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ABSTRACT: Light-emitting diodes based on perovskite nanocrystals (PNCs-
LEDs) have gained great interest for next-generation display and lighting
technologies prized for their color purity, high brightness, and luminous
efficiency which approach the intrinsic limit imposed by light extraction from the
device structure. Although the time is ripe for the development of effective light
outcoupling strategies to further boost the device performance, this
technologically relevant aspect of PNC-LEDs is still without a definitive
solution. Here, following theoretical guidelines and without the integration of
complex photonic structures, we realize stable PNC-LEDs with external quantum
efficiency (EQE) as high as 26.7%. Key to such performance is channeling the
recombination zone in PNC emissive layers as thin as 10 nm, which we achieve
by finely balancing charge transport using CsPbBr; PNCs resurfaced with a
nickel oxide layer. The ultrathin approach is general and, in principle, applicable
to other perovskite nanostructures for fabricating highly efficient, color-tunable transparent LEDs.
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properties and affordable solution processability, lead halide

perovskite nanocrystals (PNCs) have emerged as promising
active materials in a wide range of photonic and optoelectronic
technologies, spanning from photovoltaic cells," > lasers,”” data
communication,® and radiation detectors’ "' to luminescent
solar concentrators'>"” and artificial light sources."*~* Light-
emitting diodes based on PNCs (PNC-LEDs)**™** have
experienced a particularly steep growth,>>** owing to the
efficient, spectrally tunable, narrow luminescence of PNCs and
their defect-tolerant electronic structure.””*>~*' Building upon
these unique qualities of PNCs, extensive research in material
design, morphology/interfacial control,** surface chemis-
try," > 7273037739457 4 d energy level engineering (via doping
or alloying)***>" has been dedicated to understanding and
suppressing detrimental surface defects—acting both as traps for
electrically injected carriers and as nonradiative quenching
centers for the resulting excitonic luminescence—and to devise
suitable molecular ligands and solution-based protocols for
fabricating hi;h—quality, low-resistance PNC active
layers,'7?0937475275% Thege efforts have enabled researchers
to incorporate PNCs with ~100% photoluminescence (PL)
quantum yield (@p;) in devices featuring near-unity carrier
mobility ratio (y),”> resulting in internal quantum efficiency
(IQE =y X ng/p X Py, corresponding to the ratio between the

I n the past few years, prized for their advantageous optical
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number of photons emitted from the active region and the
number of electrons injected into the LED) close to 100% (7s/r
is the singlet to triplet ratio that, in halide perovskite materials, is
close to one’®). As a result, external quantum efficiency (EQE =
IQE X 7o, corresponding to the ratio between the number of
photons emitted to free space and the number of electrons
injected into the LED) of 21.6% was obtained by Chiba et al.*®
using red-emitting CsPb(Br/I);, and EQE = 23.4% was recently
reported by Kim et al.* using cation alloyed PNCs with
emission in the green region, in either case matching the record
performance of analogous LEDs based on perovskite thin
films.”**”** One key aspect of the best perovskite LED devices
(PNC- or thin-film-based) reported to date is their particularly
high light extraction efficiency from the device structure, 7o,
which is determined by the refractive index, absorbance,

thickness, and structure of the device l::1y<ers.59_64
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Figure 1. (a) Schematic depiction of a PNC-LED with the architecture used for the light outcoupling simulation. (b) Outcoupling probability
distribution as a function of the thickness of the emissive layer, d, for a PNC-LED with the same structure as in panel a. The output probability
depends strongly on the refractive index and thickness of all functional layers; therefore, particular care is suggested when comparing the
simulated data with literature reports. (c) Comparison between 7] c-values vs d computed by considering (triangles) or excluding (circles)
photon recycling effects. (d) 77 as a function of the refractive index of ultrathin (d = 10 nm, green circle) and standard (d = 40 nm, black
circles) active layer thickness. (e) Illustration of the effect of the positioning of the carrier recombination zone in balanced (y = 1) vs unbalanced
(y # 1) LEDs with standard or ultrathin active layers. For standard thickness devices, small charge imbalance lowers the efficiency, but the
recombination zone is maintained within the PNC active layer, thus preserving the color purity of the EL. In unbalanced ultrathin LEDs, exciton
formation and decay occur mostly in the charge-regulating layer (the HTL in the depicted case) leading to severe parasitic emission (in purple)

in addition to efficiency losses.

