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Lead halide perovskites are promising semiconductors for light-emitting applications
because they exhibit bright, bandgap-tunable luminescence with high colour purity*2.
Photoluminescence quantum yields close to unity have been achieved for perovskite
nanocrystals across a broad range of emission colours, and light-emitting diodes with
external quantum efficiencies exceeding 20 per cent—approaching those of commercial
organic light-emitting diodes—have been demonstrated in both the infrared and the
green emission channels™**. However, owing to the formation of lower-bandgap
iodide-rich domains, efficient and colour-stable red electroluminescence from
mixed-halide perovskites has not yet been realized>®. Here we report the treatment of
mixed-halide perovskite nanocrystals with multidentate ligands to suppress halide
segregation under electroluminescent operation. We demonstrate colour-stable, red
emission centred at 620 nanometres, with an electroluminescence external quantum
efficiency of 20.3 per cent. We show that a key function of the ligand treatment is to
‘clean’ the nanocrystal surface through the removal of lead atoms. Density functional
theory calculations reveal that the binding between the ligands and the nanocrystal
surface suppresses the formation of iodine Frenkel defects, which in turninhibits
halide segregation. Our work exemplifies how the functionality of metal halide
perovskitesis extremely sensitive to the nature of the (nano)crystalline surface and
presents aroute through which to control the formation and migration of surface
defects. This s critical to achieve bandgap stability for light emission and could also
have abroaderimpact on other optoelectronic applications—such as photovoltaics—
for which bandgap stability is required.

The bandgap of metal halide perovskites can be tuned by several
means, such as quantum confinement’'° in nanocrystals® and in
two-dimensional perovskites" ™, or by varying the halide composition
in the ABX; perovskite stoichiometry, where A is an organic ammo-
nium or alkali metal cation, Bis agroup 14 metal cation (typically lead)
and X, are halide anions***", Using a mixture of iodide and bromide
ions, nanocrystals with red emission between 615 nm and 640 nm—as
required for displays—can be obtained with a photoluminescence quan-
tumyield (PLQY) approaching unity>*>'¢, However, these nanocrystals
are susceptible to halide segregation on photoexcitation and on the
application of electrical bias>®2°. Despite much effort, colour-stable

red electroluminescence from mixed-halide perovskite nanocrystals
has not yet been realized>" 517228,

Recent investigations have suggested that halide segregation
occurs through the diffusion of vacancy and interstitial defects'®".
In mixed-halide perovskite films measured experimentally and in
pureiodide systems studied computationally, halide defects seem
to migrate to grain boundaries or to crystal surfaces®*. For poly-
crystalline films, improvements in bandgap stability and device
efficiency have been achieved by passivating grain boundaries
with alkali-metal halides or with larger organic ammonium cati-
ons™1M172235 Eor nanocrystals, interfacial passivation is of particular
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importance because of the high surface-area-to-volume ratio of
nanocrystals and reports that halide segregation can occur both
within (intra) and between (inter) nanocrystals?**¢. One approach
toresolving the issue of halide segregation in nanocrystals could
involve a surface treatment that removes or immobilizes surface
defects™™.

Here we synthesized MAPb(I,Br,_,); nanocrystals (where MAis methyl-
ammonium) using amodified ligand-assisted re-precipitation method®.
After purification, we treated the nanocrystals with the ligands ethyl-
enediaminetetraaceticacid (EDTA) and reduced L-glutathione (Fig.1).
These molecules bind strongly to lead in biological systems® *°. To
assess the effect of the ligand treatment, we analysed time-resolved

—-Neat NCs ——NCs-EDTA
——NCs-glutathione ——NCs-E+G

-=Neat NCs
-o-NCs-glutathione -+ NCs-E+G

Fig.1|Nanocrystal synthesis. a, Synthesis and
ligand treatment steps: the dissolution of perovskite
precursorsinacetonitrileand methylamine;
nanocrystal synthesis using amodified
ligand-assisted re-precipitationmethod; and
post-syntheticligand treatment. b, Chemical
structures of theligands used.

Ligand exchange

EDTA,
glutathione

Washed
nanocrystals

2 h stirring

photoluminescence spectroscopy, PLQY, attenuated total reflection
Fourier transforminfrared spectroscopy (ATR-FTIR), X-ray photoelec-
tron spectroscopy (XPS) and X-ray diffraction (XRD) measurements
(Fig. 2, Extended Data Fig. 1).

