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Constructing Multi-Functional Polymeric-Termination
Surface Enables High-Performance Flexible Perovskite LEDs

Chunyu Liu, Dezhong Zhang, Jiayun Sun, Dongyu Li, Qi Xiong, Benzheng Lyu,

Wenbin Guo,* and Wallace C. H. Choy*

Flexible perovskite light-emitting diodes (f-PeLEDs) have attracted increasing
interest to realize true-color, low-cost, and light-weight wearable
optoelectronic and flexible display applications. However, their external
quantum efficiency (EQE) and mechanical stability lag far behind because of
the inherent surface and brittle issues of polycrystalline perovskite films. In
this work, a multi-functional polymeric-termination surface of perovskite film
is constructed for achieving efficient and mechanically stable f-PeLEDs. It
takes the roles to not only reduce defects through equipping coordination
groups to improve emission properties, but also optimize film morphology
and eliminate pinholes to solve the long-standing issue of leakage current.
Meanwhile, the polymeric-termination surface with anchoring points and
polymeric soft chains on perovskites demonstrates synergetic effects beyond
the corresponding functional group-only or polymer-only strategies in
reducing the Young’s modulus and improving the mechanical flexibility.
Ultimately, the record EQE of 22.1% and significantly enhanced mechanical

wavelength, high  photoluminescence
quantum vyield (PLQY), and high color
purity.!>] These uniquely position per-
ovskites to fulfill the color gamut require-
ments (Rec. 2020) for ultrahigh definition
displays at low-cost.[>1% Recently, a high
external quantum efficiency (EQE) of
>20% has been achieved in pure-green
and pure-red perovskite LEDs (PeLEDs)
based on rigid glass substrates.l"''*] Com-
paratively, the EQE of flexible PeLEDs
(f-PeLEDs) lags far behind and the mechan-
ical flexibility is still unsatisfactory,!1:15-2]
which will greatly hinder their poten-
tial applications in emerging flexible
optoelectronics and display applications.

Although extensive efforts have been
spent on improving the performance of
rigid PeLEDs, there is less progress in

stability of maintaining 82% of the initial performance after 2000 bending
cycles with radius of 5 mm are achieved in pure-green f-PeLEDs. The work
paves the way for the development of high-performance flexible

optoelectronic devices.

1. Introduction

Metal halide perovskites have been widely studied as emitters in
light-emitting diodes (LEDs) because of their tunable emission
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f-PeLEDs. Some studies were conducted
on fabricating new flexible electrodes,2%21]
optimizing the carrier transport layers or
interfaces, 22?3l and improving the out-
put coupling of f-PeLEDs.["] However,
the EQE and mechanical stability of f-
PeLEDs are largely limited by the intrinsic
shortcomings of perovskite emitting films including the poor
optical and electrical properties induced by defects and unde-
sirable surface morphology,?%’] as well as inherent mechan-
ical flexibility originated from the brittleness of polycrystalline
perovskites.[2#2%] Overall, more effects are needed to further en-
hance the efficiency and mechanical stability of {-PeLEDs.

Some approaches based on organic functional chemicals have
been developed to improve the performance of f-PeLEDs. Ethyl
cellulose was introduced into the perovskite films, which could
reduce defects and improve the deformation resistance of the
perovskite by cross-linking between perovskites and ethyl cellu-
lose molecules, thus showing 12.1% of EQE and improved flexi-
ble stability.'®] Besides, a self-healing strategy based on the addi-
tive of silane molecule of (3,3,3-trifluoropropyl) trimethoxysilane
was incorporated into the perovskite films, which could passivate
defects and generate a flexible Si-O-Si network, thereby result-
ing in a green {-PeLED with an EQE of 16.2%.*" In addition,
a bionic structure in perovskite films was developed by employ-
ing a polymer-assisted crystal regulation method with a soft elas-
tomer of diphenylmethane diisocyanate polyurethane. A sky-blue
device with EQE of 13.5% and a high resistance to flexural strain
was achieved.’!l Meanwhile, the perovskite crystallization was
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Figure 1. a) Device structure of f-PeLEDs. b) EQE curves and c) EQE distribution of devices with different organic materials treatment. d) EQE compar-
ison of reported green f-PeLEDs in planar device structure. The references are listed in Table S1 (Supporting Information). Inset shows an electrolumi-
nescence image of our f-PeLED. e) Current density-voltage-luminance characteristics and f) mechanical stability of devices.

