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Figure 1. Optical and electrical properties analysis of the respective layers. a-b, The ultraviolet

photoelectron spectroscopy (UPS) analysis in both cases between glass and Norland optical adhesive (NOA63)
substrate presented a similar trend with a small difference in values. We speculate that the surface roughness of the
substrate or exposure to the environment might have affected the UPS measurement because the work function (¢)

values were slightly deviated. Interestingly, when an outer molybdenum trioxide (MoOs3) layer (15 nm) was added



before the deposition of Au (i.e. MA), the ¢ was increased to ~5.23 eV due to Fermi-Level pinning and the higher ¢
of the MoOs layer (~6.6 eV"-2). The ¢ of the electrode was further enhanced to ~5.25 eV by the deposition of an inner
MoOs (5 nm) in addition to the MA structure (i.e. MAM) and is more beneficial for device performance, hence,
improving the electrical and optical properties.> * 3 ¢, The glass and NOA63 demonstrated an almost equally high
transmittance of about 90% due to the intrinsic properties. When the Ag was deposited on both substrates, the
transmittance considerably dropped to about 60% at ~400 nm and to ~23%,° at ~700 nm, which induces the
microcavity effect in the organic light emitting-diodes (OLEDs) devices due to the high reflection as reported by Jalil
et al.” However, when a MAM electrode was deposited on either NOA63 or the glass substrate, a higher transmittance
was obtained that was ~45% and ~70% at about 400 and 650 nm, respectively. Here, the transmittance of the NOA63
with nanoparticles (NPs) was also found to be ~20% less than NOA63 without NPs, which was offset by the ~20-30%
haze effect (discussed later in Supplementary Figure 14). d, In the MAM aspect, Hong et. al.® reported that by
optimizing the thickness of the outer oxide layer, the surface plasmon generated by the sandwiched metal could be
coupled with the air using Bragg’s scattering, thus increasing the overall transmittance. e-f, The thickness of the
sandwiched metal layer is also crucial as it causes a trade-off between transmittance and conductivity as reported by
Wrzesniewski et al.” It was observed that the 14 nm Au layer presented a very low sheet resistance of ~19.2 Q/sq,
which made it the perfect candidate to be used in the MAM electrode structure. g, MoO3(15 nm)/Au(14 nm)/MoOs(5

nm) demonstrated the best figure of merit (@rcp1))'" ! value (2.96 x 10 Q-1),

T  (0.7506)1°
Rsheet  19.21

Brcoq) = ~ 296 x 1073[Q71], €))

where 7 is the transmittance and Ry, 1S the sheet resistance. The figure of merit value suggest a fair balance or an

optimized performance, between a high transmittance (70~80%) and a low sheet resistance (~ 20 /sq).
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Figure 2. Advantages and disadvantages of transparent electrodes: PEDOT:PSS!2, ITO'"3, AgNWs!*

and MAM?, The key advantages of MAM over other electrodes are high transmittance, low sheet resistance, and high
environmental stability. Also, MAM electrode has good mechanical flexibility as the rate of resistance change of the

electrode remained almost unchanged with 1D and 2D stretching cycles.
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Figure 3. Water vapor transmission rate (WVTR)!> ! 7 comparison among different
encapsulations and device lifetime of the thick 3M elastomer based GSOLED devices with

various encapsulations. a,b The NOA63 and NOA63 (9.2 um)/SiNx (200 nm) substrates were coated with

calcium (Ca) to understand the moisture absorption mechanism of the material when encapsulated with different
encapsulation materials (Device A : NOA63/only 3M tape side passivation/NOA63; Device B : NOA63/3M tape and

NOAG63 side passivation/NOA63; Device C : NOA63/SiN,/3M tape and NOAG63 side passivation/SiN/NOAG63/SiNy;
6



Device D : NOA63/SiNy/3M tape and epoxy side passivation/SiN,/NOA63/SiNy). Ca was deposited with a shadow
mask in the shape of N x N array of patches, which is suitable for evaluating the improvement of the gas barrier film,
because with a large single Ca patch it is difficult to determine whether the pinhole is suppressed. The moisture

absorbed by the Ca was analyzed using the WVTR equation given as!> 1617,

m(H,0) _ D(Ca0)
m(CaO) t

F ], )

mZday

WVTR = p(Ca0) X

where p is the density, D is the thickness of the CaO layer which changes with the absorption of moisture, m is the
molar concentration, and 7 is the time passed. The values of p and m of water and CaO are known, thus Equation (2)

becomes:

6
WVTR = 3.35 X ﬂ % 18.0152 g/mol x D(CaO) . [ g ] (3)

0
m3 56.077 g/mol t mZ2day

Here, D can be analyzed by measuring the transmittance of the layer, which increases with the passage of time due to

moisture absorption and is given by:

Final transmittance — Initial transmittance

D(Ca0) ~ X deposited thickness @)

