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Perovskite light-emitting diodes (PeLEDs) suffer from moisture
instability, which hinders their commercialization. In this study, by
employing PVP-modified NiO, films, perovskite films with improved
quality and reduced trap density were obtained. The champion
device achieved an EQE of 16.05%, marking the highest perfor-
mance of air-processed devices reported to date.

Metal halide perovskites (MHPs) are potential semiconductor
materials for light-emitting diode applications. The exceptional
opto-electronic properties of MHPs, such as tunable bandgaps,
near-unity photoluminescence quantum yields (PLQYs), and
narrow emission peaks, enable perovskite light-emitting diodes
(PeLEDs) to be promising for novel lighting and display
devices."™® The state-of-the-art green and red PeLEDs have
achieved external quantum efficiencies (EQEs) exceeding 30%
and the EQE of blue PeLEDs has also surpassed 20%.'**?
Despite the great improvement of PeLED device performance,
the deposition process of high-quality perovskite films still
relies on an inert gas atmosphere. The moisture sensitivity
of MHPs increases the device fabrication complexity and cost,
which hinders their industrial manufacturing. Thus, the
deposition of high-quality MHP thin films in an ambient
atmosphere would be significant for PeLED applications.

To achieve this goal, different strategies have been employed
in recent years. Liu et al. restrained phase aggregation in MHP
thin films through antisolvent engineering."* Compact mor-
phology and homogeneous phase distribution were obtained by
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adding diethyl ether (DEE) as an antisolvent, which led to a
green PeLED device with an EQE of 15.4%. Li et al. applied
different self-assembled monolayers (SAMs) as hole transport
layers (HTLs), replacing the most commonly used PEDOT:
PSS." The modified thin film exhibited improved morphology
and the EQE and brightness of the devices were increased.
Based on this, the same group improved the device perfor-
mance of green PeLEDs and achieved blue PeLEDs through
interfacial engineering.'®"® However, the emission peak wave-
length of the reported air-processed green PeLEDs is no larger
than 525 nm, which does not comply well with the Rec. 2020
standard for display applications.

In this work, we fabricated efficient and pure green PeLEDs
by employing a structure that incorporates FAPbBr; emissive
layers coated on a polyvinyl pyrrolidone (PVP)-modified NiO,
substrate, processed under ambient air conditions. Incorporat-
ing PVP between the NiO, and perovskite layers enhanced the
film crystallization quality of the perovskite. This enhancement
was attributed to the improved filtration of the perovskite
precursor solution on the substrate, leading to a more uniform
morphology and larger grain sizes within the perovskite layer.
Furthermore, introducing PVP reduced the trap density, effec-
tively inhibiting non-radiative recombination processes. As a
result, the photoluminescence (PL) properties of the perovskite
emissive layers were markedly enhanced. The resultant PeLEDs
exhibited a pure green emission peak at 535 nm, with CIE
coordinates of (0.22, 0.75) and a full width at half-maximum
(FWHM) of 21 nm. The operational stability of the devices was
improved. Notably, the champion device achieved an EQE of
16.05%, which represents a new record among all reported air-
processed green PeLEDs.

Fig. 1a shows the typical spin-coating method of HTL and
perovskite thin films. EA in TPPO was used as an anti-solvent
for perovskite thin film deposition. HTLs, the PVP interlayer
and perovskite emitters were all spin-coated in the air with
50 £ 5% humidity. Deionized water was spin-coated to reduce
the thickness of NiO,, aiming to inhibit PL quenching at the
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Fig. 1 (a) Schematic of perovskite thin film preparation in an air environ-
ment. (b)-(d) AFM images of ITO, NiO, and NiO,/PVP.

interface’®®® (Fig. S1, ESIt). The results of AFM, XPS, and
transmittance spectroscopy reveal the effect of deionized water
treatment and PVP modification on NiO, (Fig. 1b-d and Fig. S2,
S3, ESIt). The AFM images of ITO, NiO,, and NiO,/PVP are
shown in Fig. 1b-d. The root mean square (RMS) roughness
values of NiO, and NiO,/PVP are 3.82 nm and 3.67 nm, respec-
tively, which are not significantly different from that of ITO
glass (3.32 nm). These differences in RMS roughness among
NiO,, NiO,/PVP, and ITO glass indicate the successful deposi-
tion of NiO, and PVP layers. XPS tests were also performed to
verify that the NiO, was not rinsed out after treatment with
deionized water and PVP solutions. As shown in Fig. S2 (ESIT),
the peaks of Ni imply the existence of NiO, and it is reasonable
that the N peak appears only on NiO,/PVP. The transmittance
spectra (Fig. S3, ESIt) of NiO, and NiO,/PVP exhibit curves with
little difference, indicating high and equal light extraction
efficiency.

