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THE BIGGER PICTURE Significant advances in intrinsically stretchable conductors that use low-dimen-
sional materials have propelled the development of stretchable displays. However, the design of intrinsi-
cally stretchable interconnects and transparent conductive electrodes that meet the requirements of
high stretchability, high conductivity, and high transmittance poses a formidable challenge due to unavoid-
able trade-off relationships. Moreover, to increase the light-emitting efficiency of stretchable displays,
charge-injection capability of the transparent conductive electrodemust be optimized, andways to achieve
a tunable work function must be found. This perspective focuses on addressing the key challenges and
providing solutions in the field of intrinsically stretchable low-dimensional conductors. Additionally, it pro-
vides valuable insights into the essential prerequisites of low-dimensional conductors for designing highly
efficient, intrinsically stretchable organic light-emitting diodes suitable for wearable applications.
SUMMARY
Advances in wearable electronics have resulted in an increasing demand for stretchable conductors, which
can serve as either interconnects or electrodes for intrinsically stretchable organic light-emitting diodes
(ISOLEDs). Fulfilling this demand necessitates the development of stretchable conducting materials that
exhibit high mechanical resilience and electrical conductivity. They can be achieved by incorporating low-
dimensional materials within an elastomeric matrix. Moreover, maximizing the electroluminescence of
ISOLEDs requires an increase in additional parameters such as optical transmittance and work function of
stretchable electrodes. The simultaneous fulfillment of all these requirements presents a significant chal-
lenge in the quest for suitable stretchable conductors for ISOLEDs. This perspective focuses on key
advances in intrinsically stretchable low-dimensional conductors and their applications as stretchable inter-
connects and electrodes for ISOLEDs. It also provides insights into prerequisites for designing highly efficient
ISOLEDs for practical wearable devices.
INTRODUCTION

The proliferation of wearable and stretchable electronics has

led to a significant expansion in the range and diversity of de-

vices and their form factors.1–4 The integration of multifunc-

tional wearable electronics on human skin has unlocked their

potential applications in body-area sensor networks.5–7 On-

skin displays represent the ultimate method to visualize infor-

mation in real time.8 However, due to the absence of estab-

lished standards, design strategies, and processing techniques

for stretchable materials and devices, the task of achieving a
stretchable display that meets industrial standards remains a

formidable challenge.

Materials used in stretchable displays must be capable of

withstanding repeated tensile strain without significant loss

of functional properties. The development of stretchable con-

ductors is, therefore, crucial for the advancement of wearable

electronics.9,10 Two approaches to achieve this goal are avail-

able: (1) the use of geometric structures (e.g., buckling,

serpentine, or island-bridge structures) to avoid tensile strain

in active electronic device during deformation and (2) the

use of intrinsically stretchable materials that can withstand
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Figure 1. Schematic illustration of stretchable interconnects and transparent conductive electrodes for intrinsically stretchable organic

light-emitting diodes (ISOLEDs) that use a variety of conducting materials
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large mechanical deformation and thereby impart stretch-

ability to the device. In 2017, Samsung Display unveiled a pro-

totype active-matrix stretchable display that exploited a

geometrically stretchable structure11; however, currently avail-

able intrinsically stretchable displays composed entirely of

stretchable materials still do not meet industry standards.

These deficiencies can be attributed to the absence of estab-

lished standards, design strategies, and processing tech-

niques for stretchable conductors that are suitable for use

as both stretchable interconnects and transparent conductive

electrodes (TCEs) in intrinsically stretchable organic light-emit-

ting diodes (ISOLEDs) (Figure 1).

Conventional conductive materials, such asmetal oxides, are

inherently brittle, so they have limited applicability in intrinsically

stretchable devices.12–15 A method to mitigate the degradation

caused by tensile strain ε involves using a stretchable intercon-

nect composed of metal flakes or liquid-metal particles as

conductive fillers in an elastomer matrix. Furthermore, existing

intrinsically stretchable interconnects have extremely low

optical transmittance (T), so they are not suitable for use as

stretchable TCEs for ISOLEDs. To permit escape of photons

that are generated in the light-emitting layer through trans-

parent electrodes and substrates, T >85%at 550 nm is normally

required.16,17

Energy-level alignment at the stretchable TCE/organic inter-

face is also a requirement in the development of highly bright

ISOLEDs. TCEs with high work function (WF) >5 eV are preferred

for hole injection, whereas low WF <4 eV is necessary for elec-

tron injection.18 To meet these requirements, modified conduc-

tive polymers with nanofibril structures, 1D metal nanowires
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(NWs), 2D MXenes, and graphene can be utilized as alternatives

that have high stretchability, high electrical conductivity s, high

T, and tunable WF (Figure 2A).

Nonetheless, due to the inherent trade-off relationships be-

tween stretchability and s, and between s and T, the design of

intrinsically stretchable low-dimensional conductors that

meet all these requirements poses a significant challenge. The

incorporation of conductive fillers into elastomers increases

stretchability (Figure 2B) but decreases T and s due to the

need for a large quantity of conductive fillers to form percolation

networks. Consequently, the use of composite methods is more

suitable for stretchable interconnect applications.

In contrast, to increase T in TCEs, options such as coating or

surface embedding with a small amount of conductive materials

on top of elastomers are available (Figures 2C and 2D), but this

approach reduces the connectivity of percolation networks

compared to composites and therefore sacrifices stretchability.

Thus, a rational design of stretchable low-dimensional conduc-

tors is essential for both interconnects and TCEs.