improved by introducing ethanolamine in the buried transport
layer to reduce perovskite defects and improve the charge injec-
tion, ultimately obtaining an enhanced EQE of 17.1% at 514 nm
in planar device structure.['”! These approaches for perovskite
film and transport layer have been investigated to decrease de-
fects and improve mechanical properties. However, the {-PeLED
performance still needs to be further improved. Nowadays, the
reported EQE of green f-PeLEDs without output coupling struc-
tures is far below 20%. Actually, apart from the bulk phase of
perovskite films that has been widely studied, the film surface
is also an important issue because the surface properties of the
perovskite films prepared on the flexible substrate is more diffi-
cult to control,>#32 which causes further optical and electri-
cal concerns because of defects and pinholes. In addition, the
cracking of perovskite films usually begins at the surface dur-
ing bending,['*?%! which makes surface optimization promising.
Consequently, it is highly desirable to develop effective and spe-
cific approaches for surface optimization of perovskites in the
f-PeLEDs.

In this work, we demonstrate the strategy of constructing a
polymeric-termination surface for perovskite films to achieve
high-performance f-PeLEDs. The polymeric-termination surface
constructed by polyvinyl acetate (PVAC) leads to the significantly
improved optical and electrical properties due to effective de-
fect passivation and pinholes elimination at the film surface. To-
gether with functional groups and polymer synergetic effects,
the strategy considerably decreases the Young’s modulus and
improves the mechanical bending stability of perovskite films.
We conduct a systematic comparison between different treat-
ment materials, and the contribution from functional groups and
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polymer effects are revealed respectively, while the contribution
of small-molecular-termination and polymeric-termination sur-
face on mechanical stability has been seldom studied. Based on
above advantages, a record EQE of 22.1%, much higher than pre-
vious reports, for pure-green f-PeLEDs is realized. Simultane-
ously, the mechanical flexibility of device is obviously enhanced.

2. Results and Discussion

The f-PeLEDs are fabricated with the device structure as shown
in Figure 1a. The detailed device fabrication process is provided
in Experimental Section (Supporting Information). To explore
the superior treatment material and corresponding mechanisms,
three organic molecules are introduced to form the perovskite
film surface and improve the performance of {-PeLEDs, includ-
ing the small molecule of pentaerythritol tetraacetate (PETA)
with functional groups but no polymer effects (FG-only), the
polymer of polystyrene (PS) without functional groups but with
polymer effects (polymer-only), and the polymer of PVAC with
functional groups and polymer synergetic (simultaneous) effects.
The systematic comparison of these three chemicals is analyzed
in revealing the mechanism about {-PeLEDs performance im-
provement. The control case without any treatment on the per-
ovskite is also studied. The perovskite treatment process with
these three chemicals is described in Experimental Section. The
EQE comparison in Figure 1b,c indicates that all of the three
chemicals can improve the EQE of f-PeLEDs but in different de-
grees. While the peak EQE of control device is 12.0%, both FG-
only PETA and polymer-only PS devices show improvements to
16.9% and 18.0%, respectively. Remarkably, PVAC devices enable
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the highest EQE of 22.1%, which is a record value of {-PeLEDs
in the pure-green emission region (Figure 1d). The electrolumi-
nescence (EL) emission (Figure S1a, Supporting Information) lo-
cates at 532 nm at different bias voltage with Commission Inter-
nationale de L’Eclairage (CIE) coordinates of (0.189, 0.768) very
close to the Rec. 2020 standard (Figure S1b, Supporting Infor-
mation) for the true-color flexible display applications.[****] Cor-
responding rigid devices based on glass substrates are also fab-
ricated, and the device performance is shown in Figure S2 (Sup-
porting Information). There is difference in EQE between flexible
and rigid devices, but it cannot be attributed to light outcoupling
due to the comparable refractive indices of glass and PET sub-
strates. The EQE gap between flexible and rigid devices has been
reduced after the PVAC treatment.