PVP modification significantly affects the NiO,/perovskite
interface. The contact angle of the perovskite precursor on the
NiO,/PVP substrate (19.7°) is almost half that of the precursor
on the NiO, substrate (36.7°), as shown in Fig. 2a. As a result,
the perovskite thin film deposited on NiO,/PVP displays
better morphology with a more uniform and denser surface
(Fig. 2b and c) than on NiO,. The XRD patterns (Fig. 2d) exhibit
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Fig. 2 Optical micrographs of perovskite precursor solutions on NiO,
substrates without/with PVP modification (a). SEM images of perovskite
layers deposited on (b) NiO, and (c) NiO,/PVP substrates. (d) XRD patterns
of perovskite layers deposited on NiO, and NiO,/PVP substrates. (e) and (f)
UV absorption and PL spectra of perovskite thin films deposited on NiO,
and NiO,/PVP substrates.
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a much higher peak intensity of the perovskite on NiO,/PVP,
indicating higher crystallinity of the perovskite on NiO,/PVP.
The two peaks at 26 of 14.499° and 29.643° belong to the (100)
and (200) facets of FAPbBr;, respectively. The FWHM values of
the NiO,/PVP sample are 0.47° and 0.56°, which are smaller
than those of the NiO, sample (both values are 0.60°). Accord-
ing to the Scherrer formula,> we can know, D oc 1/f, where D is
the crystal size and f is the FWHM. Thus, the decreased FWHM
values indicate that the crystal size of the NiO,/PVP sample is
larger than that of the NiO, sample (Fig. S5, ESIt). Meanwhile,
the smaller FWHMs and larger grain sizes also verify the higher
crystallinity of the perovskite on NiO,/PVP. The absorption and
steady state PL spectra of NiO, and NiO,/PVP samples are
shown in Fig. 2e and f. Both the absorption and PL peaks of
the NiO,/PVP sample exhibit a red shift of 10 nm compared to
the NiO, sample, which can be attributed to the larger crystal
size in the NiO,/PVP sample. UPS results reveal the energy
landscape of NiO, with and without PVP modification (Fig. S4,
ESIT), NiO, (—5.32 eV) and PVP-modified NiO, (—5.38 €eV).
The TRPL measurements were carried out to investigate the
carrier dynamics in the perovskite on different interfaces. The
PL decays are shown in Fig. 3a. Obviously, the NiO,/PVP sample
exhibits a much longer PL lifetime compared to the NiO,
sample. The 7,,, on NiO,/PVP is 59.22 ns, which is one order
of magnitude higher than that on NiO, (4.85 ns). Details of
decay fitting are shown in Table S1 (ESIt). The improved PL
lifetime is attributed to the higher crystallinity and quality of
thin films, indicating reduced trap density. Meanwhile, the
PLQY also increases from 28.8% to 49.3% (Fig. 3b). XPS results
of the two samples confirm the interaction between PVP and
the perovskite (Fig. S7, ESIf). The characteristic peaks at
around 141 eV and 138 eV belong to Pb 4f,, and 4fs, of
Pb-Br in perovskite films (Fig. S7f, ESIt). This little shift
is ascribed to the change in the electron cloud density,
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Fig. 3 TRPL and PLQY results of perovskite layers deposited on pristine (a)
and PVP-modified (b) NiO, substrates. (c) and (d) J-V curves of hole-only
devices with the device structure of ITO/NIO, or PVP-modified NiO,/
perovskite/MoO,/Au.
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indicating the interaction between PVP and the perovskite.**>*
The valence band energy of the perovskite films is shown in
Fig. S8 (ESIt), which is —5.56 eV and —5.53 eV for perovskite/
NiO, and perovskite/PVP-NiO,, respectively. To further under-
stand the trap state change in perovskite films, we fabricate and
characterize hole-only devices with a structure of ITO/NiO, or
PVP-modified NiO,/perovskite/MoO,/Au. The trap-filled limit
point in the J-V curves of the hole-only device marks the
transition from trap-dominated to free-carrier-dominated con-
duction. From the J-V curves of the two samples, we can see
that the Vg, of the pristine device is 0.32 V, which is more than
twice that of the PVP-modified one (0.15 V). Since N, oc Vigy,
the PVP-modified device has a trap density less than half that of
the pristine device, which also confirms the reduced defect
density and increased crystallinity of PVP-modified perovskite
thin films.

