emitters and conventional inorganic quantum dots. 

The increased PL intensity of the SCCL is attributable to oxidation of metallic Pb 

atoms that quench excitons, combined with formation of platelet structure with 

decreased numbers of surface defects. By blending nanocrystals with different re-

emission wavelengths with SEBS polymer, we achieved white emission by a blue µ-

LED. We also fabricated an air-stable intrinsically-stretchable display that is 

composed of an SCCL and intrinsically-stretchable blue electroluminescent devices. 

Our strategy to make air-stable stretchable displays without using any stretchable 
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encapsulation layer is superior to the conventional approach of using intrinsically-

stretchable organic light-emitting devices that essentially require a stretchable 

encapsulation layer with low water vapor transmission rate under stretching.  
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Figure 2.1. (a) Conceptual applications of stretchable displays for visualizing signals 

from wearable sensors, and 3D schematic of stretchable display that uses a 

stretchable color conversion layer (SCCL) integrated with a stretchable 

electroluminescent device (SELD). The inset at left: SELD structure with emitting 

layer (EML) sandwiched between two ionic hydrogel electrodes (IHEs); inset at 

right: color conversion mechanism. (b) Schematic of experimental procedure to 

fabricate SCCL using PeNCs, with SEBS as the polymer matrix.  
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Figure 2.2. (a) PL spectra with the addition of PeNCs to SEBS matrix. (b) 

Photostability of PeNC/SEBS composites and PeNCs thin films with or without 

encapsulation. (c) Evolution of PL spectra and (d) photographic images of the SCCL 

under uniaxial tensile strain. (e) Evolution of PL peak intensity of PeNC solution 

under alternating flow of O2 and N2 at 100 sccm/min. Evolution of (f) PL spectra and 

(g) PLQY of spin-cast PeNCs thin film during water vapor treatment (WVT, RH ≈ 
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70 %) up to 70 min. (f) Evolution of PL spectra of SCCL after immersion in 

deionized water (DIW) for up to 70 d; inset: photograph of the SCCL in the DIW. 

(g) TRPL spectra of pristine PeNC/SEBS before and after immersion in DIW after 

12 d and 70 d. (h) XPS of Pb4f7/2 of PeNC/SEBS composite before and after 

immersion in DIW for 12 and 70 d. 
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Figure 2.3. SEM image of the SCCL at (a) !	=	0%, (b) !	=	50% and !	=	100% of 

strain.  
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Figure 2.4. Schematic illustration of experimental set-up for oxygen-sensing test by 

an alternately-flowing oxygen and nitrogen at 100 cc/min.
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Figure 2.5. (a) Relative change in integrated area, FWHM, and height of PL spectra 

of SCCL after immersion in deionized water for up to 70 d. (b) The evolution of 

PLQY of the SCCL during the 30-d water stability test.  
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Figure 2.6. Evolution of PL spectra of the PeNCs embedded in the PMMA matrix 

during water vapor treatment (WVT, RH ≈ 70 %) up to 720 min.
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Figure 2.7. Evolution of PL peak area of spin-cast FAPbBr3 and MA0.5FA0.5PbBr3 

thin film during water vapor treatment (WVT, RH ≈ 70 %). 
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Figure 2.8. XPS of O1s of PeNC/SEBS composite before and after immersion in 

deionized water for 12 and 70 d.  
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Figure 2.9. (a) XRD diffraction patterns of PeNCs before and after 50 min of WVT 

from 10° to 70°. XRD diffraction patterns of (100) and (200) peaks (b) before and 

(c) after 50 min of WVT after subtracting the SiO2 baseline. 
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Figure 2.10 HR-TEM and FFT images of PeNCs (a) before and after the water-

vapor treatment (WVT). (b) Schematic illustration of formation process of platelet 

structure. (c) Color plots of normalized steady-state PL for PeNCs before and after 

WVT at temperatures of 80 to 300 K in increments of 20 K. Evolution of (d) PL 

intensity and (e) full width at half maximum (FWHM) as the function of temperature 

deduced from the same spectra.  
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Figure 2.11. The normalized steady-state PL spectra for PeNCs (a) before and (b) 

after the WVT at temperatures of 80 to 300 K in increments of 20 K.  

Before WVT After WVT
(a) (b)
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Figure 2.12. Evolution of absorption spectra of PeNC thin film during WVT (RH ≈ 

70 %). (b) Urbach energy Eu extracted from the absorption edge defined using Eu = 

kBT/'(T), where  kB = 8.617 ×10-5 eV K-1 is the Boltzmann constant and '(T) is a 

steepness parameter.  

(a) (b)



 

 ４１ 

	
Figure 2.13. (a) The device architecture and (b) capacitance-frequency 

characterization of the device before and after the WVT on the PeNCs layer.  
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Figure 2.14. (a) Optical microscope images of (-LED with DC voltage of 2.3 V. 

Scale bar: 200 μm. (b) power efficiency (lm/W) before and after integration of SCCL, 

to maximum tensile strain of 30%. (c) EL spectrum of (-LED integrated with bilayer 

SCCL composed of CdSe/ZnS and MAPbBr3 PeNCs for white emission. (d) CIE 

coordinates of device in (c). (e) Device structure and photographic images of SELDs 

during stretching before and after integration with SCCL. (f) Normalized luminance 

of SELD before and after integration with SCCL. (g) Photographs of SELD 

integrated with the SCCL under tensile strain up to 180%. 

  

(a) (b) (c) (d)

(e) (f) (g)

w/o SCCL w/ SCCL

SCCLIHL
EML
IHL

Device architecture

! = 0%

! = 180%

! = 85%



 

 ４３ 

 

 

Figure 2.15. Normalized PL spectra of µ-LED stacked with increasing layers of 

SCCL from 1 to 3.  

 

  



 

 ４４ 

 

Figure 2.16. (a) The µ-LED probe was mounted on a home-made adaptor that was 

connected to a source meter (Keithley 2400) and the SCCL was placed right on top 

of the µ-LED probe. The organic photodiode (OPD) was connected with another 

Keithley 2400 to measure the current-voltage response under illumination. The 

whole system was put in the dark box. (b) The distance between the µ-LED and the 

OPD was maintained at 3.5 cm. (c) During operation, constant voltage was applied 

to the µ-LED to maintain the intensity of the light source, and simultaneously the 

voltage sweep was applied to the OPD. (d), (e) and (f): current density – voltage (J-

V) characteristics of OPD under the illumination from µ-LED stacked with 

increasing layers of SCCL from 1 to 3.  
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Figure 2.17. Stress-strain curve of tensile test for the ionic hydrogel electrode (IHE). 
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Figure 2.18. Evolution of EL intensity (a) under one-hour continuous application of 

AC electric field of 10 V/μm; (b) by storing the SEL device in air (RH ≈ 40%, ~18 ℃) 

for 30 days. 
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Table 2.1. The Hansen solubility parameters of materials and calculated distance in the 

Hansen space.  

Hansen solubility parameter 
δD 

[MPa] 
δP 

[MPa] 
δH 

[MPa] R 

Polystyrene 21.30 5.80 4.30 5.31 
Polybutylene 16.90 2.50 4.00 1.06 
Polyethylene 17.10 3.10 5.20 0.91 

Poly(methyl methacrylate) 18.80 10.50 5.70 4.52 
Polydimethylsiloxane 15.90 0.10 4.70 1.58 

Oleic acid 16.20 3.10 5.50 - 
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Table 2.2. PL lifetime of the SCCL before and after immersion in deionized water for 

12 and 70 d. 

 Solution 
w/ glass 
encap. 

w/o glass 
encap. 

SCCL SCCL_12d SCCL_70d 

A1 [Cnts] 537.1 2013.7 4961.7 209.86 212.06 170.91 

!1  [ns] 120.1 20.7 16.2 693.9 1250.1 1215.1 

A2 [Cnts] 3142.8 4685.1 4564.1 1009 780.4 953.5 

!2  [ns] 31.4 12.5 6.9 140.87 251.7 260.6 

A3 [Cnts] 3979 2950.5 77.2 2589 2011 2097 

!3  [ns] 7.5 5.2 66.5 16.57 28.3 36.88 

!avg 57.3 14.5 15.9 368.3 737.7 599.8 
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Table 2.3. Extracted electron-phonon coupling parameters before and after the WVT. 

 Γ0 
(meV) 

γac 
(meV) 

γLO 
(meV) 

ELO 
(meV) 

Ref 50.0233 0.0255 368.3471 0.0542 

WVT 46.3166 0.0178 246.5407 0.0474 
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Table 2.4. Responsivity of OPDs at -1 V under illumination of µ-LED stacked with 

increasing layers of SCCL from 1 to 3. 

Voltage applied 
to the µ-LED 

SCCL1 SCCL2 SCCL3 

2.3  14.5 14.7 15.0 

2.5  38.5 19.1 18.7 

2.7 63.6 49.9 44.8 

Responsivity of OPD is defined as (current under illumination) divided by (current in 
darkness).  
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Chapter 3. Environmentally Stable High Work 
Function MXene Electrodes for Organic Light-

Emitting Diodes 
 

 

3.1. Introduction 

Two-dimensional transition metal carbides and/or nitrides,  MXenes, are 

promising candidates for use as electrodes for a wide range of applications ranging 

from energy storage to catalysis and electromagnetic interference (EMI) shielding 

because they exhibit high electrical conductivity (s) and superior optical transpare

ncy (OT).[31,76-83] Moreover, unlike other 2D materials, the hydrophilic surface 

chemistry of MXenes allows them to be uniformly dispersed in polar solvents 

without adding any surfactants or binders that could degrade the s or OT.[84-86] This 

trait also facilitates the cost-effective large-scale production and aqueous solution 

processing of MXenes, which is one of the advantages over conventional trans

parent conductive electrodes (TCEs) such as indium tin oxides (ITO) and gr

aphene.[87] 

However, despite the rapid growth and increasing interest in MXenes, they have 

not been explored as the TCE for optoelectronic applications as much as graphene, 

mainly because of the poor environmental stability (Figure 3.1).[27,88-90] The 

instability results from the hydrophilic surface, which attracts oxygen and water and 

leads to oxidation and hydrolysis of the surface. [91-94] The interconnected interlayer 

spaces between MXene layer form numerous channels for intercalation. The 

presence of residual hydrated Li+ between MXene layer originating from the 

exfoliation process leads to an enlarged interlayer spacing (C) that facilitates the 

inward diffusion of water, which further increases C and degrades the electrical 
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properties.[93] Moreover, a high work function (WF) is required for the electrode to 

facilitate charge injection in solution-processed optoelectronic devices. But single-

component titanium carbide (Ti3C2Tx) TCEs that meet all these requirements 

(stability, s, and WF) for solution-processed optoelectronics have not been 

developed yet. 

