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Roller-Assisted Adhesion Imprinting for High-Throughput
Manufacturing of Wearable and Stretchable Organic

Light-Emitting Devices

Da Yin, Nai-Rong Jiang, Zhi-Yu Chen, Yue-Feng Liu, Yan-Gang Bi, Xu-Lin Zhang,

Jing Feng,* and Hong-Bo Sun*

Stretchable organic optoelectronic devices have been developed rapidly in the
last few years due to their great potential in wearable electronics. Although
high performance is obtained, high-throughput manufacturing of these
devices is still a challenge for their commercial application. Here, a roller-
assisted adhesion imprinting (RAI) technique is developed to overcome this
challenge by rapid production of ordered and large-area wrinkled structures
on organic optoelectronic devices to enable their stretchability. Different

from the conventional imprinting technology requiring heating or ultraviolet
treatment, adhesion force is employed innovatively in the RAI process to
form microstructures within the imprinted materials. As a demonstration, a
stretchable wrinkled structure with its length of more than 10 cm is rapidly
fabricated and larger area is available by continuous imprinting. Stretchable
organic light-emitting devices (SOLEDs) are easily manufactured by the RAI
process. The SOLEDs can be elongated to 100% strain and keep working with
5% current efficiency variation after 35 000 cycles of stretching with 20% ten-
sile strain. This is the best mechanical stability of SOLEDs reported to date.

Organic light-emitting devices (OLEDs)
have been considered as very prom-
ising candidates for stretchable devices
because of their outstanding properties,
such as high efficiency, high flexibility,
color tunability, and high contrast for dis-
plays.>14 Recently, significant progresses
have been made in stretchable OLEDs
(SOLEDs), including OLEDs array con-
nected by stretchable wires,® intrinsi-
cally stretchable polymer LEDs,[>7"]
and  wrinkles-based ~ SOLEDs,[!=3181]
which have been summarized system-
atically by Qian and co-workers.[?%
Stretchability, efficiency, and mechanical
stability are surely key issues for practical
application of the SOLEDs. Among these
various stretching strategies, ordered
wrinkles-based SOLEDs are able to sat-
isfy these requirements by exhibiting

The development of the high-throughput, large-area, and cost-effective RAI
technique provides potential roll-to-roll continuous production of stretchable

electronics.

Stretchable luminescent devices, based on thin films or fibers,
have attracted tremendous attention owing to their great
potential in various applications, such as wearable devices,!'*!
soft and intelligent robots,**! and deformable displays.[®-#l
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100% strechability, high efficiency of
70 c¢d A7!, and cyclic stretching stability
of withstanding 20 000 stretch-release
cycles, respectively."*l However, high-
throughput, large-area, and cost-efficient
manufacturing of the ordered wrinkles-based SOLEDs is still
a challenge.

Roller-associated technology is one of the technologies sat-
isfying the demand of high-throughput production, such as
roller imprinting of large-area micro/nanostructures?'24 and
roll-to-roll production of electronic devices,”?l and has been
widely explored from laboratory to industrial production. Here,
inspired by this technique, we developed an innovative roller-
assisted adhesion imprinting (RAI) toward high-throughput
and large-area manufacturing of SOLEDs with ordered wrin-
kles. In the conventional roller imprinting processes, the
assistance of heatingB%3! or UV irradiation®? is necessary to
produce softening-curing phase transition of the materials and
form surface-relief structures by pressing patterns onto the
surface of the target film. Different from those processes, the
RALI technology reported here employs adhesion force instead
of heating or UV irradiation to change the materials. Large-area
periodic wrinkling structure can be directly formed by partly
bonding the target film with a supporting substrate. Ordered
wrinkles-based SOLEDs have been easily obtained by using flex-
ible and ultrathin OLEDs as the target films. The RAI process
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has no negative influence on the performance of the SOLEDs
by avoiding the softening-curing phase transition in ultrathin
OLEDs. More importantly, the RAI process is beneficial to the
mechanical stability of the SOLEDs by effectively maintaining
the ordered wrinkles during cyclic stretching through the
strong adhesion force between the target film and the elasto-
meric substrate. As a result, the SOLEDs show comparable effi-
ciency to conventional planar devices and nearly no efficiency
variation is observed between 0% and 100% tensile strain. They
can keep working during 35 000 cycles of 20% stretching with
only 5% current efficiency variation. To the best of our knowl-
edge, this is the best mechanical stability of SOLEDs reported
to date.301215-19] The RAI technique is applicable to other
stretchable organic electronic and optoelectronic devices and
exhibits great potential toward the high-throughput production
of the stretchable electronics.