The encouraging results prompted the fabrication of
PeLEDs in the air environment, utilizing a device architecture
comprising ITO/NiO, or PVP-modified NiO,/perovskite/TPBi/
LiF/Al (see Fig. 4a and the cross-sectional image in Fig. S9,
ESIY). Current density and luminance as a function of voltage
are plotted in Fig. 4b. The turn-on voltage at a luminance of
1 c¢d m™? (Vq) and maximum luminance (L) are 2.9 V and
15856 cd m 2 for NiO,-based PeLEDs and 2.8 V and 12 004 cd m ™
for PVP-modified NiO,-based PeLEDs (Table S2, ESIt). The
superior charge carrier density and electroluminescence bright-
ness observed in NiO,/PVP-based devices are attributed to
optimized hole injection, as confirmed by the significantly
reduced valence band offset (AE = 0.15 eV vs. 0.24 eV at
unmodified interfaces, exhibiting a 37.5% reduction). This
interfacial engineering effectively minimizes energy barriers
for hole transport.>” Notably, devices employing PVP-modified
NiO, demonstrate significantly reduced dark current, nearly
two orders of magnitude lower when the operating voltage is
below 2.6 V. This reduction can be attributed to the dense
surface morphology of the perovskite thin film deposited on
the PVP-modified NiO, substrate. Furthermore, benefiting from
the enhanced photoluminescent properties of the perovskite
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Fig. 4 Device structure of PeLEDs (a), J-V-L curves (b), EQE as a function
of luminance (c) and EL spectra (d) of NiO, and PVP-modified NiO, based
devices. (e) CIE coordinates of the EL from the PVP-modified NiO, based
device. (f) Summary of the state-of-the-art air processed green PeLEDs
based on EQEma, and peak wavelength,14-16:2526
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thin film, the PVP-modified NiO,-based devices achieve a
maximum external quantum efficiency (EQEax) of 16.05%,
marking a 52% increase relative to the EQE.x of 10.55%
observed in NiO,-based devices (Fig. 4c and Table S2, ESIY).
The EL peaks of both devices are located at 535 nm with CIE
coordinates of (0.22, 0.75) and a FWHM of 21 nm, indicative of
pure green light emission (Fig. 4d, e and Table S2, ESIf). As
corroborated by prior reports, PVP-modified NiO,-based
devices achieve the highest EQE among air-processed green
PeLEDs and comply with the Rec. 2020 standard (Fig. 4f and
Table S3, ESIt). Additionally, the PVP modification substan-
tially enhances the operational stability of the device when
operated at an initial luminance of 100 cd m~? (Fig. $12, ESI;+
the PL stability of the perovskite films are shown in Fig. S11,
ESI;} the PL intensity maintains ~70% of its initial value after
7 hours of continuous air exposure). Statistical analysis of 25
individual devices indicates that the PVP-modified NiO,-based
devices exhibit an average EQE,, of 14.14%, which is 2.4 times
greater than the average EQE,,.x of 5.95% observed in NiO,-
based devices (Fig. S13, ESIT). This suggests that PVP-modified
NiO, serves as an HTL, facilitating improved reproducibility in
the fabrication of air-processed PeLEDs.

Although we have successfully achieved high performance
green PeLEDs processed under air conditions, the main para-
meters of the devices are still significantly inferior to recent
devices fabricated under inert gas conditions.”® The perfor-
mance differences between the two kinds of PeLEDs arise from
moisture-induced accelerated crystallization, which compro-
mises the perovskite film quality. To mitigate this, we propose
(1) shielding active layers from airborne moisture by employing
low-hygroscopicity bottom interfacial layers and (2) modulating
crystallization kinetics using strongly interacting additives. These
approaches are anticipated to enhance morphological control
and environmental stability in air-fabricated PeLEDs."®*°

In summary, we present the development of highly efficient
air-processed pure green PeLEDs, achieving an EQE of 16.05%,
which represents the highest performance recorded for air-
processed green PeLEDs to date. This enhancement is attribu-
table to the strategic modification of the interface between the
perovskite layer and the hole transport layer (HTL) substrate
using PVP. The incorporation of PVP significantly improves the
crystallinity of the perovskite emissive layers, which in turn
leads to a reduction in defect density. Furthermore, perovskite
films deposited on PVP-modified NiO, substrates exhibit
enhanced PLQYs and extended PL lifetimes. As a result, devices
based on the PVP-modified NiO, substrate achieve a maximum
EQE of 16.05%.
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