As-synthesized MAPb(I Br,_,); nanocrystals in toluene exhibit pho-
toluminescence centred at 642 nm (Fig. 2a). After treatment with
glutathione, we observed anincrease inintensity of the photolumines-
cence peak and a blueshift to 625 nm (Fig. 2b). With EDTA, anincrease
inphotoluminescence intensity was accompanied by aslight blueshift
to 635 nm. Using an equimolar mixture of EDTA and glutathione, here-
after denoted E+G, we observed emission at 630 nm and an increase
in photoluminescence intensity, PLQY and decay lifetime (Fig. 2b, c,
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Extended DataFig.1); thisis consistent withligand treatment resulting
inadecreasein the total number of active defects. These datasuggest
that, of the ligand treatments we tested, E+G is the most favourable for
suppressing non-radiative recombination. High-resolution transmis-
sion electron microscopy (HR-TEM) images show that E+G-treated
nanocrystals are smaller than untreated, ‘neat’ nanocrystals (average
cubicdimensions of12+1.7nmand16.3 +2 nm, respectively; Fig.2d, e,
Extended Data Fig. 2). For weakly confined excitons, the exciton energy
islinearly dependent ontheinverse square of the nanocrystal width. A
blueshiftinemission, consistent with quantum confinement and lattice
relaxation, has been measured for perovskite nanoparticles within this
size range*. Furthermore, we have previously observed a blueshiftin
emission of up to 80 nm due to quantum confinement effects in simi-
larly sized MAPbI, nanocrystals®. We therefore expect the reductionin
nanocrystal size as aresult of ligand treatment to increase quantum
confinement, contributing to the observed blueshift in emission*.
Using XPS (Extended DataFig. 1), we find that the I:Br ratio decreases
from 2:1in the precursor solution to approximately 2:3 in the synthe-
sized nanocrystals. For this composition, we would expect a bulk
emission at 647-655 nm. After ligand treatment, we observed a minor
enrichment in bromide content, which would account for the up to
8 nm blueshift in emission of the E+G-treated sample*2. On the basis
of experiments in which the halide composition of polycrystalline
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MAPb(I,_,Br,), films was varied*?, we would also expect achange in lat-
tice constant of approximately 0.019 A per 10 nm shiftin the position of
the photoluminescence peak; however, XRD measurements revealed
acubiclattice constant of 6.05 A for the nanocrystal films both before
and after ligand treatment (Fig. 2f). Collectively, these results suggest
that both compositional changes and confinement effects influence
the position of the emission peak.

Toassess whether ligand treatment suppresses halide segregationand
improves bandgap stability, we performed transient absorption spectros-
copy (TAS) (Extended Data Fig. 3). We measured neat and E+G-treated
nanocrystal films, as-prepared and after exposure to a405-nm laser.
A global fit of the signal yields decay-associated difference spectra
(DADS) (Fig. 2g, h). The sub-ps decay measured using TAS arises from
bandgap renormalization, Auger recombination and carrier cooling®.
Carriers accumulate near the band edge, causing optical bleaching at
these energies. The longest decay measured by TAS originates from car-
rierrecombination. Afterirradiationfor30s, spectraof the neat sample
displayed anew low-energy bleach, whichwas visibleinthe longest DADS
component. By contrast, the DADS line-shape for the E+G-treated sample
remained approximately unchanged after irradiation. The emergence of
thelow-energy bleachin the neat sampleis consistent with the emergence
of lower-bandgapiodide-richminority phases, fromwhich charge carriers
recombine; this is suppressed in the E+G treated sample.
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Fig.4|Characterization ofinteractionsbetween theligands and the
nanocrystal surface using NMR spectroscopy. a, The structures of EDTAand
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groups inglutathione; see ¢ for their corresponding NMR peaks. b, *C
solid-state NMR spectraof neatand ligand (glutathione, EDTA, E+G)-treated

Halide segregation between nanocrystals would resultin the formation
of Br-richand I-rich nanocrystals. This has been observed in other perovs-
kite nanocrystals and can result in a second, higher-energy photolumi-
nescence emission inaddition to the redshifted photoluminescence?**.
In Extended Data Fig. 4 we show that, even at very low nanocrystal con-
centrationsinapolymer matrix, we observe redshifted emission with no
growthofahigh-energy peak nor broadening of the high-energy emission
shoulder afterirradiation. Confocal photoluminescence measurements
on such films reveal a redshifted emission under illumination, which
seems to arise from single nanocrystals. The lack of a high-energy fea-
tureinthe transientabsorptionspectraofilluminated neat nanocrystals
alsoindicates that Br-rich nanocrystals are not forming, suggesting that
segregation can occur within individual nanocrystals.

We next assess the effect of ligand treatment on light-emitting diodes
fabricated from these nanocrystals (NC-LEDs). We find that both EDTA
and glutathione considerably suppress the halide segregation and
improve bandgap stability, but EDTA-treated NC-LEDs exhibit a small
broadening in the emission spectra during operation. Conversely,
glutathione-treated NC-LEDs show the most stable emission spectra
butalower device efficiency. Efficient and colour-stable NC-LEDs were
achieved with E+Gtreatment (Extended DataFig. 5). Tobetter understand
the role of each ligand, we performed a second ligand-treatment step
using the soft Lewis base 1-adamantanecarboxylic acid (ADAC). EDTA-,
glutathione-and E+G-treated NC-LEDs show a negligible peak shift and
smallspectralbroadening during operation. After subsequent treatment
with ADAC, the EDTA- and E+G-treated nanocrystals exhibit more sub-
stantial peak shifting and broadening. By contrast, glutathione-treated
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nanocrystals. Theinsets show the structures of the ligands. ¢, Solution'HNMR
spectra of E+G with and without Pbl, in d;-DMSO solution. d, The proposed
molecularinteractions of glutathione and EDTA with Pb?* atoms onthe
nanocrystal surface.

NC-LEDs show stable electroluminescence, even after treatment with
ADAC. These observations indicate that glutathione is more strongly
bound to the nanocrystal surface than is EDTA; however, EDTA seems
to beimportant for achieving the highest device efficiencies.

When choosing charge-injection layers and optimizing the
performance of the LEDs, we found that maximizing the PLQY of
half-constructed devices resulted in an effective selection of materi-
als (Extended Data Figs. 6, 7). A schematic of our final device stack
and a scanning electron microscopy (SEM) cross-sectional image are
showninFig.3a, b. We observed higher current densities in E+G-treated
NC-LEDs compared to those treated with other ligands, and consider-
ably improved external quantum efficiencies (EQEs) (Fig. 3c, d). We
measured a maximum EQE of 20.3% at a current density of around
0.1 mA cm™and an emission wavelength of approximately 620 nm,
placing thesered perovskite LEDs in the same quantum efficiency range
as commercial organic light-emitting diodes. Considering the PLQY
of isolated perovskite nanocrystal films on glass, the refractive index
of the perovskite layer, optical outcoupling and photon recycling, we
estimate an internal PLQY of 0.88 (see Methods**). The effect of pho-
ton recycling and optical outcoupling in complete perovskite LEDs
has previously been quantified, showing that EQEs of more than 20%
are feasible for perovskite emission layers with high internal PLQY*.