From this perspective, we review the noteworthy develop-

ments in the use of intrinsically stretchable low-dimensional con-

ductors for display applications, along with our perspective on

the advancements of ISOLEDs. Additionally, we propose poten-

tial research directions for ISOLEDs that may attract the interest

of researchers in this field.

INTRINSICALLY STRETCHABLE INTERCONNECTS

Wearable and stretchable displays require intrinsically stretch-

able interconnects that maintain the electrical connectivity



Figure 2. Comparison of intrinsically stretchable conductors that use various of materials and fabrication methods

(A) Comparison of different stretchable interconnects and transparent conductive electrodes using metal flakes, liquid metals, conducting polymers, and 1D and

2D nanomaterials. The axis scale presented in the figure is intended for comparative purposes only and does not represent absolute values.

(B–D) Comparative evaluation of intrinsically stretchable conductors fabricated using (B) composite, (C) thin-film, and (D) surface-embedding methods.
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between different components of a device or system even under

tensile strain ε = 100 , DL/L = 100%, where L is length. Persis-

tently pushing the upper limits of maximum tensile strain facili-

tates the improvement of mechanical reliability at smaller

amounts of strain. Therefore, to ensure practical applicability,

the stretchability of the interconnects should be maintained

well beyond 100%. To achieve this characteristic, composites

that consists of elastomers and highly conductive low-dimen-

sional conductors such as metal flakes or liquid-metal particles

are widely used.19

Incorporation of low-dimensional conductors within the elas-

tomer matrix enables formation of percolation networks, which
ensure high s even under mechanical deformation. For a material

to be usable for stretchable interconnects, long-range percolation

networks that form within the elastomer matrix must have high s

and negligible resistance changeR/R0 (whereR is resistance after

stretching and R0 is the initial resistance) during cycles of stretch-

ing and releasing. Additionally, the inherent adhesive properties of

the elastomer matrix increase the adhesion between the stretch-

able interconnects and the substrate.20 This adhesion is crucial

for maintaining the structural integrity of stretchable intercon-

nects. Furthermore, the viscoelastic nature of the stretchable ma-

trix assists in efficient stress relaxation and thereby increases the

structural stability of the conductive networks.21
Device 1, 100060, September 22, 2023 3



Figure 3. Intrinsically stretchable interconnects that use metal flakes and liquid metal

(A) Formation of a top Ag-rich region due to phase separation between Ag flakes and fluorene surfactantmolecules to increase electrical conductivity s. Scale bar:

100 nm. Reproduced with permission.25 Copyright 2015, Springer Nature.

(B) In situ formation of AgNP bridge achieves high s even under deformation. Reproduced with permission.26 Copyright 2017, Springer Nature.

(C) EGaIn particle bridge improves stability in cyclic deformation. Reproduced with permission.27 Copyright 2018, WILEY-VCH.

(D) Mechanical sintering induces liquid metal rupture to form percolation networks. Reproduced with permission.28 Copyright 2018, Springer Nature.

(E) Hydrogen doping of oxide shells increases both s and stability of liquid-metal particles. Reproduced with permission.29 Copyright 2021, Springer Nature.

(F) Highly conductive percolation networks of liquid-metal particles generated by acoustic field. Reproduced with permission.2 Copyright 2022, American As-

sociation for the Advancement of Science.
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Metal-flake low-dimensional conductors are compatible

with conventional printing methods and are therefore prom-

ising candidates for use as conductive fillers in intrinsically

stretchable interconnects.22 2D metal flakes have large con-

tact area, which enables them to form conductive percolation

networks more effectively than 0D conductive fillers, so use of

2D flakes is a promising approach to developing intrinsically

stretchable interconnects that can have both high s and

stretchability.23 The transport of the electrons through the

metal-flake percolation networks occurs by electron tunneling
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between flakes, so s is significantly influenced by the distance

between them.24

By incorporating fluorine surfactants into conductive Ag

flakes, the resulting composite experiences a simultaneous in-

crease in the s and stretchability. This is accomplished by

creating Ag-rich regions while simultanesously plasticizing of

the elastomer (Figure 3A).25 The surfactant promotes the aggre-

gation of hydrophobic Ag flakes on the surface of the composite,

leading to the formation of a highly conductive percolation

network near this surface. As a result, the insulating surfactant



Perspective
ll
increases the maximum stretchability from 32% to 194% while

retaining s �500 S cm�1. Blending the conductive ink with fluo-

rine surfactant can reduce the physical distance between metal

flakes, but flake particles on the surface of the composite are

rigid, so a trade-off can occur between stretchability and s.

As an alternative, formation of 0D silver nanoparticles (AgNPs)

as bridges between Ag flakes in the composite has achieved a

high s of 6,168 S cm�1 and a high stretchability of 400%.26

The Ag metal-flake composite is thermally treated to trigger in

situ formation of AgNP bridges between Ag flakes (Figure 3B).

During this process, the Ag+ ions diffuse into the elastomer ma-

trix from an Ag2O layer on the surface of Ag flakes, and the fluo-

rine surfactant molecules can reduce the Ag+ ions to form

AgNPs, which become dispersed between Ag flakes. Therefore,

AgNPs serve as both conductive bridges and nanofillers and

result in increased mechanical durability. The formation of

AgNP bridges effectively reduces the percolation threshold

and thereby results in a decrease from 0.111 to 0.046 in the min-

imum volume fraction of conductive fillers required for the forma-

tion of continuous percolation. This decrease indicates an

improved connectivity of the conductive network within the com-

posite. The composite demonstrated improved mechanical

durability, enduring 95 cycles at 50% strain after the initial five

cycles. Although long-term operation endurance remains a

concern, these strategies have successfully achieved substan-

tial increases in both s and mechanical stretchability of intrinsi-

cally stretchable interconnects.