To highlight the role of 57o¢ in the EQE, it is instructive to
theoretically simulate the maximum achievable performance
(considering IQE = 100%) of a planar device with the
commonly employed architecture shown in Figure la as a
function of the thickness of a CsPbBr; PNC emissive layer
(indicated as d). In our calculations, we considered the same
device architecture employed to realize the ultrathin LEDs
reported later in this work, featuring an indium tin oxide (ITO)
coated (thickness 150 nm) glass anode coated with poly(3,4-
ethylenedioxythiophene):polystyrene (PEDOT:PSS, 20 nm)/
Poly(bis(4-phenyl)(2,4,6-trimethylphenyl)amine) (PTAA, 20
nm) hole injection/transport layers and 2,2’,2”-(1,3,5-benzine-
triyl)-tris (1-phenyl-1-H-benzimidazole) (TPBi) (4S5 nm)
electron transport layer covered with a LiF/Al (1 and 100 nm
respectively) cathode. For the refractive index of the CsPbBr,
PNC emissive layer, we employed n = 2.18, as measured by
ellipsometry (Supporting Figure S1). Photon recycling effects
caused by multiple reabsorption and re-emission events of the
electroluminescence (EL) were taken into account following the
approach described in refs 65 and 66. In order to emphasize the
effect solely of d without additional contributions from, for
example, light scattering due to rough surface/interface
morphology that artificially enhances light outcoupling, all
layers were assumed as perfectly flat, also consistent with the
very smooth film morphology of our real devices (vide infra).
Consistent with previous reports, the simulation in Figure 1b
shows that for d = 35—60 nm, the maximum achievable EQE
reaches ~21—22%, whereas the majority of the EL is lost due to
the high refractive index of the perovskite material, parasitic
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contributions by the substrate, waveguiding modes, surface
plasmons, and light absorption of the interlayers.

For this reason, effective outcoupling strategies for the
extraction of internal light are extremely powerful and highly
sought-after for progressing PNC LED performances beyond
the state-of-the-art. Several approaches have been successfully
applied to organic or quantum dot-based LEDs,°"%"~"*
including the engineering of the refractive index, orientation of
the emitter’s dipole, the integration of photonic structures (i.e.,
microlense arrays, diffraction gratings, low-index grids, or
buckling patterns inside the LED) or the optimization of the
thickness of the charge-regulating layers so as to exploit
microcavity effects. The use of patterned substrates or the
spontaneous formation of submicrometer structures'® have
been found helpful for enhancing light outcoupling from
organometallic perovskite LEDs.”””* Very recently, Kumar et
al. exploited anisotropic emission from PNC superlattices to
obtain peak EQE as high as 23.94% (average value (EQE) =
17.89%)”° and Ciu et al.” used aligned perovskite nanoplatelets
to obtain a light-outcoupling efficiency of ~31%, substantially
higher than that of isotropic emitters (~23%), although the LED
efficiency remained lower than 5%.

An alternative approach to enhanced light extraction
emerging from the theoretical simulation is thinning the
emissive layer to d ~ 10 nm (indicated here as the ultrathin
regime, Figure 1b). This should decrease the effective refractive
index of the functional layers, substantially reducing the fraction
of light trapped in waveguiding modes, ultimately enabling one
to boost the EQE to over ~30% without the need for complex
photonic components (corresponding to ca. 50% enhancement
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Figure 2. (a) Flat band energy diagram of a multilayer LED highlighting the shift of the frontiers level of CsPbBr; PNCs upon treatment with
NiOy. (b) Carrier mobility (top panel, electrons; lower panel, holes) in single carrier devices embedding pristine CsPbBr; PNCs (black
symbols) or CsPbBr;:NiOyx PNCs (green symbols). (c) Optical absorption (dashed lines) and PL (solid lines) spectra of pristine (black) and
NiOy-treated CsPbBr; PNCs (green) in toluene solution (excitation at 450 nm) and (d) respective PL decay curves.