The most pressing challenge inthe fabrication of red-emitting metal
halide perovskites is achieving bandgap stability. In Fig. 3f, g we show
the emission spectra of LEDs operating at afixed current density over
time and over arange of current densities, respectively. For the neat
NC-LEDs held at a constant current density of 1.5 mA cm™ measured
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over 20 min, we observed a broadening of the emission peak and
the emergence of a shoulder at around 680 nm. Similar results were
obtained during measurements at current densities of 10 mA cm™
(Extended Data Fig. 8). These observations are consistent with hal-
ide segregation driven by electrical biasing and/or current injection
during LED operation and resulting in lower-energy emission from
iodide-enriched regions. By contrast, the emission spectrum for the
E+G-treated NC-LEDs is stable at 620 nm under the same operating
conditionsand duration. We note, however, that the absolute electro-
luminescence intensity decays over time. Extended Data Fig. 8 shows
the luminance as a function of time for E+G-treated NC-LEDs held at
currentdensities of 0.1,1and 10 mA ™ The time taken for the luminance
to decay to 50% of its initial value (T,) decreased from 340 to 130 to
16 min, respectively, with increasing current density. These findings
indicate that, although we have achieved colour-stable red emission,
the challenge to deliver long-term stability in terms of absolute bright-
ness and efficiency remains.

Tounderstand the origin of the improvement in device performance
when using ligand-treated nanocrystals, we needed to identify the
key ligand-perovskite interactions that stabilize the nanocrystal
surface. To this end, we performed solid-state C nuclear magnetic
resonance (NMR) studies on the nanocrystals both before and after
treatment with E+G. The resulting data (Fig. 4a, b) show a clear peak
at130.2 ppm, which arises from the double-bonded carbons in the
oleicacid and oleylamine molecules. This peak, alongside the aliphatic
-CH,- peaks (30-27 ppm), clearly indicates the presence of oleic acid
and oleylamine on the nanocrystal surface even after treatment with
EDTA, glutathione or E+G; the nonpolar chains of these remaining
oleicacid and oleylamine molecules probably ensure the solubility of
the nanocrystals in toluene after the ligand treatment. The absence
of EDTA peaks in the EDTA-treated sample shows that the amount of
EDTA on the nanocrystal surface is below the NMR detection limit;
however, clear peaks arising from the carbonyland a-carbonyl groups
of glutathione confirmits presencein the glutathione-treated sample.
The peak at 38 ppm suggests the presence of oxidized glutathione; this
could indicate that the reduction of some species on the perovskite
surface could form part of the active role of glutathione, although this
remains speculative. A key function of glutathione and EDTA ligands
can beinferred from their Pb-binding ability: both ligands are known
tobind strongly to Pb, as shown by solution-state NMR studies (Fig. 4c,
Extended Data Fig. 9, Methods).

Figure 4d shows the proposed molecular interactions of EDTA and
glutathione with Pb?" on the nanocrystal surface. We postulate that part
of therole of these ligands is to remove undercoordinated lead from the
nanocrystal surface, resultingin an electronically ‘cleaner’ surface with
fewer defects. This ‘stripping’ actionis consistent with the reductionin
nanocrystal size uponligand treatment, the existence of Pbo~EDTA and
Pb-glutathione complexes in solution, and the large binding energy
of EDTA and glutathione to Pb (Extended Data Fig. 10). Some of the
excess ligands could then bind to the remaining Pb on the ‘cleaned’
perovskite surface, further decreasing the concentration of defects.

To gain further understanding of ligand binding, we modelled the
interaction of glutathione and EDTA with the MAPbI; surface using
density functional theory (DFT) (Fig. 5). We consider a Pbl,-terminated
surface as representative of an unpassivated perovskite surface with
exposed, undercoordinated Pb atoms. We decomposed glutathione and
EDTA into their possible binding moieties and calculated the binding
energy of eachligand to the perovskite surface (Extended Data Fig.10).
Thebinding energy is defined as £, = Ejigand@surtace ~ Eiigand ~ Esurtaces Where
the latter three terms are the energy of the surface and bound ligand,
the energy of the isolated ligand, and the energy of the bare surface,
respectively. Our calculated binding energy for glutathione, at-1.85eV,
islarge compared to the calculated values for acetic acid (—0.58 eV) or
for methylamine (-0.84 eV), which are representative of the carboxylic
acid and primary amine binding moieties of glutathione. We deduce
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Fig.5|Optimized structures of interacting surface-adsorbed ligands.
a-c,Optimized structures of glutathione (a), EDTA (b) and one glutathioneand one
EDTA molecule (c) onthe perovskite surface along with calculated total binding
energies (£,) and theirintermolecular contribution (AE;,.,) in eV calculated
withrespecttotheisolated surface-adsorbed molecules (E£,=1.85eVand1.60
eVforglutathioneand EDTA, respectively). d, Optimized structure of aniodine
Frenkel defect pair (defective sites highlighted by red and blue circles) in the
presence ofadsorbed EDTA and glutathione. The value shownis the increasein
defect formation energy compared to the unpassivated surface (A eqe)-

thatthelargebindingenergyis aresult of contributions from multiple
binding moieties. The binding energy determined for EDTA was also
large (-1.60 eV), although slightly less than that of glutathione, with
steric hindrance limiting binding through the tertiary amine group;
this is also consistent with the observation of only glutathione in the
B3C solid-state NMR spectra of E+G-treated nanocrystals (Fig. 4a).