Use of hybrid materials that combine the strengths of different

conductive materials is also a promising strategy to create resil-

ient and durable interconnects. The incorporation of eutectic gal-

lium-indium (EGaIn) particles with Ag flakes results in a compos-

ite that has a superior s of 8,331 S cm�1 and an R/R0 of �8 after

10,000 cycles of stretching to ε = 800% and then releasing.27

This extraordinary mechanical stability occurs because EGaIn

particles formconductive anchors betweenAg flakes (Figure 3C).

EGaIn particles can maintain their particle structures in the com-

posite by forming insulating oxide shells. Under mechanical

deformation, oxide shells open and release EGaIn; this process

results in formation of conductive bridges between Ag flakes.

Due to superior mechanical stability and high s of EGaIn, it has

also been used as a promising conductive filler without hybridiz-

ing with other low-dimensional materials. By dispersing EGaIn in

elastomeric polymers, it can be stabilized in the form of parti-

cles.30 However, the low-dimensional spherical shape of the

percolation units and the low s caused by the oxide shells

pose significant challenges for intrinsically stretchable conduc-

tors that use liquid metals.

Mechanical force (i.e., mechanical sintering) applied to the

EGaIn composite can rupture EGaIn particles and lead to the for-

mation of a conductive path that has significantly increased s

(Figure 3D).28 The percolation induced by mechanical sintering

occurs because the oxide shells break, the particle ruptures,

and then a new oxide shell forms to restabilize the structure.

The liquid-metal composite had an initial s of 1,370 S cm�1 after

mechanical sintering and a negligible R/R0 of�0.97 after 106 cy-

cles of stretching to ε = 40%.

Hydrogen doping of oxide shells can achieve exceptional s

and stretchability without causing any structural alterations (Fig-
ure 3E).29 Ultrasonication of amixture of bulk EGaIn, PEVA, and a

free-radical initiator (dicumyl peroxide) forms liquid-metal parti-

cles and generates primary radicals. Primary radicals initiate

electron transfer, which triggers the generation of hydrogen rad-

icals, which play a crucial role in the formation of metal–O2�–H+

on the surface of the liquid-metal particles. The H-doping of the

oxide shell induces n-type conductivity by elevating the Fermi

energy to above the conduction band minimum and greatly in-

creases s from 1 to 25,000 S cm�1. Moreover, the adsorption

of polymer on the surface of EGaIn particles after H-doping al-

lows the doped particles retain their structure under strain, in

contrast to the undoped particles that experience rupture of par-

ticle structure under strain. The stretchable interconnect using

H-doped EGaIn particles showed an excellent mechanical dura-

bility of R/R0 = 0.8 after 1,000 cycles of stretching at ε = 500%.

Acoustic fields can also induce formation of EGaIn NPs, and

this phenomenon represents another promising approach to

fabricate highly conductive and highly stretchable liquid-metal

composites.2 The composite exhibits s >104 S cm�1 and R/R0

�10 under ε = 4,000% and R/R0 �1.25 after 1,200 cycles of

stretching at ε = 500%. The fabrication process involves

exposing the liquid-metal composite to an acoustic field in a wa-

ter bath, enabling the formation of percolation networks

comprising large EGaIn particles (�2 mm) interconnected by

EGaIn NPs (Figure 3F). The percolation network, interconnected

by EGaIn NPs, effectively prevents the rupture of large

particles during deformation by creating additional pathways

for strain dissipation through NP bridges. This remarkable phe-

nomenon significantly enhances the toughness of the liquid-

metal composite.

Structurally stable percolation networks composed of metal

flakes, liquid metals, or both have enabled significant increases

in s and mechanical durability of intrinsically stretchable

interconnects (Table 1). Despite the significant progress made

in s and stretchability, the interface between stretchable inter-

connects and other conductive materials continues to pose a

significant obstacle due to the lack of satisfactory mechanical

and chemical stability. When in contact with metals, the corro-

sive nature of liquid metals at the liquid-metal/metal interface

requires careful consideration of material compatibility between

liquid metals and the other metals involved. The current state of

the interface falls short of meeting the required standards,

demanding further improvements to ensure reliable perfor-

mance and durability. Moreover, although tailoring the adhe-

sion properties of the elastomer matrix can increase the overall

adhesion between the liquid-metal composite film and the sub-

strate, the high surface tension of liquid metals still presents a

challenge in achieving strong adhesion at the interface with

other stretchable conducting materials. Poor adhesion can

decrease charge-injection efficiency at the interface, particu-

larly during stretching.

Patterning of intrinsically stretchable interconnects also poses

a significant challenge against their high-resolution array appli-

cations. Recent research has made progress in fabricating

micrometer-scale (25 mm) patterns of conductors by using a

composite of liquid metal and rigid photoresist.2 However,

achieving stretchable nanopatterned liquid-metal composites

remains difficult because the task requires simultaneous
Device 1, 100060, September 22, 2023 5



Table 1. Comparison of intrinsically stretchable interconnects

Category Composition s (S cm�1)

Static stretching Cyclic stretching

R/R0 Maximum ε (%) R/R0 ε (%) Cycles

Metal flake fluorine rubber/fluorine surfactant/Ag flakes25 738 0.25 215 >10 10 1,000

fluorine rubber/fluorine surfactant/Ag flakes26 6,168 0.24 400 �100 50 100

PAAm-alginate hydrogel/Ag flakes31 350 �70 250 �3 100 1,000

PDMS-MPU0.4-IU0.6/Ag flakes32 9,990 �5 120 �1.15 30 1,000

viscoelastic polymer (PTA, PEG, aniline)

