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Light-emitting diodes (LEDs) based on perovskite quantum dots have shown external
quantum efficiencies (EQEs) of over 23% and narrowband emission, but suffer

from limited operating stability’. Reduced-dimensional perovskites (RDPs)

consisting of quantum wells (QWSs) separated by organic intercalating cations show
high exciton binding energies and have the potential to increase the stability and the
photoluminescence quantum yield>*. However, until now, RDP-based LEDs have
exhibited lower EQEs and inferior colour purities* . We posit that the presence of
variably confined QWs may contribute to non-radiative recombination losses and
broadened emission. Here we report bright RDPs with amore monodispersed QW
thickness distribution, achieved through the use of a bifunctional molecular additive
that simultaneously controls the RDP polydispersity while passivating the perovskite
QW surfaces. We synthesize a fluorinated triphenylphosphine oxide additive that
hydrogen bonds with the organic cations, controlling their diffusion during RDP film
deposition and suppressing the formation of low-thickness QWs. The phosphine oxide
moiety passivates the perovskite grain boundaries via coordination bonding with
unsaturated sites, which suppresses defect formation. This resultsin compact, smooth
and uniform RDP thin films with narrowband emission and high photoluminescence

quantumyyield. This enables LEDs with an EQE of 25.6% with an average of 22.1 +1.2%
over 40 devices, and an operating half-life of two hours at an initial luminance of
7,200 candela per metre squared, indicating tenfold-enhanced operating stability
relative to the best-known perovskite LEDs with an EQE exceeding 20%"*°,

Metal-halide perovskites hold promise in solar cell’, laser®, photode-
tector® and light-emission applications™. They feature a combina-
tion of structural diversity, a tunable bandgap, saturated emission
colours, superior luminescence efficiencies, low-cost solution pro-
cessing and high charge mobilities. The rapid development of per-
ovskite light-emitting diodes (LEDs) has enabled an external quantum
efficiency (EQE) of 23.4% at green wavelengths with a full-width at
half-maximum of 20 nm (ref. ). However, this has not yet matched
the performance of inorganic quantum dot™? and organic** LEDs,
and the operating half-life at an initial luminance of 1,000 cd m™? has
so far been limited to 7 min (ref.?).

Organic-inorganic hybrid reduced-dimensional perovskites (RDPs)
have emerged asameans toincrease stability. RDPs consist of perovs-
kite flakes separated by bilayers of organicintercalating cations such as
butylammonium (BTA) and phenylethylammonium (PEA). These bind
to halide-rich surfaces, protecting perovskite surfaces and improving
stability>. RDPs show higher exciton binding energies than their bulk
counterparts, and exciton confinement that enables increased radiative

recombination rates and enhanced photoluminescence quantumyields
(PLQYs)" . RDPs formwith a mixture of quantum well (QW) thicknesses
and therefore bandgaps', leading to funnelling of injected carriers via
rapid interwell carrier transfer'>?°; however, so far, RDP-based green
LEDs have been limited to lower efficiencies and colour purities*.
Weascribed thistotheinferior control over the QW thickness uniformity
across the ensemble, leading to the presence of strongly confined QWs
inanotherwise homogenous distribution, thereby causing spatialand
energetic disorder.

The QW polydispersity depends on the diffusion of the organicinter-
calating cations during RDP film deposition. RDPs synthesized using
smaller cations such as BTA show greater QW-thickness polydispersity
than those made using bulkier cations such as PEA—a finding ascribed
to the faster diffusion of BTA thatleads to a higher probability of form-
ing low-thickness QWs". We sought further control over the diffusion
of the organic cations and took the approach of using an additive as
an experimental handle that could be controlled independently of
the organic cations.
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Fig.1|Distribution control strategy. During antisolvent-induced
crystallization, [PbBr¢]* nuclei, MA and Cs* cations assemble to form the
perovskite flakes, allowing the PEA organic cations to diffuse and enter the
extended perovskite lattice, thereby forming RDPs. In the control case, rapid
diffusion of PEA leads to QW polydispersity, whereasin the case of

Wesoughttobindtheorganiccations—PEAinthiscase—withamolecular
additive that would limit their diffusion during RDP film deposition,
thereby suppressing the formation of low-n QWs (n describes the
number of the corner-sharing [PbBr¢]*” octahedra perovskite flakes
inasingle well). We synthesized tris(4-fluorophenyl)phosphine oxide
(TFPPO)—amolecular additive that we introduced via the antisolvent—
which contains two functional groups: strongly electronegative fluorine
atoms to form hydrogen bonds with the organic cations, serving as a
diffusion controller during RDP film deposition, towards the goal of
RDPs with energetically monodispersed QWs; and phosphine oxide
(P=0) tobind the unsaturated sites at the perovskite grainboundaries,
thus serving as a surface passivant to lower defect densities and
enhance the PLQY (Fig.1).