To compensate for the degradation caused by moisture intercalants, other 

conducting fillers such as silver nanowires and conducting polymers are typically 

introduced into Ti3C2Tx to form a composite TCE for solution-processed 

optoelectronics.[95-98] Alternatively, reinforcing polymers can also be used to increase 

the hydration resistance of micrometer-thick Ti3C2Tx films.[99-101] However, these 

strategies do not address the interactions between MXene and moisture, or 

significantly degrade the MXene electrical conductivity. 

Herein, we present a Ti3C2Tx MXene with a compact structure and a 

perfluorosulfonic acid (PFSA) barrier layer as a promising TCE material, which 

simultaneously exhibits excellent environmental stability, high WF of 5.84 eV, and 

low Rs of 134.4 Ω/sq. Thermal annealing of pristine Ti3C2Tx leads to a removal of 

intercalated water, which reduces the interlayer spacing and further mitigates the 

inward diffusion of moisture intercalants in the lateral direction. Subsequent surface 

treatment using PFSA as the barrier layer simultaneously blocks the diffusion of 

moisture intercalants between flakes in the perpendicular direction and increases the 

WF from 4.89 eV up to 5.84 eV. This is the highest WF ever reported among MXenes 

electrodes and is close to the theoretical upper limit for oxygen-terminated MXene, 

Ti3C2O2
[102]. Without rapid moisture diffusion paths in both vertical and lateral 

directions, the surface-modified Ti3C2Tx exhibits excellent environmental stability 
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with negligible changes in the Rs and the WF maintained at >5.60 eV even after 22 

days of exposure to ambient air. Lastly, the electrode was successfully used as the 

TCEs for both large-area and ten-by-ten passive matrix flexible organic light-

emitting diodes on 6 cm × 6 cm substrates. 

 

3.2. Materials and Experiments 

MXene synthesis 

Ti3C2Tx was synthesized by selective etching of Ti3AlC2 MAX phase powder (325 

mesh) by using a mixture of HF (48.5−51%, Acros Organics) and HCl (36.5−38%, 

Fisher Chemical) acids. Typically, 2 mL of HF, 12 mL of HCl, and 6 mL of deionized 

(DI) H2O were mixed. Then 1 g of MAX phase powder was added to the solution, 

and it was stirred for 24 h at 35 ℃. After etching, the reaction product was washed 

with DI H2O using a centrifuge at 3500 rpm for 2 min until pH > 6. The obtained 

sediment was dispersed in a 0.5 M LiCl solution. The mixture was shaken for 15 min, 

then centrifuged at 3500 rpm for 10 min several times until the sediment was 

delaminated and swelled. The swelled sediment was dispersed in DI H2O again, then 

centrifuged at 3500 rpm for 10 min. Then the dark supernatant MXene solution was 

collected and diluted to 7 mg/mL in DI H2O.  

 

Preparation of MXene electrode  

The 2.5 cm × 2.5 cm glass substrates were cleaned using sonication in acetone and 

isopropanol for 15 min, sequentially. The residual solvents were removed using an 

N2 gun, then the glasses were treated with UV ozone for 10 min to form a hydrophilic 

surface. 'Pristine' (control) TCEs were prepared by spin-coating substrates with 
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Ti3C2TX MXene solution in two steps, once at 2000 rpm for 60 s, then at 6000 rpm 

for 90 s. “Closely packed” MXene (c-MXene) samples were obtained by spin-

coating in the same way, but the substrate with Ti3C2TX MXene solution was left for 

3 min before the spin-coating steps. The wait time permits the self-assembly of 

Ti3C2Tx MXene flakes on the substrate. “Highly compact” MXene (h-

MXene)”samples were obtained by annealing c-MXene at 350 ℃ for 6 h in an N2-

filled glove box. To obtain surface-modified MXene (m-MXene) samples, the 

surface of the h-MXene electrode was coated using diluted perfluorinated ionomer 

(PFI, 2 wt% in IPA) solution spin-coated at 2000 rpm for 60 s to give a thickness of 

~ 10 nm. The resultant m-MXene was then annealed in air at 100 ℃ for another 

5 min to yield a high WF.  

To prepare the Ti3C2TX electrode for the large-area OLEDs on a 6 cm × 6 cm PET 

substrate without patterning for solid-state lighting, a UV-Ozone-treated PET 

substrate was covered with Ti3C2Tx MXene solution and left for 3 min, then spin-

coated in the air in two steps, first at 2000 rpm for 60 s, then and 6000 rpm for 90 s. 

The MXene electrode on PET was then transferred to an N2-filled glove box and 

annealed at 150 ℃ for 12 h. To form a stripe pattern on the 6 cm × 6 cm PET 

substrate for 10 × 10 passive matrix OLED, a photoresist (AZ GXR-601) was coated 

on the PET substrate at 4000 rpm for 60 s to form a photoresist of 1-�m thickness, 

then soft-baked at 120 ℃ for 3 min. Then the substrate was treated with UV radiation 

to image the photoresist. Subsequent development in the developer (AZ 300 MIF) 

and rinsing in DI H2O removed the exposed parts of the photoresist. Then the 

specimens were hard-baked at 120 ℃ for 3 min to fully remove the solvent and 

improve the adhesion between the photoresist and the PET substrate.  
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The MXene-coating process was the same as the above-mentioned process with 

3-min waiting. The patterned MXene was immersed in acetone to strip the patterned 

photoresist. The electrode was then transferred into an N2-filled glove box and 

annealed at 150 ℃ for 12 h to form a highly-compacted lamellar structure. To obtain 

a high-WF, large-area Ti3C2TX MXene, the surface of the electrode was surface 

modified using diluted perfluorinated ionomer (PFI, 2 wt% in IPA) solution spin-

coated at 2000 rpm for 60 s. The resultant m-MXene on the 6 cm × 6 cm PET 

substrate was then annealed 100 ℃ for another 5 min in air.  

 

MXene hydration stability test 

To conduct the hydration-stability test on the MXene electrode, electric contact 

using silver paste was first established along the edge of the substrate to eliminate 

the effect of additional electrical contact induced by the subsequent solution coating. 

The contact area was protected using copper tape as the contact pad to prevent the 

diffusion of solvent to the contact area. A Keithley 2400 was used as the source meter 

to measure the I-V curve between two contact pads before and after solution coating. 

 

Preparation of MXene-based OLEDs  

To prepare a hole-injection-layer solution, 1 wt% of Triton X-100 was added to 

poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, CleviosTM 

P VP AI4083)，then spin-coated on m-MXene at 2000 rpm for 60 s and annealed at 

90 ℃ in air. A successive coating of the light-emitting layer (PDY-132, 8 mg/mL in 

toluene) was performed at 3000 rpm for 60 s in an N2-filled glove box, then the 

assembly was heat-treated at 90 ℃ for 5 min. Then the samples were transferred to 

a high-vacuum evaporation chamber and a 1-nm-thick layer of LiF and a 100-nm-
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thick layer of Al were deposited sequentially as the cathode. The devices were 

encapsulated using the glass lid in the glove box, to prevent the diffusion of H2O and 

O2. A Keithley source meter and a Minolta CS 2000 spectroradiometer were used to 

characterize the OLEDs. 

 

Characterization 

RS of Ti3C2TX MXene electrodes was measured using a four-point probe combined 

with a Keithley 2400 source meter. OTs of the Ti3C2TX MXene electrodes were 

measured using ultraviolet (UV) absorption spectroscopy (Lambda 465, 

PerkinElmer). X-ray diffraction (XRD, D8 Advance 2020) was measured to 

characterize variation in the d-spacing of MXene. Raman spectroscopy was 

conducted using LabRAM HR Evolution (HORIBA) with a 532-nm laser. X-ray 

photoelectron spectroscopy (XPS, K-alpha, Thermo Scientific™) spectra of MXene 

surface were obtained using a monochromatic Al Kα radiation source (1486.6 eV). 

Surface topographic images of Ti3C2TX MXene electrodes were obtained using 

atomic force microscopy (NX-10, Park Systems). The surface potential was 

measured using a Kelvin probe (KP Technology Ltd.).   

 

3.3. Results and Discussion 
 

Four types of Ti3C2Tx MXene-based TCEs were prepared by spin-coating MXene 

aqueous dispersions on glass substrates. “Pristine” TCEs were prepared immediately 

after spin-coating without a rest period. “Closely-packed” (c-MXene) TCEs were 

prepared after spin-coating with an initial rest period to allow for self-assembly of 

Ti3C2Tx flakes at the solution-substrate interface; this process increased the 
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uniformity of the thin film without forming any voids and slightly reduced the 

interlayer spacing. “Highly compact” (h-MXene) TCEs were obtained by thermal 

annealing c-MXene films. “Surface modified” (m-MXene) TCEs were prepared by 

surface-modification of h-MXene using PFSA. To test the environmental stability, 

two electrical contact pads were prepared on each TCE using copper tape to avoid 

additional contact resistance induced by subsequent layer deposition (Figure 3.2A). 

The TCEs were then coated through solution processing using water-dispersible 

poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS). 

The effects of PEDOT:PSS processing on the electrical properties of the c-MXene 

and h-MXene TCEs were evaluated first. Current (I) through c-MXene and h-MXene 

were measured under sweeping voltage (V) from −1 to 1 V before and after 

PEDOT:PSS coating. For c-MXene, the slope of the I-V curve decreased 

significantly after PEDOT:PSS coating, which indicated severe degradation in 

electrical conductivity of Ti3C2Tx because of rapid moisture diffusion into the 

interlayer space (Figure 3.2B). More severe degradation in conductivity was 

observed after directly coating deionized H2O on c-MXene TCE (Figure 3.3A). 

However, for h-MXene, there were negligible changes in the I-V curves after coating 

with PEDOT:PSS and water, which indicated that the TCEs maintained their high 

conductivity and that resistance to hydration in Ti3C2Tx can be increased by 

controlling its interlayer spacing (Figure 3.2C, Figure 3.3B). 

