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MATERIALS SCIENCE

A robust vertical nanoscaffold for recyclable, paintable,
and flexible light-emitting devices

Yifan Yao', Yusheng Chen', Kuidong Wang’, Nicholas Turetta', Stefania Vitale', Bin Han',

Hanlin Wang’, Lei Zhang?, Paolo Samori'*

Organic light-emitting devices are key components for emerging opto- and nanoelectronics applications including
health monitoring and smart displays. Here, we report a foldable inverted polymer light-emitting diode (iPLED)
based on a self-suspended asymmetrical vertical nanoscaffold replacing the conventional sandwich-like structured
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LEDs. Our empty vertical-yet-open nanoscaffold exhibits excellent mechanical robustness, proven by unaltered
leakage current when applying 1000 cycles of 40-kilopascal pressure loading/unloading, sonication, and folding,
with the corresponding iPLEDs displaying a brightness as high as 2300 candela per square meter. By using photo-
lithography and brush painting, arbitrary emitting patterns can be generated via a noninvasive and mask-free
process with individual pixel resolution of 10 pm. Our vertical nanoscaffold iPLED can be supported on flexible
polyimide foils and be recycled multiple times by washing and refilling with a different conjugated polymer capa-
ble of emitting light of different color. This technology combines the traits required for the next generation
of high-resolution flexible displays and multifunctional optoelectronics.

INTRODUCTION

During the last two decades, a notable research effort has been
devoted to the development of high-performance organic light-
emitting materials and devices to address the technological needs in
the rapidly expanding flexible electronics consumer market (1-4).
In 2021, the global organic light-emitting diode (OLED)-based dis-
play market was valued at 38.4 billion dollars, with a projected in-
crease to 72.8 billion dollars by 2026 (5). Phosphorescent materials, as
the most commonly used second-generation organic light-emitting
materials, are significantly more efficient than standard fluorescent
materials in terms of luminescence when heavy metal (iridium,
platinum, europium, and osmium) elements are introduced (6, 7).
However, the high cost and limited availability of these precious
components represent major disadvantages in view of the short life-
time and the large market of OLEDs. Furthermore, in conventional
OLEDs, the use of transparent indium tin oxide (ITO) as anode is
indispensable as it combines high transparency, high work function
(WF), and good conductivity. Nevertheless, because of its intrinsic
brittleness, high processing temperature, and shortage of indium,
new materials are intensively being explored to replace ITO elec-
trodes especially in flexible devices (8). In this framework graphene,
carbon nanotubes, metal nanowires, and conductive polymers have
been studied as alternative electrode materials, yet they revealed
some major drawbacks. While carbon-based electrodes do not
exhibit sufficient electrical performances especially for application in
large-area devices (9), the inherent roughness of metal nanowire-
and carbon nanotube-based films determines a considerable elec-
trical leakage when exploited as electrodes in electronic devices (8).
On the other hand, a conventional sandwich-structured OLED is
made up of a stack of organic and inorganic layers, each one having
a distinct complex refraction index, resulting in a weak microcavity.
As a result, 70 to 80% of the generated photons are trapped in the
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active organic layers and transparent ITO due to the large difference
in the refractive indices n between the light-emitting layer and the
glass substrate (10-13).

Here, we report a vertical-channel nanoscaffold for inverted
polymer LEDs (iPLEDs) that is devoid of ITO. The vertical nano-
scaffold is made up of millions of honeycomb-shaped nanomesh
electrodes assembled in a hexagonal array supported by thousands
of individual polyimide (PI) nanopyramids having a height below
260 nm. To promote charge injection and transport, asymmetric
top anode and bottom cathode electrodes have been exploited.
The nanoscaffold-based devices have shown high reliability and
structural stability as they tolerate hard pressing, sonication, and
folding. We have focused our attention on super yellow (SY) and
poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT) as the model
system for iPLEDs. The nanopores in the nanoscaffold emit light
with a luminance of 2300 cd/m* and an external quantum efficiency
(EQE) of 0.2%. Moreover, as a solid and sustainable platform, the
nanoscaffold iPLEDs can be recycled after being used by washing away
the embedded light-emitting materials and being reused upon hosting
a different emitting polymer. The previously used light-emitting
materials can be recuperated, thanks to the outstanding mechani-
cal and structural stability of the nanoscaffold. Last, gold nanomesh,
semiconducting polymers, and PI nanopyramids can be combined to
develop fully functional iPLED arrays on flexible PI foil supports,
which can be used as free-standing foils or as conforming layers onto
arbitrary surfaces for technological applications as emissive panel
or multifunctional lightening.

