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ic perovskite light-emitting diodes
with post-treatment-enhanced crystallization as
writable and wipeable inscribers†

Sheng Bi, a Wei Zhao,a Yeqing Sun,a Chengming Jiang, *a Yun Liu,b

Zhengran He, c Qikun Lia and Jinhui Song *a

Controllable photonic patterns have attracted great attention for various applications in displays, smart

sensors, and communications. Conventional patterned light-emitting-diode (LED) systems require

complicated design, complex procedure, and advanced equipment. Moreover, permanent properties of

the fabricated patterns on LED restrict it from various important applications. Herein, we present an

innovative writable and wipeable perovskite light-emitting-diode (WWPeLED) device, which tactfully

utilizes the large variation of turn-on voltage originating from the external quantum efficiency (EQE)

difference under controllable thermal treatment. The turn-on voltages with/without thermal-treatment

devices exhibit a large gap of over 5 V, and the thermal-treatment electroluminescence intensity is more

than 10 times higher than that of non-thermal-treatment devices. The new phenomena open up an

effective way of controlling illumination with desired pattern designs. Additionally, the distinct

handwriting fonts and habits as well as printing patterns with illumination WWPeLED are also realized.

Furthermore, these written and printed features can be totally wiped out with an 11 V cleaning voltage,

turning the devices as a regular fully bright PeLED. The stability and repeatability tests prove the

robustness of WWPeLED in both mechanical and electroluminescence performance after a long period

of operations. The innovative WWPeLED devices may find prospective applications in various

optoelectronic devices and flexible integrated systems.
1. Introduction

Light-emitting diode patterning1–3 is becoming a crucial and
express technology for multifarious optical applications in
independent and various graphics displays,4–6 sensors7–9 and
optical devices10–12 attributed to the excellent reaction to
external conditions, especially for coding that requires conve-
nient and rapid patterning as well as effortless pattern removal
processes, in which graph designing has been widely applied in
anticounterfeiting13,14 and secure communication.15,16 The two
main patterning methods applied nowadays for fabricating
light-emitting diode (LED) displays are thermal evaporation
through shadow masks and ink-jet printing,17,18 which are
comparably too inefficient for industries,19,20 and incompatible
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with a large amount of organic materials.21 Photolithography,
which is the widely used patterning method in the industry for
inorganic light-emitting diodes, is incompatible for organic
light-emitting diodes (OLEDs) due to the vulnerability of the
organic materials to chemical reactions involved in the
process.22–25 However, until now, hoisting the capacity of
fantastic performance of patterned OLEDs is required with
excellent device designs, outstanding experimental equipment,
and rich experimental experience. The OLED patterning appli-
cation is still limited due to the lack of an economical and
sufficient approach for patterning organic materials.

However, a group of inorganic CsPbX3 (X ¼ Cl, Br, and I)
perovskites have been extensively developed for their potential
optoelectronic applications due to high luminance, high pho-
toluminescence quantum yields (>90%), solution process-
ability, pure emission (full width at half-maxima (FWHM < 20
nm)), and exceptional thermal stability, which make CsPbX3 an
excellent choice for use as the emission material in perovskite-
based LEDs (PeLEDs).26–31

Herein, we introduce an innovative writable and wipeable
perovskite LED (WWPeLED) device, which is enabled by
external quantum efficiency (EQE) control via thermal pro-
cessing. By temperature treatment on the desired region of the
perovskite lms of the WWPeLED, the molecular crystal
Nanoscale Adv., 2021, 3, 6659–6668 | 6659

http://crossmark.crossref.org/dialog/?doi=10.1039/d1na00465d&domain=pdf&date_stamp=2021-11-20
http://orcid.org/0000-0003-0369-0572
http://orcid.org/0000-0003-2779-5774
http://orcid.org/0000-0002-6853-0265
http://orcid.org/0000-0002-0042-2014
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00465d
https://rsc.66557.net/en/journals/journal/NA
https://rsc.66557.net/en/journals/journal/NA?issueid=NA003023