100 % — Initial transmittance

The deposited thickness was ~500 X 10™1%m. We analyzed the transmittance values of the devices with different
substrates and encapsulations and put them to Equation (4). The values of WVTR obtained for the devices are
summarized in the table of Supplementary Figure 3. The device A showed the highest WVTR of 4x10° g m day!
and the WVTR value of device B was improved when 3M tape was used together with NOA63 at the side passivation
(2.0 x 10" g m? day™"). We speculate that the 3M tape alone as a sealant was not the proper material to use for the
purpose, as it could have allowed moisture to penetrate into the substrate. Comparing the WVTR of device C (3.6 x
102 g m? day!") and device D (1.8x102 g m? day™"), epoxy was found to be better in blocking the moisture at side
than NOAG63. Thus, it may be concluded that the side encapsulation is much more important than the penetration from
top and bottom films. From the above comparisons, we identified the encapsulation materials in three different paths
— bottom (substrate), top (encapsulation), and side (sealant) — in the order of decreasing ease of moisture penetration
as red solid lines, and red dot lines. Even though the encapsulations (device B, C and D) suggested improved WVTR

than that of device A, those devices were not fully stretchable. There is a trade-off relation between encapsulation

7



quality and stretchability. Therefore, it needs further study to implement edge encapsulation using stretchable sealant
for GSOLED:s. ¢,d, As suggested in the Figure 2, the device lifetime (LT) under various encapsulation schemes and
water immersion condition have improved and were comparable, respectively (shown in Supplementary Figures 3c,
d). All of data trend was found to be coherent with the conditions. It may be concluded that the “side passivation”
from a combination of 3M tape and NOAG63 is quite critical as well as protective against “film penetration” through
NOAG63 films in a vertical direction. Device A encapsulation withstood for about 7 min during the water immersion,
while Device B and C with NOA63 side passivation survived for over 1~3 hours. The shorter LTO of the device A
encapsulation as compared to its LT50 (Supplementary Figures 3c, d) is due to side penetration of water, which was
confirmed by WVTR measurement (Supplementary Figure 3b). Even though the side encapsulation with epoxy
(Device D) was quite effective, there is a trade-off between stretchability and encapsulation. It needs further study to

improve the stretchable encapsulation for GSOLEDs.
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Figure 4. Schematic illustration of the device fabrication by kinetic transfer printing along

with dimensions. a, The NOA63 with and without silicon dioxide (SiO2, 470 nm sized) NPs was spin coated on

a glass substrate to form a thin layer of ~16.3 and ~9.2 um thickness, respectively. The OLEDs constituent layers
were deposited on the NOA63 using thermal evaporation followed by NOA63 encapsulation (~9.2 um). The thin
substrate and encapsulation ensured the formation of a sandwich structure that could compensate for the small bending
strain and the adjustment of mechanical neutral plane (MNP) at the high Young’s modulus (YM) layers of the device.'®
Thus, the crucial layers responsible for the performance of the OLED were preserved from any compression or tensile
stresses during stretch-release or bending cycles. The encapsulation also ensured the device was moisture resistant
and aided the performance of the GSOLEDs during water-immersion (Fig. 2¢ and Supplementary Figure 3). b, The
schematic illustration of the side view for the GSOLED device demonstrates the thickness of the layers and the overall
layout with and without NPs. The release of pre-strain resulted in the formation of buckles in the devices shown in the
image. The NOAG63 encapsulation was performed with a small N»/Air gap thus forming a protective cover from

moisture contents enabling the device to be water-proof.
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Peak to Peak of Buckle Formation
Part 1st 2nd 3rd 4th Avg.

3M Elastomer Pixel Area 216 ym 320 um 293 um 312 um 280+47 pm
(1000pm) Non-Pixel Area 221 pm 322 ym 345 um 349 um 309460 pm
Thin Elastomer Pixel Area 123 pym 144 pm 237 um 121 pm 156+47 pm
(100pm) Non-Pixel Area 135 pm 105 pm 105 pm 140 pm 121+19 pm

Figure 5. Camera and confocal microscopy (CM) images of pixel and non-pixel area in the

GSOLEDS. The optical and CM images of the GSOLEDs based on a, 3M elastomer and b, thin elastomer showed

that there were as much buckling on the pixel area as on the non-pixel area. Average buckling periodicity on the pixel
area of 3M elastomer was 280 pum, whereas buckling on the non-pixel area was 309 pum. When thin elastomer was
used, the buckling periodicity on pixel and non-pixel area was 156 um and 121 um, respectively. Thus, thinner
elastomer is helpful to make smaller buckling periodicity, however, we are limited by the current strain threshold of

the thin elastomer materials for the realization of small buckling devices.
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Figure 6. Optical microscope (OM) images of the electrodes and NOA63 at 5x and 10x

magnification along with confocal microscopy (CM) images. a, The OM images of the MAM