The RAI technology is based on the concept of controllable
and selective bonding between the target film and the sup-
porting substrate by adhesion force as illustrated in Figure 1.
A polymer film as the target film is imprinted onto the pre-
stretched supporting substrate by a patterned roller (Figure 1la
and Figure S1, Supporting Information), and they are only
allowed to adhere together where the target film is pressed
by the roller (Figure 1b). A 50 nm Ag film is first coated on
the sticky surface of the supporting substrate as a spacer layer
before the imprinting (Figure 1c). The Ag film cracks into

— -
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separated and small fragments when the supporting substrate
is stretched to 200% strain (Figures 1d and 2a). The width of
most fragments and cracks is about tens of microns. The
cracked Ag film is proved to be qualified for changing the sur-
face viscidity distribution of the supporting substrate. The sup-
porting substrate loses viscidity where it is covered by Ag film
and its sticky surface is exposed again at the cracked regions
at stretched states. Only the parts of the target film which are
pressed by the roller lines adhere to the exposed sticky surface,
while at the pressure-free regions, adhesion is blocked by the
Ag fragments as shown in Figure le. The pressure-free parts
of the target film bend upward after releasing the stretched
supporting substrate (Figure 1f). Finally, periodic wrinkles are
formed uniformly across the entire target film as shown in
Figure 2c.

The usage of the Ag spacer layer to change the viscidity of
the supporting film is important for ordered wrinkles forma-
tion. The supporting substrate is sticky across the whole sur-
face. Without the spacer layer, the uniform viscidity makes the
target film and the supporting substrate easily bond together
as soon as they get in touch with each other, which results in
uncontrollable wrinkles after releasing the prestretched sup-
porting substrate as shown in Figure S2 in the Supporting
Information. The thickness of the Ag spacer layer has influ-
ence on the shape of the wrinkles. The width of the Ag frag-
ments is increased with their thickness increase as shown in

. Roller line

Target film

Supporting substrate
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Releasing the supporting substrate
and periodic wrinkles forming

Imprinting of the target
film by a roller

Figure 1. Schematic diagram of the RAI technique. a) SEM image of the patterned roller. b) Concept of selective adhesion between the target film and
the supporting substrate controlled by the patterned roller. c¢) A metallic film coated on the supporting substrate as a spacer layer. d) Prestretching
the supporting substrate and the spacer layer cracking to small fragments. e) Imprinting the target film on the prestretched supporting substrate.
f) Periodic wrinkles forming after releasing the prestretched supporting substrate.
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Figure 2. The impact of the thickness of the target film and the spacer layer on the formation of wrinkles. SEM images of the cracked metal spacer
layer with thickness of a) 50 nm and b) 100 nm on the supporting substrate with 200% strain, respectively. c) Periodic wrinkles formed by a 2.8 um
thick target film and 50 nm thick Ag spacer layer. d) Disordered wrinkles formed by a 2.8 um thick target film and 100 nm thick Ag spacer layer.
e) Periodic wrinkles formed by a 4.5 um thick target film and 50 nm thick Ag spacer layer. f) Disordered and larger wrinkles formed by a 6.8 um thick
target film and 50 nm thick Ag spacer layer. g) The photograph of a large-area periodic network of wrinkles. The length unit of the ruler is centimeter.