Wefocused onRDPswithastoichiometry of PEA,Cs, (MA, ,Pb,Br,,and
prepared thin films on glass substrates using a two-step spin-coating
process (Methods; here MA is methylammonium). We used chloroform
as the antisolvent in all studies, and a non-fluorinated additive,
triphenylphosphine oxide (TPPO) for comparison. Grazingincidence
wide-angle X-ray scattering (GIWAXS) measurements indicated that
control RDPs prepared withthe additive-free antisolvent showed well
ordered structures, with QWs oriented predominantly parallel to the
substrate, as previously observed for low-n QWs"; by contrast, both
TPPO-treated and TFPPO-treated RDPs showed isotropic rings, the
latter more homogeneous, suggesting more isotropic orientation of
perovskite layers. Diffraction peaks presentatg,~ 0.5A"and g, ~ 0.8 A™
in the control RDPs were absent in TPPO-treated and TFPPO-treated
RDPs, indicating suppression of low-n QWs (Extended DataFig.1a-c).

Control RDPs showed four distinctive bleach peaks in the transient
absorption (TA) spectra, correspondingtothen=1,n=3,n=5and
n=>5+QWs, respectively® (Fig. 2a, d). TPPO-treated RDPs showed a
prominent peak at 495 nm with a broad shoulder (Fig. 2b, e), whereas
TFPPO-treated RDPs showed a narrower peak at 495 nm dominated
by n=5+QWs (Fig. 2¢, f). The narrowing and redshifting of the bleach
peak at early delay times is consistent with carrier transfer from
lower-to-higher-nRDPsin TFPPO-treated RDPs. The efficiency of carrier

TFPPO

crystallization with TFPPO added to the antisolvent, the fluorine atoms bind to
PEAviahydrogenbonds, limiting their diffusion and promoting the formation
of RDPs with monodispersed QWs. The P=0 moiety additionally passivates the
perovskite grainboundaries.

funnelling to the lowest bandgap RDP or bulk perovskite is evidenced by
the narrower photoluminescence (PL) spectra (Fig. 2g-i), and enhanced
radiative recombination efficiency is evidenced by the higher PLQY of
TFPPO-treated RDPs (Extended Data Fig. 1d—f).

We thenused time-correlated single-photon counting toinvestigate
the charge-carrier kinetics of the RDPs, and found that TPPO-treated
and TFPPO-treated RDPs showed longer radiative lifetimes than control
RDPs (Extended Data Fig. 1g). We also measured the photostability, and
observed that TFPPO-treated RDPs retained more than 50% of their
original emission intensity after one hour of continuous excitationin
anitrogen-filled glovebox (Extended Data Fig. 1h)—tenfold longer than
the half-life of control RDPs.

Tounderstand the functions of the fluorine atoms and the P=O moiety,
we prepared RDPs using two other additives: tris(4-fluorophenyl)
phosphine (TFPP), the structure of which contains fluorine but no
P=0; and triphenylphosphine (TPP), the structure of which has neither
fluorine nor P=0. Compared with TPP-treated RDPs, TFPP-treated RDPs
showed narrower TA and PL spectra, consistent with fluorine enhancing
the QW monodispersity; TPPO-treated RDPs showed a higher PLQY
than TPP-treated RDPs, consistent with the P=0 moiety decreasing the
defect densities via passivation of the perovskite grainboundaries?*
(Extended DataFig. 2).

We used X-ray diffraction (XRD) to characterize the structure and
ordering of the RDPs (Extended Data Fig. 1i). Control, TPPO-treated
and TFPPO-treated RDPs showed successively wider XRD profiles with
signals shifting towards smaller angles, as well as gradually decreasing
crystalline sizes. Scanning electron microscope (SEM) and atomic
force microscope (AFM) characterizationindicated that TFPPO-treated
RDPs showed improved film morphology compared with control and
TPPO-treated RDPs (Extended Data Fig. 3).

We next studied the mechanism of diffusion control and surface pas-
sivation experimentally and computationally. We used nuclear magnetic
resonance (NMR) to examine the interactionbetween TPPO, TFPPO and
the perovskite precursor componentsinsolutions. We dissolved TPPO
and TFPPOindeuterated dimethyl sulfoxide, then added each perovskite
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Fig.2|Optical characteristics. a-c, TAspectraof control (a), TPPO-treated
(b)and TFPPO-treated (c) RDPs at adelay time ranging from O psto 50 ps.
d-f, TAspectraofcontrol (d), TPPO-treated (e) and TFPPO-treated (f) RDPs at
delaytimesof1ps,2ps,5ps, 10 psand 50 ps, with the chemical structure of