electrodes at 5x and 10x magnification present the surface morphology after removal of pre-strain. It was observed
that the random buckles were formed due to the contraction stresses in the layers. On average the size of the buckles
could be estimated to be ~100 pm at maximum and they were closely packed (i.e. high density/number). The buckles
formed in the Ag electrode layer were of much larger dimension. This could have occurred because the Ag might have
poorly adhered to the NOAG63 substrate, causing random parts of the Ag layer to delaminate. This factor affected the
performance of the devices because the efficiency had deteriorated. OM images of NOA63 demonstrate that the
buckles were of much smaller dimensions, which indicates that the polymer layer had the lowest resistance to the

induced stresses. Short wavelength (NOA63 without NPs) and long wavelength (NOA63 with NPs) buckles acted as
11



the main driving force for various complex mechanics of the devices including stretching, folding, twisting and water-
proofing. b, The NOA63 buckled substrate was also analyzed using CM images for the dimensions of the peaks and
valleys. The analysis was found to be in agreement with the OM analysis. The maximum height of the buckles from
the valley was found to be ~220 um while from the flat area it was ~178 pum, therefore, the average size of the
fabricated buckles could be analyzed to be 200 £ 21 pm. With these dimensions, the substrates were conveniently
stretched up to 100% area (2D) and were found to be reasonable for stretchable applications. ¢, It could be observed
that the top surface of NOA63 without NPs demonstrate a somewhat smooth surface, however, some bumps were
observed in ultra-high resolution field emission scanning electron microscopy (UHR FE-SEM) (Supplementary Figure
8c) and CM images. The dimensions of these bumps, measured through CM imaging, were ~0.4 pm (400 nm). The
CM images for the top surface of NOA63 with NPs, present some three-dimensional optical sectioning representing
the changes in the morphology of the surface. d, More small buckling periodicity (average value, ~155 pm) occurred
in thin elastomer (100 um), while large buckling periodicity (average value, ~300 pm) in thick elastomer (1,000 pm)
was observed. It was reported that the buckling periodicity depends on both polymer substrates and elastomer; that
means, the overall thickness of the device including substrate and elastomer determines the periodicity of wrinkled
structure.'® 2% 2! Thus, we found that there were two important factors for micro buckling formation; one is the

thickness of substrate and the other one is the thickness of elastomer.
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Thin Elastomer (100pum)
10% 20% 30%

4.5 mm 4.8 mm 5.0 mm

65% 20% 30%

Pre-Strain Initial Pixel Area Strained Pixel Area Changed Pixel Area 2D Stretched (%)

(%) (mm?2) (mm?2) (mm?2)
12.25 0.00 0
3M 16.00 3.75 30
Elastomer 100 12.25
(1000um) 20.25 8.00 65
25.00 12.75 100
19.36 0.00 0
Thin
21.16 1.92 10
Elastomer 30 19.27
(100um) 23.04 3.85 20
25.00 5.73 30

Figure 7. Camera images and schematic illustration of the pixel area under the different

strain on the GSOLEDS. The camera images of buckled pixel area with a, the 3M elastomer and b, thin

elastomer. For the complete comparison, we have added the schematic illustration below the camera images. At first,
we transferred the OLED devices on pre-strained elastomers (3M elastomer and thin elastomer) until their limit (100%
and 30%). When we released the strain from the elastomer as shown in Supplementary Figure 4, the pixel areas (5
mm x 5 mm) shrunk to 3.5 mm x 3.5 mm (3M elastomer) and 4.4 mm X 4.4 mm (thin elastomer) according to the
initial sizes of the elastomers. Thus, the 2D strain in the GSOLEDs can be defined as percentage of the initially
deformed pixel area (4;) and deformed pixel area (44) with respect to the non-deformed pixel area (Ans = 25 mm?) that

is, strain = [(Ana — Ad) / Ai] * 100%. i.e. 65 % strain = [(25 mm? — 16 mm?) / 12.25 mm?] x 100% at the 3M elastomer.
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Figure 8. Reflectance, haze analysis and scattering properties of SiO2 NPs in NOAG63. a, b, A

decrease in reflectance was observed for the SiO, NPs incorporated NOA63 (~5% at 0° and ~27% at 60°) as compared
to pristine NOA63 (~8% at 0° and 42% at 60°). This decrease in reflectance of NOA63 with NPs was compensated
for by the high haze (~20% at 510 nm) indicating a forward Mie scattering effect’> 2 by the NPs. ¢, d, The cross-
sectional FE-SEM images to show the thickness and NPs distribution in the NOA63 layer. There was a large thickness

deviation of NOA63 with NPs, from 16.3 ~69.5 um because the NPs are not uniformly distributed inside NOA63 due

14



to the surface modification and agglomeration of NPs by the UV treatment.?* 2 e, The calculation on mean free path

and scatterance by NOAG63 thickness dependence.