with respect to standard thickness conditions). Consistent with
previous results,*”°° for ultrathin LEDs, photon recycling plays a
minor role in the outcoupling probability (~2% for 10 nm thin
devices, Figure 1c and Supporting Figure S2); however, due to
the substantial overlap between the absorption and emission
profiles and the near-unity @y of our PNCs, such processes
become more relevant for devices embedding thicker emissive
layers, leading to higher EQE values with respect to what is
commonly predicted by neglecting photon recycling. Impor-
tantly, as shown in Figure 1d, in the ultrathin regime, 7o is
found to slightly increase using emissive layers with high
refractive index, in stark contrast to the substantial drop
observed for thicker devices (i.e., d = 40 nm vs d = 10 nm). This
is an additional valuable benefit of this motif, as it opens the
possibility of exploring a wider range of materials with even
higher refractive index than common halide perovskites
(typically featuring 2.1 < n < 2.7, depending on the halide
composition, preparation method, etc.),”””® without sacrific-
ing—and possibly further enhancing—the maximum achievable
LED efficiency. Finally, the realization of ultrathin PNC-LEDs
would prompt their applicability to special situations where
semitransparency is a mandatory prerequisite, such as
unobtrusive LED displays and screens, augmented reality, and
wearable technology.

However, despite the great potential of the approach, the
practical realization of highly efficient LEDs with ultrathin PNC
layers is extremely challenging, as it requires perfect equalization
of the electron/hole currents inside the device, far beyond the
operation conditions of common PNC-LEDs, and fine material
processing to avoid the formation of pinholes in such a thin
active layer. As sketched in Figure le, this is because small
imbalances in charge injection/transport that are bearable for
larger d values—although still lowering the EQE—in the
ultrathin regime have the additional damaging effect of locating
the electron—hole recombination zone outside the emissive
layer. This results in severe efficiency drop and in spurious
parasitic EL from the organic charge-regulating layers, with
consequent detriment of the LED color purity, as demonstrated
by control experiments reported later in this work. Finally, being
made up of a small number of PNCs, ultrathin active films could
be more affected by degradation (i.e., thermal, electrical, etc.)
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than thick analogues, resulting in poor device stability.
Therefore, in order to exploit the full potential of the ultrathin
regime to overcome the outcoupling limit, specific material
design strategies are strictly needed.

In this work we aim to contribute to this challenge by
practically realizing highly reproducible, stable, color-pure, and
bright ultrathin PNC-LEDs with EQE systematically exceeding
the common outcoupling limit ((EQE) = 23.1%, champion
EQE as high as 26.7%) that, to the best of our knowledge,
overcome any perovskite-based LEDs reported to date without
additional photonic outcoupling components. To achieve this
regime, we took inspiration from the substantial improvement of
the hole mobility and device stability observed in organic and
quantum dot LEDs””™* and perovskite solar cells featuring
nickel oxides hole injecting layers®*~* to devise a postsynthesis
NiOy resurfacing treatment that synergistically optimizes all
three key parameters that determine the EQE (namely y, 7o¢,
and @y ). The application of this motif to both standard and
advanced CsPbBr; PNCs, resulted in essentially perfectly
equalized carrier injection and mobility that ultimately enabled
us to focus the recombination zone into active layers as thin as d
= 10 nm—matching the low thickness limit set by the particle
size—and to simultaneously enhance ®p; and device opera-
tional stability.