The suppression of leakage current is very important for
achieving highly efficient f-PeLEDs. From the current density-
voltage-luminance characteristics (Figure 1e), there are obvious
leakage currents in the control and PETA devices. Differently,
the f-PeLEDs treated with polymer (PS and PVAC) demonstrate
great advantages in diminishing the leakage current as will be
explained later. Meanwhile, devices with PETA and PVAC treat-
ment exhibit slightly higher luminance and lower turn-on volt-
age, and their operational stability is double that of control and
PS devices (Figure S3, Supporting Information). In addition, the
mechanical stability of f-PeLEDs with bending radius of 5 mm is
characterized (Figure 1f). Our results show that neither FG-only
PETA nor polymer-only PS can improve the mechanical stabil-
ity of f-PeLEDs. The luminance of control, PETA-, and PS-based
f-PeLEDs decays to 2#40% of their initial values after 2000 bend-
ing cycles. Interestingly, the PVAC one with groups and polymer
effects shows significant enhancement in the mechanical stabil-
ity, remaining 82% of initial performance under the same bend-
ing stress without any wavelength shift in emission (Figure S4,
Supporting Information). Meanwhile, the mechanical stability
of inside bending test is shown in Figure S5 (Supporting Infor-
mation). Due to the different stress release points of perovskite
film, the contribution of polymeric-termination surface strategy
on mechanical stability is slightly different, and the PVAC de-
vice still exhibits better mechanical stability. Consequently, the
FG-only and polymer-only treatment can provide some improve-
ment in EQE but no contribution to the mechanical stability of
f-PeLEDs. PVAC with the synergetic effect simultaneously im-
prove the EQE and mechanical stability of f-PeLEDs.

To reveal the mechanisms of enhanced performance of f-
PeLEDs, the chemical interactions of the three organic materials
with perovskite are analyzed first. All of them have good solubil-
ity in the antisolvent of ethyl acetate (EA) and are simply incorpo-
rated during the antisolvent-washing process.[3>3¢! The chemical
structures and antisolvent-washing process schematic are shown
in Figure 2a. Their Fourier transform infrared (FTIR) spectra
are shown in Figure 2b-d. The characteristic peaks of C=0
and C—O—C arising from PETA at wavenumbers of 1732.4 and
1232.2 cm™! shift to lower wavenumbers of 1727.2 and 1226.4
cm~! on addition to PbBr, respectively, which implies that the
functional groups can interact with Pb?* by lone-pair electrons si-
multaneously. The steady characteristic peaks of PS indicate the
relatively weak chemical interaction between PS and Pb**. The
similar results to PETA are achieved for PVAC due to the same
functional groups of C—O—C and C=O0. Both the peaks shift
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from 1235.6 and 1732.9 cm™ to lower wavenumber of 1229.2
and 1727.5 cm™, respectively, demonstrating the strong chem-
ical interaction between PVAC and Pb?**. The chemical interac-
tions of three materials in the perovskite films are further verified
by the X-ray photoelectron spectroscopy (XPS) as the Pb 4f and
Br 3d spectra shown in Figure 2e,f. Similar peaks shift toward
lower binding energy is observed for perovskite films treated with
PETA and PVAC due to the changed electron cloud density, while
PS-treated perovskite film shows almost no shift compared to
the control sample consistent to the FTIR results. Therefore, it
can be concluded that the perovskite films can be similarly passi-
vated by PETA and PVAC attributing to their functional coordina-
tion groups. We have performed the theoretical calculation of the
PVAC molecules on the perovskite. The adjacent coordination-
unsaturated Pb ions with an interval of 5.99 A can be interacted
by the C=0/C—0—C functional groups units of PVAC molecules
as shown in Figure S6 (Supporting Information). Depth-profiling
XPS is further employed to analyze the distribution of functional
chemicals in the perovskite film as shown in Figure S7 (Support-
ing Information) and Figure 2g. Due to the inevitable adsorption
of trace oxygen gas, the oxygen content at the surface of control
and PS-treated films is higher than in the bulk. For the PETA- and
PVAC-treated perovskite films, the oxygen content near the sur-
face is much higher than that of control sample, and just slightly
higher when the depth exceeds 20 nm, indicating that most of
the treatment chemical exists near the surface of perovskite film,
thus constructing the small-molecular-termination or polymeric-
termination surface, which can be further proved by the cross-
sectional scanning electron microscope (SEM) images of per-
ovskite films (Figure S8, Supporting Information). The energy
levels of perovskite films are determined by the ultraviolet photo-
electron spectrometer (UPS) measurement. The UPS results and
corresponding energy levels are shown in Figure S9 (Supporting
Information). The slight downward shift of the energy levels can
be found after the treatment of functional molecules. From the
X-ray diffraction (XRD) results (Figure S10, Supporting Informa-
tion), the crystallization of perovskite films is almost the same.
The treatment materials are dominantly distributed near the sur-
face of the perovskite film, which will be beneficial to passivate
the main emitting region of quasi-2D perovskite film to improve
the PLQY, and also to regulate the surface morphology of film.
On the basis of the chemical interaction effects of functional
groups, the optical properties of perovskite films could be im-
proved which is one of the important contributions to the im-
provement of EQE. The absorbance spectra of perovskite films
without and with different materials treatment are basically
consistent (Figure 3a). Differently, the photoluminescence (PL)
emission of perovskite films with PETA and PVAC are obvi-
ously higher than control and PS-treated films due to the ef-
fective defect passivation by functional groups. The PLQYs are
ca. 60% for control and PS-treated films, and obviously en-
hanced to over 90% for PETA and PVAC-treated films (Figure 3b;
Figure S11, Supporting Information). The corresponding PL de-
cay are measured (Figure 3c), and the curves are well described
by a tri-exponential decay fitting with one fast and two slower
components, which are related to the carrier trapping by de-
fects, radiative recombination of free carriers, and Auger re-
combination in the films. The fitting parameters are shown in
Table S2 (Supporting Information). With the strong chemical
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Figure 2. a) Schematic of perovskite film preparation with treatment materials in the antisolvent, as well as the chemical structures of PETA, PS, and
PVAC. FTIR spectra of b) PETA, c) PS, and d) PVAC without and with PbBr,. XPS analysis on e) Pb 4f and f) Br 3d spectra of different perovskite films.
g) Oxygen atomic content in the control, PETA-, PS- and PVAC-treated films with different etching depth by argon ion.