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 7

/2
4/

20
25

 9
:5

7:
15

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
conguration as well as the bonding mode and strength rear-
range, leading to different turn-on voltages and EQE between
the thermally treated part and the untreated area. The patterned
features are able to be fully wiped-out by applying a higher
operating voltage, which increases the temperature on the
entire perovskite lms, improving the crystallinity of the entire
area, as well as decreasing the turn-on voltage to form a regular
PeLED. Stability and repeatability prove the robustness of the
WWPeLED devices in both mechanical and electrolumines-
cence (EL) performance aer a long period of operations,
making them reliable for practical applications. The WWPeLED
device presents huge potential to enlighten and promote the
development of sufficient identication characters for anti-
counterfeiting, sensing and optoelectronic applications.
2. Results and discussion

The schematic structure of the designed WWPeLED is shown in
Fig. 1a, which employs CsPbBr3 as an emission material in the
middle, sandwiched by LiF and poly(3,4-ethylenedioxythiophene)
Fig. 1 Schematic configuration of theWWPeLED device and electrical an
temperatures. (a) Schematic of WWPeLED devices made of an ITO-coate
low-temperature crystallization CsPbBr3 as an emitter, and LiF/Al as a cath
the emitter layer under the cold-treated crystallized, and the emitter stru
(b) Electroluminescent pattern with a connecting circuit for the WWPeLE
WWPeLED with the illuminated pre-design pattern after heat treatmen
different treatment temperatures. The higher the post processing tempe
inset is the corresponding turn-on voltage versus temperature. (e) Lum
different post-processing temperatures. (f) Photo of the WWPeLED with
same voltage of 6 V, the device at 25 �C is dark, while the one at 300 �C

6660 | Nanoscale Adv., 2021, 3, 6659–6668
polystyrene sulfonate (PEDOT:PSS), at the top and bottom as
electron and hole transport layers, respectively. Indium tin oxide
(ITO) as an anode is sputtered onto a poly(ethylene terephthalate)
(PET) lm, serving as the exible and conductive substrate, fol-
lowed by PEDOT:PSS spun-coat as a hole transfer layer. An Al lm
is at last thermally deposited on the very top of the device as
a cathode. Then, a heating pen is applied to the desired area on
theWWPeLED surface to write/print a designed pattern. The heat-
treated area with patterns can be illuminated with a low applied
voltage, while other areas still remain in “off-status”, as illustrated
in Fig. 1b and c. To effectively realize this unique phenomenon,
the device is rst merged in a liquid nitrogen environment aer
the fabrication process of CsPbBr3 deposition. This extremely low
temperature reduces the bonding force of CsPbBr3 molecules,
thus the molecules of CsPbBr3 are anisotropically distrib-
uted,32,38,39 leading to an inferior crystallization state with little
macroscopic crystal alignment formed. Upon thermal treatment
on the WWPeLED, CsPbBr3 molecules rearrange to become high-
quality aligned-up crystal units.33–35 To systematically study this
crystalline phenomenon inWWPeLED, the electrical performance
d illumination characteristics of CsPbBr3 films under different treatment
d PET film as a flexible substrate, PEDOT:PSS as a hole transport layer,
ode. The structure of amorphous formCsPbBr3 randomly distributes in
cture trends to crystalize where the surface is heated by a thermal pen.
D with the heated area on the top of the surface. (c) Illustration of the
t. (d) Plot of current density versus voltage for the WWPeLED under
rature, the stronger the current response with the applied voltage. The
inance variation with the working voltage of the WWPeLED treated at
the same voltage at different post-processing temperatures. With the
becomes noticeably bright.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of the devices is carefully investigated by applying different
treatment temperatures. The current density versus applied
voltage (J–V) curves are plotted in Fig. 1d, presenting a strong
response increment to the voltage with the increase in treatment
temperature. Moreover, within a certain extent of treatment
temperature (0–300 �C), a lower turn-on voltage is required for
devices treated at higher temperatures to reach the same EL
intensity, which results from the higher crystallinity of the emis-
sion layer, as shown in the inset of Fig. 2a. The process time is less
than 2 seconds, which do not do any harm to the substrate as well
Fig. 2 Crystallization principle of pristine and annealed CsPbBr3 in the
WWPeLED under different treatment conditions. (a) XRD spectrum of cr
crystalline perovskites along the (100), (110) and (200) orientations prove
of the diffraction peaks change while maintaining the same peak positio
The CsPbBr3 irregularly concretes under cold circumstances (25 �C) and
�C). (c) Energy band diagrams between PEDOT:PSS and CsPbBr3 for th
anisotropic structure leads to a wide bandgap, leading to a larger distan
>100 �C annealing temperature on the emitting layer, the crystallinity o
recombination efficiency. (d) Emission spectrum of the WWPeLED at diff
WWPeLED alters the applied voltage from 4 V to 10 V at 300 �C postproce
postprocessing temperatures (100 �C, 200 �C, and 300 �C). Themaximum
inset shows in detail the variation in EQE with different postprocessing t