1
)x3.14 umz}

=12.74 um (5)

Mean free path = {( >

1000 pm3

5-# (6)

" Mean free path ’

where S is the scatterance and d is the thickness of NOA63; e.g., when d is 69.5 um, the S is 5.45. The calculated S
was observed around EQE 20.3% ~ 20.9%, which means NOA63 with 470 nm SiO, NPs effectively enhanced optical
efficiency. f, The comparison of the buckled image with and without NPs in the GSOLED combining the NOA63 film
on glass substrate and the pixel image. The NOA63 without NPs presented a clear and transparent view but did not
show any scattering effect or increased brightness, while the NOA63 with NPs demonstrates a hazy (opaque) view

but presents a much higher brightness.
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Figure 9. The performance of the heat dissipating devices with horizontal emitters and

different thicknesses of elastomers with and without NPs. a, the schematic illustration of non-

stretchable and heat dissipating device. b, ¢, The performances, such as current injection, luminance, and various
efficiencies improved as the thickness of the elastomer (NOA63) was decreased due to improved heat dissipation.
Moreover, addition of NPs to the NOA63 film improved the device efficiency due to increased out-coupling.
Interestingly, the glass-based device (700 um) presented the efficiency roll-off as the luminance was increased, while
thin NOAG63 based devices displayed slightly increased efficiency without the efficiency roll-off over 100 cd/A and
EQE 20% at 20,000 nits. To explain this phenomenon, the temperature of the thin NOA63 and thick glass substrate

surface was directly measured by an infrared (IR)-camera as shown in Fig. 5b and Supplementary Figure 13.
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Figure 10. Mechanical simulation and governing equation. a, The schematic illustration of the

GSOLEDs on the 3M elastomer. b, Governing equation of linear buckling analysis was used in FE simulation.

Ko™ + LKV =0, ()

where KM, KM, 2; and vMand i are the initial stiffness matrix, differential load stiffness matrix, eigenvalues and

buckling mode shape, respectively. M and N are the degree of freedom and i is i buckling mode. This means that
they are not implemented in FE simulation using a static solver because there is no load or moment component that
will cause bending in the lateral direction. Therefore, we used linear buckling analysis which can simulate wrinkled
structures in the device.?® First, the eigenvalue problem was solved in FE simulation with consideration of structure
and mechanical properties of the device. The buckled shape of the devices was analyzed with a nontrivial solution
obtained from the govern equation. Randomly wrinkled OLED was modelled by controlling displacement boundary
conditions in the pre-stretch state.’” Then, the biaxial stretching of 3M elastomer was simulated by importing the
results of the buckling analysis. Simulation model for each strain (0%, 30%, 65%, and 100%) to reflect the real
situation when the device is mounted and stretched on the stretching jig. We have evaluated the mechanical simulation
for the stress on various strains (0%, 30%, 65%, and 100%) of the GSOLED with 3M elastomer and reflected boundary
conditions of gripping edges as in actual experiment for stretching model to overcome the limitation of low

convergence and the restriction of stretching model.
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Figure 11. Bending strain calculation on thin NOA63 (9.2 pm) substrate. a, Shows the schematic

of the device with encapsulation. b, The relationship between the bending strain and substrate thickness was plotted
using the obtained data which indicates that the bending strain on the buckled devices would increase with an increase
in substrate thickness. The bending strain on the devices was calculated using the physical properties of the substrate

i.e, YM, thickness of the polymer substrate, and the overall OLED device thickness and YM parameters.

toLED ttsub 1+2n+xn°
S= , 8
2R [ 1+ (@ +xn) ] ®)

where foLep and fp are thickness of OLEDs and substrate and R is the bending radius, respectively. And, n and y are
defined as forep/tsub and Eoren/Esw, Where Eorep and Egqyp are Young’s modulus of the OLED material and the polymer
substrate. Young’s modulus of 3M elastomer, NOA63, and OLED are defiend as 1.4 MPa, 1.6GPa, and 63 GPA,

individually. ¢, The values for the thickness, YM and other parameters utilized for the bending strain calculation.
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Figure 12. The heat conductance, heating / cooling temperature for various substrates. a, The

illustration for the concept of heat conductivity and conductance. The heat conductance (P) is the function of

thickness and temperature as shown in the equation (9).