RESULTS

Fabrication and characterization of asymmetric

vertical nanoscaffolds

Nanosphere lithography, a patterning technique that uses a hexagonal
close-packed (hcp) nanosphere monolayer as a mask, enables the
generation of standard honeycomb-shaped nanomesh (14, 15). First,
a 40-nm Al film was evaporated onto a glass substrate through a
mask as the bottom electrode. The electron transport layer zinc
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oxide (ZnO) was then prepared by the reorganization of gel particles
of zinc acetate dihydrate [Zn(CH3;COO), 2H,0] (16, 17). Intermittent
contact atomic force microscope (AFM) imaging confirmed that
the ZnO film has a thickness around 36 nm and a notable flatness as
attested by a room mean square roughness (Rrms) of 1.06 nm esti-
mated on an area of 5 pm by 5 um (fig. S1). Subsequently, a PI
dielectric layer was spin-coated onto the substrate exposing pre-
patterned ZnO/Al bottom electrodes (Fig. 1A and fig. S2). Before
self-assembly of the polystyrene (PS) nanospheres into an hcp mono-
layer, an ultra-thin chromium (Cr) layer (thickness = 0.8 nm) was vac-
uum sublimed on top of PI before oxygen plasma treatment to
protect it from getting damaged. The 800-nm PS nanospheres were
then deposited onto the surface, and the spacing between adja-
cent PS nanospheres was enhanced via oxygen plasma treatment
(fig. S3). The nanomesh electrode was patterned by evaporating a
thin layer of gold (40 nm) through the PS nanosphere mask, fol-
lowed by the liftoff process (diameter of the nanopores: ~680 nm)
(18). Last, to obtain the vertical-yet-open nanoscaffold, Cr etchant
was used to remove the 0.8-nm Cr protective layer, and an oxy-
gen plasma treatment was used to etch away PI. Because of the
transverse drilling effect, the PI underneath the nanomesh electrode

was also etched away. By controlling the duration of the oxygen
plasma etching, regularly aligned PI nanopyramids were shaped to
support the Au nanomesh by preventing it from collapsing onto
the bottom electrode (Fig. 1B). For the final device, the exposed bot-
tom surface of ZnO/Al was designed to act as the cathode, while
the top Au nanomesh operates as the anode.

Figure 1C shows a photograph of the resulting patterned vertical
nanoscaffold devices. The polychromatic shades originate from the
light dispersion effects of the nanopores with a periodic arrange-
ment comparable to the wavelength of visible light. To better illustrate
the device topology of the vertical nanoscaffold iPLEDs, a three-
dimensional (3D) cartoon and corresponding 2D cross-sectional
perspective are displayed in Fig. 1 (D and E). The iPLEDs were
made via the sequential deposition of ethanolamine (EA), SY/F8BT,
and poly(methyl methacrylate) (PMMA) onto the bare nanoscaffold,
as described in detail in Materials and Methods. Figure 1E illus-
trates the entire device structure and cross-sectional view of the
nanoscaffold-based iPLED, which includes the cathode (aluminum),
electron transport layer (ZnO), electron injection layer (EA), dielectric
spacer layer (PI nanopyramids), light-emitting layer (SY/F8BT), nano-
mesh anode (gold), and encapsulation layer (PMMA), respectively.
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Fig. 1. The fabrication scheme of asymmetric vertical nanoscaffold. (A) Fabrication procedure for the vertical-yet-open nanoscaffold array through nanosphere
lithography. ZnO sol-gel was spin-coated on aluminum electrodes and thermally annealed in air. Pl was deposited onto a ZnO/Al substrate. After the gold nanomesh
electrodes were patterned by using nanosphere lithography, the Pl layer was removed with an oxygen plasma etching, resulting in nanopyramid-shaped spacers to
support the gold nanomesh electrode. (B) The detailed vertical nanoscaffold fabrication procedure. A thin barrier layer of Cr (0.8 nm) was vacuum-deposited on top of
the Pl layer: The transferred monolayer of PS nanospheres was etched by O, plasma. The nanomesh electrode was then patterned by evaporating a thin layer of gold
through the PS nanosphere mask, followed by the liftoff process. As the last step, the nanopyramid-supported nanomesh electrode was formed by oxygen plasma etch-
ing through the Pl layer. (C) The final patterned nanoscaffold devices. (D) Cartoon depicting the device architectures of iPLEDs realized by the vertical nanoscaffold.
(E) Corresponding schematic cross section (front view) of iPLEDs based on vertical nanoscaffold.
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The self-suspended vertical nanoscaffold can reach a high degree
of structural uniformity over hundreds of micrometers square due to
the ability of PS nanospheres to self-assemble into hcp monolayers
(Fig. 2A). Figure 2B shows that the nanopyramid-shaped PI spacers
are robust and vertically aligned, supporting the 40-nm gold nano-
mesh by preventing their collapse or folding, as revealed by scan-
ning electron microscopy (SEM) images recorded with a tilt angle
of 40°. The exposed bottom surface of ZnO/Al was designed to op-
erate as the cathode electrode, with the interelectrodic distance in
our device being therefore determined by the thickness of PI nanopy-
ramid spacers (~260 nm; Fig. 2C). Different interelectrodic dis-
tances were studied to assess the influence of dielectric layer
thickness (figs. S4 and S5). As expected, a larger background leakage
current density was detected when a thinner PI layer (120 nm) was
used (fig. S4, C and D). When the PIlayer thickness exceeds 200 nm,
however, the background leakage current density only slightly
changes upon increasing the thickness. We have therefore chosen to
use the 260-nm PI layer in our experiments to lower the device’s
operating voltage. Figure S6 summarizes the results of a large statis-
tical analysis of background leakage current density with 260-nm
PI under DC bias. A background leakage current density below
107 mA/cm? at +1.5 V was defined as an indicator of successful
fabrication. Significantly, when supported on a glass substrate, 96%
of the ~400 devices with an active device area of 8 mm? comply with
such a threshold value. Since even a small local defect/collapse of
the nanostructures could cause the device to short circuit, the suc-
cessful construction of a large-area vertical nanoscaffold constitutes
a key achievement in the field of nanotechnology.