Wefurther evaluate the binding energy of two interacting glutathione
molecules, two interacting EDTA molecules, and an interacting E+G
pair on the perovskite surface (Fig. 5, Extended Data Fig. 10). The E+G
pair has the largest binding energy, enhanced by a synergistic effect
between glutathione and EDTA; intermolecular hydrogen bonding
between the carboxylic groups of glutathione and EDTA provides extra
stabilization to these surface-adsorbed molecules, leading to abinding
energy of -4.45 eV (Extended Data Fig. 10).

Our calculations confirm that this specific pairing of ligands has a
strong affinity with the perovskite surface. We now assess how this influ-
ences the migration of halide species. lodine Frenkel defects, which are
iodide interstitial-vacancy pairs, are the most energetically probable
defects at the Pbl,-terminated perovskite surface owing to their low
formation energy (0.03 eV). We calculate the formation energy of an
iodine Frenkel defect at the Pbl,-terminated perovskite surface in the
presence of glutathione, E+G, or without passivating molecules (Meth-
ods). We find that passivation of the surface with glutathione raises
the formation energy of theiodine Frenkel defects to 0.15eV, whereas
with E+G itis further increased to 0.18 eV. This is substantially higher
than the calculated values for other passivating agents. For example,
in the presence of polyethylene oxide, the formation of an interstitial
iodine defect becomes less favourable by 0.08 eV compared to the
bare perovskite surface®. To summarize, the large calculated binding



energy, coupled with the substantial increase in formation energy of
iodide Frenkel defects, suggests that glutathione and the combination
of EDTA and glutathione markedly inhibit undercoordinated Pb atoms
fromstabilizing these Frenkel defects*. Because halide Frenkel defects
areexpected tobe theionic speciesresponsible for halide segregation
underillumination or during device operation, our results are consist-
ent with reduced defect formation suppressing halide segregation in
E+G-treated nanocrystals.

In conclusion, we have demonstrated that treatment with a
lead-complexing multidentate ligand leads to bandgap-stable red
electroluminescence from mixed-halide perovskite NC-LEDs, with
amaximum EQE at 620 nm of greater than 20%. We have found that
stripping the nanocrystal surface of defects is an active role of these
ligands. Furthermore, we have shown that both ligand-ligand and
ligand-surface interactions are important to achieve a stable ligand
shell on the nanocrystal surface, and that interactions of the multi-
dentate ligand with the surface markedly suppress the formation of
surface defects. Beyond light emission, this work is likely to be broadly
applicable to stabilizing the bandgap of mixed-ion metal halide perovs-
kites for arange of applications, such as multi-junction photovoltaics,
andshould help to expand the development of perovskites as versatile
and tunable semiconductors.
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Methods

Allnanocrystal syntheses were carried out under ambient conditions
inafume hood.

Materials

Allchemicals were used as received without further purification. Lead
iodide (Pbl,) (99.99%) was purchased from TCI Chemicals; methylam-
moniumiodide and methylammonium bromide from Dyesol; and oleic
acid (99.0%), oleylamine (70%), methylamine (MA) solution (33% in
absolute ethanol), EDTA (anhydrous, >99%), and reduced L-glutathione
(=98.0%) from Sigma-Aldrich. All solvents, such as toluene, ace-
tonitrile, and methyl acetate, were anhydrous and were purchased
from Sigma-Aldrich. PEDOT:PSS (Al 4083), poly-TPD, and TPBi were
purchased from OSM. TFB was purchased from Ossila.

Preparation of lead mixed-halide perovskite precursor

Typically, a perovskite precursor solution was prepared according to
our recent work (ref.*), in which 922 mg of Pbl, and 223 mg of methyl-
ammonium bromide were mixed with 4 ml of acetonitrile (ACN) and
shaken to form a green-black suspension. Dry methylamine gas was
bubbled through the suspension to formacompound solvent, referred
to as ACN/MA, as detailed elsewhere (ref. %).

Synthesis of MAPb(I,_Br,); perovskite nanocrystals for red
emission

The synthesis of the MAPb(I,_,Br,), nanocrystals was carried out by
injecting 0.2 ml of perovskite precursor dissolved in ACN/MA into
toluene at 60 °C containing 2 mlof oleicacid and 0.2 mloleylamine. The
nanocrystalsimmediately nucleated, turning the suspensionred. The
reaction was continued for 1-2 min to allow for crystal growth before
the nanocrystal suspension was immersed into anice bath. We synthe-
sized six batches of nanocrystals simultaneously, collected theminto
three centrifuge tubes (each containing 10 ml of nanocrystals), and the
nanocrystals were iteratively precipitated by adding 20 ml of anhydrous
methylacetate. The nanocrystals were separated from excess unreacted
ligands and precursors and purified by centrifugation at 8,500g for
10 min, thenre-dispersed into 5mltoluene. Methyl acetate (10 ml) was
added to each tube and the purification process was repeated before
the nanocrystals were re-dissolved in toluene to a concentration of
40 mg ml™ for further characterization. These purified nanocrystals,
cappedwitholeicacid and oleylamine, are denoted as ‘neat nanocrys-
tals’. These neat nanocrystals exhibit photoluminescence at 630 nm,
and their cubic phase was confirmed by powder XRD (Fig. 2f).