precursor component (MABr, PEABr, CsBr or PbBr,). Pure TPPO and TPPO
with the addition of CsBrshowed similar>'P NMR signals, suggesting that
therewaslittleinteraction between TPPO and CsBr; whereas the addition
of PbBr,, PEABrand MABr resulted in downfield-shifted signals. Similar
results were observedinthe case of TFPPO (Fig. 3a). Thisis consistent with
the P=0 moiety of TPPO and TFPPO forming coordination bonds with
the Pb* cations (P=0:Pb), as well as hydrogen bonds with theammonium
tails of the organic cations (P=0~H-N), which withdraws electron density
from the phosphorous atoms, thereby downfield-shifting the *P NMR
signals. Theaddition of PEABr to pure TFPPO also led to downfield-shifted
F NMR signals, consistent with the fluorine atoms forming hydrogen
bondswith PEA (F"H-N), increasing the steric hindrance and slowing its
diffusion during RDP film deposition, thereby suppressing the formation
oflow-n QWs that consume more PEAY.

We used X-ray photoelectron spectroscopy (XPS) and Fourier-
transforminfrared spectroscopy (FTIR) toinvestigate the interaction
between TPPO, TFPPO and RDPs in thin films. Compared with control
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chloroform (antisolvent), TPPO and TFPPO, respectively, shown above.
g-i, Absorption (dashed) and PL (solid) spectra of control (g), TPPO-treated
(h) and TFPPO-treated (i) RDPs. FWHM, full-width at half-maximum.

RDPs, TPPO-treated and TFPPO-treated RDPs showed core-level peaks
of Pb 4fand Br 3d that were shifted towards lower binding energies
(Fig. 3b, ¢). This demonstrates that the P=O moiety donates its lone
electron pair on the oxygen atoms to the empty 6p orbital of Pb*, not
only decreasing the cationic charge but also leading to a change in
the electrostatic interaction between the Pb* and the Br-ions®. In the
FTIR spectra, we observed an infrared peak at 1,193 cm™ arising from
the P=0 stretching vibration® for both pure TPPO and TFPPO, and
found that this shifted to a lower wavenumber for TPPO-treated and
TFPPO-treated RDPs (Fig. 3d, e). For pure TPPO and TPPO-treated RDPs,
the peaks corresponding to v(Ar-H)* at 1,437 cm™ and v(P-Ar)* at
1,119 cm™ remained unchanged, indicating that there was little inter-
action between RDPs and the phenyl group of TPPO. However, the
peaks corresponding to v(Ar-F)* at 1,410 cm™ and 1,247 cm™ and
v(P-Ar) at 1,129 cm™for pure TFPPO all shifted to lower wavenumbers
for TFPPO-treated RDPs, suggesting that the fluorine-derived hydrogen
bonds (F"H-N) persisted in the fully formed thin films.
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Fig.3|NMR, XPS and FTIR studies. a, Left: P NMR spectra of pure TPPO
and TPPO with different perovskite precursor components. Right: P NMR
and”F NMR spectra of pure TFPPO and TFPPO with different perovskite
precursor components.b, ¢, Pb 4fspectra (b) and Br 3d spectra (c) of control,
TPPO-treated and TFPPO-treated RDPs.d, FTIR spectra of pure TPPO and
TFPPO. e, FTIRspectraofcontrol, TPPO-treated and TFPPO-treated RDPs.

Density functional theory simulations revealed that TFPPO formed
hydrogen bonds with the ammonium tails of PEA in RDPs, increasing
the binding energy by 0.65 eV (Extended Data Fig. 4).

Encouraged by the promising optical properties of these RDPs,
next we sought to translate them into high-performance LEDs. We
used a device configuration consisting of indium tin oxide (ITO, as the
anode, about 32 nm)/poly(3,4-ethylenedioxythiophene)polystyrene
sulfonate doped with nafion perfluorinated ionomer (PEDOT:PSS:PFI,
asthehole-transport layer, about 210 nm)/RDPs (the active layer, about
60 nm)/tris[2,4,6-trimethyl-3-(pyridin-3-yl)phenyl]borane (3TPYMB,
astheelectron-transportlayer, about 40 nm)/lithium fluoride (LiF, as
the electron-injection layer, about 1 nm)/aluminium (Al, as cathode,
about 150 nm) (Fig. 4a). The thickness of each functional layer was
measured using transmission electron microscopy (TEM). We added
poly(methylmethacrylate) (0.2 mg ml™) into the antisolvent to
furtherimprove the PLQY and film morphology of RDPs (Extended Data
Fig.3), whichwas enabled by theinteraction betweenits carbonyl (C=0)
groups and perovskite precursors during film deposition.