© 2021 The Author(s). Published by the Royal Society of Chemistry
as to other functional layers. However, the luminance of the
WWPeLED also highly depends on the treatment temperature, as
plotted in Fig. 1e. A turn-on voltage difference up to 5 V is
observed between the fabricated device treated at 300 �C and
25 �C. With the same loading voltage, the WWPeLED thermally
treated at 25 �C cannot be turned on, while only dim light illu-
mination is observed from the device treated at 100 �C. A bright
and sharp light is noticed from the device under 300 �C treatment,
indicating that a relatively large difference of turn-on voltage is
required for the devices from various treatment temperatures.
WWPeLED, and the electrical and illumination characterization of the
ystallization CsPbBr3 films at different treatment temperatures. Highly
the formation of highly crystallized crystals. The magnitude and height
n. (b) Schematic of the crystal orientation change in the emitting layer.
can directly transfer to well-aligned crystals after heat treatment (>100
e different temperature crystalline states. With 25 �C treatment, the
ce for electrons and holes to recombine and generate light. With the
f the film decreases the width of bandgap, providing a higher charge
erent treatment temperatures with the bias of 6 V. (e) EL spectrum of
ssing temperature. (f) EQE variation of the devices under three different
EQE value can arrive when the luminance is around 50 mW cm�2. The

emperatures.

Nanoscale Adv., 2021, 3, 6659–6668 | 6661
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In order to explore the crystallization principle of the
CsPbBr3 emission before and aer heat treatment, a detailed
analysis on the formation of the molecule crystal was carried
out. It is clearly shown in the X-ray diffraction (XRD) spectra of
CsPbBr3 in Fig. 2a under different treatment temperatures that
a highly crystalline perovskite is grown along the (100), (110)
and (200) orientations, proving the formation of highly crys-
tallized crystals. The magnitude and height of the diffraction
peaks change while maintaining the same peak position, indi-
cating that the degree of crystallinity and the crystal orientation
vary with the treatment temperature but not cubic phase. For
a better understanding, a theoretical illustration is drawn in
Fig. 2b. Before annealing the lms, the crystals are not well
Fig. 3 Visualization of dynamic handwriting on the WWPeLED. (a) Schem
bias, the “letter” can be directly appeared on the WWPeLEDwith a heat pe
is 2 mm. (c) Intensity distribution of the luminescent letter “U”. The intens
the luminescence is 0.08 mW cm�2. (d) The corresponding 2D distributi
Both the middle and the bottom data of the letter show similar emissio
capture video of the handwriting process based on a 2 s time interval. (f)
devices. The brightness as well as the width of the letters is dependent o
The intensity distribution diagram clearly demonstrates the handwriting

6662 | Nanoscale Adv., 2021, 3, 6659–6668
crystallized into big ones, leading to comparably random
orientation conguration. When the CsPbBr3 layer is treated
with heat, the crystals trend to aggregate to become a whole and
parallel arrangement, which is proved in the XRD spectra where
purer crystal orientation is observed in the layer treated at
300 �C.