_ A0 _pglr
P = ol kA e 9)

where Q, k, A, x and T are the transferred energy, heat conductivity, area, thickness and temperature, respectively.
b, Heating and cooling temperature for glass substrate (700 um), NOA63 substrate (9.2 um, 1000 pm) and NOA63
with NPs (13.6 um). In case of heating, the temperature of the thin NOA63 substrate (9.2 um, 70 um) quickly
increased on the hot plate with time, while that of the thick NOA63 (1000 um) and glass substrate (700 um) slowly
increased. In case of cooling, the thin substrate quickly decreased and thick substrate slowly decreased, due to the
mechanisms of heat conductivity and conductance. ¢, The values of heat conductivity and conductance for glass

substrate (700 pm) and NOAG63 substrate (9.2 um, 70 um, 210 um). It was calculated by the Poisson’s equation for

heat flow.?8
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Figure 13. Thermal simulation and temperature observations from the real IR-camera

images. The temperature observance of glass substrate (700 pm) and NOA63 substrate surfaces (9.2 pm, 70 pm,

210 pm) at 10,000 cd/m? and 30,000 cd/m?. The heat spot size of the glass substrate is much wider, but not deeper
than those of the NOAG63 substrates, due to the difference between thermal conductivity and conductance as shown in
Fig. 5b. The heat spread was wide, but not deeply distributed within the thick NOA63 and glass substrate. On the
other hand, the heat spread was narrower but deep for thin NOA63 substrate. This is why the surface temperature of
the thick glass substrate device (33.5°C) is lower than that of a the thin NOAG63 substrate device (46.9°C) at 10,000
cd/m?. While the surface temperature of the thick glass substrate device (49.6°C) is smaller than that of a thin NOA63
substrate device (94.6°C) at 30,000 cd/m? at high exciton density. As the values presented are for surface temperature,
hence higher temperature in thin NOA63 elastomer surface are an indication that more heat is being exited from the
devices as compared to glass substrate where the low surface temperature at the same exciton density indicates a
smaller exit of heat.?® 2 However, in the simulation results of the thin NOA63, hot spot size appeared wider because

at the surface of NOAG63, the heat is immediately distributed isotropically.
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Figure 14. The pulsed measurement for heat dissipation properties of the GSOLEDS. a, The

measurement schematic of pulse I-V using the Keithley 4200 Semiconductor Characterization System (SCS), 4225
Pulse Measurement Unit (PMU), and 4225 Remote Preamplifier (RPM). To manage the heat distribution of substrate,
pulse I-V measurements were completed for each device. b, Transient pulse voltages at each input bias (1, 3, and 5
V). The voltage pulse condition was pulse width Wpouse=10 ps, rise time Trise=1 ns, fall time trni=1 ns, and duty
cycle=50 %. ¢, Output pulse current according to each pulse input. At the beginning of pulse, there was current
overshooting. Pulse current was averaged using 3 measured current values at 9 ps from the start of each pulse, which

shows suitable current saturation.
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Figure 15. The time-resolved EL (TREL) measurement for verifying the effect of thicker film

in heat dissipating. a, Time-resolved Electroluminescence (TREL) spectra in a 5 ps time window. b, Spectrally

integrated TREL profiles that are truncated at the maximum EL intensity in the time-domain (dashed red lines around
1.5~2.0 ps in the raw data (a)), and the inset showed the magnified scale. ¢, Multi-exponential fitting results of the
truncated TREL profiles. The TREL experimental results revealed that the EL lifetimes are sensitive to the thickness
of substrate and the presence of additional dissipation pathways with NPs and thin elastomer. We believe that this
observation is further evidence for supporting the heat dissipation mechanism for thin NOA63 devices where the faster
exit of the heat reduced the TTA process. However, in the case of thick glass or thick NOA63 substrate, the heat was
accumulated in the device and was mainly contributing to the TTA thus reducing the overall efficiency of the device.
The efficient heat dissipation process may disturb any free-carrier (excitons) interactions such as TTA because exciton
recombination occurring in lower energy states (trapping sites) become dominant in an environment with lower

thermal energy 3% 3% 32

22



(a1 ' T N
] 1 . .
Ag 1-D ; 2-D | Viewing Angle
T : 1
I :.-"T ] ? 1
! a £ 1.0—0% ! 5 I
S }——30% .
& ! g 08 —es i £ -
(%] - | 100% -~
< |2 08 Pz i
21 Zos /[ - i
E 1 £ ,,l /0% 30% 65% 100% 1 £ 1
1 - T3 ] - 1
TR ¢ oo Lo L,
- 500 600 - 500 550 60 | § 500 550 600
L z Wavelength (nm) 'L z Wavelength (nm) _} z Wavelength (nm)
A i (e T TS m s By
1 1 1
] ] 1
1 1 e 1 f
I 1 ]
— |} 1 ]
;M b, i i
2 i 1 1
i i 0%~100% ]
w 1 I
= 1 1
O I i
[} | ]
] | ]
1 ] 1
1 ] 1
1 ] 1
=== r P B T )
! '"hoz 07 |1 o7 = 0.7
8 : : O =4F = g | : . S=s) s = ':-'-l. 1™
o | I 0.6 0.6 I 0.6 10.6
1 1 1 |
;g ! ! x 0.5 =0 CIEy l0.55 I x05 Ag o5 >
w 1 w
5 | Oo. o, 040 | Bos T oy 1 Goa IETTTH o045
QO 1 - Y | 1 |
S | o3 cIEx 03 | 03 o 03 ! 0.3 _ 0.3
m ;02 02 | 02 02 | 02 L ——Ag 0.2
O i 0 20 40 60 80 100 i 0 20 40 60 80 100 i -90 -60 -30 0 30 60 9
: Stretch (%) - Stretch (%) i Angle (°)
\ e rS rs J

