






Extended Data Fig. 2 | Effect of elastomer content on the morphology of the stretchable ExciPh layer. Atomic force microscopy of ExciPh, with varying loadings 
of SEBS (top images) and PU (bottom images).
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Extended Data Fig. 3 | Effect of mechanical stretching on the exciplex energy 
transfer. a,b, TRPL spectra of ExciPh films under increasing tensile strain  
(0–100%). ExciPh layers were transferred onto quartz substrates, strained and 

encapsulated with a glass lid to prevent oxygen quenching. c, Corresponding PL 
lifetimes and estimated donor–acceptor distance (rDA) in terms of tensile strain 
(see details in Supplementary Text 6 for rDA calculation).



Extended Data Fig. 4 | Mechanical stretchability of the stretchable ExciPh 
layer. a, Digital photograph of SGraHIL/ExciPh on the substrate applied with 
200% tensile strain. The highly reflective surface of the stretchable ExciPh 
indicates that no microcracks formed during stretching. b, Digital photograph 

of SGraHIL/ExciPh under 200% strain under UV irradiation. Initial length was 
10 mm. c, Optical microscopic images of in situ stretching test on SGraHIL/ExciPh 
without using an encapsulation layer on top.
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Extended Data Fig. 5 | Characteristics of OLEDs using a stretchable ExciPh layer. a, Schematic of the high-efficiency OLED that uses SGraHIL and ExciPh. Device 
structure: ITO (70 nm)/SGraHIL (82 nm)/ExciPh with or without PU (50 nm)/TPBi (45 nm)/LiF (2 nm)/Al (100 nm). b–e, Electroluminescent characteristics of this OLED.



Extended Data Fig. 6 | Electroluminescent performance of phosphorescent 
OLEDs using exciplex-free cohosts. a, Device schematic of phosphorescent 
OLEDs comprising exciplex-free cohosts of Ir(ppy)2acac:TCTA:2PTPS (0.9:5:5 
w/w/w). Device structure: ITO (70 nm)/SGraHIL (82 nm)/Ir(ppy)2acac:exciplex-free 

cohosts with or without PU (50 nm)/TPBi (45 nm)/LiF (2 nm)/Al (100 nm). b, PL 
spectra of TCTA, 2PTPS and the 2PTPS:TCTA blend, confirming the absence of 
exciplex formation. c–f, Electroluminescent characteristics of the OLEDs based 
on exciplex-free cohost systems.
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Extended Data Fig. 7 | Characteristics of phosphorescent OLEDs using a 
single host. a, Device schematic of phosphorescent OLEDs comprising a single 
host of Ir(ppy)2acac:CPB (0.9:10 w/w). Device structure: ITO (70 nm)/SGraHIL 
(82 nm)/Ir(ppy)2acac:single host with or without PU (50 nm)/TPBi (45 nm)/LiF 

(2 nm)/Al (100 nm). b, PL spectra of pristine CBP and 0.9 mg ml−1 Ir(ppy)2acac 
blended with varying CBP concentrations. c–f, Electroluminescent 
characteristics of the OLEDs based on exciplex-free cohost systems.



Extended Data Fig. 8 | Effect of mechanical stretching of the stretchable 
ExciPh layer on charge-carrier recombination in OLEDs. a, Schematic of 
OLED devices that use orange and green ExciPh layers. The orange ExciPh layer 
was deposited directly on the SGraHIL layer. The green ExciPh was deposited 
on an OTMS-treated wafer and transferred onto a PDMS stamp. Then the  
green ExciPh on the stamp was delicately pressed onto the orange ExciPh while 
retaining tensile strain. b,c, Current density–voltage and luminance–voltage 
curves of OLEDs with green ExciPh under different tensile strains. d–f, Evolution 
of electroluminescent spectrum with 0%, 25% and 50% tensile strain applied to 

the green ExciPh. Horizontal profiles on the top represent the evolution of 
electroluminescent intensity at 603 nm, which corresponds to the peak position 
of orange ExciPh. Vertical profiles on the right-hand y axes: electroluminescent 
spectrum at 18 V. g, Schematic of recombination zone shift to the green ExciPh 
region owing to impeded electron injection under stretching. Green ExciPh: 
stretchable exciplex-assisted phosphorescent layer using Ir(ppy)2acac as the 
dopant. Orange ExciPh: stretchable exciplex-assisted phosphorescent layer 
using Ir(bt)2acac as the dopant.
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Extended Data Fig. 9 | Characterization of the mechanical stability of 
MCSEs. a,b, Static stretching tests (ε = 100%) and cyclic stretching tests 
(ε = 40%) of the AgNW stretchable electrode and MCSEs before and after 

welding. c, Atomic force microscopy topography of MCSE before, during and 
after tensile strain (ε = 40%).



Extended Data Fig. 10 | Origin of WF gradient in SGraHIL. a, Schematic 
illustration of SGraHIL. b, X-ray photoelectron spectroscopy depth profile of 
SGraHIL. P1 to P4 represent four positions with 0, 80, 120 and 200 s of sputter 
etching time, respectively. c, UV photoelectron spectroscopy measurement of 
SGraHIL at positions P1, P2, P3 and P4. d, Schematic illustration of conventional 
SHIL. e, UV photoelectron spectroscopy measurement of positions P1, P2 and 
P3. f, UV photoelectron spectroscopy measurement of SHIL at positions P1, P2 

and P3. g, Correlation of WF and F1s atomic concentration profiles in terms of 
etching time (data extracted from b and c). h, Time-of-flight secondary ion 
mass spectrometry 3D mapping for [CH]−, [S]−, [SO3]− and [CF]− ions in SHIL  
and SGraHIL. SHIL, stretchable hole injection layer composed of PEDOT:PSS 
AI 4083 and Triton X-100; SGraHIL, stretchable gradient hole injection layer 
composed of PEDOT:PSS, PFSA and Triton X-100.