Ag flakes33
�10,000 �10 1,000 �3 1,000 1,000

Metal-flake/liquid-

metal hybrid

EVA/Ag flakes/EGaIn27 8,331 6.3 900 �8 800 10,000

PVA-borax hydrogel/Ag flakes/EGaIn34 700 �10 100 �7 50 405

Liquid metal PDMS/EGaIn28 1,370 �1.1 50 �0.97 40 1,000,000

PEVA/DCP/EGaIn29 25,000 �0.71 100 0.8 500 1,000

elastomers/EGaIn2 21,000 �10 4,000 �1.25 500 1,200

pp-TPU/EGaIn35 22,532 30 2,266 �1.6 100 10,000
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improvements in resolution, stretchability, and even higher s to

minimize voltage drop. Current stretchable interconnects that

use metal flakes and/or liquid metals have s�104 S cm�1, which

is still more than an order of magnitude lower than that of bulk

metal electrodes (>105 S cm�1). To overcome this limitation, ef-

forts should be directed toward achieving a uniform distribution

of liquid-metal NPs and to increase the s of percolation networks

within the elastomer matrix; achieving these goals will help to

reduce processing variation and to maintain consistent s

throughout the patterned electrodes.

INTRINSICALLY STRETCHABLE TCEs THAT USE
CONDUCTING POLYMERS

Numerous conducting polymers are available; examples include

poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS), polyacetylene (PA), polyaniline (PANI), polypyr-

role (PPy), polythiophene (PTH), and polyfuran (PF). Extensive

studies have been conducted on synthesizing these conducting

polymers, analyzing their conduction mechanisms, and devel-

oping post-treatment methods to increase their s.36–39

Among the various conducting polymers, PEDOT:PSS has

distinctive advantages. It can be easily fabricated with high me-

chanical compliance. Additionally, PEDOT:PSS can possess

high s, high optical T, and an adjustable WF. Its commercial

viability has also demonstrated by a wide range of commercial-

ized products. As a result, PEDOT:PSS stands out as an intrinsi-

cally stretchable conducting polymer for wearable applications.

PEDOT:PSS consists of conducting/hydrophobic positively

charged PEDOT and insulating/hydrophilic negatively charged

PSS.40 The high s of PEDOT:PSS is attributed to its primarily

doped and conjugated PEDOT backbone, whereas the tunable

stretchability and WF originate from the presence of the soft

PSS domain that has high ionization energy.41 An increase in

stretchability is often accompanied by degradation of other

electrical and optical properties, and this trade-off complicates

the task of simultaneously achieving all requirements for

TCEs in ISOLEDs. Therefore, to fully utilize the potential of

PEDOT:PSS, a secondary doping process is essential.
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Secondary dopants can permanently alter the morphology of

the PEDOT:PSS and thereby yield improved stretchability and

s of the film. The s of PEDOT:PSS is mainly governed by intra-

grain and intergrain charge transport.42 Numerous methods

have been implemented to decrease p-p stacking and interlam-

ellar distances within a PEDOT domain and to simultaneously

elongate conductive pathways between adjacent PEDOT grains

(Table 2).42,58 The addition of polar solvent and surfactants can

hinder the Coulombic interaction between PEDOT and PSS,

and thereby cause close packing of conjugated PEDOT back-

bones. This change facilitates the transport of charge carriers

along PEDOT chains, so s increases. This phenomenon is

referred to as the screening effect.

Post-treatment with strong acid has increased s of

PEDOT:PSS electrode by three orders of magnitude from

1 S cm�1 to >4380 S cm�1 (Figure 4A).43 This increase was

achieved by dipping as-cast PEDOT:PSS film into strong

acid such as H2SO4. The concentrated H2SO4 undergoes au-

toprotolysis forming H3SO4
+ and HSO4

�, acting as counter-

ions for the negatively charged PSS and positively charged

PEDOT chains, respectively. These counterions effectively

reduce the Coulombic interaction and stabilize the segregated

states of positively charged PEDOT and negatively charged

PSS chains. The strong screening effect causes significant

structural rearrangement in the granular morphology of

PEDOT:PSS to form a crystalline nanofibrillar structure; the

H2SO4 post-treatment also removes residual PSS chains, re-

sulting in a significant increase in s.

Furthermore, employing a strong acid post-treatment on a

blend of poly(ethylene glycol)-block-poly(propylene glycol)-

block-poly(ethylene glycol) (PEO20-PPO70-PEO20 [P123]) has

enabled fabrication of highly conductive, stretchable, and trans-

parent PEDOT:PSS electrodes (Figure 4B).46 PEDOT:PSS solu-

tion mixed with P123 was spin coated on the substrate and

then soaked in concentrated H2SO4. The hydroxyl group of

PEO forms hydrogen bonds with PSS, so the addition of P123

can separate PEDOT and PSS chains. Subsequently, P123 mol-

ecules can undergo condensation polymerization under H2SO4.