Ligand treatment of MAPb(I,_,Br,), perovskite nanocrystals

The nanocrystals underwent two washing cycles with amethylacetate
mixture, as described in the previous section. Each nanocrystal batch
was dispersed in 2 ml of toluene after the washing process. Six batches
of washed nanocrystals were combined to make a12 ml (40 mg ml™)
stock solution. This solution was centrifuged once more at 3,500g for
5min to remove aggregates and large particles. The collected super-
natantwas divided into two portions: one was used as the control neat
sample and the other was treated with anew ligand. Typically, 2mmol
ligand was added to 3 ml nanocrystalsin toluene and stirred overnight
(around12h) atroomtemperature. The unreacted ligand powder was
separated from the nanocrystals after ligand treatment by centrifu-
gation at 8,500g for 10 min. The collected supernatant was filtered
using a PTFE syringe filter (Whatman, 0.2 um) and stored for further
characterization and device preparation.

MAPbD(I,_,Br,); nanocrystals characterization

UV-vis absorption spectra for nanocrystal solutions were recorded
using a commercial Varian Cary 60 in a cuvette with a path length of
1cm. Steady-state photoluminescence measurement of solutions was

carried out withaspectrofluorometer (Fluorolog, HoribaJobin Yvon),
with a450-W xenon lamp excitation source and a photomultiplier tube
detector with an excitation wavelength of 450 nm. The absorbance
spectra of MAPb(l,_,Br,); nanocrystals films were measured using a
UV-vis-nearinfrared spectrometer (Cary 5000, Agilent Technology).
Attenuated total reflection Fourier transform infrared spectroscopy
(ATR-FTIR) spectrums were obtained using FTIR spectroscopy (Cary
670, Agilent Technology). The HR-TEM images were captured using
JEM-2100F (JEOL). For the TEM sample, diluted nanocrystals solutions
were dropped on the copper grid with 300-mesh carbon film. The XPS
results were obtained using aspectrometer (ESCALAB 250Xi, Thermo
Fisher Scientific) withamonochromatic Al-Ka X-ray source. The confo-
cal photoluminescence images and spectrawere obtained using alaser
scanning confocal microscope (LSM 780 NLO, Zeiss). The ultraviolet
photoemission spectra were carried out using an AXIS Nova (Kratos
Analytical) with aHe (21.2 eV) ultraviolet source.

Transient absorption spectroscopy of MAPb(I,_,Br,); nanocrystals
ATi:sapphire laser (Coherent Astrella) operating at 1 kHz pumped an
optical parametric amplifier (Light Conversion, Topas Prime Plus) to
generate 520-nm pump pulses. The 800-nm fundamental was used to
generate white light probe pulsesinasapphire plate. The pump pulse
energy in TAS was 106 pj cm™. The broadband probe pulse energies
were 124 pJ cm2and 146 pJ cmfor the E+G-treated and neat nanocrys-
tal films, respectively. Transient absorption spectra were collected
using an instrument constructed in-house, with 100-fs time resolu-
tion and pump-probe time delays of up to 800 ps. The TAS signal at
alternate time delays was collected in ascending order, and the signal
at the remaining time delays in descending order, to ensure that any
changesin the sample during the scan were not systematically encoded
intothe transient. Each scanrequired 50s. For each film, 72 TAS spectra
were measured before 30 s of exposure to a405-nm continuous-wave
laser with the power density set at 7.09 W cm ™. The 405-nm laser also
acted as the excitation source for the measurement of fluorescence
spectra. Fluorescence was collected throughafibre optic cable (Thor-
labs M53L01) by a portable spectrometer (Ocean Optics, Flame-T).
After completing the exposure, the TAS instrument was initialized, a
process that requires 40 s. TAS scans were then collected, with a few
seconds of exposure to the 405-nm continuous-wave laser before and
after each scan to compensate for the recovery of the halide migration
during the TAS scan. This procedure was repeated for 60 TAS scans
(Extended DataFig. 3).

Absorbance, fluorescence and TAS measurements were performed
on oleic acid/oleylamine-capped and E+G-capped nanocrystals in
spin-cast encapsulated films. The average wavelength of the fluores-
cenceimmediately before and after each TAS scan was used to estimate
theaverage fluorescence wavelength during the scan. This estimates the
average amount of halide segregation over 60 TAS scans. The duration
of exposure to the 405-nm light after each scan was set to minimize the
changeintheaverage fluorescence wavelength during the 60 TAS scans,
shownin Extended Data Fig. 3. TAS measurements were performed on
different spots on each film using different durations of 405-nm expo-
sure between TAS scans until a small standard deviationin the average
fluorescence wavelength was achieved. This indicated that, with this
additional irradiation, the nanocrystals did not undergo further hal-
ide segregation nor recovery of segregation during the 60 TAS scans.

Time-resolved photoluminescence spectra measurement

The time-resolved photoluminescence spectra of the MAPb(I,_,Br,);
nanocrystals were measured using afluorescence lifetime spectrometer
(Fluo Time 300, PicoQuant). The samples were photoexcited using a
450-nmdiode laser head (LDH-D-C-450, PicoQuant) coupled toaPDL
820 laser drive. The photons emitted from the nanocrystals were col-
lected using aPicoHarp TCSPC module with a photomultiplier detector
and monochromator (PMA-C 182-N-M).