Control, TPPO-treated and TFPPO-treated RDP-based LEDs showed
bright green emission with similar current-voltage characteristics, and
TFPPO treatment enabled enhanced luminance (Fig. 4b, Extended Data
Fig. 6a—-c).Controland TPPO-treated RDP-based LEDs showed EQEs of
10.7% and 17.6%, respectively, while TFPPO-treated RDP-based LEDs
achieved ahigh EQE of 25.6% (Fig. 4c)—close to the theoretical outcou-
pling efficiency obtained from optical modelling (Methods, Extended
DataFig. 7). Themaximum current efficiency is 88 cd A™. We attribute

theimproved device performance to the superior PLQY combined with
enhanced carrier balance in TFPPO-treated RDPs—these show similar
hole-transport behaviour, and higher electron conductivity compared
with control and TPPO-treated RDPs (Fig. 4d).

We then measured the device operating stability of LEDs based on
TFPPO-treated RDPs, applying a constant current density of 8§ mA cm™,
which provided aninitial luminance (L,) of 7,200 cd m and monitoring
the evolution of luminance. The half-life (7,,)—the time by when L,
decreased to half (L,/2)—was 115 min (Fig. 4e), tenfold longer than that
ofthebest previous reports at comparableinitial luminance (Extended
Data Table 1)*#267%,

Insummary, RDPs withmonodispersed QWs were synthesized using
a bifunctional molecular additive that controlled the diffusion of the
organic cations during film deposition, and also functioned as a surface
passivant. This allowed us to fabricate compact, smooth and uniform
RDP thin films with narrowband emission and high PLQY. We achieved
RDP-based LEDs with an EQE 0f 25.6% with an average of 22.1 +1.2% over
40 devices, and an operating half-life of 115 min at aninitial luminance of
7,200 cd m, an order of magnitude longer than that of the best-known
perovskite LEDs with EQEs exceeding 20% (refs. »4762629),
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Methods

Materials

Methylammonium bromide (MABr) and phenylethylammonium
bromide (PEABr) were purchased from Dyesol. Cesium bromide
(CsBr, 99.999%) was purchased from Alfa Aesar. Anhydrous dime-
thyl sulfoxide (DMSO), anhydrous chloroform, lead bromide (PbBr,,
>98%), triphenylphosphine oxide (TPPO, 98%), triphenylphos-
phine (TPP, >95%), tris(4-fluorophenyl)phosphine (TFPP), nafion
perfluorinated resin solution (tetrafluoroethylene-perfluoro-3,
6-dioxa-4-methyl-7-octenesulfonic acid copolymer, 5 wt% in a mix-
ture of lower aliphatic alcohols and water, containing 45% water) and
lithium fluoride (LiF, >99.99%) were purchased from Sigma-Aldrich.
Tris[2,4,6-trimethyl-3-(pyridin-3-yl)phenyl]borane (3TPYMB, >99%,
sublimed) was purchased from Xi’an Polymer Light Technology.
Poly(3,4-ethylenedioxythiophene)polystyrene sulfonate (PEDOT:PSS,
Clevios PVP A14083) was purchased from Heraeus. All chemicals were
used directly as received.

Synthesis and NMR characterization of TFPPO

TFPPO was synthesized through oxidization of TFPP. TFPP (2.0022 g,
6.33 mmol) was dissolved in 10 ml chloroform and reacted with an
aqueoussolution of H,0, (30%,10 ml) under stirring at room tempera-
ture overnight. The resulting mixture was extracted by chloroform
and dried at 70 °C overnight to produce a white powder (0.9426 g,
2.84 mmol). Yield: 45%. 'H NMR (499.87 MHz, DMSO-d,) 6 =7.68
ppm (dtd,/=11.5Hz,5.7Hz, 2.1 Hz, 6H), 7.41ppm (ddt,/ = 8.9 Hz, 6.6 Hz,
2.1Hz, 6H); F NMR (470.30 MHz, DMSO-d,) 6 =-107.1 ppm; *P NMR
(202.35 MHz, DMSO-d,) 6 = 23.69 ppm.

NMR measurements

One-dimensional'H NMR (*H; 499.87 MHz), °F NMR (*F; 470.30 MHz)
and>'P NMR (*'P; 202.35 MHz) spectra were acquired at 25 °C using a
500-MHz Agilent DD2 spectrometer equipped with a 5-mm 'H-"F{X}
OneNMR probe. The spectra were acquired using the standard phos-
phorus pulse sequence as supplied by the Varian/Agilent acquisition
software. The spectra were acquired with 32 scans, with a relaxation
delay of 5s, areceiver gain of 40 dB, an acquisition time of 20 sand a
sweep widthof2,022, and the freeinduction decay was collected with
80,906 points.