The crosslinked P123 causes aggregation of a large PEDOT



Table 2. Comparison of intrinsically stretchable TCEs

Category Composition s/Rs (S cm�1/Ohm sq�1) T (%) WF (eV)

Static stretching Cyclic stretching

R/R0 ε (%) R/R0 ε (%) Cycles

Conducting polymer concentrated H2SO4
43 >4,000/– 90 – – – – – –

ethylene glycol + CH4SO3
44 3,560/– 92 – – – – – –

shearing method45 4,600/– 97 – – – – – –

DMSO + Zonyl40 120/– 93 – – – – – –

PEO-PPO-PEO+H2SO4
46 1,700/– 89 – 1.04 40 1.25 40 1,000

STEC47 3,100–4,100/– 96 – <1 100 �1 100 1,000

EMIM:TCB ionic liquid48 1,200/– – – �2 40 – – –

ION E Zwitter ion PSSNa41 >1,000/– – 5.35/4.73 – – – – –

PR-PEGDA49 3,000–6,000/– – – 2.5 100 2 100 500

1D SWNT50 –/500 87 – 1.45 40 1.14 40 14

AgNW51 –/15 83 – 10 40 4.3 30 1,500

AgNW:GO52 –/14 82.5 – 3.2 40 3 40 100

AgNW:PEI:ZnO53 –/40 85 – 5 40 11 40 500

2D graphene54 –/30 �90 5.95 – – – – –

MXene55 –/115 85 5.1 – – – – –

MXene/PFI56 –/97.4 90 5.84 – – – – –

graphene/AgNW hybrid57 –/22 88 5.69/3.63 3.9 40 6.1 40 500
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core and yields an increased s of 1,700 S cm�1 and stretchability

of >40%.

Use of ionic additives can also simultaneously achieve high s

and stretchability (Figure 4C).47,48 Water-soluble ionic liquids

that contain highly acidic anions can induce secondary doping

and a charge-screening effect, which together cause a morpho-

logical transition from granular structure to crystalline and

interconnected PEDOT nanofibrillar structures. Concurrently,

the small ionic species tend to reside in regions that are

relatively disordered, and this distribution further softens the

PEDOT:PSS matrix. As a result, incorporation of ionic liquids

into PEDOT:PSS yields a high s of 4,100 S cm�1 and an ability

to endure ε >100%.47

PEDOT:PSS has a high WF >4.9 eV that is favorable for effi-

cient hole injection in ISOLEDs. To use PEDOT:PSS as the cath-

ode, theWFmust be as low as possible to increase the electron-

injection ability. To achieve low WF, the interface must be

modified using non-conjugated polyelectrolytes that bear abun-

dant amine groups; examples include poly(ethyleneimine) (PEI)

and polyethyleneimine ethoxylated (PEIE).60–63 However, spin

coating of these materials on top of PEDOT:PSS electrode inev-

itably reduces its stretchability due to the use of polar solvents

such as isopropyl alcohol (IPA) or 2-methoxyethanol, which

can wash out the soft PSS groups and secondary dopants

during the spin-coating process.41 This reduction in stretch-

ability can be overcome by using 4-(3-ethyl-1-imidazolio)-1-

butanesulfonate (ION E) and sodium polystyrene sulfonate

(PSSNa) with high molecular weight (Figure 4D).41 ION E has

low solubility in the polar solvents, so loss of ionic species during

the interfacial modification process can be reduced. Moreover,

long PSS chains further increase the crack-onset strain by sup-

pressing formation ofmicrocracks. Consequently, the use of ION

E and PSSNa enabled the PEDOT:PSS electrode to fulfill all the
essential requirements including s >1,000 S cm�1, stretchability

>70%, and a lowered WF of 4.6 eV.

The formation of a mechanically interlocked network within

the PEDOT:PSS film by using a polyrotaxane (PR) crosslinker

also increases the film’s s and stretchability. PR is composed

of a polyethylene glycol (PEG) backbone and sliding cyclodex-

trins with PEG methacrylate side chains (Figure 4E).49 The

sliding cyclodextrins units prevent PEG crystallization, which in-

creases the stretchability of the PEDOT:PSS. Subsequent

H2SO4 treatment increases the s of PEDOT:PSS/PR to

>2,700 S cm�1, and it can be further improved to 6,000 S cm�1

at ε = 100% because the strain increases alignment of the

chains.

To use PEDOT:PSS/PR as a stretchable TCE for ISOLEDs,

energy-level alignment at the stretchable electrode/organic

material interface is important to attain a highly efficient

organic light-emitting diodes. To lower the WF of the

PEDOT:PSS/PR electrode, the surface has been modified

using a blend of poly(9,9-bis(3’-(N,N-dimethyl)-N-ethylammo-

nium-propyl-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)) dibro-

mide (PFN-Br) and PEIE (Figure 4F).59 The PEDOT:PSS/PR

electrode modification enables the ISOLED to turn on at 5 V

and reach a maximum brightness of 7,450 cd m�2 at 15 V,

with a corresponding maximum current efficiency (CE) of

�5.3 cd A�1.

Because of the high T, stretchability, and uniformity of the

PEDOT:PSS conductive polymer, PEDOT:PSS electrodes can

be an appropriate material for cathode and anode in ISOLEDs.

Their use overcomes the disadvantage of using metal NWs,

which must have numerous internal junctions to maintain high

s. However, the junctions are vulnerable to failure due to inevi-

table joule heating during device operation. This trait of metal

NWs impedes uniform injection and spreading of charges in
Device 1, 100060, September 22, 2023 7



Figure 4. Strategies to improve the s and stretchability of conductive polymer (PEDOT:PSS) TCEs

(A) Electrical s increase with structural rearrangement from granular to nanofibrillar structure after acid post-treatment. Reproduced with permission.43 Copyright

2014, WILEY-VCH.

(B) Increase in s and stretchability due to the phase separation of PEDOT:PSS and acid-induced crosslinking of P123 chains. Reproduced with permission.46

Copyright 2018, American Chemical Society.