Figure S7 shows the topography and the corresponding Kelvin probe
force microscopy (KPFM) image of vertical-yet-open nanoscaffold
without EA modification. The KPFM image and the surface potential

(SP) profile indicated by a black straight line (fig. S7B) demonstrates
that ZnO regions are characterized by a lower WF when compared to
the one of the gold nanomesh (~100 mV). After spin coating a thin
EA electron injection layer, the WF of both gold and ZnO is reduced
by approximately the same amount, as the SP difference between
the two materials is still around 100 mV (Fig. 2D and fig. S8). In our
devices, this scenario is beneficial for efficient electron injection (19).
The vertical nanoscaffold exhibits a notably high mechanical and
electrical stability. The PI nanopyramids are strong enough to hold
a centimeter-sized nanomesh without collapsing (Fig. 2, A and B),
with a leakage current density below 10 mA/cm? at +1.5 V. To test
the robustness of the nanoscaffold, a mechanical test was carried out,
consisting in the cyclic application of 4- and 40-kPa pressure for a
total of 1000 cycles. AFM and SEM images provided insight into the
thickness and morphology of PI nanopyramids and revealed that the
nanoscaffold remained intact (fig. S9). Also, current measurements
after such harsh test revealed that the background leakage current
density is unchanged (Fig. 2E). Significantly, SEM and AFM imaging
(fig. S10) demonstrated that even the use of ultrasonic cleaning did
not alter for the structure of the nanoscaffold, with no evidence of
collapse or crack. Ten minutes of sonication in toluene resulted in a
slightly greater background leakage current density yet still remaining
acceptable and far below the 10~* mA/cm? limitation (Fig. 2F). All
these results give clear evidence that the nanopyramid-supported
nanomesh electrode has exceptional structural and mechanical ro-
bustness, thus considerably expanding its practical applications.

Fabrication and theoretical modeling of vertical
nanoscaffold iPLEDs

Our nanoscaffold was used to host solution-processed light-emitting
materials. The light-emitting devices were fabricated in an inverted
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Fig. 2. The mechanical and electrical robustness of vertical nanoscaffold. (A) SEM image of an empty vertical nanoscaffold. (B) Zoom-in SEM images of the nanomesh
electrode supported by Pl nanopyramids (spacer) in (A) (substrate tilt angle = 40°). (C) Height AFM image of the vertical nanoscaffold with its topographical profile
(PI: ~260 nm; gold: ~40 nm). (D) KPFM image of a vertical-yet-open nanoscaffold after EA modification. The bright circular features are ascribed to the bottom ZnO/Al
surface, whereas the surrounding dark regions are attributed to the top gold nanomesh electrode. The bottom demonstrates a potential profile along the path indicated
with a black dashed line on the image. (E) Background leakage current density of the empty vertical nanoscaffold before and after 1000 times of pressing. (F) Leakage
current density of the empty vertical nanoscaffold before and after 10 min of ultrasonic cleaning in toluene. The J-V curves were measured in the nitrogen box by scanning