RDP preparation

The perovskite precursor solution was prepared by dissolving
PbBr, (0.6 mol ™), CsBr (0.32 mol I"), MABr (0.08 mol 1) and PEABr
(0.4 mol I™") in anhydrous DMSO under continuous stirring overnight in
anitrogen-filled glovebox at room temperature. The resulting clear and
colourless solution was diluted with 20 vol% DMSO, filtered and dripped
onto the substrates, pre-spun at1,000 r.p.m.for10 s, then spin-cast at
5,000 r.p.m.for 60 s. Control, TPPO-treated and TFPPO-treated RDPs
were prepared by dripping 0.5 ml antisolvent (pure chloroform, and
chloroform with the addition of 10 mg mI™ TPPO or TFPPO) after20 s
during the second step. Finally, the thin films were annealed on a hot
plateat 90 °C for 5 min to remove the residual solvents.

GIWAXS measurements

GIWAXS images were collected atbeamline 7.3.3 of the Advanced Light
Source at Lawrence Berkeley National Laboratory. Two-dimensional
scattering was collected at 0.1°and 0.5°incidence with 10-keV X-rays and
recorded onaPilatus 2M camera (172-um pixel size, 1,475 x 1,679 pixels).
Data processing was performed using Nika and GIXSGUI software
packages®*>.,

TA measurements
A regeneratively amplified Yb:KGW laser (PHAROS, Light Conver-
sion) was used to generate femtosecond laser pulses at a wavelength

0f1,030 nm as the fundamental beam with a repetition rate of 5 kHz.
The fundamental beam was passed through abeam splitter, where the
majority of the beam was used to pump an optical parametric amplifier
(ORPHEUS, Light Conversion) to serve as a narrowband pump (pulse
duration of about 200 fs, full-width at half-maximum of about 10 nm).
The remaining part of the beam was focused into atranslating sapphire
crystal to generate a white light probe ranging between 400 nm and
800 nm. The pump and probe pulses were directed into acommer-
cial TA spectrometer (Helios, Ultrafast). The probe pulse was sent to
aretroreflector mounted on a delay stage where multiple reflections
off the retroreflector allowed for a delay relative to the pump pulse
of up to 8 ns. TA measurements were obtained with pump powers at
70 pW, and a spot size of 0.3 pm? (assuming a Gaussian beam profile).

PL characterization

A Horiba Fluorolog system was used for PL characterization.
Steady-state PL was measured with a monochromatized xenon lamp
as the excitation source. A time-correlated single-photon counting
detector and a pulsed laser diode (wavelength A = 374 nm) were used
toacquiretransient PL. Aninstrument response function of At = 0.13 ns
provided alimit to the overall time resolution. Time-resolved PL decay
curves were recorded by measuring individual transient PL traces at
increasing emission wavelengths. Ultraviolet-visible absorption, exci-
tation power-dependent PLQY and photostability were measured in
anitrogen-filled glovebox, using the QE Pro65 spectrometer (Ocean
Optics) and a laser diode (A = 365 nm) as the excitation light source
system, and the system was calibrated with the aid of a standard halogen
lamp (HL-3-INT-CAL, Ocean Optics).

XRD measurements

XRD measurements were conducted using a Rigaku MiniFlex 600 dif-
fractometer (Bragg-Brentano geometry) equipped with a Nal scintilla-
tion counter detector and amonochromatized Cu Karadiation source
(1=1.5406 A) operating at a voltage of 40 kV and a current of 15 mA.

SEM measurements

We prepared RDP thin films on ITO-coated glass substrates in a
nitrogen-filled glovebox, put them into a sealable sample tray,
and transferred it to the field emission scanning electron micro-
scope (FESEM, JSM-7610F) to characterize the surface morphology.
The measurements were operated at a voltage of 2 kV.

AFM measurements

AFM measurements were performed using an Asylum Research Cypher
AFM operated in a.c. mode in air conditions. Images were collected
using ASYELEC-02ssilicon probes with titanium-iridium coatings from
AsylumResearch. The probes had a typical spring constant of 42N m™.

XPS measurements

We prepared RDP thin films on ITO-coated glass substrates in a
nitrogen-filled glovebox. Thermo Scientific K-Alpha+ XPS system was
used for XPS analysis of Pb 4fand Br 3d chemical states. The excitation
source was Al Ko (1,486.6 eV).

FTIR measurements

FTIR measurements were performed using the Thermo Scientific Nico-
letiS50 ATR-FTIR. The samples were fabricated on glass substrates and
placed on top of the attenuated total reflectance crystal. The spectra
were obtained using 16 scans with a resolution of 4 cm™, and the col-
lection wavenumber range was between 400 cm™ and 4,000 cm™.