For our study, we employed state-of-the-art CsPbBr; PNCs
synthesized using the triple ligand method,*® as well as “control”
PNCs of the same composition fabricated via a conventional hot
injection route, that further generalize the ultrathin strategy for
overcoming the outcoupling limit. In both cases, the PNCs were
resurfaced with a hole-transporting NiOy layer using the
multistep postsynthesis treatment described in detail in
Materials and Methods in the Supporting Information. Based
on the nearly identical effect on the structural and physical
properties of PNCs produced through the two different
synthetic approaches, we focus hereafter on PNCs obtained
via the triple-ligand method that yields the best device
performance via a more sustainable room-temperature route
(the corresponding results on standard PNCs are reported in
Figures S20—526). The complete study of the effects of surface
functionalization on the structure and composition of either
PNC sample, including transmission electron microscopy
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Figure 3. (a) Cross-sectional TEM images of an LED sample embedding an ultrathin active layer of CsPbBr;:NiOy PNCs. (b) Current density—
voltage (J—V, hollow diamond) and voltage—luminance (L—V, full circles) characteristics of a representative CsPbBr;:NiOx PNCs-based LED
measured in our lab (green lines) and independently at the Research Center of Photoelectric Materials and Devices by the Department of
Electronic Engineering of the Shanghai Jiao Tong University (gray lines). The characterization was performed at room temperature in air with
simple device encapsulation. Inset: Transmission spectrum of the LED (d = 10 nm) without the metal cathode. (c) EQE curves of the same LED
reported in panel b (same color code as in panel b). Inset: photograph of a CsPbBr;:NiOy PNCs-based LED (active area 4 mm?). (d) EQE
statistics over 40 identical ultrathin LEDs (d = 10 nm) embedding CsPbBr;:NiOx PNCs synthesized through a room-temperature approach
(green bars) and hot injection method (gray bars). Bar width 1.5%. (e) EL spectra (dark green curves) of an ultrathin LED embedding
CsPbBr;:NiOy (d = 10 nm) at increasing bias voltage (3—7 V as indicated by the arrow) together with the respective PL spectrum (shaded
curve, excitation wavelength 450 nm). Bottom Inset: enlargement (X100) of the 380—470 nm region showing no emission by the organic
interlayers. Top Inset: Chromaticity coordinates corresponding to the EL spectra of the ultrathin PNC-LED based on CsPbBr;:NiOy shown in
the CIE chromaticity diagram, highlighting the vicinity of the color coordinates to the spectral locus. (f) Luminance as a function of operating
time of a representative CsPbBr;:NiOy PNCs-based LED tested at room temperature in air with simple encapsulation. Inset: Angular emission

profile of the same LED. The black line indicates the expected angular intensity distribution for a perfectly Lambertian emitter.

(TEM) images, size distribution, X-ray diffraction patterns, and
elemental mapping of pristine and NiOy-treated CsPbBr;
(hereafter refer to as CsPbBr;:NiOx) PNCs, is reported in
Figures S3—S5. TEM images evidence no difference in particle
shape or size before and after resurfacing (average size of 10.4 +
1.5 and 11.5 + 0.9 nm, respectively) in both cases showing cubic
lattice (with a possible slight shift to the orthorhombic phase in
the treated particles). The presence of nickel atoms adsorbed
onto the particle surfaces as NiOy species was confirmed by the
elemental analysis and the surface etching experiment combined
with X-ray absorption spectroscopy measurements (XANES
and EXAFS) shown in Figures S6 and S7. FTIR and NMR
experiments shown in Figures S8 and S9 further reveal that
following the NiOy treatment, most of the oleic acid and part of
the oleylamine ligands are removed from the particle surfaces
leaving mainly didodecyldimethylammonium bromide moieties.