To reveal the electrical theories behind this phenomenon,
the band diagrams between PEDOT:PSS and CsPbBr3 were
carried out, as shown in Fig. 2c, where the bandgap between the
highest occupied molecular orbits (HOMO) and the lowest
unoccupied molecular orbits (LUMO) of CsPbBr3 alters with/
without the heat-treatment. When the molecules of CsPbBr3
are disorientated with low crystallinity under cold
atic of the handwriting recording demonstration. Under the working
n. (b) Photo of electroluminescent handwritten letter “U”. The scale bar
ity evenly distributed at each part of the letter. The maximum power of
on of the relative EL intensity derived by extracting the photo from (b).
n intensities. (e) Consecutive frames extracted from the dynamically
Photos of the handwriting fonts recording four signees by WWPeLED
n the distance of pen-surface and the moving speed from the signees.
difference with different personalizations.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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circumstance, the bandgap extends so that the holes from the
anode and electrons from the cathode desire to travel a larger
span to recombine and generate light, leading to low EQE and
high turn-on voltage.36,37 When the device goes through heat
treatment, the molecules of CsPbBr3 are well aligned and highly
crystallized, and the bandgap between HOMO and LUMO
becomes narrower, so that the charges travel a shorter distance
to recombine and generate photons. Thus, it dramatically
improves the EQE as well as decreases the turn-on voltage.
Then, the luminescence characteristics of WWPeLED under
different treatment temperatures are also carefully studied. At
the same bias, the devices treated at a higher temperature tend
to possess higher luminance. Fig. 2d plots the typical lumi-
nescence spectrum of the WWPeLED under different treatment
temperatures with the voltage xed at 6 V with the emission
peak of 520 nm. The corresponding inuence of the voltage
with a xed treatment temperature of 300 �C is also meticu-
lously researched, as plotted in Fig. 2e. The asymmetric emis-
sion is associated with the nonhomogeneous distribution of
cations in CsPbBr3 single crystals. The unraveling of
Fig. 4 Printable characteristics and performance of the WWPeLED. (a) S
assist controlling the print hardness and time. (b) Printed emblem of “Dal
analyses of the emblem. The maximum brightness intensity is approxim
flower” PeLED with power supply for illumination. By increasing the pow
follows the design of the printing mold. Unambiguous, complex and
a stereoscopic sense on the petal.

© 2021 The Author(s). Published by the Royal Society of Chemistry
a correlation between the composition, growth, and spectro-
scopic properties of perovskite crystals in the nanoregime
arguably dictates the overall performance of the device. The
brightness increment rate decreases with the temperature and
voltage, which is mainly due to the EQE variation in the device,
as shown in Fig. 2f, where EQEs of the three devices are pre-
sented as a function of the luminance, and the corresponding
detailed device efficiency characteristics in dependence of the
treatment temperature are summarized as the inset in Fig. 2f, in
which the maximum EQE of 0.9%, 1.2% and 1.35% is observed
at around 50 mW cm�2 for the three devices at 100 �C, 200 �C
and 300 �C thermal treatments, respectively. Comparing the
highest EQE among devices, 300 �C treatment temperature
provides the best illuminated performance.

The novel and special characteristics of the WWPeLED are
a desirable implement for recording handwriting features. The
pre-fabricated WWPeLED without the annealing process is rst
treated by cold temperature for heat-writing. A heat pen with
300 �C swipes letters over the WWPeLED, as shown in Fig. 3a. A
handwritten letter “U” shows up and the picture is taken in
chematic of the 2D planar print on the device. The spring is applied to
ian University of Technology”. (c) Both 3D and 2D intensity distribution
ately 0.08 mW cm�2. (d) Printed “watermelon”, “maple leaf” and “lily
er for the “watermelon”, 3D visual perception emerges, which exactly
narrow “maple” lines are clearly seen. The “lily flower” also shows