Density functional theory calculations

Density functional theory calculations were performed using the
Vienna Ab initio Simulation Package (VASP)* using an energy cut-off
of 520 eV for the planewave basis set, the Perdew-Burke-Ernzerhof™
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exchange-correlation functional and projector-augmented-wave Per-
dew-Burke-Ernzerhof pseudopotentials®*, Layered RDPs withn=5
were modelled using MA as a cationbothinside and onthe surface. The
slabs of layered perovskites are separated by 20 A of vacuum in the x
direction and are periodic in the y direction and z direction with only
the T k-point being used for simulations. All geometries were relaxed
until forces onatoms converged to below 1 meV A™, including cell-size
degrees of freedom. Binding energies were then calculated as a differ-
encebetween Eslab+moleculer Eslab and Emo]eculeingas phase*

TEM measurements

We prepared the device cross-sectional samples using a focused-
ion-beam system (FIB, FEI Scios 2 Hivac). The protective layers of gold
and platinum were deposited before ion-beam cutting and etching.
The voltage used in the ion-beam etching process was 30 kV (0.1 nA),
and the purge was 5kV (0.1 nA). We characterized bright-field and
element-mapping images using FEI Talos F200X G2 TEM.

Ultraviolet photoelectron spectroscopy measurements

We prepared RDP thin films on ITO-coated glass substrates in a
nitrogen-filled glovebox. Photoelectron spectroscopy was performed
in a PHI5500 Multi-Technique system using non-monochromatized
He la radiation (hv = 21.22 eV). All work function and valence band
measurements were performed at a take-off angle of 88°, with a base
chamber pressure of 107 Pa. A bias of =15 V was applied to measure
the work function.

LED fabrication

LEDs were fabricated on patterned ITO-coated glass substrates (Thin Film
Devices). Thethickness of the glass substrateis 0.70 mm. The thickness of
theITOlayeris 320 + 25 Aand theresistivity is 100 + 25 Q sq™. We cleaned
thesubstrates using detergent, deionized water, acetone and isopropanol
inanultrasonic washer, then treated them with oxygen plasmafor 5 min.
Then a mixed solution of PEDOT:PSS and PFI (at a mass ratio of 1:1) was
spin-cast at 500 r.p.m. for 10 s, then 4,500 r.p.m. for 90 s, followed by
annealing on a hot plate at 150 °C for 20 min in air conditions. The sub-
strates were cooled and transferred into a nitrogen-filled glovebox, then
the RDP thin films were fabricated thereon as described above, except
that 0.2 mg ml™ poly(methylmethacrylate) (PMMA) was added into the
antisolvent. Finally, the substrates were transferred into a high-vacuum
thermal evaporator, where 3TPYMB (approximately 40 nm), LiF (approxi-
mately 1 nm)and Al (approximately 150 nm) were deposited layer by layer
through ashadow mask at a pressure below 107 Pa.

LED evaluation

The device active area was 5.25 mm?as defined by the overlapping area
of the ITO and aluminium electrodes. We used the LED measurement
method of Forrest et al.>®, at room temperature in a nitrogen-filled
glovebox. We first measured the angular dependence of the
electroluminescence (EL) intensity and spectra, and found that the
light distribution was consistent with aLambertian circle and that the
EL spectra are independent of the angle (Extended Data Fig. 6d, e).
The light distribution was measured by using a Hamamatsu PMA-12
detector, coordinating with astepping motor controller (Hamamatsu
DS-102) to automatically change the angle from 0°to 90°. The device
was operated under afixed bias of 4 V. The current-voltage character-
istics were measured using a Keithley 2400 source meter. The absolute
radiation flux for calculating the EQE, power efficiency and luminance
was collected using an integrating sphere and a QE Pro65 spectrometer
(Ocean Optics). We used commercial organic light-emitting diodes
(OLEDs, Visionox Technology) as calibration sources to cross-check the
LED measurements. We carried out the analysisin our lab, and secured
anindependent analysis at the National Institute of Metrology of China,
from which we now show the results that accord with one another to
within 5% relative (Extended Data Fig. 6f).

LED stability measurements

The device operating stability was measured at room temperature in
anitrogen-filled glovebox. LEDs were driven using a Keithley 2400
source meter ata constant current, and the EL intensity was measured
with a commercial photodiode (Vishay Semiconductors BPW34). We
measured the operating stability of LEDs based on TFPPO-treated RDPs,
applying a constant current density of 8§ mA cm™and monitoring the
evolution of luminance.

Hole-only and electron-only device fabrication

The hole-only devices were fabricated with the structure ITO/
PEDOT:PSS:PFI (approximately 210 nm)/RDP (approximately 60 nm)/
MoO, (approximately 30 nm)/Al (approximately 150 nm). The electron-
only devices were fabricated with the structure ITO/3TPYMB (approxi-
mately 150 nm)/RDP (approximately 60 nm)/3TPYMB (approxi-
mately 40 nm)/LiF (approximately 1 nm)/Al (approximately 150 nm).
PEDOT:PSS:PFI, RDP,3TPYMB, LiF and Al were prepared as described
above, and MoO, was deposited at a pressure below 10™ Pain a high-
vacuum thermal evaporator.