Figure 2a,b, which would influence the modification effect of
the spacer layer on the surface viscidity of the supporting sub-
strate. Ordered wrinkles are formed when the thickness of the
Ag film is 50 nm (Figure 2c). When its thickness deceases to
less than 20 nm, the modification on the surface viscidity is not
enough, which results in the formation of disordered wrinkles
(Figure S3, Supporting Information). On the other hand, dis-
ordered wrinkles are also formed when its thickness increases
to more than 100 nm. This is due to the increased width of the
Ag fragments, and some of the fragments are even wider than
200 um and close to the width of roller lines. In this case, it is
possible that some roller lines just roll over the large Ag frag-
ments during the RAI process and the target film are not able
to adhere to the supporting substrate, which results in the for-
mation of disordered wrinkles (Figure 2d). Therefore, the width
of the Ag fragments should be much smaller than that of the
roller lines to form ordered wrinkles.

The thickness of the target film also has impact on the wrin-
kles formation and is examined by varying its values from 2.8
to 6.8 um. The thickness of the spacer layer is fixed at 50 nm.

Adv. Optical Mater. 2019, 1901525
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Ordered wrinkles form with the same period for the 4.5 um target
film as shown in Figure 2e. When a 6.8 um target film is used,
the formed wrinkles are larger and not uniform as shown in
Figure 2f. This means that the wrinkles formation process is not
controllable in this case. The uncontrollability is more obvious
when the thickness of the target film further increases to 8.5 um
as shown in Figure S4 in the Supporting Information. It can be
attributed to the increased bending strain for the thicker target
films, which results in their decreased flexibility. 3D surface mor-
phology of the stretched supporting substrate is measured by
laser scanning confocal microscope (Figure S5, Supporting Infor-
mation). The depth of the cracks among Ag fragments is about
1-2 um, although the Ag spacer layer is as thin as 50 nm. Local
bending deformations must have been produced both in the
target film and the supporting substrate to make them contact
and bond together during the rolling process. The bending strain
(€) of the target film can be approximately expressed as

T

=R 1)
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where T is the film thickness and R is the film bending radius.
The thinner 2.8 um target film has smaller bending strain and
is easily deformed and controlled by the roller to form ordered
wrinkles. While the bending strain increases about two times
in the thicker 8.5 um target film at the same bending radius.
The larger bending strain means that larger pressure is needed
to deform the thicker target film. Excessive or insufficient
adhesion between the target film and the supporting substrate
is liable to happen if the pressure is not uniform during the
imprinting process, which makes disordered wrinkles form.
According to the above analysis, it can be concluded that a
thinner target film will be more suitable for periodic wrinkles
formation. As a demonstration, a large-area wrinkling structure
with a period of about 650 pm and a length of more than 10 cm
has been achieved successfully, in which the Ag spacer layer
is 50 nm and an ultrathin polyethylene (PE) sheet (=3 um) is
used as the target film (Figure 2g). There are nearly no defects
observed in the structure. Larger-scale wrinkling structures are
expectable by using larger roller and polymer films. On the
other hand, continuous production of ordered wrinkles may

www.advopticalmat.de

be realized by combining the RAI process with roll-to-roll tech-
nique in the future.

SOLEDs based on the periodic wrinkles can be easily
obtained by the RAI technique. An ultrathin and flexible OLED
with a total thickness of about 3 um is used as the target film.
Phosphorescent material of tris(2-phenylpyridine)iridium(III)
with green emission is selected to form the emitting layer. The
thickness of the Ag spacer layer is 50 nm and the supporting
substrate is prestretched to 200% strain. The resulted SOLED
with periodic wrinkles is shown in Figure 3a. The wrinkles
have a period of about 400 um at 0% tensile strain. They fade
away at the largest 100% tensile strain when re-stretching the
supporting substrate (Figure 3b). Figure 3c and Movie S1 in the
Supporting Information show the SOLED at working states.
Periodic wrinkles have been formed across the entire devices.
The stretchability of the SOLED can be improved to 112% by
using a roller with larger period in the RAI process (Figure S6,
Supporting Information). The strain is concentrated mainly on
the regions where wrinkles rise up.ll! So larger wrinkles are
helpful for improving stretchability.