Nanoscale Adv., 2021, 3, 6659–6668 | 6663
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Fig. 3b with the supplying voltage to the WWPeLED. The anal-
ysis of the EL intensity distribution of the bright “U” is pre-
sented in Fig. 3c. Uniform light intensity is found in each part of
the letter with a maximum intensity of 0.08 mW cm�2. The line
proles of the two regions of the illuminated letter marked by
red and blue dash lines, shown in Fig. 3d, obviously prove even
intensity distribution, suggesting the stability of the local
heating technology from handwriting. Fig. 3e clearly records the
handwriting process using a high-speed camera at a time
interval of 2 s to display several consecutive images, where
a distinct movement track of the heat pen is legibly recorded.
Fig. 3f demonstrates the handwriting fonts and features from
signees using WWPeLED. The brightness and the width of the
letters are dependent on the writing distance and the moving
speed. The short writing distance and the long staying time on
the surface of the device result in brighter and wider marks. The
analysis of the intensity distribution at the bottom demon-
strates the uniform brightness and clearly reveals the difference
in relative intensities among the four different signees. There-
fore, theWWPeLED is a comparably precise device for recording
the handwriting fonts as well as the features of the signees.
Fig. 5 Wiping characteristics and device properties afterwards. (a), EL pho
under wiping and after wiping. The device begins to “burn” from one end
The luminance variation at the area without patterns versus time at diff
wiping, and the brighter the PeLED. (c) Relationship between luminance a
difference is found in turn-on voltage, response time and saturation lev
based on the wiping voltage. (d) Emission spectrum of the devices at vo

6664 | Nanoscale Adv., 2021, 3, 6659–6668
WWPeLED can also present 3D images by a thermal printing
pattern. Fig. 4a shows the schematic of printing patterns onto
WWPeLED, in which the pattern is pre-fabricated on a stamp
with a 3-dimensional concave and convex mold followed by
300 �C treatment by four springs support. When it is used to
print patterns, the cold-treatedWWPeLED is placed beneath the
stamp and the stamp is pressed down onto the device for
seconds. The emblem of “Dalian University of Technology” was
rst printed and presented in Fig. 4b, where detailed informa-
tion was entirely “copied” onto the illuminative part of the
WWPeLED. Fig. 4c shows the intensity of the emblem in a 2D
and 3D point of view, where there is a strong contrast between
light and darkness, indicating a high quality of the printing
method. As shown in Fig. 4d, more complex and designed
patterns were also produced by the thermal printing method
onto the WWPeLED, with “Watermelon”, “maple leaf” and “lily
ower” as three of the examples with clear detailed patterns and
stripes in various shapes with different dimensions. Moreover,
aer increasing the working voltage for the three devices, a 3-
dimensional stereo sense emerges in both “watermelon” and
“lily ower”. The brighter illuminant at the edge highlights the
spherical three-dimensional structure of the “watermelon”,
tos of the written letter “U”, “maple leaf” and “lily flower” before wiping,
to the other end of the substrate until covering the entire substrates. (b)
erent erasing voltages. The higher the erasing voltage, the faster the
nd applied voltage for devices swiped at 11 V, 13 V and 15 V. No obvious
el among the three curves. The inset demonstrates the EQE variation
ltage of 5 V, 8 V and 12 V after wiping at 11 V.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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which exactly matches the shapes of the molds, where the
background is slightly higher than the middle of the pattern, so
that the surrounding area touches the WWPeLED rmly, while
a tiny space at the middle part is remained between the mold
and device, leading to a stronger light at the edge than in the
middle. The same design was carried out and the same
phenomenon was observed in petals of the “lily ower”. It is
proved that the technique is time-saving and low-cost for 3-
dimensional pattern PeLED technique.

Besides the capability of handwriting and printing on
WWPeLED devices, the patterns or letters can be totally wiped
out to act as a regular PeLED, whose procedure is shown in
Fig. 5a. In a pattern making process, the applied voltage on
Fig. 6 WWPeLED properties on the flexible substrate for stable and d
WWPeLED devices turned on and off for 400 cycles. The EL intensity
repeatability test of devices heated electrically for 400 cycles. The EL in
heating in (a). (c) Flexibility test by bending devices with andwithout patter
a constant light intensity during the bending process. (d) Flexibility robus
patterns. The EL intensity stays in a highly stable situation after 100 on/off
the devices in (c). The bended devices are tested after 500 bending cycle
the two circumstances.