the voltage from +2 to —2 V. Then, the current density at £1.5 V is selected.
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configuration, with the bottom cathode electrode being aluminum/
ZnO and the top anode being the gold nanomesh (Fig. 1, D and E).
An interfacial layer of EA was spin-coated into the nanopores to
promote electron injection. Despite the fact that EA reduced the
WE of gold nanoscaffold from 5.3 to 4.3 eV, electron extraction can
be improved by lowering electron and hole recombination (fig. S11)
(17). The light-emitting polymers (SY/F8BT) were then spin-coated
and thermally annealed at 170°C to leverage their optoelectronic
properties (20, 21). The height of PI nanopyramids determines the
thickness of the light-emitting layer. Last, PMMA was used to en-
capsulate the devices. The morphology of the deposited light-emitting
polymer/nanoscaffold and the encapsulated device was investigated
by AFM (fig. S12). As shown in fig. S12A, the corrugated light-emitting
layer induced by the vertical-yet-open nanoscaffold can exhibit effi-
cient light extraction (22). The quality of the films is critical in con-
ventional sandwich stacked OLEDs, with defects or pinholes in the
film causing short circuits or failures of the device, being particularly
problematic in inkjet-printed devices because the films are typically not
uniform. However, since the PI nanopyramids have completely
separated the cathode and anode in the vertical architecture, the
device can still work even if the light-emitting layer is discontinuous
or comprises pinholes.

Figure 3 shows the device characterizations of the nanoscaffold
iPLEDs. After being modified with an EA layer, the leakage current
density curve is shifted upward, yet the leakage current overall re-
mains low (5.7 x 10" mA/cm? at 1.5 V; Fig. 3A). The current density-
luminance-driving voltage characteristic curves (J/L-V), normalized
electroluminescence and photoluminescence spectra, and current
efficiency-EQE-current density characteristic curves (CE/EQE-]) of
a typical nanoscaffold iPLED using SY as the light-emitting material
are portrayed in Fig. 3 (B to D). Light emission in this device turns
on at 1.8 V and reaches a peak brightness of 2300 cd/m? (measured
from the anode side) at 18 V. This efficiency is comparable to that
of standard sandwich-like iPLEDs (16, 23). Our device (active area of
8 mm?) can be driven to 10, 200, and 500 cd/m? at 6, 12, and 14 V,
respectively. Because of the thicker light-emitting layer (300 nm) and
unbalanced charge injection, these voltages are slightly higher than
those of ordinary polymer iPLED (17, 24, 25). When the device was
turned on, the yellow light generated within the patterned pixel was
viewed (Fig. 3B, inset), and the electroluminescence spectra of the
yellow were recorded (Fig. 3C). The emission peak of iPLED is
located at 560 nm with a full width at half maximum of 74 nm. Here,
the average current efficiency of 0.7 cd/A and an EQE of 0.2% were
achieved for the SY-based nanoscaffold iPLED (Fig. 3D).

A ~
107 w0t ©
—o— Pristine 1.04 ==EL
1074 —o— EA modificaton 1100 = 2 —PL
Ng . g Z 34
S 1102 2
< o =064
§ 10" g 'u'é
~ 10° g Té 0.4
o
] 107! - z, 0.2
10—9 E 10_2 0.0+
2 -l 0 1 ) 0 2 4 6 8 1012 14 16 18 300 400 500 600 700 800
Voltage (V) Voltage (V) Wavelength (nm)
Dy F
2 Light-emitting polymer
3 10" E
S ool9jo—0—0—0—o0—o0—of |0.9 £ | b N |
> 08 £ \ s/
2 1o-! 0‘0-0—0—0—0—0 07 '—:E—)D—loo-i | : VoA ; i :
K -
2 0.6 T d o da e o e L. L.l
o= ol o o s B RSV
= » 0.5 e e T s O Y S Y I Y s o e e
o110 ) /1 Y B B
§ 0.3 g L T T —— T T
5 107> 0.2 i 121
0.1 Z 09:_\.- /——-
=
10 1 < 0 S
T T T T T T T =1
0 50 100 150 200 250 300 350 £ O
J(mA/em?) S o

Current distribution

400 200 400

0 200
Length (nm)