(C) Simultaneous attainment of high s and stretchability after the addition of ionic liquids, which provides a strong electrostatic screening effect and enables the

close packing of crystalline PEDOT domains. Reproduced with permission.47 Copyright 2017, American Association for the Advancement of Science.

(D)WFmodulationwithmaintained high s and stretchability using Zwitterion (ION E). Long PSS chains that remain after wash off during the interfacial modification

with PEIE can further increase the stretchability of PEDOT:PSS TCEs. Reproduced with permission.41 Copyright 2021, Springer Nature.

(E) Enhancement of conductivity and stretchability with the formation of mechanically interlocked networks by crosslinking of polyrotaxane crosslinker bearing

sliding cyclodextrin units. Reproduced with permission.49 Copyright 2022, American Association for the Advancement of Science.

(F) ISOLEDs with high maximum brightness and current efficiency using intrinsically stretchable polyrotaxane/PEDOT:PSS TCEs. Photographs represent all-

polymer ISOLED arrays with different colors while being stretched. Scale bar: 2.5 mm. Reproduced with permission.59 Copyright 2022, Springer Nature.
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the light-emitting layer (EML). In contrast, PEDOT:PSS does not

undergo joule heating and therefore endows ISOLEDs with high

luminance.59 Nevertheless, PEDOT:PSS still has a lower s than
8 Device 1, 100060, September 22, 2023
other TCE materials such as metal NWs, graphene, and MXene.

Therefore, the s of PEDOT:PSS electrodes must be further

increased.
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INTRINSICALLY STRETCHABLE TCEs THAT USE
LOW-DIMENSIONAL CONDUCTORS

Intrinsically stretchable low-dimensional conductors are being

developed as replacements for conventional TCEs such as in-

dium tin oxide that are inherently brittle and therefore unsuitable

for use in wearable and stretchable light-emitting devices.12–14

PEDOT:PSS is a conducting polymer that has a highWF that fa-

cilitates hole injection and is a promising candidate for use as a

stretchable anode. However, surface modifications using such

as PEI or PEIE to lower the WF of PEDOT:PSS will dedope the

PEDOT+ and thereby significantly reduce its s.64 Therefore,

low-dimensional conductors that exploit silver NWs (AgNWs),

carbon nanotubes (CNTs), graphene, or MXenes have been

incorporated into elastomers for stretchable applications as al-

ternatives (Table 2). These materials are either transferred to or

deposited on the surface of the elastomer matrix to achieve

high T and s simultaneously.11

Single-walled CNTs (SWNTs) were used as an intrinsically

stretchable anode and cathode for the first time in 2011.50

SWNT networks were embedded using poly(tert-bultylacrylate)

(PtBA), which is a shape-memory polymer that has a low glass

transition temperature (Tg) of 56
�C. The resulting SWNT stretch-

able electrode had sheet resistance (Rs) = 500 U sq�1 and T =

87% at 550 nm. The stretchable EML, composed of a light-emit-

ting polymer, an electrolyte, and a salt, was sandwiched be-

tween two SWNT stretchable TCEs. However, the SWNT

stretchable electrode has high Rs, so the maximum luminance

(Lmax) reaches only 200 cd m�2 with Von = 4.5 V.

To increase the s of stretchable TCEs, CNTs have been re-

placed with AgNWs as the conductive filler due to their high s

and T, but their high surface roughness can lead to significant

leakage current during device operation.65 To solve this prob-

lem, AgNWs are inlaid in the elastomer with part of their surface

exposed to air (Figure 5A).66 The interaction between the elas-

tomer matrix and AgNWs strongly influences the stretchability

of the TCEs. Soft elastomer matrices such as polyurethane acry-

late (PUA) can uniformly distribute stress by limiting NW sliding

and the consequent distortion of AgNW junctions14; this process

yielded stretchable TCEs with Rs = 15 U sq�1 and T = 83% that

can withstand >100 peel-off tests using Scotch tape.51 ISOLEDs

that use AgNWs in PUA stretchable electrodes as both anode

and cathode had Lmax = 2,200 cd m�2 (at 21 V), maximum ε =

120%, and maximum CE = 11.4 cd A�1.

The mechanical durability of stretchable TCEs is a signifi-

cant determinant of the maximum tensile strain that the

ISOLED can withstand. Sliding and distorting of AgNWs under

tensile strain are unfavorable, so one possible approach to

avoid these problems is to strengthen junctions in AgNW

percolation networks. Various physical and chemical methods

have been used to weld the junction and increase the s and

stretchability of AgNWs.65 However, some methods can result

in strong binding between AgNWs and the substrate and are

therefore not suitable for stretchable applications because

these bonds hinder transfer of AgNWs from the substrate to

the elastomer.

This problem can be solved by using graphene oxide with

abundant oxygen-containing moieties to adhere to AgNWs and
solder the junction by exploiting the capillary effect during sol-

vent evaporation (Figure 5B).52 The resulting welded AgNW

percolation networks have been successfully transferred to the

elastomer matrix and yielded Rs = 14 U sq�1, T = 88%, and a

maximum ε = 130%.

The efficiency of ISOLEDs is directly determined by the elec-

tronic energy-level alignment at the stretchable TCE/organicma-

terial interface. Achieving an anode that has highWF comparable

to that of indium tin oxide (ITO; �4.7 eV) and a cathode that has

low WF compared to the LiF/Al electrode (�4 eV) is very difficult

task when the same intrinsically stretchable material is used as

both anode and cathode. The charge-injection capability of a

stretchable TCE is mainly affected by two factors: the electrical

contact area with the adjacent organic materials and the WF.