We propose a mechanism by which these treatments control the resistance of 

Ti3C2Tx to hydration (Figure 3.2D). The interlayer spacing, C, is equivalent to the 

d-spacing minus the thickness of a Ti3C2Tx layer (~ 1 nm). C of pristine MXene(~ 

0.33 nm, see detailed results later) is comparable to the diameter of hydrated Li+ ion 

(~0.38 nm[103]) present as residual species from the exfoliation process of multilayer 
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MXene particles into single-layer MXene sheets. Thus, C should be smaller than the 

size of a water molecule, ~0.275 nm[93], to prevent intercalation of water. To preclude 

lateral diffusion of water along the channel, additional treatments may be 

necessary.[93] At the same time, perpendicular diffusion of water between Ti3C2Tx 

flakes with respect to the substrate also contributes to hydration and should be 

minimized. A barrier layer on top of the Ti3C2Tx layer can block this diffusion path, 

but doing this without sacrificing the electrical property is a challenging task and 

requires the appropriate selection of the layer chemistry and processing steps. 

We performed high-temperature annealing on MXene to reduce d-spacing. To 

investigate the effect of high-temperature annealing on the thin film structure, cross-

sectional high-resolution transmission electron microscopy (HR-TEM) was 

conducted (Figure 3.2E). HR-TEM images clearly revealed the decrease in the d-

spacing of Ti3C2Tx after high-temperature annealing. This decrease might be a result 

of the expulsion of intercalated H2O or surface -OH groups, or of both processes. 

Unlike Ti3C2Tx films in several tens of nanometer-scale for EMI shielding,[31,77] the 

h-MXene showed no pores because the intercalations can easily escape from the 

TCE. However, the h-MXene is still vulnerable to moisture in the air due to diffusion 

paths between the Ti3C2Tx flakes. Hence, we introduced PFSA as a moisture 

diffusion barrier on the surface of h-MXene (i.e. m-MXene), to achieve both 

improved charge injection and environmental stability as a TCE. 

The thickness-dependent intrinsic electrical and optical properties of Ti3C2Tx 

MXene were evaluated to optimize the TCE fabrication (Figures 3.4A and B). 

Before thermal treatment, the optical transparency (OT) of Ti3C2Tx at 550 nm could 

be controlled between 86.9% (for 4.5 nm film) and 68.8% (17.6 nm), depending on 

the film thickness. Similarly, the sheet resistance (RS) could be controlled in the 
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range between 264.2 (for 4.5 nm film) and 56.5 W/sq (17.6 nm), which corresponds 

to an average conductivity of 8433 S cm-1. After annealing at 350 ℃ for 6 h the sheet 

resistance decreased from 135.1 (for a 10.1 nm) to 115.3 W/sq (for a 7.7 nm film), 

which corresponds to a substantial increase in conductivity from 7328.6 to 11263 S 

cm-1, because of the removal of water and other contaminant intercalants and 

increasing inter-flake contact.[31] After PFSA coating (~10 nm), the sheet resistance 

slightly increased from 115.3 to 134.4 W/sq, with OT maintained at 84.9%. 

X-ray diffraction (XRD) was used to quantitatively analyze the structural 

transformations in Ti3C2Tx TCEs after annealing (Figure 3.4C). The out-of-plane 

(002) reflection indicative of the MXene flake stacking and interlayer space 

gradually shifted from a 2+-angle of 6.64° (1.33 nm) for pristine MXene to a higher 

7.12° (1.24 nm) for c-MXene, 8.26° (1.07 nm) for h-MXene, and 8.32° (1.06 nm) 

for m-MXene (Figure 3.4D). The substantial reduction in C from ~ 0.33 for pristine 

MXene to ~ 0.06 nm for h-MXene is due to the removal of water and surface 

termination composition. Moreover, overcoating the TCE with a PFSA barrier layer 

did not increase the interlayer spacing of Ti3C2Tx because the solvent used for PFSA 

solution was isopropyl alcohol which could not intercalate into the MXene structure. 

This further supports the stability measurements before and after deposition of PFSA 

(Figure 3.2A, 3.3C and D).  

Characterization of the surface morphology of Ti3C2Tx TCEs after annealing using 

atomic force microscopy (AFM) indicated that micron-sized Ti3C2Tx flakes are 

closely packed without islanding or void formation on the substrates (Figure 3.4E). 

The line profile across an h-MXene sample revealed that each Ti3C2Tx layer is ~ 1 

nm thick. After coating the PFSA barrier layer, the Ti3C2Tx flakes were not visible 
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from the topographic image, indicating uniform deposition of PFSA on the surface 

of the TCEs (Figure 3.4F). The surface treatment also led to an increase in the work 

function from 4.89 eV for h-MXene to 5.84 eV for m-MXene (Figure 3.4G). 

Compared with the work function of other common TCEs such as indium tin oxide 

(ITO, 4.70 eV) and silver nanowire (4.31 eV), the current work function achieved is 

most favorable for efficient hole injection and represents the highest experimentally 

value attained for Ti3C2Tx MXene. Kelvin probe mapping of surface potential in a 

large area also demonstrated the uniformity of high WF after PFSA surface 

modification (Figure 3.4H). 

The substantial increase in surface potential is mainly induced by the high 

ionization potential of perfluoro backbone in the PFSA.[28,104,105] The WF of MXene 

is strongly dependent on the surface termination compositions. For example, the 

highest theoretical predicted work function is ~6 eV for Ti3C2O2 MXene with 

uniform -O surface terminations.[102] In contrast, -OH and -F surface terminations 

lead to a decrease in the work function.[102] However, while the surface termination 

composition can be influenced through the MXene synthesis process by adjusting 

the etching method or recipe, it is impossible to precisely control the composition. 

Thus, achieving a high WF for MXenes is challenging. In our previous work, through 

vacuum annealing at elevated temperatures (200 °C), we were able to eliminate the 

-OH surface terminations and obtain a high work function of 5.1 eV.[29] In contrast, 

surface modification using PFSA provides a simpler and more practical approach to 

increasing the work function of MXene TCE close to the theoretically-predicted 

maximum. 

The stabilities of c-MXene, h-MXene, and m-MXene were evaluated by 

monitoring the relative changes in resistance (R) with respect to the initial resistance 
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(R0), and the work function after 22 days of exposure to air at room temperature and 

relative humidity of ~40% (Figure 3.4I and J). For c-MXene, the R/R0 increased by 

37.5%, while the WF slightly decreased from 4.92 eV to 4.88 eV. For h-MXene, the 

R/R0 increased by 16.9% while the WF remained at ~4.80 eV. Although lateral 

diffusion of water along the interlayer space was precluded after high-temperature 

annealing, diffusion of water between Ti3C2Tx flakes in the perpendicular direction 

still affected the hydration stability. For m-MXene, the R/R0 increased by only 4.8%, 

and the WF remained at >5.60 eV. Hence, the m-MXene is sufficient to meet the 

performance requirements and processing standards of TCEs for OLEDs. 

High-resolution X-ray photoelectron spectroscopy (XPS) was then conducted to 

further analyze the surface oxidation and chemical state of c-MXene, h-MXene, and 

m-MXene TCEs. For c-MXene, The O1s spectrum for the Ti3C2Tx is deconvoluted 

into four components: TiO2 at 529.4 eV[31], C-Ti-Ox at 530.3 eV[31], Ti-O-Ti at 532.1 

eV[106], and Ti-OH at 532.7 eV[31] (Figure 3.5A). In contrast to c-MXene, for h-

MXene, the Ti-OH component contribution to the overall spectra substantially 

decreased, which indicated a decrease in the concentration of -OH surface 

terminations (Figure 3.5B). Thus, the change in surface chemistry also contributed 

to the decrease in interlayer spacing as confirmed by HR-TEM and XRD analysis 

(Figure 3.2E, 3.3C and D). However, for m-MXene, the Ti-OH component 

contribution increased slightly (Figure 3.5C). Since the interlayer spacing did not 

increase after PFSA surface modification, the slight increase in Ti-OH component is 

likely due to the interaction between PFSA and Ti3C2Tx at the MXene-coating 

interface. 

Raman spectroscopy was used to analyze the chemical bonding in Ti3C2Tx 

(Figure 3.5D). The vibration frequency is proportional to the square root of bond 
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strength divided by the effective mass, so the lattice vibrations are readily affected 

by the surface groups of MXene layers.[107] The flake region in the Raman spectrum 

represents the group vibration of carbon along with titanium layers.[80] The shift of 

the peak in the flake region from 200.1 for c-MXene to 207.3 cm-1 for h-MXene 

represents a reduction in the effective mass of the bond and further confirms the 

removal of -OH surface terminations after high-temperature annealing. After PFSA 

surface modification, the peak shifts to 203.7 cm-1 because of the increase in the 

effective mass of the bond because the PFSA film on the Ti3C2Tx surface hinders the 

lattice vibration. These results indicate that the surface groups are effectively 

removed after high-temperature annealing. The peak position and intensity of c-

MXene at 725 cm-1 in the carbon region remain the same after high-temperature 

annealing, indicating that properties of MXenes are well preserved. The peak that 

appeared at 732.0 cm-1 in m-MXene might be caused by the overcoated PFSA. 

To evaluate the performance of Ti3C2Tx MXene for TCEs, the m-MXene was 

applied as the anode in a conventional solution-processed OLED where commercial 

Super Yellow (PDY-132, Merck) was used as the light-emitting polymer and the 

final device structure was anode/PEDOT:PSS/Super Yellow/LiF/Al (Figure 3.6A). 

The OLED fabricated using m-MXene as the anode exhibited the highest current 

densities in the current density vs. voltage (J-V) plots compared to a reference OLED 

fabricated using ITO as the anode. Despite the higher s  of ITO (Rs ~10 Ω/sq) than 

that of m-MXene (Rs = 134.4 Ω /sq), high WF of m-MXene substantially facilitates 

the hole injection, thereby enhancing the overall current density. Since all OLEDs 

prepared shared the same device architecture except for the anode material, the 

variations in the luminance vs. voltage (L-V) plots result from differences in the hole-

3.6injection ability (Figure 3.6B). The maximum luminance (Lmax) obtained using 
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h-MXene, and m-MXene anodes were 34844 cd/m2 at 11.4 V, and 44243 cd/m2 at 

10.2 V, respectively, which greatly exceeded the Lmax obtained using the ITO anode, 

6527 cd/m2 at 12.3 V. High Lmax obtained using h-MXene and m-MXene in this work 

also implies the highly stable MXene electrode without water-induced degradation 

caused by solution coating of water-dispersed PEDOT:PSS. Radiative 

recombination was also substantially increased due to the increase in hole injection 

in the m-MXene TCE, which leads to a distinguished decrease in efficiency roll-off, 

and represents a major advantage of m-MXene compared with other electrode 

materials (Figure 3.6C). Furthermore, the lifetime for the decrease in the initial 

luminance to decrease to 70% (LT70) under continuous operation was 25.2 h for the 

m-MXene, but 15.1 h for the h-MXene anode and 0.41 h for the ITO anode (Figure 

3.6D).  