Estimation of the EQE limit

Our observed EQE of greater than 20% seems to be the limit of what
is feasible when considering optical outcoupling efficiencies from
perovskite thin films in LED device structures*. However, the precise
outcoupling efficiency depends strongly upon the refractive index of
the emission layer, and furthermore, photon recycling can contribute
to enabling waveguided light to be reabsorbed and externally emitted
fromthe device. To quantify thisin more detail, we first estimated the
refractive index of our nanocrystal films using spectroscopic ellipsom-
etryasn=1.82at 620 nm. Considering a thin film onglass, withn=1.82,
and accounting for emission fromboth the perovskite-air and perovs-
kite-glassinterfaces, we determine an outcoupling efficiency of 32.4%.
Our observations of a PLQY of 70% for such films is clearly in excess
of this, but can be understood by accounting for photon recycling,
following the procedure in ref. *. For our films, with an outcoupling
efficiency of 32.4% and an external PLQY of 70%, we estimate an internal
PLQY of 87.8% (further details are shown in the calculation below). For
the LEDs, this calculation s slightly more complicated because there are
alarger number of material layers, thereis areflective rear electrode,
and parasitic absorption can occur in the charge-injection layers and
inthe electrode materials*. However, detailed calculations have been
made for organiclight-emitting diodes with very similar device stacks
and refractive indices of the materials used, including the emission
layer at n=1.8. Putting our internal PLQY of 87.8% into the average cal-
culated escape cone efficiencies in ref. *° results in an estimated EQE
for electroluminescence of 27%. Therefore, our measured EQE of 20%
isentirely feasible.

Details of the internal PLQY calculation

See alsoref.*. The PLQY of a perovskite film coated upon a glass slide
is measured in an integrated sphere. The light is isotopically emitted
within the perovskite film, and a certain fraction emitted within a spe-
cificsolid angle will escape from the front and back surface of the film,
witha considerable fraction of the light totally internally reflected and
reabsorbed in the plane of the film. Because the overlap of emission
and absorption spectra is considerable for these perovskite materi-
als, we estimate that within a few tens of micrometres, more than 90%
of the waveguided light will be reabsorbed and therefore very little
light will be emitted from the edges of perovskite film coated on the
2 x2cmglassslides. The analysis that we set out below, whichincludes
realistic parameters, determines the relationship between measured
PLQY and internal PLQY. The probability for a photon that is isotopi-
cally emitted from within one medium to be transmitted through an
interface between the medium within which it was emitted and the
adjacent medium, with refractive indices n, and n,, respectively, can
be estimated as

3
n Qecr M
trans ~ 4o nl(n1+n2)2

where Q.. is the escape solid angle and T'is the transmittance. Ellip-
sometry measurements estimate the refractive index of perovskite
nanocrystal films to be around 1.82 at 620 nm. Taking the refractive
indices of air, glass and the perovskite nanocrystal filmtobe1,1.5and
1.82, respectively, using the above equation we estimate the probability
foraphotontobetransmitted through the perovskite-airinterface to
be 6.9% and through the perovskite-glass interface to be 16.8%.

We assume the optical density of the nanocrystal films to be 0.02
at the photoluminescence emission wavelength of 620 nm (or 2 eV).
Before reaching aninterface, photons will, on average, have travelled
through an optical density of 0.01. Of the total photons emitted, 16.8%
of the photons will be travelling towards the perovskite-glass inter-
face within the escape cone, and 6.9% of the photons will be travel-
ling towards the perovskite-air interface within the escape cone. The

photons emitted towards the perovskite—-air interface, but within the
solid angle in between the perovskite-air and the perovskite-glass
escape cones (which accounts for 16.8 - 6.9% = 9.9% of the photons),
will be reflected off the perovskite-air interface, and will then escape
out of the perovskite-glass interface. Therefore, accounting for the
small attenuation due to self-absorption, the total escape probability
for the perovskite nanocrystal films is estimated to be:

1, =107 x (16.8% + 6.9% +107%%% x (16.8% — 6.9%)) = 32.4%

Following equation3inref.*, the relation between the internal PLQY
(n) and the measured PLQY (7.,,) is given by:

’7 - (n X quC)
ext 1_’7+(’7x’7e5c)

Substituting the measured external PLQY of 70% (7., = 0.70) and the
total escape probability of 32.4%, (1., = 0.324), we obtain an internal
PLQY n0of 0.878 or 87.8%. We note that this expression accounts for the
photonrecycling andillustrates that the external measured PLQY can
deviate considerably from the internal PLQY.

ICP-MS analysis

To provide evidence of the ‘stripped’ Pb-ligand complex (where the
ligand is EDTA or glutathione) in the sediment, we analysed the result-
ing precipitates (whichincludes the potential Pb-ligand complex and
undissolved ligand) by inductively coupled plasmamass spectrometry
(ICP-MS) after repeated washing with toluene (10 times). Asboth EDTA
and glutathione have very low solubility in toluene, this process effec-
tively disperses and removes the remaining nanocrystals while retain-
ing the Pb-ligand complexesin theresidue. To rule out the lead content
arising from any remaining nanocrystals, the toluene supernatant from
the final washing step was also subjected to ICP-MS analysis. The results
showleadis presentin the precipitate at the following concentrations:
glutathione-treated samples (518 pg mg™) > E+G-treated samples
(428 ng mg™) > EDTA-treated samples (354 pg mg™) compared with a
concentration of nearly 0 ug mg™in the final supernatant. To estimate
whether EDTA and glutathione have different Pb*-complexation abili-
ties, we calculated the binding energy between the two ligands and a
Pb* ion (Extended Data Fig. 10). The complexes have a hemidirected
coordination geometry, and EDTA has a considerably greater binding
energy (by 0.80 eV) to Pb* than does glutathione.