Spectroscopic ellipsometry analysis

TFPPO-treated RDPs were prepared on sapphire substrates to measure
ellipsometric parameters, amplitude ratio ¥ and phase difference 4,
which were collected at incident angles of 60°, 65° and 70° using an
ellipsometer (Wuhan Eoptics Technology). To achieve the extinction
coefficient and refractive index, experimental ¥ and 4 spectra were
fitted with an optical model by varying free parameters (dispersion
model parameters and layer thickness). The Cauchy dispersion function
was utilized to describe the optical property of the sapphire substrate.
TFPPO-treated RDPs were described using the Tauc-Lorentz model®.
Thedielectric function of the PEDOT:PSS:PFllayer was described using
several Gaussian oscillators. Optical constants, extinction coefficient,
andrealandimaginary reflective indices were relative to the dielectric
function. The goodness of fit of the optical model was defined using
the lowest mean-squared error®,

Device optical modelling

To evaluate the theoretical outcoupling efficiency, we built models to
study theinfluence of nanostructure at theinterface of POEDT:PSS:PFI
and the RDP-based active layer in LEDs. This model considered the
output light-wave power excited by a uniform plane of dipole sources
located within the active layer, which was sandwiched among a stack
of functionallayers of varying complex refractive indices. The photons
were modelled as though they were generated by spontaneous emis-
sion within the active layer with random direction and polarization.
Tocalculate the average generated electromagnetic field intensity and
the power dissipation channels of the dipole sources, we averaged over
the dipole orientation and polarizations. Similar assumptions have
beenmadein other studies**°. The morphology of the PEDOT:PSS:PFI
layer was characterized using SEM and AFM, the thickness of each layer
was determined using TEM, and the corresponding refractive indi-
ces were measured using ellipsometry (Extended Data Fig. 7a, b). The
optical simulations were performed using the Chance-Prock-Silbey
model by the integrated commercial software of Setfos (5.05 from
Fluxim AG). After construction of the geometrical dimension of the
LED, respective refractive indices and EL spectra were imported into
the model. All layers except for the active layer were evaluated with
complex refractive indices. The glass substrate was set to be incoher-
ent duetoits large thickness.

The power dissipation channels were examined using mode analysis
thatincluded the outcoupling mode (direct emission), substrate mode,
guided mode, absorption loss and evanescent coupling. These chan-
nels are widely used for the description of the power dissipation, both
qualitatively and quantitatively in perovskite and quantum dot LEDs,



and were originally defined and classified in OLEDs by their in-plane
wave vectors*. As the light emission from the aluminium cathode side
was negligible, the outcoupling power mainly originated from the glass
side of the device. Light energy loss due to the complex refractive indi-
ces of the layers was considered as intrinsic optical absorption. If the
in-plane wavevector k, of light was larger than the wavevector in free
space kg, and smaller than the wavevector in the substrate gk, this
part of light energy was considered trapped in the substrate mode; if
thelight with k, was larger than ng, k.. and smaller than the equivalent
wavevector in the active and the transport layers ng..q.ky, this part of
energy was considered as trapped in the guided mode; if the light with
k. was larger than n ...k, and was emitted with animaginary angle, it
was classified as the evanescent coupling to represent evanescent wave
propagating along the interfaces and/or plasmons in the metal layer.

The EQEis equal to the product ofinternal quantum efficiency (IQE)
and light extraction efficiency (LEE) as EQE = IQE x LEE, where IQE is
aproduct of internal radiative efficiency 5., and the charge balance
efficiency n,,; (ref. *?). The LEE evaluates the portion of the escaped
photonsoutside the LED to the total emitted photons generated inthe
active layer. The outcoupling efficiency in our model was defined as
the number of outcoupling photons over the total generated photons
intheactive layer, and was calculated using Setfos. Therefore, the out-
coupling efficiency can be considered equal to the LEE. Following the
nomenclature of mode analysis in the above paragraph, we also used
the outcoupling efficiency instead of LEE when analysing the power
dissipation channel of the LEDs. Assuming near-unity 1,,4and n;,;, EQE
will become equal to LEE, and accordingly the value of outcoupling
efficiency can be used to evaluate the EQE.