To demonstrate the scalability of MXenes for optoelectronic devices, m-MXene 

was used as the anode to prepare flexible large-area OLEDs on 6 cm × 6 cm 

substrates. Instead of the glass substrate used above, the Ti3C2Tx MXene was coated 

on flexible polyethylene terephthalate (PET) substrates and annealed at a lower 

temperature of 150 ℃ for 12 h to avoid damage to the PET and to increase the 

stability of MXene. Without patterning the anode, the OLED for large-area solid-

state lighting was successfully achieved in both inner bending and outer bending 

modes (Figure 3.6E), which demonstrates the highly uniform m-MXenes for large-

area applications without water-induced degradation. Besides, a 10 × 10 passive 

matrix OLED using m-MXene was also demonstrated by patterning using a 

photoresist to pattern a stripe-type electrode (Figure 3.7, details in supporting 

information). The operation of the 10 × 10 passive matrix OLED on 6 cm × 6 cm 

substrates also proves the high s the m-MXene and feasibility of m-MXenes for the 
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large area photolithography patterning process (Figure 3.6F). To the best of our 

knowledge, this is the first use of MXenes for large-area optoelectronics. 

 

3.4. Conclusion 

We developed a new approach to improve the environmental stability and 

performance of Ti3C2Tx MXene transparent conducting electrodes and demonstrate 

their application in large-area optoelectronic devices. The developed Ti3C2Tx 

electrodes simultaneously exhibit excellent environmental stability, high work 

function of 5.84 eV, and low sheet resistance of 134.4 Ω/sq. Through high-

temperature annealing, intercalated water, residual contaminants, and -OH surface 

terminations can be removed to improve the electrical conductivity and increase the 

work function. Moreover, through surface treatment with a PFSA layer, the charge 

injection can be improved, and the work function further increased. Through both of 

these approaches, the environmental stability can be significantly improved by 

mitigating the inward diffusion of moisture in the lateral and perpendicular directions. 

The work function value attained herein is the highest work function ever reported 

among MXenes and is close to the theoretical upper limit. The developed MXene 

electrode showed negligible changes in the sheet resistance and the work function 

remained at >5.60 eV even after 22 days of exposure to air. Finally, flexible large-

area and passive-matrix OLEDs were demonstrated on 6 cm × 6 cm substrates using 

solution processing. This work provides a simple but effective approach to 

overcoming the stability limitation of MXenes and is expected to extend their 

practical applications to other large-area optoelectronics.  
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Figure 3.1. (A) and (B) Number of publications on graphene- or MXene-based 

displays.  
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Figure 3.2. (A) Schematic of the Ti3C2TX MXene electrode hydration-stability test. 

The contact pad was adhered to the Ti3C2TX before coating with PEDOT:PSS. (B) 

and (C) Current vs. voltage curves before and after coating with PEDOT:PSS, 

respectively. (D) “Pristine” TCEs were prepared immediately after spin-coating 

without a rest period. “Closely-packed” (c-MXene) TCEs were prepared after sping-

coating with an initial rest period to allow for self-assembly of Ti3C2Tx flakes at the 

solution-substrate interface. “Highly compact” (h-MXene) TCEs were obtained by 

thermal annealing c-MXene films. (E) Transmission electron microscopy (TEM) 

cross-section images of c-MXene and h-MXene prepared using a focused ion beam.   
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Figure 3.3. (A) and (B) Current-voltage curves of c-MXene, and h-MXene films 

before and after coating the water-dispersed PEDOT:PSS, respectively. (C) and (D) 

Current-voltage curves of c-MXene, and h-MXene films before and after coating the 

IPA-dispersed PFSA, respectively. 
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Figure 3.4. (A) Optical transmittance and (B) sheet resistance of c-MXene films 

with varying thickness prepared at room temperature. (C) X-ray diffraction pattern 

(XRD) of pristine, c-MXene, h-MXene, and surface-modified h-MXene (i.e., m-

MXene) electrodes. (C) XRD patterns showing the dominant (002) out-of-plane 

reflection. (D) XRD peak positions extracted from (C) and d-spacing calculated 

based on Bragg’s law. Atomic force microscopy topology images of (E) h-MXene 

and (F) m-MXene on a 10-µm scale. (G) Work function of electrodes measured using 

Kelvin probe including silver nanowires (AgNW), indium tin oxide (ITO), and above 

mentioned Ti3C2TX electrodes. (H) Kelvin probe mapping of h-MXene and m-

MXene electrodes. Each step in the x- and the y-axis represents 635 nm. (I) and (J) 

Environmental stability tests of c-MXene, h-MXene, and m-MXene in terms of sheet 

resistance and work function change at room temperature and relative humidity of 

~40%.
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Figure 3.5. Figure 3. X-ray photoelectron spectroscopy (XPS) of the O1s core-level 

for (A) c-MXene, (B) h-MXene, and (C) m-MXene electrode. (D) Raman 

spectroscopy of c-MXene, h-MXene, and m-MXene electrodes. The spectrum is 

divided into the flake, surface termination, and carbon regions, highlighted in yellow, 

blue, and red, respectively.  
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Figure 3.6. (A) current density vs. voltage (J-V), (B) luminance vs. voltage (L-V), 

(C) current efficiency, and (D) lifetime (operated at 1000 cd/m2 initial luminance) 

curves for ITO, h-MXene, and m-MXene based OLEDs. Digital photos of h-MXene-

based large-area (E) solid-state lighting, and (F) ten-by-ten passive matrix on six-by-

six cm PET flexible substrates operated under different mechanical deformations.  
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Figure 3.7. (A) Schematic of the metal used for Al electrode deposition. Photographs 

of patterned (B) photoresist and (C) coated MXene after stripping.  
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Chapter 4. Graphene-Based Two-Dimensional 
Contact Electrodes with Ultra-Low Work Function 
for High Efficient Intrinsically Stretchable Organic 

Light-Emitting Diodes 
 

 

4.1. Introduction 
 

Wearable electronics require integrated devices that can stretch to form intimate 

contact with human skin.[17,41,108-114] DC-driven intrinsically stretchable organic light-

emitting diodes (ISOLEDs) that have high efficiency are particularly promising for 

wearable applications.[21-26,115] However, since 2011 only a few papers have reported 

ISOLEDs, and they have not achieved high current efficiency (CE) >12 cd/A, whereas 

rigid counterparts that use an indium tin oxide (ITO) anode and a metal cathode even 

have CE ~ 20 cd/A.[27,116] The low CE of ISOLEDs can be ascribed to the lack of 

stretchable electrode materials that can solve the poor electron injection at the widely-

used one-dimensional (1D) metallic nanowire/organic layer interface. Furthermore, 

protocols related to ISOLEDs fabrication and optimization process have not been 

established, so the task of boosting ISOLED efficiency is extremely challenging. 

Embedded silver nanowires (AgNWs) have been widely used as stretchable 

electrodes.[117,118] However, the contact area is limited at the 1D AgNW/organic layer 

interface, so the embedded AgNWs have poor charge-injection properties. Energy-level 

misalignment at stretchable electrode/organic interfaces of ISOLEDs is another problem 

that must be solved. Especially, efficient electron injection is difficult to attain in 

solution-processed ISOLEDs without using reactive alkali fluorides or metals (e.g. Ca, 

Ba, Cs, LiF, BaF2, or CsF) as the interlayer.[119] A recent stretchable electrode that has 

low work function (WF) showed only WF ~ 4.7 eV which is not suitable for efficient 

electron or hole injection at the cathode or the anode, respectively.[110] Hence, to boost 
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the efficiency of ISOLED, energy levels must be aligned at both the stretchable electrode 

interfaces.  

This paper reports a highly-efficient ISOLED that uses two-dimensional-contact 

stretchable electrodes (TCSEs) as the anode and cathode. The TCSE includes a layer of 

graphene and graphene scrolls on top of embedded AgNW networks in the styrene-

ethylene-butadiene-styrene (SEBS) elastomer matrix. The graphene layer modifies the 

WF, promotes charge spreading, and impedes inward diffusion of oxygen and moisture, 

and thereby achieving significant improvement in charge injection and environmental 

stability. The electron injection property of the cathode TCSE can be substantially 

increased by introducing an anionic crown conjugated polyelectrolyte (CPE) interlayer 

that induces a strong interfacial dipole to yield a low WF = 3.63 eV which is the lowest 

value ever reported among ISOLEDs. With all these benefits, the pressure-controlled 

lamination process yielded efficient charge injection, and a highly-efficient ISOLED 

with CE = 20.3 cd/A. Furthermore, a three-inch five-by-five passive matrix ISOLED 

successfully withstood convex deformation. 

 

 

4.2. Materials and Experiments 
 

A. Graphene synthesis and transfer 

Single-layer graphene was grown on suspended copper (Cu) foils by chemical 

vapor deposition. Cu foils were inserted into a quartz tube and heated to 1060 ℃ 

with H2 at 15 sccm, then annealed for 30 min. During the graphene-growth step, CH4 

gas as a precursor flowed at 60 sccm for 30 min. Then foils were rapidly cooled to 

room temperature; the result was a graphene film with a uniform monolayer on the 

Cu foil. Poly(methyl methacrylate) (PMMA) (996k, Sigma-Aldrich) solution (4.6 g 

in 100 ml chlorobenzene) was spin-coated on top of the graphene/copper foils as a 
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supporting polymer layer, then dried in air for 1 h. The Cu foil was then removed 

using an ammonium persulfate ((NH4)2S2O8) etchant for 5 h, then the 

PMMA/graphene film was floated on deionized water to rinse off the residual 

etchant. The graphene on the backside of the Cu without PMMA protection rolled 

up into scrolls due to surface tension [34]. Subsequently, the PMMA/graphene film 

decorated with graphene scrolls was transferred onto a target substrate (glass in this 

study), and it was rinsed using acetone for 1 h to remove the PMMA supporting layer, 

to leave a layer of graphene WF modifier on the glass.  