Fig. 3. Device characterization of vertical nanoscaffold iPLEDs. (A) J-V curves of an empty vertical nanoscaffold on the rigid glass substrate before and after EA modifi-
cation. (B) Current density—luminance-driving voltage characteristics of a vertical nanoscaffold iPLED with EA modification. Inset: Photograph of the iPLED (emission area,
2.0 mm by 4.0 mm) biased at 16 V. (C) Normalized photoluminescence (PL) and electroluminescence (EL) spectra of the iPLED. (D) Current efficiency (cd/A) and EQE
characteristics versus current density (mA/cm?). (E) Simulated 3D potential and current distribution in the vertical nanoscaffold iPLED. (F) Cross section (front view) of the
nanoscaffold device. The top shows finite-element simulations using biasing conditions (V= -20 V) that account for the distributions of current density and electric
potential within the active cell of the nanoscaffold iPLED. The simulations were performed by considering a nanomesh electrode with 680-nm perforation gaps and 260-nm
Pl-nanopyramid spacer. For all architectures, the solutions are plotted along with the light-emitting polymer layer. The current density distributions are represented by
arrows, while the electric potentials are visualized by the color scale (provided at the left-hand side). The solid lines are equipotential. The bottom displays the horizontal
components of the current density near the gold nanomesh, with the profile red dotted lines being exhibited at the top of the panel.
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Figure S13 displays the efficiency of a nanoscaffold iPLED without
EA modification as the control experiment. The nanoscaffold iPLED
without EA modification exhibits a larger current density, inferior
luminance, and lower device stability when compared to the device
with EA modification. The interfacial negative dipole effect, which is
formed spontaneously by the absorption of the amine and hydroxyl
groups of EA on ZnO, can minimize the contact barrier between the
active polymer and the ZnO when the ZnO surface is treated with a
polar solvent (26). Similarly, the device has a higher stability after
modification with EA when working under a constant current (see
fig. S14). Because of the unique vertical-yet-open architecture, the
dry transfer approach was used to selectively modify the anode
(gold nanomesh) following EA spin coating (see fig. S15). Although
we have explored different hole injection materials and thicknesses,
such as poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid)
and MoOj; (thickness: 1 to 20 nm), we were unable to selectively
modify the anode, as displayed in the AFM image in fig. S15B. Fur-
thermore, the iPLEDs performed poorly compared to those without
anode modification, likely due to PDMS contamination or nonuni-
form film transfer. We have also prepared the nanoscaffold iPLEDs
with smaller nanopores (diameter: ~260 nm), which showed a sub-
stantially higher leakage current density (~ 2 mA/cm? at 1.5 V),
leading to steep current densities and unsteady brightness in its
devices. Furthermore, the small nanopores are extremely brittle; for
example, after 2 min of sonication in toluene, the majority of gold
nanoelectrodes were ripped away from the substrate (see fig. S16).
We think that there are several factors resulting to the relatively low
EQE performance: First is the unbalanced charge injection. Because
of the vertical device architecture, we can hardly selectively modify the
anode as a result of the unbalanced hole/electron injection and trans-
port. Second is the thick coating of light-emitting material. The PI
supporting layer determines the thickness of the light-emitting layer,

A

NanoChem| NenoChern

10 pm

as a result of a very thick light-emitting layer and high operating
voltage. Third is the current leakage, especially at high voltage.
Under high voltage (>10 V), the lack of insulation of thousands of
individual PI pillars could result in a large leakage current.

To corroborate the experimental results, finite element calcula-
tions based on COMSOL simulations have been carried out. As in the
experiments, the nanoscaffold iPLED device comprised five stacked
layers. Both 3D modeling (containing six nanopores) and 2D cross
section of a single active cell have been simulated (Fig. 3, E and F)
with perforation gaps (i.e., sized pores) of 680 nm while the devices
were biased at =20 V (27). Figure 3E shows the 3D potential and
current density distributions inside six active cells, while the normal-
ized color scale corresponds to the electric potential and current.
Figure 3F displays the current distributions (indicated with arrows)
within a single active cell, while the color gradient corresponds to
the electric potential. In the case of a 680-nm perforation gap, charges
are injected into the gap by the vertical electric fields, which are
projected by the gold nanomesh edges. The current density distri-
bution is concentrated in the vicinities of the gold nanomesh edges
and slightly reduced in the center of the perforation gap (as evident
in the bottom of Fig. 3F), indicating that light can be directly
emitted from the nanopores, but its intensity may slightly decrease
at the center.

Photolithography patterning and recycling of vertical
nanoscaffold iPLEDs

As a proof of concept, well-defined micropatterns (from ~500 to
~10 pm) were successfully created in the vertical nanoscaffold using
conventional photolithography, and corresponding micropatterned
nanoscaffold iPLEDs were fabricated by spin coating of SY. Figure 4A
(left) shows dark mode optical microscopy pictures of patterned
nanoscaffold iPLED with SY as the light-emitting material. It reveals
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Fig. 4. Micropatterning and recycling of vertical nanoscaffold iPLEDs. (A) Dark-field optical microscopy images of micropatterned nanoscaffold iPLEDs prepared by
photolithography (left). Electroluminescent photos of micropatterned nanoscaffold iPLEDs under operation (right). (B) Current density—-luminance-driving voltage
characteristics of an old iPLED (left: SY as the light-emitting layer) and its corresponding recycled new iPLED after toluene cleaning (right: F8BT as the light-emitting layer).
(C€) Comparison of electroluminescence spectra of pristine F8BT nanoscaffold iPLED and reused F8BT iPLED from an old SY device.
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well-resolved micropatterns with distinct and sharp edges. Signifi-
cantly, the pixel size in the pattern made with the vertical nanoscaffold
iPLED is defined by the nanopore size, which is ~680 nm. Figure 4A
(right) shows optical microscopy images of the micropatterned
nanoscaffold iPLED in action.