Extended Data Fig. 7c describes the power dissipation channels of
planar LEDs as afunction of the equivalent recombination centre loca-
tion (ERCL), whichwas numerically evaluated by the ratio of the position
of'the plane of the dipole sources to the overall thickness of the active
layer. The ERCL ranged from O to 1 corresponding to the top (close to
hole-transportlayer, HTL) and bottom (close to the electron-transport
layer, ETL) of the active layer. A noticeable feature was the significant
change of the evanescent coupling when the ERCL was at the top of
the active layer, due to the strong excitation of the electromagnetic
(evanescent and/or plasmonic) modes propagating along the interfaces
of functional layers. As the thickness of each functional layer remained
constant, the absorptionloss and thetotal trapped light energy (energy
trapped inside theactive layer and the substrate) showed little variation
as the ERCL approached the ETL. As the ERCL was shifted fromOto1,
the outcoupling energy gradually increased to 20.3% (for an ERCL of
0.56) and then decreased to18.4%. The outcoupling efficiency spectra
were also evaluated as a function of the ERCL. We found that close to the
HTL, the outcoupling efficiency was lower across the entire emission
spectra. Conversely, the optimal recombination centre locationled to
the highest outcoupling efficiency in the emission spectra.

In addition to the influence of the ERCL, the outcoupling efficiency
was influenced by the scattering interface as it could randomize the
propagation angle of the photons and extract the photons from
trapped modes. Therefore, arandomly nanostructured interface was
added between the HTL and TFPPO-treated RDPs to simulate scat-
tering. Compared with its planar counterpart, the light energy was
no longer trapped in the guided mode. As the interface between the
glass substrate and the air was still optically flatin the model asin the
planar device, there was noticeable amount of energy trapped inside

the substrate mode. The absorption loss was also decreased, as more
light could escape outside the device by scattering without being
trapped and absorbed by the transport layers with complex refractive
indices. The effective scattering interface led to a clear improvement
of the outcoupling efficiency compared with the planar device. For
lower ERCLs, the plane of the dipole sources was closer to the HTL,
resulting in stronger scattering influence and a higher outcoupling
efficiency over 30%.

Data availability

The data that support the findings of this study are available from the
corresponding authors.
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additives.



Extended DataFig. 4| Density functional theory simulations.a, TFPPO PEA organic cations (N-H~F) shows abinding energy of 1.88 eV.b, TFPPO with
binding with the unsaturated lead dangling bonds at the perovskite edge only P=0:Pb (noN-H~F) shows abindingenergy of1.23 eV.
through P=0:Pb and forming hydrogen bonds with theammonium tails of the
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onlITOsubstrates. b, Refractive indices of the HTL, RDP and ETL layers for between HTL and RDPs (right).

numerical simulations. ¢, Power dissipation channels for planar LEDs (left),



Extended Data Table 1| Performance of reported green perovskite LEDs having EQE exceeding 20%

Perovskites EQEmax EQEaverage Lmax AEL FWHM Operating stability Reference
%) %) ©dm?) | (m) | (om)
Perovskite Nanocrystals: 20.1 19.0 6.0x10° 531 20 Tso= 174 min Joule 2020, 4, 1977
CsPbBrs (Lo =100 cd m?)
Perovskite Nanocrystals: 22.0 17.0 ~103 505 18 T'so= 60 min Nat. Nanotechnol. 2020, 15, 668
CsPbBr3 with bipolar shell (Lo =1,200 cd m?)
Perovskite Nanocrystals: 23.4 Not Mentioned 2.4x104 530 20 Ts0= 7 min Nat. Photon. 2021, 15,148
FA09GA01PbBr3 (Lo =1,000 cd m?)
3D Perovskites: 20.3 Not Mentioned 1.4x104 525 20 Tso= 10 min Nature 2018, 562, 245
CsPbBrs + MABr (Lo = 3,800 cd m?)
3D Perovskites: 20.3 Not Mentioned 2.5x104 514 18 Not Mentioned Adv Mater. 2019, 1901517
CsPbBr3
RDP: 20.4 Not Mentioned 8.2x104 526 21 Ts50= 6.5 min Nat. Commun. 2021, 12, 336
p-FPEA:MA;PbsBrig + CE3KO38 (Lo = 10,000 cd m?%)
RDP: 20.5 LE12ELF 1.3x10* 512 22 T'so= 25 min Nat. Commun. 2021, 12, 1246
BTA0.4Cs12PbBrss + CsMeS (Lo =1,000 cd m?)
RDP: 21.3 193 1.7x10* 520 21 Ts0 =120 min Nat. Commun. 2021, 12, 2207
PEA2(FA0.7Cs03)2Pb3Brio (Lo =100 cd m?)
RDPs: 25.6 22.1+1.2 5.2x10* 517 20 Tso =115 min This work
PEA>Cs1.6MA.4PbsBrio (Lo=7,200 cd m?)

EQE,,,,, maximum external quantum efficiency; EQE,e..qe, average external quantum efficiency; Ly, maximum luminance; A, EL wavelength; FWHM, full-width at half maximum; Ts,, device

operating half-life; L,, initial luminance.