interaction by PETA and PVAC, the average PL lifetime (z,,.)
of perovskite films is extended compared with control and PS-
treated samples, contributing to the changes in recombination
behaviors. The radiative and nonradiative recombination rate (k,,

) of perovskite films can be calculated using the equations of
PLQY = k,/(k, + k,,) and 7, = (k, + k,,)"".?”*® As shown in
Figure 3d, the k,, of control and PS-treated films are almost the
same, while there is an obvious decrease for PETA and PVAC
samples, fully proving that the defect-induced nonradiative re-
combination is effectively suppressed by PETA and PVAC with
functional groups. Notably, the EQE of different devices are not
completely consistent with the recombination behaviors of per-
ovskite films. The polymer-only PS-treated device also demon-
strates obvious EQE enhancement. These results indicate that
the EQE enhancement of f-PeLEDs is not only related to the
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improvement of optical and recombination behaviors, but also
depends on some other contributions from the polymer effect.
By comparing the morphology of perovskite films in Figure 3e,
it can be found that there are numerous pinholes on the surface
of control film, which will act as the carrier transport channels
and form leakage current in devices. The poor surface morphol-
ogy with pinholes are rarely observed on rigid substrates, but
widely reported in f-PeLEDs,[2*3%% which could be related to the
decreased ITO electrode quality on the flexible substrates(1=3!
and the different strain encountered by the perovskite films dur-
ing preparation.[***] For the FG-only PETA-treated film, the pin-
holes still exist. On the contrary, the polymer-only PS and si-
multaneous PVAC-treated films exhibit a smooth surface with-
out any pinholes. With the understanding of the morphology,
we analyze the changes in the electrical properties of perovskite
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Figure 3. a) Absorbance and PL spectra, b) PLQY, c) PL decay, d) radiative and nonradiative recombination rate, and e) Top-view SEM images of
perovskite films without and with different organic materials treatment, the scale bar is 100 nm.