As shown earlier, the vertical nanoscaffold has an excellent
structural and mechanical resilience when exposed to a variety of
severe environments, which allows iPLEDs to be washed from a given
emitting layer and reused once refilled with a new one. Figure 4B
shows standard current density-luminance-driving voltage character-
istic curves (J/L-V) of an old SY nanoscaffold device, with a turn-on
voltage at 2.0 V and a peak brightness of 1000 cd/m?. The light-emitting
polymer SY can be completely removed upon sonication in toluene,
as shown by fluorescence microscopy (fig. S17). Subsequently, the
incorporation of the polished nanoscaffolds with F8BT ink enables
yield green-emitting devices upon recycling an iPLED previously
emitting yellow light. The current density-luminance-driving voltage
characteristic curves (J/L-V) for the FS8BT-based nanoscaffold iPLED
were likewise evident, with a turn-on voltage at 2.5 V and a peak
brightness of 311 cd/m” The output emission peaks of the freshly
fabricated and reused F8BT iPLEDs are identical at 547 nm (Fig. 4C
and fig. S18), confirming that the SY was completely washed away
with no residue. This demonstration, which involves the recycling
an outdated nanoscaffold iPLED, demonstrates the enormous
potential of our technique to reconditioning display screens and
light-emitting materials containing abundant rare earth elements,
being of crucial importance for future sustainable developments.

Brush coating and flexible nanoscaffold display

The vertical nanoscaffold, in view of its uniquely designed 3D
nanopores, is compatible with a wide variety of solution-processing
techniques, like drop casting, spin and spray coating, inkjet printing,
and unconventional brush coating. Brush coating is a newly emerging
liquid-phase deposition technology that holds a great potential for

application in cutting-edge organic optoelectronic devices (28, 29).
During the brush processing, the solution may maintain a dynamic
balance with the quasi-paralleled conical fibers in the Chinese brush,
resulting in the formation of a uniform film (30, 31). As the Chinese
brush scans across the substrate surface, the solution on the brush is
steadily transferred onto the substrate, forming a liquid thin film as
shown in Fig. 5A. By applying such a brush coating on the vertical
nanoscaffold pixels, a highly uniform film is generated in each indi-
vidual nanopore. We have painted with the SY ink eight different
arbitrary patterns such as vertical/horizontal lines, square, and
numbers (Fig. 5B). The electroluminescent images of brush-coated
nanoscaffold iPLEDs in actions are displayed in Fig. 5C. They reveal
that it is possible to easily customize a display screen by painting
and drawing and that such a device can be reused multiple times.
Significantly, the vertical nanoscaffolds can also be supported on
flexible substrates such as PI foil (fig. S19). Figure 5D shows the
empty nanoscaffold devices on a flexible PI substrate: Because of its
minuscule weight, it can be propped up by a single hair. After being
delaminated from the glass support, the background leakage current
density of the nanoscaffold on flexible PI displays virtually identical
values to those observed when supported on rigid substrate (Fig. 5E).
The empty nanoscaffold robustness was explored by performing
bending fatigue tests, as shown in Fig. 5F and fig. S20. SEM images
showed that the morphology and structure of the nanoscaffold are
unaltered after the bending tests (fig. S21). Furthermore, the back-
ground ultralow leakage current density remains constant after
1000 bending cycles, providing unambiguous evidence for the notably
high robustness of our vertical nanoscaffold. Even if the device is
drilled by a needle, it can still work without exhibiting short circuits
(fig. S22). The mechanical stability of flexible the nanoscaffold
iPLEDs was also examined in a nitrogen-filled glovebox. The
current density, luminescence, and driving voltage characteristics
of nanoscaffold iPLEDs before and after 1000 folding events are
shown in Fig. 5G. The flexible nanoscaffold iPLED showed a
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Fig. 5. Brush-painted iPLEDs and flexible nanoscaffold display. (A) Photograph of the brush coating process where the light-emitting polymer solution was homoge-
neously drawn onto the device. (B) Photograph of brush-patterned nanoscaffold iPLEDs under 365-nm ultraviolet light irradiation. (C) Electroluminescent image of
nanoscaffold iPLED display. The patterns were created through brush coating (top: one vertical line, square, three horizontal lines, and two sloping lines; bottom: numbers
0, 6, 7, and 9). (D) Images of empty vertical nanoscaffolds on free-standing flexible Pl substrate. (E) J-V curves of an empty nanoscaffold on flexible Pl before and after
delamination from glass. (F) The vertical nanoscaffold on the flexible Pl substrate retains its characteristics when subjected to >1000 folding events as evidenced by an
unchanged leakage current density. (G) Current density-luminance-driving voltage characteristics of a nanoscaffold iPLED before and after folding >1000 times.
(H) Demonstrations of flexible nanoscaffold iPLED display being folded (pixel size, 2 mm x4 mm). [The size of glass and Pl foils in (A) to (D) is 2.5 cm by 2.5 cm].
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luminance of 200 cd/m” at 26 V at the initial state. The current density
decreased 20% when bended >1000 times at a bending radius of 1.5 mm,
which can be explained by the generation of cracks in the scaffold.
Furthermore, taking full advantage of the nanoscaffold iPLED, a
monolithic array of iPLEDs consisting of 4 pixels was fabricated by
means of the same technique. Last, Fig. 5H shows a freestanding pixel
array in its “on” state when bended, with all pixels being illuminated.