Figure 16. Chromic shifts in electroluminescence (EL) by the Ag electrode. a-c, 1D and 2D

stretching at different percentages (0-100%) was applied to the fabricated GSOLED devices with Ag electrodes and
the EL intensity was analysed. At 0% applied strain i.e. the buckled form of the device, the emission wavelength was
found to be at ~560 nm which was shifted towards a slightly longer wavelength (yellow shift, ~570 nm) at 30% strain.
When the devices were stretched to 65%, we speculate that the microcavity effect became dominant. This caused a
further shift in the emission spectrum towards the longer wavelength (~590 nm) and this change in the emission colour
could also be spotted from the camera images (shown as inset). d-f, Further, the CIE 1931 colour analysis was also
found to be consistent with the obtained EL profile where with an increase in the applied strain an increase in the
emission wavelength was observed. The viewing angle could also generate the microcavity and EL intensities are
changeable as shown in Supplementary Figure 19c¢. g-i, The CIE colour system presented a relatively greener emission
at 0% which became yellowish with the increase in strain percentage. With further increase in the applied strain to
100%, the emission wavelength was further yellow-shifted but with a minor difference, which indicates that the

maximum effect of the microcavity was attained within the strain range of 65-100%.
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Figure 17. Electroluminescence (EL) intensity profiles for the MAM electrode devices. a, b,

The EL intensity profile demonstrates the emission spectra for MAM based GSOLED devices. It could be observed
that whether a 1D pre-strain was applied or 2D strain, the OLED devices presented a similar emission at ~510 nm.
The EL spectra is in accordance with the camera images (shown as inset) of the pixels, where an identical luminance
was maintained. The analysis suggests the absence of the microcavity effect in MAM devices and indicates that the
MAM celectrode was suitable for the fabrication of color-stable stretchable devices irrespective of the nature of the
buckling mechanism i.e, 1D or 2D buckles. Furthermore, the color was stable, even at different strains, and is one of
the most desirable properties in a geometrically stretchable OLEDs. This is because the previously presented top-
emission buckled devices demonstrated an undesirable color-shift in the emissions with respect to the applied strain.
¢, The stable emission by the MAM GSOLED device was also analysed at variable angles (0-70°), where a negligible
shift in the emission spectra was observed at any given angle. d, e, The CIE 1931 color coordinate analysis at various
strain percentages (0-100%) showed a green emission for the MAM GSOLED devices which remained unchanged

irrespective of the buckling mechanisms utilized i.e, 1D or 2D microcavity effect and the analysis is found in
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accordance with the EL spectra. f, Further, the CIE 1931 at variable angles (-70 — 70°) also remained unchanged and
was in accordance with the EL spectra. g-i, Respectively, the CIE 1931 for x and y-coordinates were without any
changes in any specific axis and stable at any given variable angle. The analysis strongly indicated that the MAM-

based OLED could provide an efficient solution for stretchable and wearable devices with high color stability.
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Figure 18. Devices with Ag electrode to demonstrate a shift in colour with respect to the

applied strain motivating for an wearable strain sensor. a,b, The Ag device attached to the finger,

where the straight position of the finger presented a yellow color that shifted to green upon bending, which was
contrary to the green-yellow shift in the EL spectra of the devices due to the viewing angle of the observer. The x-CIE

(x) and the y-CIE (y) are defined as,

x=myt+b,, (10)

y=myt+b,, (11)

where m, and m, are the slopes of x and y obtained by applying the fitting the values, ¢ is the applied strain, and b, is
the intercept point of the slope on the y-axis. Similarly, the respective values for the y-CIE are presented in Equation
(11).
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t= ——b,=——b,, (12)

my my

Here, the values of myx and my were found to be 0.000418 and -0.000327, and by and by were 0.399 and 0.588,
respectively. Hence, at any given strain value, the projection of the changes in x-CIE or y-CIE could be predicted, and
vice versa. As from the experimental values, the x-CIE increases and y-CIE decreases with t, and the value of t at any
given point in this relation remains constant, e.g, 25% for both x and y-axis, hence we could correlate the equations
with t. (constant strain). At any given value of strain (t.), the x-axis is directly proportional and the y-axis is inversely

proportional. Hence, the equation for each coordinate can be expressed as

x= —2y+152, (13)
y = —§x+0.76. (14)