films by single-carrier devices. It can be found that the elec-
tron current density is obviously higher than the hole current
density (Figure S12a, Supporting Information), as the mobility
of the electron transport layer (1,3,5-tri(1-phenylbenzimidazol-2-
yl)benzene (TPBi)) is much higher than that of the hole trans-
port layer (poly(9-vinylcarbazole) (PVK)),[“#’] leading to the un-
balance carrier injection of control device (Figure S12b, Sup-
porting Information). Interestingly, after introducing the func-
tional molecules, the electron current density of polymer PS and
PVAC devices is lower than that of control and PETA-treated
devices (Figure S12¢, Supporting Information), thus benefitting
to the carrier injection balance in the f-PeLEDs (Figure S12d,
Supporting Information).¥# Meanwhile, the leakage current
of electron-only devices with PS and PVAC treatment is sig-
nificantly suppressed as compared to the control and PETA-
treated devices, which is consistent with the suppression of leak-
age current in f-PeLEDs (Figure le). Therefore, the electrical
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performance of the perovskite films can be improved through
the polymer treatment via suppressing the leakage current and
balancing the carrier injection. In addition, due to the hydropho-
bicity of polymers and their good coverage on the surface of per-
ovskite, the moisture resistance of films with PS and PVAC treat-
ment is obviously improved as shown the increased water con-
tact angle of films (Figure S13, Supporting Information), as well
as the slower PL intensity decay of films in the air with RH of
70% (Figure S14, Supporting Information). Consequently, the
enhanced EQE of PeLEDs is attributed to the improved optical
properties by functional groups and the promoted electrical per-
formance of the perovskite films by polymer effects. The advan-
tages can be combined to achieve the EQE breakthrough by PVAC
with functional groups and polymer effects simultaneously.
Unparallelly, as compared to the trend of EQE, the mechanical
stability of f-PeLEDs cannot be improved by the treatment of nei-
ther FG-only PETA nor polymer-only PS, and only the device with
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Figure 4. a) Current density-voltage curves of different f-PeLEDs after bending. b) Nano-indentation measurement curves and c) Young's modulus of
different films. d) Surface morphology of films after bending and corresponding bending mechanisms, the scale bar is 300 nm.

PVAC treatment demonstrates the improved mechanical stabil-
ity. To investigate the reasons of the performance degradation, op-
tical and electrical measurements of samples after bending have
been carried out. For the optical properties, the PL intensity of all
the films only slightly decreased after 2000 bending cycles with
radius of 5 mm (Figure S15, Supporting Information), indicating
that the perovskite materials have not been destroyed and the op-
tical performance of the films has only slightly changed. Regard-
ing the electrical propertied, the current density-voltage curves of
control, both FG-only PETA, and polymer-only PS devices after
bending show very large leakage current (Figure 4a). In contrast,
the PVAC-treated device maintains good rectification character-
istics without leakage current, which contributes to the higher
performance of f-PeLEDs after bending. The nano-indentation
measurement is carried out to intuitively characterize the me-
chanical properties of perovskite films (Figure 4b), further ob-
taining the Young’s modulus of all samples in Figure 4c. The
Young’s modulus of PETA- or PS-treated perovskite films is sim-
ilar to the control film, and the film with PVAC treatment is obvi-
ously decreased, indicating its better mechanical flexibility, which
is consistent with the mechanical stability of f-PeLEDs. The sur-
face morphology of films after bending is further compared in
Figure 4d. Irrecoverable cracks can be observed in the perovskite
films except the PVAC-treated sample, which should be the di-
rect cause of the large leakage current of devices. Although some
wrinkles can be observed in the PVAC-treated perovskite film
compared to the original one before bending (Figure S16, Sup-
porting Information), PVAC demonstrates more advantages in

Adv. Funct. Mater. 2024, 34, 2404791

2404791 (6 of 8)

protecting the perovskite film than other functional molecules,
as more severe cracks and wrinkles are observed in the con-
trol, small molecule FG-only PETA-treated, and polymer-only PS-
treated perovskite films, proving the significant contribution of
the synergetic effect of functional groups and polymer. The PVAC
can form surface polymeric network to provide stress protection
during bending, thus avoiding the formation of cracks. Over-
all, the coordination groups as arching points and the polymeric
chains to form surface network are decisive parameters to im-
prove the mechanical stability resisting bending stress.

3. Conclusion

In summary, we developed the strategy of constructing a multi-
functional polymeric-termination surface via the treatment of
PVAC to achieve highly efficient and mechanically stable f-
PeLEDs. The optical, electrical, and mechanical properties of per-
ovskite films are simultaneously improved by PVAC treatment,
which cannot be achieved by corresponding small molecule FG-
only PETA or polymer-only PS. The polymeric-termination sur-
face not only reduces the nonradiative recombination of per-
ovskite film by defect passivation, but improves the electri-
cal properties by optimizing surface morphology and eliminat-
ing pinholes to suppress the leakage current. Meanwhile, the
Young’s modulus of perovskite film is obviously decreased, lead-
ing to the improved flexibility. The pure-green f-PeLEDs achieve
a record EQE of 22.1%, and the mechanical stability is also sig-
nificantly improved. This work provides the simple and effective

© 2024 Wiley-VCH GmbH
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strategy for achieving high-performance flexible perovskite opto-
electronic devices.
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