DISCUSSION

We have devised an unprecedented device configuration with a flexible
but robust asymmetric vertical-yet-open nanoscatfold as an alternative
architecture to replace the conventional sandwich-like structured
OLEDs. The vertical nanoscaffold technique can overcome most of
the current limitations existing in solution-processed organic light-
emitting devices, like pinholes and short circuits. The vertical nano-
scaffold is also compatible with conventional photolithography;
thus, it can represent a cornerstone in solution-processed ultrahigh-
resolution display technology. As an alternative to ITO, patterned
aluminum and ZnO are used as the bottom cathode to effectively
enhance electron injection from the electrode to the organic layers.
The vertical nanoscaffold is extremely reliable: 96% of the ~400 de-
vices displayed negligible leakage currents. The light-emitting polymer
SY was deposited by spin coating and brush painting with a pixel
resolution as high as 10 pm and a “drop-on-demand” capability,
indicating that our nanoscaffold can have a significant impact on the
development of high-resolution OLED displays and will open new
perspectives on the fabrication of submicrometer vertical organic
optoelectronic devices (32). Taking advantage of their superior me-
chanical and structural stability of the nanoscaffold, the used devices
can be recycled into new ones with the capability of varying the
emitting color, and upon recuperating the original light-emitting
material. Foldable devices based on vertical nanoscaffold with state-
of-the-art performance were successfully fabricated using PI foil as
support, endowing enhanced mechanical flexibility to the architecture.
It is also worth noting that the complexity of device processing may
limit this technology from being used for display panels.

The relevance of our 3D vertical nanoscaffolds for high-performance
optoelectronics applications goes well beyond light-emitting devices
and can be tailored for the fabrication of high-performance solar
cells, vertical transistors, and sensors (33-36), as well as electronic wall-
papers, rollable screens, and indoor or outdoor luminous adver-
tisement boards. In the future, the replacement of PI with a thinner
high-« dielectrical layer (Al,O3 or HfO,) shall lead to even better
device performance, for example, attaining higher luminance and
EQE and lower driving voltage. Furthermore, a wider variety of light-
emitting materials, such as thermally activated delayed fluorescence
material quantum dots (37, 38) and hybrids thereof, may be com-
patible with our system. Our robust vertical self-suspended nano-
scaffold is a powerful device architecture that can fully exploit the
unique features of organic semiconducting materials, offering a
major step forward in the field of OLEDs and, more generally, in
flexible optoelectronics.

MATERIALS AND METHODS

Materials

The monodispersed suspension of PS nanospheres [10 weight % (wt %)
in water], SY light-emitting poly (1,4-phenylene vinylene) copolymer,
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F8BT [weight-average molecular weight (M, < 25,000], zinc acetate
dihydrate (99.999%), 2-methoxyethanol (99%), poly(sodium-4-
styrenesulfonate) solution (PSSNa; M,, ~ 200,000, 30 wt % in H,O),
PMMA (average M,, ~ 350,000), and poly(pyromellitic dianhydride-
co-4,4’-oxydianiline), amic acid solution (PAA) (11 + 5 wt %) were
purchased from Sigma-Aldrich without further purification. EA
(>99%) and N,N-dimethylacetamide (DMAC) (>99%) were pur-
chased from Tokyo Chemical Industry Co., Ltd. (TCI) Chemicals
without further purification. The ultra-flat quartz- coated glass was
purchased from Ossila (with the size of 25 mm by 25 mm).