In most stretchable TCEs that use AgNWs embedded in the elas-

tomer, the electrical contact area is small, which hinders the

charge injection from the stretchable TCEs to the organic mate-

rial. Furthermore, AgNWs with aWF of 4.25 eV are not sufficient

for efficient injection of holes or electrons.69

To increase the contact area, AgNW networks can be directly

coated on a stretchable EML by using successive ZnO- and

PEIE-coating steps to yield AgNW networks embedded in a

composite of ZnO and PEIE.53 This structure increases the elec-

tron injection capability by increasing the electrical contact area

of AgNWs (Figure 5C). However, direct solution coating on the

stretchable EML may reduce the reliability of the ISOLED.

Increasing the processing temperature to >150�C after the solu-

tion process effectively removes the residual solvent and in-

creases the reproducibility.70 However, most intrinsically

stretchable materials have a low Tg, so they are damaged by

this high-temperature processing, and this trait impedes use of

this method to attain efficient and reliable ISOLEDs.

The charge-injection capability of stretchable TCEs can be

improved by using 2D conducting materials (Figure 5D).67 For

instance, a WF-tunable polymer conducting polymer deposited

on topofagrapheneelectrodecan yield aWFgradient in the thick-

nessdirection,with surfaceWF=5.95eV.54 TheOLEDs fabricated

on the surface-modified graphene electrode attained maximum

CE=98.1 cdA�1; this result indicates that graphene is a promising

electrode material for optoelectronic applications. Furthermore,

graphene scrolls placed between stacked graphene layers can

bridge cracks and maintain conduction paths during stretching

(Figure 5E).68

Many research efforts primarily concentrate on stretchable an-

odes without addressing the need to tune the charge injection

properties of stretchable cathodes (Table 2). Drawing on the

aforementioned insights, an effective approach is to form a 2D-

contact stretchable electrode by introducing graphene with gra-

phene scrolls on top of a stretchable electrode that uses AgNW

(Figure 5F).18,71 The graphene layer modified the WF, spread the

charges, prevented inward diffusion of oxygen and moisture,

and increased the electrical contact area without sacrificing me-

chanical stretchability. Surface modification then adjusted the

WFs of the stretchable TCEs: perfluorosulfonic acid yielded the

highest WF (5.69 eV), whereas anionic crown-conjugated

polyelectrolyte yielded the lowest WF (3.57 eV). Fine-tuning the

charge-injection properties of the stretchable anode and

cathode yielded the highest ISOLED CE (20.3 cd A�1). These
Device 1, 100060, September 22, 2023 9



Figure 5. Intrinsically stretchable TCEs that use low-dimensional material

(A) Metal nanowires embedded in the elastomer matrix to increase stretchability. Reproduced with permission.66 Copyright 2012, WILEY-VCH.

(B) Top: scanning electron microscopy (SEM) image of welded junctions. Bottom: schematic illustration of stretching mechanism of AgNW percolation networks

after welding process. Reproduced with permission.52 Copyright 2014, American Chemical Society.

(C) Metal nanowires sandwiched between a film of ZnO and a film of PEIE composite to improve the electron-injection capabilities. Reproduced with permis-

sion.53 Copyright 2021, American Association for the Advancement of Science.

(D) Graphene with surface modification. Reproduced with permission.67 Copyright 2018, Springer Nature.

(E) Graphene with graphene scrolls enables a stretchable electrode. Top: schematic of graphene and graphene scrolls. Bottom: atomic force microscopy (AFM)

images of graphene and graphene scrolls before and after stretching. Reproduced with permission.68 Copyright 2017, American Association for the

Advancement of Science.

(F) 2D contact stretchable electrode (TCSE) that introduces graphene on top of surface-embedded AgNW percolation networks. Top: schematic of TCSEs.

Bottom: a 3 inch large-area passive-matrix ISOLED using TCSEs. Reproduced with permission.57 Copyright 2022, WILEY-VCH.

(G) Left: MXene with chemically neutralized hole-injection layer. Right: luminance-voltage curve of OLEDs using MXene and ITO, respectively. Reproduced with

permission.55 Copyright 2020, WILEY-VCH.

(H) Left: schematic image of reduced d-spacing of MXene after treatments. Right: large-area passive-matrix OLED using MXene as the electrode. Reproduced

with permission.56 Copyright 2022, WILEY-VCH.
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electrodes were successfully applied to 3 inch 53 5 passive-ma-

trix ISOLEDs.

MXene is a 2D interlayer that can be used to replace graphene.

MXenes constitute a family of 2D materials that have metallic s

and high T. The most common is titanium carbide (Ti3C2Tx),

which has abundant surface groups that contain F and O.72

However, MXene degrades easily, especially in the presence

of moisture, and this instability limits their application in solu-

tion-processed optoelectronic devices. This process entails an

exfoliation step, during which Li+ are intercalated and can be

easily hydrated when exposed to air; this process enlarges the

d-spacing and decreases the s.56 To solve this problem, chem-

ical neutralization of conducting polymer PEDOT:PSS provides a

solution to the chemical instability of MXene (Figure 5G).55

OLEDs that use themodified PEDOT:PSS andMXene electrodes

have comparable CE to that of ITO-based devices; this result

proves that overcoming the instability of MXene could facilitate

its application in optoelectronics.

To increase the environmental stability of MXene, the diffusion

of moisture into the interlayer spacing must be minimized.56 The

interlayer spacing can be derived from the d-spacing that is

determined by Bragg’s law, which is

2d 3 sin q = nl;

where d is the spacing between planes of atoms that induce

diffraction peaks, q is the X-ray diffraction incident beam angle,

n is a positive integer, and l is the wavelength of the incident

beam. The interlayer spacing can be obtained by subtracting

the thickness (z1 nm) of the Ti3C2Tx MXene layer from d.