Fundamentally, the NiOx layer has noticeable beneficial
effects on the electrical and optical properties of the PNCs,
which are both crucial for the realization of highly efficient
ultrathin LEDs. Specifically, as shown by the flat-band energy
diagram of pristine and CsPbBr;:NiOx PNCs (Figure 2a) and by
ultraviolet photoelectron spectroscopy (UPS) measurements
reported in Figure S10, the treatment produces a NiOx coating
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featuring an ~400 meV offset with respect to both frontier levels
of CsPbBr; PNCs. This introduces an intermediate energy step
at —5.4 eV between the HOMO level of PTAA (Eyopmo = —5.25
€V) and the valence band of the PNCs (Eyy = —5.8 eV), which
substantially facilitates hole injection. The effect on electron
injection is negligible due to the already favorable potential
offset between the LUMO of TPBi and the PNC conduction
band and the very low thickness of the dielectric barrier
constituted by the NiOy layer. Importantly and in agreement
with previous studies on organic and quantum dot LEDs using
nickel oxides interlayers to enhance hole injection and
transport,”” " carrier mobility measurements by a space-charge
limited current (SCLC) method in single carrier devices (Figure
2b) show that the hole mobility increases from the typical
value”®®? of yy, = 0.98 + 0.10 X 102 ecm> V™' s to gy, = 1.51 +
0.18 X 107 ecm*V~'s™' upon NiOy resurfacing, closely
matching the respective electron mobility, which also grows
from pt, = 126 £ 0.18 X 1073 ecm®* V™ s  to pt, = 1.52 + 0.16 X
1073 cm®*V~'s7!. Altogether, this results in essentially perfect
carrier mobility balance in devices based on CsPbBr;:NiOy
PNCs, as quantified by the term y = u./p;, that approaches unity
(y = 1.08 % 0.07) with respect to the pristine case featuring y =
1.29 + 0.06. Due of the initially lower mobilities in conventional
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PNC solids, the mobility balance increases even more
substantially after NiOy treatment for the standard CsPbBr;
PNCs, with y changing from 1.50 + 0.04 in the pristine case to y
= 1.09 + 0.08. We notice that this effect is also likely
corroborated by the PNC washing process and by the effective
passivation of surface carrier traps posited by NiOx. Suppression
of surface trapping is confirmed by the side-by-side spectro-
scopic analysis shown in Figure 2¢,d. Upon NiOy resurfacing,
the PL quantum yield grows from ®p; = 80 + 6% of the pristine
PNCs to @p; > 99% (Dp;, = 48 + 6% to 95 + 6% for the standard
PNCs), accompanied by a noticeable lengthening of the decay
kinetics. We highlight that the spectral position of the first
excitonic absorption and luminescence peaks are essentially
identical in the reference and CsPbBr;:NiOx PNCs samples,
indicating that the electronic structure of the nanocrystal’s core
is unaltered by the treatment, and that the bands alignment at
the heterointerface does not cause exciton splitting, which is
consistent with ~1 monolayer thin NiOy coating. We finally
notice that the PL spectrum of NiOx-treated PNCs is slightly
blue-shifted with respect to the pristine PNCs, which is likely the
consequence of the effective passivation of surface defect sites
(likely halide vacancies) in agreement with recent literature.'°

We then proceeded with experimentally validating the
potential of the ultrathin emissive layer approach by fabricating
and testing planar devices with the architecture shown in Figure
la embedding an ultrathin PNC emissive layer (d = 10 nm). The
cross-sectional TEM image is reported in Figure 3a, showing a
continuous film of CsPbBr;:NiOy PNCs with clear interfaces.
The surface morphology of the interlayers and of the ultrathin
PNC film deposited onto ITO/PEDOT:PSS/PTAA was
investigated by atomic force microscopy revealing uniform,
continuous films with RMS roughness as low as 0.63 and 2.04
nm, respectively (Figure S11). As anticipated above, the
smoothness of the interfaces is important for our discussion as
it minimizes light-scattering effects on light outcoupling,
consistent with the simulations in Figure 1b. The whole device
shows an ultralow thickness of about 400 nm (excluding the
glass substrate) resulting in substantial transparency across the
visible spectrum, as shown by the photograph of the complete
device, except for the metal cathode, reported in the inset of
Figure 3a and by the corresponding transmission spectrum in
the inset of Figure 3b. Consistently, the color rendering index of
transmitted light from D65 standard illuminant®” is as high as R,
= 9S. Although the engineering of fully transparent LEDs
including the cathode material is beyond the scope of this study,
Supporting Video 1 shows an example of a functioning ultrathin
LED with a semitransparent cathode (20 nm) emitting light
from both sides.

In Figure 3b,c we report the current density—voltage (J—V)
and luminance—voltage (L—V) responses of a representative
LED embedding an ultrathin layer of CsPbBr;:NiOx PNCs (d =
10 nm). The LED shows low turn on voltage (Vqy, defined as
the voltage at which the luminance is 1 cd/ mz) of 2.8 V, high
luminance up to ~5000 cd/m* and EQE = 23.7%, which
substantially exceeds the outcoupling limit of conventional
devices. External confirmation of the result was provided by
independent measurements on the same device. The repeat-
ability of our result over 40 identical devices (featuring d = 10
nm, complete statistics are reported in Table S3) is highlighted
in Figure 3d showing that nearly all produced LEDs exceeded
the outcoupling limit for standard PNC-LEDs and thus
systematically outcompeted any perovskite-based LEDs with
emission in any spectral region reported to date, with average
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(EQE) = 23.1 + 1.7% and champion EQE. = 26.7%. The
statistics over the same number of devices produced using
conventional CsPbBr; PNCs resurfaced with NiOy are also
reported showing, also in this case, very high EQE systematically
exceeding the outcoupling limit (EQE = 26.6%, (EQE) = 23.0
+ 1.7%, complete statistics are reported in Table S4), consistent
with the near-unity ®p; registered also for such PNCs. We
highlight that our statistics include devices embedding PNCs
from different synthesis batches, further corroborating the
repeatability of the approach. Crucially, at any driving voltage
(up to 7 V), the EL spectrum features exclusively a narrow
(fwhm = 20 nm) peak at 514 nm (Figure 3e), matching the
respective PL profile. The corresponding Commission Inter-
nationale de I'Eclairage coordinates are x = 0.05 and y = 0.66,
corresponding to ~90% saturated green light. No spurious
emission from the organic interlayers is observed, which
confirms that the recombination zone is fully confined in the
ultrathin active layer and that the emissive layer is a continuous
film of PNCs even at such a low thickness level. Devices with
gradually increasing d showed progressively higher Vi from 2.8
V to 5.2 V accompanied by the drop of the luminance and EQE
below the respective maximum theoretical value, which
indicates that the IQE decreases in thicker PNC films, likely
due to electrical losses in thicker PNC layers, which are not
taken into account in the optical simulation (Table S1).