 

B. Synthesis of anionic crown CPE 

A neutral precursor polymer, 18-crown-6 attached poly(fluorene-co-phenylene) 

(Cn6-FP) was synthesized by Suzuki polymerization of 2,7-dibromo-9,9-bis(6-

bromohexyl)-9H-fluorene (M1), 2,7-dibromo-9,9'-bis(6'-

(((1,4,7,10,13,16)hexaoxacyclooctadecanyl)methoxy)hexyl)fluorene (M2) and 1,4-

phenylenebisboronic ester using Pd(PPh3)4 as a catalyst in toluene at 90 °C for 24 h 

(47% yield, number average molecular weight Mn = 9 kg mol-1, dispersity = 2.2). 

Subsequently, an anionic conjugated polyelectrolyte (CPE) 18-crown-6 attached 

poly(fluorene-co-phenylene) sulfonate with tetramethylammonium (TMA+) 

counterions (Cn6-FPS, 83% yield) was obtained by ionization of a neutral precursor 

with tetramethylammonium sulfite (TMAS) in tetrahydrofuran (Scheme S1).  

M1. M1 was synthesized as reported previously.[1] 1H NMR (500 MHz, CDCl3): 

δ (ppm) 7.51 (d, 2H, J = 8.0 Hz), 7.45 (d, 2H, J = 8.0 Hz), 7.42 (s, 2H), 3.27 (t, 4H, 

J = 7 Hz), 1.91 (t, 4H, J = 8.5 Hz), 1.65 (p, 4H, J = 8 Hz), 1.18 (p, 4H, J = 8 Hz), 

1.06 (p, 4H, J = 7.5 Hz), 0.57 (m, 4H). 13C NMR (125 MHz, CDCl3): δ (ppm) 152.07, 
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138.99, 130.25, 125.97, 121.51, 121.21, 55.48, 40.03, 34.00, 32.55, 28.91, 27.72, 

23.39. 

M2. M2 was synthesized using a modification of a previous procedure.[2] Under 

inert atmosphere, M1 (0.77 mmol, 0.500 g), 2-hydroxymethyl-18-crown-6 (2.31 

mmol, 0.679 g), tetra-n-butylammonium hydrogen sulfate (TBAHS) (0.04 mmol, 

0.013 mg) and a degassed aqueous solution of sodium hydroxide (3 mL, 50 % w/w) 

were dissolved in benzene (10 mL). The reaction solution was stirred at 70 °C for 24 

h. After the reaction was completed, excess water was added and the reaction mixture 

was extracted with ethyl acetate (EA), and the organic phase was dried over 

anhydrous magnesium sulfate. The EA was removed by rotary evaporation, then the 

crude product was purified by alumina column chromatography using 

dichloromethane:methanol (98:2 by volume) as eluent. Yield: 0.356 g (43%). 1H-

NMR (500 MHz, CDCl3): d (ppm) 7.55 (d, 2H), 7.44-7.46 (m, 4H), 3.44-3.68 (m, 

46H), 3.25-3.36 (m, 8H), 1.91-1.94 (m, 4H), 1.32-1.34 (m, 4H), 1.05-1.07 (m, 8H), 

0.54-0.57 (m, 4H). 13C-NMR (125 MHz, CDCl3): d (ppm) 152.90, 139.52, 130.46, 

126.58, 121.76, 121.56, 78.45, 71.78,71.65, 71.00, 70.90, 70.84, 70.79, 70.72, 69.76, 

56.05, 40.43, 30.03, 29.89, 26.11, 24.03. 

Cn6-FP. A neutral precursor polymer was synthesized by Suzuki polymerization. 

In a 10 mL microwave vial, M1 (0.230 mmol, 0.150 g), M2 (0.230 mmol, 0.248 g) 

and 1,4-phenylenebisboronic ester (0.461 mmol, 0.139 g), Pd(PPh3)4 (4 mmol%) and 

Aliquat 336 (1 drop) were added. A solvent mixture of toluene (4 mL) and 2 M 

aqueous Cs2CO3 solution (2 mL) were degassed with a N2
 gas flow, and then added 

to a reaction vial. The reaction mixture was heated at 90 ℃ for 2 h. The reaction 

solution was cooled to room temperature, precipitated into methanol, and filtered. 

The polymer was re-dissolved in 5 mL tetrahydrofuran (THF) and purified by 
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dialysis (cellulose tube-molecular weight cut-off: 7 Kg mol-1) in THF for 48 h. The 

polymer solution was concentrated and re-precipitated into methanol (MeOH). The 

collected yellow polymer Cn6-FP was dried under vacuum (yield: 0.342 g, 47%). 

Mn = 9 kg mol-1 (dispersity = 2.2). 1H-NMR (500 MHz, CDCl3): δ (ppm) 7.82 (br, 

12H) 7.69 (br, 8H), 3.76-3.28 (m, 58H), 1.85 (br, 8H), 1.76-1.68 (m, 4H), 1.39 (br, 

4H) 1.24 (br, 4H), 1.13 (br, 12H), 0.78 (br, 8H). 

Cn6-FPS. In a two-neck round bottom flask, a neutral precursor Cn6-FP 

(0.125 mmol, 0.200 g) was dissolved in THF (10 mL) at 60 ℃. 

Tetramethylammonium sulfite (TMAS) solution was prepared separately by mixing 

tetramethylammonium hydroxide pentahydrate (5.54 mmol, 1 g) and dimethyl sulfite 

(2.77 mmol, 0.305 g) in methanol (1 mL) at room temperature for 15 min. The 

TMAS (2.77 mmol) solution was added dropwise into a polymer precursor solution 

and the resulting mixture was stirred at 60 ℃ for 24 h. During the reaction, the 

precipitates were redissolved by adding 5 mL of additional methanol, and the 

solution was further reacted for another 24 h. The ionized polymer Cn6-FPS was 

purified by dialysis (cellulose tube-molecular weight cut-off: 7 kg mol-1) in 

deionized water for 48 h. The purified polymer was freeze-dried (Yield: 0.181 g, 

83%). 1H-NMR (500 MHz, DMSO-d6): δ (ppm) 8.08-7.65 (br, 20H), 3.63-3.34 (m, 

42H), 3.31-3.19 (m, 12H), 3.10 (s, 24H), 2.27 (m, 4H), 1.36 (br, 8H), 1.19 (br, 12H), 

1.09 (br, 12H), 0.78 (br, 8H). 

 

C. Preparation of patterned p- and n-TCSEs 

Pristine AgNW solution (30 nm ×30 µm, Novarial, 5 mg/mL in isopropyl alcohol) 

was diluted to 2.5 mg/mL and spin-coated on top of graphene at 2000 rpm for 60 s 

twice. The electrode was then heated at 125 ℃ for 10 min to increase the interactions 



 

 ７７ 

at the AgNW/AgNW and AgNW/graphene interfaces. GO solution (2 mg/mL, 

dispersion in H2O, Sigma-Aldrich) was diluted with DIW and isopropyl alcohol to 

0.5 mg/mL and sonicated for 30 min to increase the dispersion of GO. Subsequently, 

the electrode was dipped in the GO solution for 30 s, washed with deionized water, 

then dried in air for the welding process. This step ensured the deposition of 

discontinuous GO at AgNW junctions.  

Before the electrode was surface-embedded in the SEBS matrix, the as-prepared 

electrode was protected by a PDMS mask, then treated with oxygen plasma 

generated using reactive ion etching (RIE) to oxidize the AgNW and eliminate the 

graphene that functions as the sacrificing layer. The exposed area can be easily 

washed away using DIW.  

For TCSE fabrication, the SEBS solution (180 mg/mL in toluene) was drop-cast 

on the patterned electrode and kept in ambient air until the solvent had evaporated 

completely. The measured thickness of the TCSE was 200 µm. Then the electrode 

was peeled off from the substrate in water with AgNW/graphene fully embedded in 

the surface of SEBS. The TCSE was p-doped using diluted perfluorinated ionomer 

(PFI, 2 wt% in IPA) solution spin-coated at 2000 rpm for 60 s. The TCSE was n-

doped using polyethyleneimine (PEI, Sigma, 3 wt% in 2-methoxyethanol) solution 

spin-coated at 3000 rpm for 60 s. The anionic crown CPE (1.5 mg/mL in 2-

methoxyethanol) was annealed at 90 ℃ for 5 min in an N2-filled glove box, then 

spin-coated at 3000 rpm for 60 s and annealed at 90 ℃ for another 5 min. 

 

D. Fabrication of a unit cell and a passive matrix ISOLEDs  

For the preparation of SHIL solution, 5 wt% of Triton X-100 was added to 

poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, CleviosTM 



 

 ７８ 

P VP AI4083), then the solution was diluted by isopropyl alcohol at a 1:1 weight 

ratio. Then 1.6 mg/mL of Triton X-100 was first dissolved in the solvent 

(toluene:cyclohexanone at a volume ratio of 1: 4). Then the Super Yellow (PDY-

132, Sigma, 8 mg/mL) was dissolved in the solution prepared in the previous step to 

obtain the SEML solution.  The SHIL solution was first spin-coated on the p-TCSE 

at 2000 rpm for 60 s and annealed at 90 ℃ for 10 min in air, to leave a film that had 

a thickness of 150 nm. A successive coating of SEML was performed at 3000 rpm 

for 60 s in an N2-filled glove box, then the assembly was heat-treated at 90 ℃ for 5 

min. The final thickness of SEML was ~ 200 nm. The treated specimen was then 

pre-contacted with the n-TCSE with gentle pressure in the glove box.  

To perform lamination, the pressure of the hot press between the pads can be 

increased by turning the knobs at the center. The numbers labeled clockwise on the 

knob represent the number of revolutions of the knob. 

A pressure of 1.5R represents the rotation of knobs for one and a half revolutions, 

and applies pressure of ~ 50 kPa. The specimen was then hot pressed at 1.5R for 5 

min in air. Electrical contact was made using a Cu tape before encapsulation using 

3M VHB tape. The fabrication process of the three-inch scale passive matrix 

ISOLED is the same as that of the unit cell. Encapsulation was not applied to the 

passive matrix ISOLED. Both linear stretching test and convex stretching test on the 

ISOLED were conducted with a stretching speed of 0.5 mm/s. The radius of the 

hemisphere stylus used for convex stretching is 20.5 mm. 

 

E. Characterization methods 

Rs of TCSE was measured using a four-point probe combined with a Keithley 

2400 source meter. The optical transmittances of the TCSE were measured using 
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ultraviolet (UV) absorption spectroscopy (Lambda 465, PerkinElmer). Raman 

spectroscopy was conducted using LabRAM HR Evolution (HORIBA) with a 532-

nm laser to confirm the successful transfer of the graphene layer to the SEBS matrix. 