Figure 3. Stretchability of the SOLEDs. SEM images of the SOLEDs at a) 0% strain and at b) 100% strain. c) Photographs of the SOLEDs at strain
values increasing from 0% to 100%. d,e) SOLEDs worn on the back of a hand for wearable applications.
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Figure 4. Electroluminescent characteristics of the SOLEDs. a) Luminance and current density characteristics curves and b) efficiency curves of the

SOLED and a planar device on Si substrate.

Electronic devices with large stretchability are compatible
with deformation of human body and exhibit potential for
wearable applications. Here, we bond the SOLED on the back
of a hand for wearable applications as shown in Figure 3d,e. A
large-area orange phosphorescent OLED is used as the light-
emitting unit. It is elongated about 70% when the hand makes
a fist. The wrinkles keep ordered during several hand bending
cycles as shown in Movie S2 in the Supporting Information.
However, it should be noted that the SOLED demonstrated here
is not breathable because the device is fabricated on an intact
film which prevents gas transmission. Long-time wearing may
make skin uncomfortable. Highly breathable SOLEDs for wear-
able applications are necessary and will be researched in our
following work.

The electroluminescence (EL) performance of the green
SOLED under different stretching states has been measured.
Its EL spectra change with the increasing strain as shown in
Figure S7 in the Supporting Information. Narrowing and red-
shift occur during the stretching process, which is attributed to
the micro-cavity effect.l'®! Figure 4 shows the luminance, cur-
rent density, and efficiency characteristics of the SOLED. The
device at different stretching states exhibits comparable EL per-
formance to a conventional planar device on Si substrate. Com-
bined with the uniform emission of the SOLED (Figure 3c),
we can conclude that there is no damage to the device during
the imprinting process even though the roller lines contact
directly with the device. The bending radii of the wrinkles are
between 50 and 100 um. The OLEDs in a state of tension are
still working efficiently, which can be attributed to their small
bending strain.'®33 The largest luminance of the SOLED is
15 110 cd m~2 and its current efficiency reaches 66 cd A~%.

The performance of the SOLEDs under cyclic stretching
has been investigated to examine their mechanical stability.
The SOLED could survive 35 000 cycles of 20% stretching with
only small performance variations (Figure 5a). The luminance
degrades 27%, while the efficiency increases 5% which is attrib-
uted to the faster decreased current density (Figure S8, Sup-
porting Information). Cyclic stretching at large-range tensile
strain of stretchable electronics is required in some cases such
as wearable applications.['3*%] Here, cyclic stretching test with
60% strain is examined (Figure 5b). The EL performance of our
stretchable device is fairly stable. The current density degrades
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about 19% (Figure S9, Supporting Information) while the vari-
ations of the luminance and efficiency are only 10% and 11%
after 3000 stretch-release cycles, respectively.

Table S1 in the Supporting Information compares the
stretching strategy, device type, device processing, maximum
stretchability, luminance, efficiency, and cyclic stretching prop-
erties of stretchable OLEDs in this work with other published
papers. It can be seen that the EL performance and the cyclic
stretching stability of the SOLEDs are affected by the stretching
strategy obviously. SOLEDs based on ordered wrinkles show
higher luminance, current efficiency, and better cyclic stretching
stability. Notably, our devices can withstand 35000 stretch—
release cycles with 20% strain, which is the best mechanical sta-
bility of SOLEDs among all the results. The excellent mechan-
ical stability is mainly attributed to the RAl-induced stable
periodic wrinkling structure, which insures the bending strain
of each layer in the OLEDs less than their damage thresholds
during the repeated stretch-release cycles. The RAI process
induces a strong adhesion force between the ultrathin OLEDs
and the supporting substrate, so that no obvious distortion of
the wrinkles has been observed after the 35 000 stretch—release
cycles, as seen in Figure 5c. This is demonstrated by over-
stretching the SOLEDs with a strain value larger than 100%
as shown in Figure S10 in the Supporting Information. The
periodic wrinkles could recover successfully after releasing the
strain even though they have been overstretched to crack. No
debonding between the ultrathin OLED and the supporting
substrate is observed during the overstretching process.