Fabrication and characterization of MAPb(I,_,Br,); NC-LEDs

Our final device stack, for which aschematic and an SEM cross-sectional
image areshowninFig.3a, b, includesa‘triple-layer’hole-injection layer,
comprising PEDOT:PSS, poly-TPD and the deep work-function polymer
(TFB), followed by a thin dense layer of the perovskite nanocrystals
(around 30 nm), capped with the electron transport layer of TBPi and
alithium fluoride/aluminium cathode. Typically, ITO-coated glass
substrates were cleaned by an ultra-sonification processin deionized
water, acetone and isopropanol for 10 min. PEDOT:PSS was spin-coated
ontoanITOsubstrateat5,000 rpmfor40s. The coated substrates were
transferred to an N,-filled glove box and annealed at 140 °C for 10 min.
Poly-TPD solution (15 mg ml™) in chlorobenzene and TFB solution
(20 mg ml™) in p-xylene were sequentially spin-coated onto the sub-
strates at 4,000 rpm for 40 s. Each layer was annealed at 140 °C for
30 min. The MAPb(l,_,Br,); nanocrystals were spin-coated onto the
substratesat2,000 rpm for40s. Alayer of TPBi (70 nm), LiF (1nm) and
Al (80 nm) were sequentially deposited using a thermal evaporation
system. The fabricated NC-LEDs were characterized using Keithley 2400
source measurement unit and aMinolta CS 2000 spectroradiometer.
NC-LEDs were encapsulated with glass and measured under ambient
conditions. The cross-sectionalimages of NC-LEDs were obtained using
SEM (SU8220 FE-SEM, Hitachi) with an accelerating voltage of 10 kV.
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Solid-state )CNMR

Solid-state *C magic-angle spinning NMR was performed at 9.4 T (KBSI
Western Seoul Center) using a4 mm Bruker triple resonance probe.
The prepared nanocrystals were packed into reduced-volume zirco-
nia rotors under a nitrogen atmosphere and were spun at 8 kHz. *C
datawere acquired using a'H-">*C Hartmann-Hahn cross-polarization
sequence with 100 kHz SPINAL64 'H decoupling.

Solution'HNMR

Toassess the interaction between the ligands and Pb*', we measured 'H
NMR spectraof the ligands mixed with Pbl,. Figure 4a shows annotated
structural diagrams of the ligands, indicating the different moieties
responsible for the NMR resonances and the different binding units pre-
sentin glutathione, namely glutamine (Glu), cysteine (Cys) and glycine
(Gly). InFig. 4c and Extended Data Fig. 9, we show that both 'H signals
from EDTA shift downfield and broaden, indicating multidentate com-
plexation of EDTA to Pb?. We mixed glutathione and Pbl, in d,-DMSO
and observed two changes: considerable broadening and increased
chemicalshifts of the cysteinyl B, resonance; and decreased chemical
shifts of the amide NH,, resonances. The first change indicates that
Pb* binds to cysteinyl sulfur®®*. The shift of amide NH,,, resonances
is probably caused by the proximity of the amide NH to the Pb*, asis
seen when the chemically similar Cd* binds to glutathione®2. We also
observe a weakening of the geminal %/ coupling of the glutamine beta
protons (B,,), indicating that the COOH is also bound to Pb**. The alpha
proton of glycine (a,,) displayed no observable shift upon the addition
of Pbl,, in agreement with previous work showing that the COO™ group
of glycine does not bind to Pb?* (ref.**). In Extended Data Fig. 9 we show
the 'H NMR spectra when both ligands (E+G) are mixed with Pbl,. We
observe that all of the changes associated with interactions that are
presentinthesolutions containing theindividual ligands are also pre-
sentinthe solution of the combined ligands, indicating that whenboth
ligands are combined in the E+G mixture they maintain their individual
interactions with Pbl,. We show the proposed molecular interactions
of the E+G ligands with Pb? on the nanocrystal surface in Fig. 4d. We
conclude that, in this system, EDTA and glutathione can coordinate
with Pb* via the aforementioned binding groups.

DFT approach

We modelled theinteraction of glutathione and EDTA on perovskite sur-
facesusingthe state-of-the-art DFT calculations, including dispersion
interactions, to mimic the surface chemistry of perovskite nanocrystals.
Owing to the uncertain nature of surfaces and their terminations in
mixed-halide perovskites, we focus here on MAPbI; for which we have
areliable surface picture. We evaluate in due course the possible effect
ontheresults of considering asingle halide in place of amixed halide.
All our results are obtained considering a Pbl,-terminated surface,
whichis representative of the extreme situation of a fully unpassivated
perovskite surface exposing undercoordinated surface Pb.

The calculations were run with the following assumptions. First,
halide demixing is triggered by defect formation and/or migration.
Second, most defects and migration channels are on surfaces, so sur-
face passivation blocks defect formation, ion migration and demixing.
Third, surface passivation molecules should bind effectively to the
perovskite surface and pack tightly, thus being an effective migration
blocker. We considered the adsorption of single glutathione and EDTA
molecules, and then considered glutathione-glutathione, EDTA-EDTA
and glutathione-EDTA coadsorption.

Because glutathioneis quite acomplex molecule, we initially inves-
tigated which chemical fragment within glutathione interacts most
strongly with the perovskite surface. Thus, we decomposed glutathione
and EDTA into their possible binding moieties and calculated the bind-
ing energy of the fragments with the perovskite (Extended Data Fig.10).
Thebinding energy is defined as £y, = E,gjecute@surtace ~ Emotecute ~ Esurface-

Theresults show that the amidic fragment of glutathione is the most
strongly binding one; see Extended Data Fig. 10. Typically, the calcu-
lated binding energy of glutathione is large (-1.85 eV), arising from
a partial sum of all binding moieties. EDTA shows a reduced binding
energy to perovskite compared with glutathione (-1.60 versus -1.85eV),
with EDTA mainly binding through carboxylic groups. Although the
tertiary aminic groups may show a greater binding energy to Pb than
does COOH (Extended Data Fig. 10), steric hindrance prevents EDTA
from exploiting such interactions.