The surface topographic images of composite electrodes were obtained by atomic 

force microscopy (NX-10, Park Systems). The contact angles between 5 µL of DIW 

and the materials used in ISOLEDs were measured using a contact angle analyzer 

(Femtofab, Smart Drop) at room temperature. The surface potential was analyzed 

using a Kelvin probe (KP Technology Ltd.).   

X-ray photoelectron spectroscopy (XPS, K-alpha, Thermo Scientific™) spectra 

of crown CPE on PEI was analyzed with a monochromatic Al Kα radiation source 

(1486.6 eV). During measurement, the sampling area diameter inside the chamber 

was 200 μm, and the pressure was 4.92 ´ 10-9
 mbar. The ultraviolet photoelectron 

spectroscopy (UPS, AXIS Ultra DLD, Kratos Inc.) used a helium-gas discharge lamp 

with excitation energy of 21.2 eV and energy resolution of 200 meV over a sampling 

area that had a diameter of 100 μm. A sample bias of -15 V was used to reduce static 

charge accumulation. Small-angle x-ray diffraction (XRD, D8 Advance 2020) was 

measured to characterize the formation of the crown CPE dipole layer on n-TCSE. 

For static stretching tests, the strain was applied up to 100% by using a homemade 

setup operated with a stretching rate of 10 mm/min. The cyclic stretching test was 

conducted from 0 ≤ strain ≤ 40% for 500 cycles repeatedly at a speed of 100 mm/min. 

Changes in electrical conductivity during both types of tests were measured using a 

digital multimeter in real-time. The cross-section sample was prepared by using the 

focused ion beam (FIB, SMI3050E) system with a 30 kV gallium liquid metal ion 

source and analyzed using TEM (JEM-2100F).  
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To evaluate the adhesion at the interface between SEML and n-TCSE, a cross-

hatch pattern was created using stacked razor blades with a 1-mm separation. The 

pattern was created to exclude the effect of cohesion forces within the film. After the 

pressure-controlled lamination process as described above, the n-TCSE was peeled 

off slowly. The area of the t-SEML and SEML was measured using image analysis 

after color and monochrome adjustment to increase the image contrast. The ratio of 

the area of t-SEML to the area of SEML was used to quantify the adhesion strength. 

Time-dependent capacitance, current, and capacitance-voltage (C-V) of ITO-

based devices with or without using the crown CPE were measured using 

electrochemical impedance spectroscopy (BioLogic SP-200 Potentiostat) in dark 

with a small AC voltage with the amplitude of 100 mV. J–V–L characteristics of 

ISOLEDs were measured using a spectroradiometer (CS2000, Konia Minolta) with 

a source meter. 

 

4.3. Results and Discussion 
 

SEBS was chosen as the elastomer matrix for the TCSE other than the widely-

used polydimethylsiloxane (PDMS) due to its high miscibility with the 

polyvinylpyrrolidone (PVP), the polymer ligand that wraps the AgNW during the 

synthesis; this can be confirmed with the estimation of Hansen solubility parameter 

(Table 4.1, calculated as reported previously[5]). However, lateral charge transport 

in pristine AgNW percolated networks is confined within the NWs, and charge 

transport between wires is only allowed at NW-NW junctions; the severity of this 

limitation increases after AgNWs are embedded with a limited electrical contact area 

within the elastomer matrix (Figure 4.1). To solve this problem, the surface of the 

TCSE was covered with a graphene layer, which formed a complete two-
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dimensional (2D) contact at the interface between the TCSE and the adjacent organic 

layer. Hence, a reliable 2D-electrical contact for ISOLED can be achieved.  

AgNW percolation networks function as the conduction filler for the TCSE 

electrode, and graphene serves as the 2D layer for charge spreading layer, work 

function modifider (Figure 4.2A, B). To increase the stretchability of the TCSE, 

graphene scroll was introduced to the TCSE to maintain the conducting path. 

Besides, graphene oxide binder effectively binds the junction of AgNW/AgNW and 

AgNW/Graphene interfaces; this significantly improve the stretchability of the 

TCSE electrodes (Figure 4.2C, D). 

To further analyze the charge carrier transport properties of graphene as a charge-

spreading promoter, Hall effect measurement was conducted. Carrier mobility was 

higher ( = 519.27 cm2/(V⋅s) in graphene layer than in pristine AgNW networks (( = 

73.39 cm2/(V⋅s)). Furthermore, the surface carrier density n = 9.10 × 1015 cm-2 of 

TCSE was almost double that of pristine AgNW networks (n = 5.84 × 1015 cm-2); 

this increase was attributed to the spontaneous redistribution of charges from AgNW 

(WF = 4.20 eV) to graphene (WF = 4.60 eV). These improvements imply that the 

graphene layer helps to spread the charge in the electrode. 

The charge-injection properties of TCSE were adjusted by using the graphene 

layer as a WF modifier. Polyethyleneimine (PEI, n-dopant) with a high electron-

donating property increases the electron density, and thus creates an interfacial 

dipole and shifts EF above the Dirac point.[32] To further increase the electron 

injection from the n-TCSE to the light-emitting layer, we incorporated an anionic 

crown CPE that features alternating fluorene and phenylene moieties in a polymeric 

backbone with alkyl side chains terminated with crown ether or anionic sulfonate 

groups with tetramethylammonium as a counter ion (Cn6-FPS, simply denoted as 
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crown CPE hereafter, synthesis, and characterization described in experimental 

procedure) (Figure 4.3 A).  

The pristine TCSE had the same WF = 4.60 eV as the graphene rather than as 

AgNW (WF = 4.20 eV); this result implies that the graphene layer strongly affects 

the surface modification of TCSE. PEI was used as the n-dopant to reduce the WF 

of TCSE as cathode, and neutral amine groups in PEI primarily contribute to the 

formation of interfacial dipole and reduction of WF.[32] Even though an n-TCSE with 

low WF = 4.04 eV was achieved, a large electron injection barrier persisted at the 

interface between n-TCSE and light-emitting polymer (Super Yellow, PDY-132) 

that has a lowest unoccupied molecular orbital (LUMO) of 2.8 eV.  

The WF of n-TCSE was further reduced by covering its top with anionic crown 

CPE. Modulation of WF with the incorporation of crown CPEs containing a .-

delocalized main backbone and ionic side chains has been reported previously.[120-

123] The negatively charged sulfonate ions and positive tetramethylammonium 

counter ions in crown CPE are self-oriented on top of n-TCSE to create interfacial 

dipoles which decrease its WF.[120] The abrupt downward shift of the vacuum level 

by the additional interfacial dipole created by crown CPE was confirmed using 

ultraviolet photoelectron spectroscopy (UPS) with WF reduced from 3.91 to 3.57 eV 

which is the lowest WF value among all reported stretchable electrodes (Figure 

4.3B). The significant reduction in WF by ~ 1 eV, therefore, substantially increases 

the electron injection property and the device efficiency. To our best knowledge, this 

is the first demonstration of a TCSE that has low WF of 3.63 eV (Table 4.2). The 

crown CPE polymers are expected to show self-oriented ionic moieties due to the H-

bonding with PEI, thereby creating a strong interfacial (Figure 4.3C). 
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Evenly dispersed sulfur atoms (with an atomic percentage of ~0.3%) from 

sulfonate ions of crown CPE in the energy-dispersive spectroscopy (EDS) mapping 

indicate the uniform distribution of crown CPEs on top of n-TCSE (Figure 4.4). In 

addition, the crown ether groups in the side chains have the capability of introducing 

hydrogen bonding (H-bonding) interactions between the oxygen (in crown ether) and 

amine groups in PEI. The X-ray photoelectron spectroscopy (XPS) measurements 

show a binding energy shift of O1s (from 533.3 to 534.1 eV) and N1s signals (from 

400.1 to 400.8 eV) with increasing the crown CPE thickness from 0 to 6.5 nm, 

demonstrating the H-bonding interaction between the crown ethers in CPE and 

amine groups in PEI (Figure 4.5). H-bonding interaction was also confirmed using 

1H nuclear magnetic resonance (NMR) spectroscopy. Due to the complexity of the 

crown CPE spectra, we first carried out the experiment with 2-hydroxymethyl-18-

crown-6 (crown-18) and PEI (Figure 4.6A). Protons close to amines (Ha) in PEI 

show multiple peaks at δ = ca. 2.35~2.65 ppm which get slightly de-shielded and 

become brooder after mixing Crown-18 in DMSO-d6 (Figure 4.6B). Moreover, the 

peaks for the protons close to oxygen in Crown-18 (Hb at 3.36~3.70 ppm) also 

become broader. Similar trends were also observed by mixing PEI into crown CPE 

solution, indicating that the electronegative oxygen atoms in crown ether form H-

bonding with the amines in PEI (O⋯H-N) (Figure 4.6C).  

A surface-modified TCSEs was then prepared for the lamination process. Both 

stretchable hole injection layer (SHIL) and light-emitting layer (SEML) were 

prepared with the addition of 5 and 20 wt% of Triton X-100 into the conducting 

polymer and the light-emitting polymer, respectively. However, the huge contact 

angle (CA) difference results in significant differences in wetting properties between 

the SEML (CA = 90.0°) and PEI (CA = 7.6°, used as an adhesion promoter onto 



 

 ８４ 

TCSE), making the laminated interface extremely vulnerable to external stress 

(Figure 4.7). However, no protocols related to ISOLED’s fabrication and 

optimization process have been established before, which makes the highly efficient 

ISOLED extremely challenging. Therefore, a pressure-controlled method was 

developed to achieve good electrical contact. To quantify the stress, numbers are 

labeled on the knob. The number of rotations of the knob was represented by R 

(Figure 4.8).  

Lamination quality is also affected by the interchain distance at the laminated 

interface, which was determined by the pressure that was applied during lamination. 

A sufficient pressure at an elevated temperature can improve lamination quality. 

However, high pressure applied to the device may irreversibly degrade the 

fluorescent properties of the light-emitting layer and the electroluminescence of the 

device,[124] so measurement of the photoluminescence (PL) is a powerful tool to find 

the threshold pressure to balance lamination quality and degradation. PL was 

measured from the anode side of the ISOLED after lamination; this measurement 

was possible because the TCSE electrode is highly transparent in the visible range 

(Figure 4.9A).  