Substrate preparation

Glass substrates were completely cleaned and dried in a nitrogen
flow of high purity. The bottom Al electrode (40 nm) was deposited
onto the substrate through thermal evaporation. A 0.75 M ZnO
solution was synthesized by dissolving zinc acetate dehydrate
[Zn(CH3COO), 2H,0] in 2-methoxyethanol and EA cosolvents.
This solution was stirred at 80°C for 30 min to yield a clear and
homogeneous solution (26, 39). The ZnO precursor solution was
spin-coated onto cleaned glass substrates patterned with Al elec-
trodes and then placed on a hotplate with a temperature up to
300°C. After that, PAA [in the DMAC solution; PAA:DMAC: 1:2
(v/v)] was deposited by spin coating at 1500 rpm, forming a film with
the thickness of 260 nm. Thermal annealing at 140°C of 1 hour
was used to remove the solvent residue before 300°C thermal cross-
linking treatment of the PI dielectric layer in the glovebox (40).
The PI thickness is easy to tune by preparing PAA solution in differ-
ent concentrations when a fixed spin rate was used.

Nanoscaffold preparation

The 40-nm Au nanomesh electrode was nanopatterned on top of
the 260-nm layer of PI by nanosphere lithography using the method
described in the literature (18, 41). A protective layer of 0.8-nm
Cr was placed between the Au and the PI. Then, traditional pho-
tolithography step was processed as the mask to define the de-
vice surface (2 mm by 4 mm). Subsequently, Cr etchant was
used to remove the 0.8-nm Cr protective layer. Last, using oxy-
gen plasma, the areas of the PI dielectric layer that were not pro-
tected by photoresist would be removed under a 100-W plasma
treatment.

iPLED cell fabrication and characterization

The EA/2-methoxyethanol [1:20 (v/v)] was spin-coated onto ver-
tical nanoscaffold at 3000 rpm and dried for 10 min at 120°C. The
emissive layer of SY or F8BT (dichlorobenzene; 10 mg/ml) was then
spin-coated onto the vertical nanoscaffold modified with a thin EA
layer and annealed at 170°C for 30 min in the glovebox. Last,
PMMA (60 mg/ml) from n-butyl acetate was spin-coated on the
emissive layer as the encapsulation layer and annealed at 90°C
for 30 min in the glovebox. The area of the device amounted to
8.0 mm”. KPFM imaging was performed with a Bruker Dimension
Icon AFM. SP images were collected with Pt/Ir-coated silicon
probes (Bruker SCM-PIT-V2; resonant frequency ~ 75 kHz,
k ~ 3 N m™) at ambient conditions in the amplitude modulation
mode. The J/L-V characteristics and efficiencies were measured
using a Keithley 2636A Source Meter, and the irradiation intensity of
the devices was measured by a photodiode (Hamamatsu $3204-08),
which has been previously calibrated by a luminance meter (Konica
Minolta, LS-100) (42, 43).

7 of 9

2202 ‘YT Yoke |\l Uuo B10°80us 105 MMM/ WoJ) pepeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

Recycling of vertical nanoscaffold iPLEDs

The old nanoscaffold iPLEDs can be reused via their ultrasonication
cleaning in toluene. The toluene can wash away the deposited
PMMA, light-emitting polymer, and EA, resulting in an empty
vertical nanoscaffold after 5 min of sonication. The recleaned empty
nanoscaffold can then be refilled to obtain a new iPLED through
solution processing new light-emitting materials into it.

Nanoscaffold-based flexible display preparation

PSSNa was diluted [1:2 (v/v)] in deionized water, degassed for
5 min, and filtered through a 0.45-um pore size nylon filter be-
fore being spin-coated at 1500 rpm for 30 s on a clean ultra-flat
glass previously treated with plasma oxygen (44, 45). The PSSNa
layer was annealed for 30 min at 150°C in air as the sacrificial layer.
Prepolymer PAA (11 + 5 wt %) was coated on a PSSNa-modified
glass at of 2000 rpm for 50 s without dilution and then annealed at
140° and 300°C in air. For the flexible devices, the polymerized PI
layer was used as a supporting layer. Nanoscaffold was then prepared
using the method described above.

Theoretical modeling

The finite-element simulations were performed in COMSOL
Multiphysics. A 2D space coupled to the quasi-statics electric model
was used to simulate in-plane electric currents in the vertical nano-
scaffold structures. The calculations were done along a representative
device cross section composed of cathode (Al), electron transport
layer (ZnO), nanopyramid dielectric (PI), light-emitting polymer
(SY), and anode (Au) from the bottom to the top of the nanoscaffold
iPLED, respectively. The thickness of the Al, ZnO, PI-nanopyramid
spacers, and Au nanomesh are defined as 40, 36, 260, and 40 nm,
respectively. The electrical properties, such as conductivity (o) of the
electrodes, were given by the software library. For the light-emitting
layer and electron transport layer, we have used sy ~ 107" S/cm
(46) and 6700 ~ 1077 S/cm (47). To complete the simulation, the
driving voltage was set to V = -20 V and the cathode electrode being
grounded, based on the experimental data collected during the
device operation.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn2225
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