The 2D layered structure of MXene allows moisture to diffuse

both vertically and laterally. High-temperature annealing of

MXene reduces the d-spacing of MXene from 0.33 to

0.06 nm and thereby effectively blocks lateral moisture diffu-

sion. Additionally, deposition of a PFSA barrier layer onto

MXene (WF = 5.84 eV, Rs = 97.4 U sq�1) impedes perpendic-

ular moisture diffusion between MXene flakes. Consequently,

MXene that has been treated in this way undergoes a negligible

change in Rs and WF after exposure to air for >22 days. The

MXene TCE has also been used in a large-area 10 3 10 pas-
sive-matrix OLED (Figure 5H). Therefore, an environmentally

stable MXene electrode is a potential candidate as a 2D con-

tact layer for stretchable TCEs that use AgNWs.

In conclusion, the integration of low-dimensional materials has

facilitated the rapid development of highly stretchable, conduc-

tive, transparent, and WF-tunable TCEs which are promising as

both anode and cathode in ISOLEDs. Despite the significant

development in stretchable TCEs, the CE of ISOLED still lags

behind than that of rigid devices. Therefore, future research ef-

forts should attempt to design stretchable charge transport ma-

terials, light-emitting materials, and device fabrication protocols

to increase the efficiency of ISOLEDs.

OUTLOOK

In comparison to conventional OLEDs fabricated on rigid glass

substrates, stretchable displays demonstrate notable defi-

ciencies in efficiency, maximum luminance, and operational sta-

bility. This disparity can be ascribed to the lack of established

standards, design strategies, and processing techniques that

are specific to stretchable materials and devices. The field of

ISOLED development remains in its nascent stages (Figure 6).

Accelerating the progress of ISOLEDs requires optimization of

the functional properties of intrinsically stretchable conducting,

semiconducting, and insulating materials.

In this perspective, we have explored recent advances in utili-

zation of intrinsically stretchable low-dimensional conductors for

ISOLED applications. The incorporation of metal flakes or liquid

metal within a thermal plastic elastomer matrix has yielded

stretchability in interconnects. The formation of nanometer-scale

particles between micrometer-scale particles or flakes, along

with the maintenance of good electrical contact among them,

helps to increase both electrical s and mechanical stretchability.

To effectively employ such interconnects as driving circuits

for ISOLEDs in the future, the following aspects need to be care-

fully considered. Firstly, electrochemical stability is important

because undesirable reactions can lead to deterioration of

the light-emitting properties of ISOLEDs. Secondly, resistance

to organic solvents is crucial for the integration of various

stretchable materials and devices. A potential solution in the

future could involve the implementation of a crosslinked elas-

tomer network. Thirdly, achieving nanometer-scale photopat-

ternability becomes necessary for seamless integration with

complex electric circuits. Lastly, ensuring environmental stability

of interconnects is crucial to improve the overall reliability of the

system.

In the case of intrinsically stretchable TCEs, the primary chal-

lenge is to increase stretchability while simultaneously preser-

ving other functional properties. Themanipulation of chemical in-

teractions between low-dimensional materials and elastomers

will strongly contribute to the mechanical properties of intrinsi-

cally stretchable TCEs. Additionally, a suitable match in stretch-

ability between the intrinsically stretchable TCEs and adjacent

layers in the ISOLED is essential to prevent detachment at the

interface during stretching, which can occur due to contraction

perpendicular to the substrate. Furthermore, strengthening

interfacial adhesion without decreasing the charge-injection

property could increase the stretchability of ISOLEDs.
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However, the development of a reliable, stretchable, and

transparent encapsulation poses the most significant challenge

in the development of ISOLEDs. Achieving stretchability neces-

sitates the entanglement of polymer chains that possess a signif-

icant amount of free volume. In contrast, barrier properties de-

mand closely packed molecules. This trade-off relationship

between stretchability and barrier properties adds complexity

to the process of designing suitable encapsulations that can rival

the effectiveness of glass lid encapsulations. Consequently, an

innovative approach to designing stretchable encapsulations

becomes imperative.

Then, full utilization of ISOLEDs as wearable devices for visu-

alization of complex signals will require development of active-

matrix ISOLEDs with pixelization and individual driving circuits,

using both intrinsically stretchable TCEs and interconnects in

one system. Active-matrix ISOLED arrays encompass complete

layers of stretchable cathodes, stretchable charge-transport

materials, stretchable light-emitting materials, and stretchable

anodes. However, the stretchable anode overlays thin-film tran-

sistor (TFT) arrays that act as the active matrix. By utilizing

stretchable interconnects as the source, drain, and gate elec-

trodes of the transistors, the stretchability of the array can be

increased. Integration of ISOLEDs onto TFT backplanes is

possible in theory, but the stacking of multiple layers of con-

ducting, semiconducting, and insulating materials with specific

patterns presents an extremely challenging task due to their

different solvent miscibility. Precise control of each layer’s

pattern from the back plane to the ISOLED on top is critical.

Lamination is the most widely used method to fabricate

ISOLED, but to improve the process yield, the complexity of

the process must be reduced.

Finally, integration of ISOLED with other functional devices is

considered the ultimate goal for wearable displays. Wearable

displays will have a wide range of applications from health

monitoring to augmented reality and therefore will collect and

process data, in addition to displaying information. Therefore,

wearable displays must be integrated with power supplies,

wireless signal transmission and receiving units, and signal pro-

cessing units. The resulting devices will have a broad range of

applications.
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