Lamination time was then fine-tuned at 1.5R pressure and 100 °C. With the active 

layer sandwiched between the TCSEs, PL intensity decreased continuously, as a 

result of a predominant quenching effect of the TCSE rather than the degradation of 

the SEML by the lamination (Figure 4.9B). When only the SEBS substrate was used, 

the PL intensity of the ISOLED almost doubled; this result implies that the electrode-

induced PL quenching effect had been eliminated (Figure 4.9C). The maximum PL 

intensity at 1.5R was observed after 3 min of lamination.  
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Then the electrode stability under these pressure conditions was evaluated using a 

current-voltage (I-V) scan from -2 V to 2 V. PEI was the adhesion promoter 

sandwiched between two TCSEs to strengthen the adhesion between the substrates 

(Figure 4.9D). Pressure of 2.0R led to a decrease in the slope of the I-V curve, 

whereas 1.5R caused negligible degradation (Figure 4.9E, F). The difference was 

caused by local melting of AgNW networks under elevated temperature and 

pressure; this response is a result of the high surface-to-volume ratio of NWs.[125] 

Therefore, the finalized lamination temperature, and pressure conditions of 

ISOLEDs were 100 °C, and 1.5R (~50 kPa) for 3 min, respectively.  

The flat-band energy diagram of the ISOLED was displayed with respect to the 

vacuum level (Figure 4.10A). Efficient electron injection is always challenging 

without using reactive metals or metal fluorides (e.g. Ca, Ba, Cs, LiF, BaF2or CsF) 

as the interlayer underneath an Al or Ag layer, because of a large electron injection 

barrier between pristine TCSE and the LUMO = 3.20 eV of the SEML. Formation 

of the strong net interfacial dipole after consecutive deposition of PEI and crown 

CPE can substantially downshift the vacuum level and reduce the WF from 4.60 to 

3.63 eV; this change could significantly increase the electron injection capability and 

improve the balance of charge injection. 

The light-emitting characteristics were first evaluated on a rigid ITO electrode 

without using any reactive alkali metals as the electron injection layer (Figure 

4.10B). Use of the crown CPE as the dipole layer could simultaneously increase both 

current density and luminance, so the device show maximum luminance Lmax = 9914 

cd/m2 and a low turn-on voltage Von = 3.4 V. Due to the conjugated backbone of 

crown CPE and induced interfacial dipole at the electrode interface, the electron 

injection capability was significantly improved as expected. The ISOLED with the 
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crown CPE interfacial dipole layer had similar responses: Lmax = 2185 cd/m2 and Von 

= 5.3 V; these results imply that 2D electrical contact is formed at the n-TCSE 

interface after the lamination process. 

In Super Yellow, holes are more mobile than electrons,[126] so the rate of charge 

injection is dominated by hole transport. As a result, charge imbalance arises due to 

limited electron injection, so the maximum CE of ITO devices was achieved at L = 

4223 cd/m2 with CE = 6.47 cd/A (Figure 4.10C). The low endurance of AgNWs in 

the TCSE against local joule heating makes the ISOLED vulnerable in the high L 

region. The resultant ISOLED showed the maximum CE = 20.3 cd/A at only 119.2 

cd/m2 (Figure 4.10C). To prove the spontaneous formation of interfacial dipole due 

to the crown CPE, time-dependent capacitance and current of ITO devices were 

analyzed at varying voltages from 2 to 5 V. Neither capacitance nor current showed 

any significant time-dependent variations in the ITO devices; this result implies that 

the crown CPE-induced dipole layer formed spontaneously without the effect of drift 

voltage (Figure 4.10D). The device using crown CPE showed an increase in 

capacitance at V < 2 V; this change was attributed to the accumulation of both 

electrons and holes at the SEML interfaces, and also proves that charge injection is 

efficient at low voltages (Figure 4.10E).   

Then the lifetime of ISOLED was tested in a constant-current mode until failure 

in a glove box, starting with a luminance of 100 cd/m2. Both efficiency and lifetime 

were substantially improved compared to a reported ISOLED that uses the same 

intrinsically-stretchable emitting layer.[26] Therefore, designing appropriate 

stretchable electrode materials with an optimized device architecture is vital to 

achieving bright and stable ISOLEDs with high efficiency. The stretching tolerance 

of the ISOLED unit cell was measured by sandwiching it between 3M VHB tapes as 
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encapsulation. The initial luminance of the ISOLED unit cell decreased to 71.8% 

after the application of strain = 20% and kept decreasing with further stretching 

(Figure 4.10F). 

To the best of our knowledge, this is the highest efficiency achieved in the 

ISOLEDs that have been fabricated without using any vacuum process (Figure 

4.11A). To demonstrate the feasibility of TCSE and the optimized lamination 

process for large-scale application, a three-inch five-by-five matrix passive-matrix 

ISOLED was demonstrated. The linear strain induced on the surface of the substrate 

was calculated from the increase in the length of the arc created by the hemisphere 

with a radius of 20.5 mm when compared with the corresponding chord in the 

hemisphere (Table 4.3). The passive matrix ISOLED showed a stable light-emission 

even at strain = 20%, applied by convex stretching (Figure 4.11B). The matrix can 

also be operated under convex stretching under different applying voltages (Figure 

4.11C). This is the first demonstration on a large scale of passive-matrix ISOLEDs 

that tolerate significant convex stretching. 

 

4.4. Conclusion 

In conclusion, a highly-efficient ISOLED was designed using graphene-based 

TCSEs as both electrodes to overcome the intrinsic charge injection limitation at the 

interface between 1D AgNW/organic layer. A graphene layer with graphene scrolls 

has high carrier mobility ( = 519.27 ± 0.32 cm2/(V⋅s) was introduced to form a 

complete 2D interface. The electron injection from TCSE can be significantly 

increased after introducing a strong dipole moment by incorporating an anionic 

crown CPE that has self-aligned ionic moieties on the n-TCSE. Efficient hole 
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injection was established with p-type molecular doping using PFSA. To our best 

knowledge, this is the first demonstration of a stretchable electrode that has low WF 

of 3.57 eV. As a consequence of efficient electron and hole injection from both 

TCSEs after pressure-controlled lamination, the ISOLEDs achieved an 

unprecedently high CE = 20.3 cd/A, which is the highest reported efficiency among 

all ISOLEDs. Using these tactics, a three-inch five-by-five matrix passive matrix 

ISOLED also proves the feasibility of the TCSE for large-scale applications. This 

work has provided a design protocol for highly-efficient stretchable optoelectronic 

devices with engineered intrinsically stretchable materials and favorable interfacial 

electronic structures. In the future, use of phosphorescent or thermally-activated 

delayed fluorescent (TADF) materials with stretchable polymer hosts may achieve 

CE that even exceeds the high value reported here.  
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Figure 4.1. (A) Conceptual illustration of the ISOLED based on p- and n-doped two-

dimensional-contact stretchable electrodes (TCSEs). (B) schematic of the pristine 

silver nanowire (AgNW) and TCSE. 
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Figure 4.2. (A) Sheet carrier concentration and carrier mobility of AgNW, graphene, 

and TCSE evaluated using Hall effect measurement. (B) Work function tuning of 

TCSE electrode using molecular doping. (C) Bridging effect of graphene scroll. (D) 

Welding effect of graphene oxide. 
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Figure 4.3. (A) Materials used for n-type molecular doping of TCSEs. (B) The 

secondary cut-off position of TCSE, n-TCSE, and n-TCSE/Crown-CPE measured 

using ultraviolet photoelectron spectroscopy (UPS). (C) Small-angle x-ray 

diffraction of pristine TCSE, n-TCSE, and n-TCSE/ Crown-CPE. 
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Figure 4.4. Electron diffraction spectroscopy (EDS) analysis on (A) n-TCSE and (B) 

n-TCSE coated with Crown-CPE. 
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Figure 4.5. Revolution of O1s, N1s, and S2p spectra of n-TCSE with increasing 

thickness from 5.8 nm (Crown-CPE1) to 6.5 nm (Crown-CPE2). 
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Figure 4.6. (A) Chemical structures of PEI, crown-18, and Crown-CPE. 1H-NMR 

spectra of (B) PEI, Crown-18, and Crown-18+PEI and (C) PEI, Crown-CPE, and 

Crown-CPE+PEI in DMSO-d6. PEI (0.8 eq.) and Crown-CPE (or crown-18, 1 eq.) 

were mixed in 0.6 ml DMSO-d6. 
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Figure 4.7. Contact angles of materials used in ISOLEDs. SHIL: stretchable 

PEDOT:PSS composed of PEDOT:PSS with the addition of 5 wt% non-ionic 

surfactant Triton X-100; SEML: light-emitting layer which is a mixture of super 

yellow PDY-132 with the addition of Triton X-100; PEI: polyethyleneimine that 

functions as the n-dopant for TCSE. 
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Figure 4.8. (A) Photograph of a miniature hot-press machine. The pressure of the 

hot press on the pad can be increased by rotating the knob clockwise. Numbers 

labeled clockwise on the knob represent the number R of revolutions of the knob. (B) 

Photographs of heating pad moving downward to apply pressure, and samples loaded 

at the center of the pad in air. (C) Temperature calibration of the heating pad with an 

infrared thermometer. (D) Photograph of the Fujifilm Prescale Film for quantifying 

the pressure applied by the miniature hot-press machine. The film is placed on the 

pad, and when the pressure is applied to the pressure, the tiny microbubble bursts 

within the film to show the degree of pressure colorimetrically. LW, 4LW, and 5LW 

are different film types for different pressure ranges. LW: 2447- 8550 kPa (355-1420 

PSI); 4LW: 50-200 kPa (7.25-29 PSI); 5LW: 6-50 kPa (0.87-7.25 PSI). Films shown 

had been hot-pressed under 1.5R, and indicate that the pressure was ~ 50 kPa.  
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Figure 4.9. (A) Schematic illustration of the device structure for evaluation 

of lamination quality using photoluminescence (PL). (B) and (C) 

Photoluminescence (PL) color plots with and without using TCSE after 

applying increasing time of lamination at 1.5R pressure. (D) Schematic 

illustration of the device structure for evaluation of electrode stability using 

current-voltage (I-V) curve. (E) and (F) I-V curve with increasing lamination 

time from 0 to 20 min at 1.5R and 2.0R.   
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Figure 4.10. (A) Flat-band energy level diagram of the ISOLED with respect to the 

vacuum level. The rectangle in red highlights the n-TCSE/Crown-CPE interface with 

the downward band bending induced by the strong interfacial dipole of Crown-CPE 

and PEI. (B) Current density-voltage-luminance (J-V-L), (C) Current efficiency-

luminance characteristics of ISOLED and their rigid counterparts based on ITO with 

or without using the Crown-CPE interlayer. (D) Time-dependent measurement of 

capacitance and current on ITO-based rigid devices in (B) under increasing voltages 

from 2 to 5 V. (E) Capacitance-voltage characteristic ITO-based rigid devices with 

or without using as the Crown-CPE interlayer. (F) Change in luminance of ISOLED 

at 6 V vs strain. 
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Figure 4.11. (A) Progress in the development of intrinsically-stretchable LED. 