© 2021 The Author(s). Published by the Royal Society of Chemistry
a written or printed device is controlled below 10 V, where the
pattern or letter lights up with the surrounding area to be dark,
so that the pattern or letter can be clearly observed. Continue to
increase the applied voltage to �11 V, and the dark region on
the substrate starts to “burn” and gradually light-up to the
entire substrate as a whole luminous regular planar PeLED.
This is due to the heat generation from the electric radiates
applied on the devices and the generated heat facilitates the
crystallization of the lm (seen from XRD curves in Fig. 2a),
leading to a decrease in turn-on voltage until it reaches the same
level with the previous lit-up letter or pattern areas, and the
luminant intensity becomes consistent throughout the sample.
Thus, patterns or letters appear to be wiped out from the
eformation tests. (a) Stability and repeatability test of contact heated
almost keeps constant throughout the entire time. (b) Stability and
tensity still keeps unchanged but is slightly lower than that by contact
ns. The bending degrees are over 80� for all the devices, demonstrating
tness test for no bending and under bending devices with and without
cycles for both contact heating and electric heating, corresponding to
s, presenting exceedingly uniform performance in 100 on/off cycles for
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substrate, as the luminance of the patterns or letters is the same
with the surrounding area. A systematic study on the inuence
of the wiping voltage is carried out and plotted in Fig. 5b. By
applying a high voltage of 11 V, the electrical-generated heat is
more than that achieved at low voltages, resulting in
a decreased turn-on voltage with faster lit-up speed and brighter
emitting intensity. Fig. 5c shows the PeLED performance aer
patterns or letters are wiped out, presenting the same turn-on
voltage, response time and the saturation level, independent
of the wiping voltages. The EQE variation data in the inset
further prove that the WWPeLED exhibits constant perfor-
mance aer wiping, which does not rely on the wiping voltage.
The EL spectrum is plotted in Fig. 5d for devices wiped at
a voltage of 11 V. The emission peak is around 520 nm inde-
pendent of the applied voltage, showing a decent emission
performance of the devices aer wiping.

Except for the illuminated properties of the device, the stable
properties and mechanical deformation for the exible PeLED-
based device are other considerable parameters in the appli-
cation, as revealed in Fig. 6. First, the cycle test for the devices by
two heatingmethods (contact heating and electric heating) were
characterized, as shown in Fig. 6a and b. The exible substrate
suffers voltage on/off switch for 400 s and both of the devices
displayed a stable EL intensity throughout the whole testament.
The slightly lower EL intensity is due to lower EQE aer wiping.
Fig. 6c is the test of the bending substrate with patterns and
electrical wiping under illumination. The maximum bending
degree of the two treated WWPeLEDs are over 80� without any
negative effect on the performance, indicating a great exibility
of the devices. Repeatability tests of the devices with patterns
and electrical wiping under bending and no-bending substrates
were carried out, as shown in Fig. 6d. The exible devices are
bended aer 500 bending cycles while keeping devices under
80� bending as a control sample. Both of the devices present
extremely stable performance by turning the devices on and off
for over 100 times. It is worth noting that in the experiment, PET
substrate was able to withstand the heating temperature from
the heating pen and the heating mold due to the short heating
time as well as the small contact area between the PET substrate
and the heating pen. Wiping of the patterns on PLED is a one-
step process. The wiped patterns cannot be rewritten or
reprinted again on the device, as the crystallization of perov-
skites is not a reversible process. These results obviously prove
the robustness of the WWPeLED devices in both mechanical
and EL performance aer a long period of operations, allowing
for the reliable and practical applications.

3. Conclusion

In summary, we introduced a exible WWPeLED device that
utilizes a novel material treatment method for controlling the
corresponding EQE at different positions and make the best use
of the difference between low and high EQE regions to record
personalized handwriting as well as thermal printing informa-
tion. The low temperature prevents materials from crystalliza-
tion while the high temperature facilitates the crystallization of
the organic molecules, so that the crystalized part possesses
6666 | Nanoscale Adv., 2021, 3, 6659–6668
a much smaller turn-on voltage, where over 5 V difference is
found in the experiment. By heating up the desired area while
keeping other regions cool, part of the PeLED to be lightened up
can be precisely controlled. The wiped WWPeLED also shows
a possible performance of removing the marks and switching as
a regular lighting system. The excellent stability and repeat-
ability of the exible WWPeLED devices have also been evi-
denced with hundred times of bending and current on/off cycle
test. Our WWPeLED devices may nd prospective applications
in electronic display, smart sensor networks and human–
machine interfaces.

4. Experiment

Experimental details are provided in the ESI.†
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