We have developed an RAI technology for ordered wrinkles-
based SOLEDs. Adhesion force instead of heating or UV irra-
diation is employed in this imprinting process to realize the
ordered wrinkling structure of the SOLEDs. High throughput
and large area can be rapidly obtained benefiting from the
continuous fabrication of roller imprinting. The SOLEDs
have exhibited excellent performance, especially the recorded
mechanical stability with 35 000 cycles of 20% stretching due
to the stable structure of the ordered wrinkles induced by the
adhesion force. The RAI process shows obvious superiority to
the previous methods in commercial applications due to its
potential in simple, low-cost, and high-throughput fabrication
of the SOLEDs and universal applicability in other stretchable
electronics.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Cyclic stretching test of the SOLEDs. EL performance of the
SOLED under cyclic stretching with a) 20% strain and b) 60% strain.
c) SEM image of the SOLED after 35 000 cycles of 20% stretching.

Experimental Section

Periodic Wrinkles Fabrication: A series of polymer films (NOA63
photoresist, Norland Products, Inc.) with different thickness was
fabricated by spin coating and UV curing process. The spin-coating
speed was 12 000, 9000, 7000, and 5000 rpm, respectively. The spin-
coating time was 60 s. Ag films with thickness of 20, 50, and 100 nm
were coated on the VHB 4905 (3M Company) films as the spacer layers,
respectively. The VHB substrates were stretched to 200% strain and the
polymer films were attached to the stretched VHB substrates by a lab-
made plastic roller. The roller was held by hand via a handle connected
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with an axle. The downward pressure on the target polymer films from
the roller lines was about 5 N and had small differences during each
imprinting process.

For the disordered wrinkles fabricated without the spacer layer, the
2.8 um thick NOA 63 film was used as the target film.

For the large-area periodic wrinkles fabrication, a transparent and
ultrathin PE film was used as the target film. Its thickness was about
3 um. The PE film was cut into desired size and coated with 30 nm Ag
film by thermal evaporation. The metallic ilm made it easier to observe
the wrinkles of the transparent PE film after the imprinting process.

SOLED Fabrication: The ultrathin OLED was prepared by a process as
described in the previous work.['® The device was fabricated by thermally
evaporating the materials of Ag (80 nm), MoO; (3 nm), N,N’-diphenyl-
N,N’-bis(1,1"-biphenyl)-4,4"-diamine (NPB, 40 nm), N,N’-dicarbazolyl-
3,5-benzene (mCP) doped by tris(2-phenylpyridine)iridium(ll) (Ir(ppy)s)
(20 nm, 6%), 1,3,5-tris (N-phenyl-ben-zimidazol-2-yl)benzene (TPBi, 35 nm),
and Ca (3 nm)/Ag (18 nm) in sequence. A 50 nm Ag film was thermally
coated on the VHB substrate. Then the VHB substrate was stretched to
200% prestrain and the ultrathin OLED was attached to the elastomeric
substrate by the RAI process. The experimental parameters during the
imprinting process were nearly the same with those described above.

For the SOLED worn on the hand, the orange phosphorescent
OLED was fabricated by thermally evaporating Ag (80 nm), MoOs
(3 nm), NPB (40 nm), 4,4"-bis(N-carbazolyl)-1,1-biphenyl (CBP)
doped by 2,3,5,6-tetrakis(3,6-diphenylcarbazol-9-yl)-1,4-dicyanobenzene
(Ir(BT)z(acac)) (30 nm, 6%), 1,3,5-tris(N-phenyl-ben-zimidazol-2-yl)
benzene (TPBi, 30 nm), and Ca (3 nm)/Ag (18 nm) in sequence.
The roller used and the device pictures are shown in Figure S6 in the
Supporting Information. The experiments involving human subjects
have been performed with the full, informed consent of the volunteers.

Characterizations of the SOLEDs: A home-made moving stage was
used to control the stretch-release process. A digital camera was used
to take photographs and videos. The scanning electron microscope
(SEM) was JEOL JSM-7500F (JOEL Ltd.). The laser scanning confocal
microscope was OLYMPUS 3D measuring laser microscope OLS4100.
The current of all devices was measured by a Keithley2400 digital
sourcemeter and their luminance was measured by a PR 655 in air
without encapsulation.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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