Although the derived relationship was found to have some deviation in the results as compared to the experimental
results, it could provide a rough estimation of the applied strain with respect to the measured x-CIE and y-CIE

coordinates and could be helpful for understanding the dynamics of the Ag strain sensor.
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Figure 19. Optical and simulation analysis of the various mechanisms in the GSOLEDs. a-c,

Optical simulation modelling is shown with the chromic shifts observed for the Ag electrode. As, the standard emission
wavelength of the device is ~520 nm at normal angle (0°) using the 105 nm thick device, the observed emission for
the Ag electrode was blue-shifted (towards the shorter wavelength region) with respect to an increase in measurement

angle. This blue-shift in the emission follows the Fabry-Perot microcavity equation®, given as:

4nnd cos6
A =

" patdp—2mm’

(15)

where A, is the resonant wavelength, 7 is the refractive index, d is the physical thickness of the layer, 6 is the angle in
the space layer (measurement angle), ¢, and ¢, are the changes in the light phase when reflected from the interfaces
aand b, respectively, and m is an integer (mode) number in the resonant condition. As discussed in the main manuscript,

when 6 increases, the value for cosf decreases, which would consequently decrease the resulting 4,,. This implies that
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the emission wavelength would present a blue-shift, which was observed for the Ag electrode OLEDs. Hence, the low
transmittance and high reflectance of the Ag electrode, could account for the presence of microcavities in Ag-based
devices. This effect was also observed due to the increased thickness (115 nm) of the OLED device with the Ag
electrode. d, e, In contrast, the OLED devices with the MAM electrode, whether with 105 nm or 115 nm thickness,
demonstrated negligible shifts in the emission wavelength regardless of the measurement angles. The phase changes
(¢4 and ¢}) occurred when there was a significant reflection from the interfaces, which was not observed in the case
ofthe MAM electrode. Hence, the negligible shift in wavelength indicates that the microcavity effect was insignificant.
Therefore, the variable angle measurements for MAM OLEDs would not obey the Fabry-Perot microcavity equation.
f, To analyze the effect of the high surface roughness (bumps) on the NOA63 substrate in an OLED device by the
bumpy surface modification and agglomeration of NPs by the UV treatment, we assumed that the bumps were
dispersed on a NOAG63 surface. The bumps (50 nm height and 148 nm width) were present in a periodic manner with
a given pitch, and then conformal OLED film structures were formed on a rough NOAG63 surface. Finally, we
calculated the out-coupling efficiency using the full-wave simulation (COMSOL Multiphysics, RF module) by taking
the ratio of the extracted dipole emission light energy from the devices to the total emission light energy. Here, the
simulation provided an interesting relationship between the pitch and the out-coupling efficiency. g, h, When the pitch
was reduced, a significant increase in the out-coupling efficiency was observed, where a 200 nm pitch demonstrated
the maximum value among all samples. This indicates that when the pitch became smaller, more light could be
scattered from the bumpy structures of NOA63. We speculate that the light followed the forward Mie scattering®* (for
structures above 60 nm), which aided the extraction of more light out of the device instead of isotropic scattering (the
Rayleigh scattering), in which case much light would have been dissipated. i, The schematic illustration of the bumpy

structure with SiO; NPs including pitch, height and width.

29



w12 —

= — Total emission A

g 1.0 Outcoupling emission g

2 OLED

5 08 95 nm

206

‘@

§ 04

0.2} (€0 g5

g 20nm

Eoo o

Z 4as0 500 550 600
Wavelength (nm)

2 1.2 —— Total emission MAM

g 1.0} Outcoupling emission

e OLED

5 08r 95 nm

206}

2

5 0.4}

£ 0.2t " OLED 95nm

£ MAM 34nm

s 0.0 Glass 700pm

Z 450 500 550 600
Wavelength (nm)

w 1.2 —

= ——Total emission

g 1.0 Outcoupling emission

-}

5; 08}

206

[

5 04

£ 02}

g 0.0 -

4

500 550
Wavelength (nm)

600

—_

Norm. Intensity (arb. units) Norm. Intensity (arb. units

Norm. Intensity (arb. units)

e
©

e
N

1.0 ~——— Outcoupling emission

e o9
> o @

0.2¢

4
o

1.2

i -~
o N » o ® o

~—— Total emission
g

Outcoupling emission
OLED
105 nm

[ OLED 1050m
Ag 20nm
Glass 700pm
L

Wavelength (nm)

— Total emission MAM

MAM 34nm
Glass 700pm

450 500 550 600
Wavelength (nm)

Total emission
= Qutcoupling emission

—p

450 500 550 600

Wavelength (nm)

30

450 500 550 600

Norm. Intensity (arb. units)

Norm. Intensity (arb. units)

Norm. Intensity (arb. units)

1.2 Total emission
1.0 |=——Outcoupling emi
0.8}
0.6
0.4}
0.2 | OLED 1150m _
Ag 20nm

0.0 ! Glass 70Pum

450 500 550 600

Wavelength (nm)
1.2 —— Total emission MAM
1.0l Outcoupling emission OLED
0.8} 115 nm
0.6
0.4
0.2 | OLED 115nm |
MAM 34nm