Current efficiency of 15 cd/A represents the typical efficiency of rigid polymer LED 

fabricated using an ITO anode and a metal cathode. (B) and (C) Convex stretching 

of three-inch five-by-five passive matrix ISOLED by using a hemispherical stylus 

with a radius of 20.5 mm. (moving upward for 10 mm ≈ 20% linear strain).  
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Table 4.1. 
Hansen solubility parameters of materials and calculated distance in the Hansen 
space. 

 

Hansen solubility parameter δD 
[MPa] 

δP 
[MPa] 

δH 
[MPa] R 

PVP 15.5 11.6 8.6 - 
Polydimethylsiloxane 15.9 0.1 4.7 6.1 

Polyurethane 18.1 9.3 4.5 3.5 
Polystyrene 21.3 5.8 4.3 6.8 

Polybutylene 16.9 2.5 4 5.3 
Polyethylene 17.1 3.1 5.2 4.8 
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Table 4.2. 

Comparison of electrodes for intrinsically stretchable didoes 
 

Electrodes 
Rs 
(Ω/s
q) 

T 
(%) 

R/R0  
(! = 
40 % ) 

Cyclic 
stretching 
(cycles) 

Cyclic 
stretchin
g 
(R/R0) 

Roughness 

(nm) 
WF 
 (eV) Ref. 

TCSE 23.2 84 3.9 500, 
! = 40 % 6.1 6.5 (Ra) 

5.69  
(p-
type) 
3.63 
(n-
type) 

this 
work 

PH1000:AI4083:FS
30 
PH1000: FS30 

- - - - - - 5.35  
4.73 [3] 

ZnO/PEIE/AgNWs/
PEIE/ZnO 40 85 5 500,  

! = 40 % 11 - - [4] 

AgNWs-GO/PUA 14 82.
5 3.2 100, 

! = 40 % 3 10 (Rpv) - [5] 

AgNWs/PUA 15 83 10 1500,  
! = 30 % 4.3 3.4 (Rpv) - [6] 

SWNT/PtBA 500 87 1.45 14,  
! = 40 % 1.14 10 (Ra) - [7] 

AgNWs/Aerogel/P
DMS 15 80 4 100,  

! = 25 % 0.8 17 (Rpv) - [8] 

AgNWs/CF/PDMS 15 85 15 200,  
! = 35 % 3.7 23 (Rrms) - [9] 

AgNWs/Ethanolam
ine/Chitosan 8.4 89 11 100,  

! = 30 % 1.38 - - [10] 

[3]Matsuhisa, N., Niu, S., O’Neill, S. J. K., Kang, J., Ochiai, Y., Katsumata, T., Wu, H.-C., Ashizawa, M., Wang, G.-J. N., 
Zhong, D., Wang, X., Gong, X., Ning, R., Gong, H., You, I., Zheng, Y., Zhang, Z., Tok, J. B. H., Chen, X., and Bao, Z. 
Nature 2021, 600, 246. 
[4] Kim, J. H., and Park, J. W. Sci. Adv. 2021, 7, eabd9715. 
[5] Liang, J., Li, L., Tong, K., Ren, Z., Hu, W., Niu, X., Chen, Y., and Pei, Q. ACS Nano 2014, 8, 1590. 
[6] Liang, J., Li, L., Niu, X., Yu, Z., and Pei, Q. Nat. Photonics 2013, 7, 817. 
[7] Zhibin, Y., Xiaofan, N., Zhitian, L., and Qibing, P. Adv. Mater. 2011, 23, 3989. 
[8] Kim, J., Park, J., Jeong, U., and Park, J. W. J. Appl. Polym. Sci. 2016, 133, 43830. 
[9] Chen, Y., Carmichael, R. S., and Carmichael, T. B. ACS Appl. Mater. Interfaces 2019, 11, 31210. 
[10] Park, S. B., Han, J. W., Kim, J. H., Wibowo, A. F., Prameswati, A., Park, J., Lee, J., Moon, M. W., Kim, M. S., and 
Kim, Y. H. Adv. Opt. Mater. 2021, 9, 2002041. 
[11] Roth, C. B., and Dutcher, J. R. J. Electroanal. Chem. 2005, 584, 13. 
[12] Yu, Z., Liu, Z., Wang, M., Sun, M., Lei, G., and Pei, Q. J. Photonics Energy 2011, 1, 011003. 
[13] Zhou, H., Park, J., Lee, Y., Park, J.-M., Kim, J.-H., Kim, J. S., Lee, H.-D., Jo, S. H., Cai, X., Li, L., Sheng, X., Yun, H. 
J., Park, J.-W., Sun, J.-Y., and Lee, T.-W. Adv. Mater. 2020, 32, 2001989. 
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Table 4.3. 

Parameters (Defined in S20) during convex stretching to calculate linear 
strain. 
 
H R a b θ l strain 

(mm) (mm) (mm) (mm) (rad) (mm) (%) 

0 20.50 0.00 20.50 0.00 0.00 0.00 

1 20.50 6.32 19.50 0.31 6.43 1.66 

2 20.50 8.83 18.50 0.45 9.13 3.38 

3 20.50 10.68 17.50 0.55 11.23 5.18 

4 20.50 12.17 16.50 0.64 13.02 7.06 

5 20.50 13.42 15.50 0.71 14.63 9.02 

6 20.50 14.49 14.50 0.79 16.09 11.06 

7 20.50 15.43 13.50 0.85 17.46 13.21 

8 20.50 16.25 12.50 0.92 18.76 15.45 

9 20.50 16.97 11.50 0.98 19.99 17.81 

10 20.50 17.61 10.50 1.03 21.18 20.28 
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Chapter 5. Summary 
 

Conventional organic light-emitting devices without an encapsulation layer are 

susceptible to degradation when exposed to air, so realization of an air-stable 

intrinsically-stretchable display is a great challenge because the protection of the 

devices against penetration of moisture and oxygen is even more difficult under 

stretching. We propose an air-stable intrinsically-stretchable display that is 

composed of an intrinsically-stretchable electroluminescent device (SELD) 

integrated with a stretchable color-conversion layer (SCCL) that contains perovskite 

nanocrystals (PeNCs). PeNCs normally decay when exposed to air, but they become 

resistant to this decay when dispersed in a stretchable elastomer matrix; this change 

is a result of compatibility between capping ligands and the elastomer matrix. 

Counterintuitively, the moisture can efficiently passivate surface defects of PeNCs, 

to yield significant increases in both photoluminescence intensity and lifetime. We 

demonstrate a display that can be stretched up to 180%; it is composed of an air-

stable SCCL that down-converts the SELD’s blue emission and reemits it as green. 

Our work elucidates the basis of moisture-assisted surface passivation of PeNCs and 

provides a promising strategy to improve the quantum efficiency of PeNCs with the 

aid of moisture, which allows PeNCs to be applied for air-stable stretchable displays 

that have high color purity.  

To lower the operating voltage of the stretchable display, direct-current (DC) 

driven stretchable displays have been developed. Embedded silver nanowires 

(AgNWs) have been widely used as stretchable electrodes. However, the contact area 

is limited at the 1D AgNW/organic layer interface, so the embedded AgNWs have 

poor charge-injection properties. Energy-level misalignment at stretchable 
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electrode/organic interfaces of ISOLEDs is another problem that must be solved. 

Hence, two-dimensional materials have been used as the electrode to form a 

complete two-dimensional contact at the electrode/organic interfaces. 

Two-dimensional titanium carbide (Ti3C2Tx, MXene) is being intensively 

explored as a replacement for conventional indium tin oxide (ITO), and graphene 

electrodes due to its excellent metallic conductivity and solution processability. 

However, the poor environmental stability of Ti3C2Tx which inevitably stems from 

the hydration of Li+ cations in the interlayer space substantially limits its applications 

as the transparent conductive electrode (TCE) for solution-processed organic light-

emitting devices. Here, an environmentally-stable high work function (WF) Ti3C2Tx 

TCE was developed. High-temperature annealing has reduced the Ti3C2Tx d-spacing 

from 1.33 to 1.06 nm, resulting in a highly compacted thin film that can prevent the 

diffusion of moisture intercalants. Besides, the unprecedently high WF = 5.84 eV is 

achieved after p-type molecular doping of Ti3C2Tx using perfluorosulfonic acid 

(PFSA), which is the highest reported value using MXene. With benefits from the 

highly compacted structure of Ti3C2Tx and superior chemical stability of overcoated 

PFSA, the p-doped Ti3C2Tx exhibited only a 4.8% increase in sheet resistance (Rs) 

with WF maintained above 5.60 eV even after 22-day exposure in the open air. Lastly, 

the Ti3C2Tx TCE has been successfully applied as the anode for both large-area and 

ten-by-ten passive matrix flexible organic light-emitting diodes (OLEDs) on 6 cm × 

6 cm substrates. The significant improvement in environmental stability and WF has 

opened up new opportunities for practical applications of MXene as TCEs for 

optoelectronics and photovoltaics. 

To further enhance the stability of the stretchable electrode, graphene has been 

introduced to overcome the unstable nature of MXene. We demonstrate highly-
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efficient ISOLEDs that use graphene-based two-dimensional-contact stretchable 

electrodes (TCSEs) that incorporate a graphene layer on top of embedded metallic 

nanowires. The graphene layer modifies the work function, promotes charge 

spreading, and impedes inward diffusion of oxygen and moisture. The work function 

(WF) of 3.63 eV is achieved by forming a strong interfacial dipole after deposition 

of a newly-designed conjugated polyelectrolyte with crown ether and anionic 

sulfonate groups on TCSE; this is the lowest value ever reported among ISOLEDs, 

which overcomes the existing problem of very poor electron injection in ISOLEDs. 

Subsequent pressure-controlled lamination yielded a highly efficient fluorescent 

ISOLED with an unprecedently high current efficiency of 20.3 cd/A, which even 

exceeds that of an otherwise-identical rigid counterpart. Lastly, a three-inch five-by-

five passive matrix ISOLED was demonstrated using convex stretching.  

This dissertation can provide effective approaches for designing air-stable 

stretchable displays without using encapsulations and intrinsically stretchable high-

efficiency optoelectronic devices with the introduction of two-dimensional materials. 
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