More importantly, despite their very low thickness, our LEDs
with an ultrathin active layer exhibited constant electrical
luminescent response fully preserved for several consecutive
voltage scans (Figure S12) and operational luminance stability
comparable to the best devices reported to date featuring much
thicker emissive films, with half-lifetime (T, defined as the time
after which the luminance decreases by a factor of 2) as long as
Tso = 3 h when operated at constant current density of 1 mA/
cm?® (corresponding to initial luminance L, ~ 150 ¢d m™
(Figure 3f)) and Tg, = 15 min when driven at 8 mA/cm?
corresponding to Ly = 1200 cd m™* (Figure S13). Such stability
is likely due to the combined beneficial effect of the triple-ligand
approach used for the PNC synthesis and to the NiOx
resurfacing, as supported by the substantially lower stability of
comparable LEDs embedding pristine CsPbBry; NCs (Figure
S14) and in agreement with recent reports on stable perovskite
solar cells with nickel oxide interlayers.””® Finally, angular
resolved electroluminescence measurements of our ultrathin
LED featuring a CsPbBry:NiO, PNCs active layer showed
Lambertian emission distribution (inset of Figure 3f), thus
indicating that exceeding the outcoupling limit is not due to
microcavity effects,’ in agreement with our theoretical
prediction. We emphasize that ultrathin LEDs with the
performance shown in Figure 3 cannot be achieved with simple
pristine CsPbBr; PNCs produced with either synthetic
approach. As shown in Figure S15, already at conventional
thicknesses (d = 40 nm), control LEDs based on pristine PNCs
exhibit only half the EQE and maximum luminance in
comparison to analogue devices featuring NiOy treated
particles. Furthermore, because of disproportionate charge
injection and transport and of discontinuities in the film
structure, the electroluminescence spectrum of a control LED
with d < 12 nm features a strong blue emission emerging from
carrier recombination in the hole transport layer Figure S16. The
whole characterization of the control devices is reported in
Figure S17 and Table S2, showing, in agreement with previous
results,'™*° that the thinning approach also helps improve the
efficiency of conventional PNC-LEDs that, however, feature
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overall lower performance due to limited optical and electrical
properties of standard CsPbBr; PNCs. We finally point out that
also the amount of NiOx is crucial for maximizing the LED
functioning as shown in Figures S18 and S19 and Table SS.

In conclusion, we have demonstrated that overcoating
CsPbBr; PNCs with a layer of NiOyx boosts the luminescence
efficiency and equalizes the charge balance in LEDs, further
enabling us to thin the active layer to 10 nm, which
systematically enhances the efficiency of PNC-LEDs above the
maximum value imposed by light outcoupling in standard
devices, reaching EQE values exceeding 26%. The approach,
demonstrated here using CsPbBr; PNCs produced via both
room-temperature and hot injection methods is general and, in
principle, applicable to other perovskite nanostructures for
fabricating highly efficient, color-tunable LEDs. It is also
compatible with the artificial introduction of outcoupling
photonic structures for further boosting the device performance.
These results offer a potentially powerful strategy for high-
efficiency perovskite LEDs and a valuable route for next-
generation display and lighting technologies.
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