0.0 Glass 700pm

450 500 550 600

Wavelength (nm)

1.2 Total emission
1.0l— Outcoupling emission
0.8}
0.6+
0.4
0l W/O NPs
0.0 :

450 500 550 600

Wavelength (nm)

Figure 20. Calculated total and extracted light emission in GSOLEDs with MAM and Ag

electrodes. a-f, The total and extracted light emission spectrum for GSOLED devices with an Ag electrode (a-c)

and a MAM electrode (d-f). The thickness of the OLED active layer was 95, 105 and 115 nm. The out-coupling
efficiency or intensity of the Ag device is enhanced due to the microcavity effect, as the OLED thickness is increased.
The thickness of the MAM device can be considered almost identical from 95 nm to 105 and 115 nm due to absence
of the microcavity effect. This indicates that the emission characteristics of the MAM electrode are preserved in the
changes of the OLED structures, during stretching and bending. In contrast, the microcavity effect in the Ag electrode
depends strongly on the emission characteristics, which is not desirable in the flexible display. g-i, The total and
extracted light emission spectrum of the GSOLED devices when considering the bumpy surface (height 50 nm, width
148 nm) of the NOA63 were simulated. The thickness of the OLED active layer was 105 nm and the pitch of the
periodic bump structures (P) were 200 (g) and 800 nm (h) (see Methods in the main manuscript). The out-coupling

efficiency in MAM electrode can be enhanced by introducing periodic bumpy structures on the NOA63 surface with



the pitch of 200 and 800 nm. Compared to the OLED with the Ag electrode, the bump structures in the NOA63 with
the pitch of 200 nm shows the enhanced extracted emission as well as the out-coupling efficiency. However, the
extracted emission spectrum of the bump structure with a pitch of 800 nm in (h) is similar to the one without bump
structures in (i). This indicates that a surface with a high surface roughness is effective at extracting the light from the
OLED active layer by light scattering.3* In addition, the total device performance with the MAM electrode was better
than that of the Ag electrode due to better charge injection and balance with the MoOs thin dipole layer. Highly
efficient light extraction from the OLED can be achieved with light scattering by the rough surface of NOA63 and

better charge injection.
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Table S1. Comparison among the GSOLEDs reported in articles3>3¢ and in this work.

ACS Appl. Mater. Interfaces 2016, 8,

Organic Electronics

Features 31166-31171 2017, 48,314 This Work
[35] [36]
AsdSin \iF 300 A A 1001,
Saisinm LiF/Al 0.6 nm/20 nm LiF 1ny
TPBi 35 nm PFO 60 nm TPBi 40nm
Device Structure NPB 40 nm (AU EmiD _ TCTA4gny
Lo NPEBdonm_ _ __
Ag 80 nm P
‘| M _'ﬂ°2‘1§nm a
Au 100 nm e —_
Noa63 2 2Hm
Elastomer 3M VHB (~ 1000 pm) PDMS Thin Elastomer 100 um
Encapsulation SiNx Passivated Film and
X X
(Waterproof) Side NOA63 Encapsulation
Color Coordinate
Shift Shift No Shift
after Stretching
Efficiency roll-off o o X
(6]
Heat Dissipation X X
(Thin elastomer or SiO2 NPs)
Current Efficiency 71cd/A, @205¢cd/m? X 99.4cd/A, @20,000cd/m?
Geometrical 30% (Thin elastomer)
50% 3%
Stretchability 100% (3M elastomer)
Pre-Strain Mechanically (100%) Thermally (3%) Mechanically (30%, 100%)
Mechanical Simulation X o (6]
Optical Scattering X X (6]
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Table S2. Heat dissipating techniques used in OLEDs and their effect on device temperature,

efficiency and lifetime.

29,37, 38, 39, 40, 41

Temperature deviation

Efficiency improvement

Technique
compared to control device ~ compared to control device Reference
(Methods)
(AT, °C) (A cd/A, A)
Thin film encapsulation
7.7°C@8V Not reported [29,37]
(Liquid getter)
Heat sink 85°Cand 11.5°C
Not reported [38]
(Cu layer) @6Vand9V
Heat sink
Not measured 70% enhancement [39]
(Heat transfer fluid)
24 °C (for SUS) 3.4% @ 8V
Heat sink
43.7 °C (for silicon (for SUS and silicon [40]
(Conducting substrate)
substrate) substrate)
Thin film encapsulation
2.23 °C (with TFE)
(Inorganic / organic / Not reported [41]
4.51 °C (with MET-TFE)
metal)
Heat dissipation
40% enhancement Current
(Thin substrate + SiO» 11.4 °C @ 10,000 nits
@ 10,000 nits Work

NPs)
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