To evaluate the energetics of forming a compact monolayer on the
perovskite surface, thus effectively blocking all possible undercoordi-
nated Pb atoms acting as defect-nucleating centres, we next evaluated
the binding energies of two interacting glutathiones, two interacting
EDTA molecules, and aninteracting E+G pair onthe perovskite surface.
In the case of two or more interacting molecules, the binding energy
includes both surface-molecule and molecule-moleculeinteractions.
The E+G pair was found to have the greatest binding energy, enhanced
by asynergistic effect between glutathione and EDTA. Intermolecular
hydrogenbonding between carboxylic groups of the glutathione and
EDTA provides extrastabilization to these surface-adsorbed molecules,
leading to a binding energy of —-4.45 eV (Extended Data Fig. 10).

To connect the calculated binding energies to the defect-blocking
properties of the respective surface-adsorbed molecules, we consid-
ered the energetics of formation of aniodine Frenkel defect pair (that
is, iodine vacancy/interstitial iodine) at the surface. These defects are
the energetically most probable defects at the Pbl,-terminated perovs-
kite surface; thus, they constitute a case study to evaluate the effect
of surface-adsorbed molecules on defect formation energies. We thus
calculated the formation energy of aniodine Frenkel defect pair at the
Pbl,-terminated perovskite surface without passivating molecules and
inthe presence of glutathione and E+G.

Formation of an iodine Frenkel defect on the Pbl,-terminated per-
ovskite surface has very low formation energy (0.03 eV), in line with the
instability of the unpassivated surface (complete surface passivation by
methylammoniumiodide raises the formation energy to 0.84 eV). Sur-
face passivation by glutathione raises the formation energy to 0.15eV,
with passivation by E+G further raising it to 0.18 eV. This clearly dem-
onstrates the blocking of surface defects by glutathione and the syn-
ergistic effect of E+G. To put this value into context, when modelling
theinteraction of polyethylene oxide (PEO) with the same perovskite
surface, we calculated anincrease in defect-formationenergy of 0.08 eV
for acomplete monolayer of CH;OCH, (mimicking PEO). The values
obtained here for glutathione and E+G are therefore to be considered
asvery high.

To sumup, we have evaluated the binding of glutathione, EDTA and
E+Gonthe perovskite surface and evaluated their ability to block Fren-
kel defects. The results show a synergistic effect of E+G, to deliver the
highest surface binding energy and the highest defect-blocking activ-
ity. The key to efficient surface passivationis the concurrent action of
strong molecule-surface and molecule-molecule interactions.

Allsimulations were carried out with the Quantum Espresso program
package®. DFT calculations were carried out on the (001) MAPbI, sur-
face within the supercell approach by the Perdew-Burke-Ernzerhof
(PBE)** functional using ultrasoft pseudopotentials (shells explicitly
included in calculations:15s, 5p; N, C 2s, 2p; O 2s, 2p; H1s; Pb 6s, 6p,
5d; S 3s, 3p) and a cutoff on the wavefunctions of 25 Ryd (200 Ryd on
the charge density). DFT-D3 dispersion interactions were included in
the calculation®*.

Slab models were built starting from the tetragonal phase of MAPbI,
(ref.>) by fixing cell parameters to the experimental values and gener-
atinga2x2supercellinthe aand b directions. Along the non-periodic
direction perpendicular to the slabs, 10 A of vacuum was added in all
cases. A symmetric disposition of the organic cations on the exter-
nal layers of the slabs was adopted in all cases, leading to supercells
with zero average dipole moments. Such an arrangement of organic



cations provided aflat electrostatic potential in the vacuum region of
the supercells for all modelled slabs.
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Extended DataFig.1|Characteristics ofneat nanocrystalsand
nanocrystals withligand treatment. a, Photothermal deflection spectra of
neat perovskite nanocrystal films and E+G-treated nanocrystal films deposited
onquartzsubstrates. Theinset shows the calculation of the average Urbach
energy for these two samples. b, ¢, Time-resolved photoluminescence decay of
neatnanocrystals and E+G-treated nanocrystals, as a solution dispersed in

toluene (b) and as films (c). d, The corresponding time-resolved

b(lo.67Bro.33)3-

photoluminescencelifetimes of the neat nanocrystals and the E+G-treated
nanocrystals. e, FTIRspectra of drop-cast films from nanocrystals synthesized
inoleicacid.neatand after treatment with EDTA, glutathione or E+G. f, XPS of
nanocrystals before and after ligand treatment, showing that the
ligand-treated nanocrystals approximately correspond to MAPb(1, ,Brg ),
whereas the neat nanocrystals were synthesized using the composition of MAP
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images of E+G-treated nanocrystals at different magnifications. f, Fast Fourier

Extended DataFig.2|HR-TEMimages of nanocrystals.a, b, HR-TEM images
transformation of the selected region in e showing a similar cubic structure to

of neatnanocrystals at different magnifications. ¢, Fast Fourier transformation
ofthe selected regioninb, in which the interplanar lattice spacing of the cubic neatnanocrystals.
phaseis 0.60 and 0.42 nm for the {001} and {110} family of planes.d, e, HR TEM
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¢, Time-resolved photoluminescence decays of E+G-treated nanocrystal films
with various HTLs (excitation at 450 nm). d, Photoluminescence intensities of
E+G-treated nanocrystal films with various HTLs (excitation at 450 nm). TFB
HTLs have longer photoluminescence decays and larger photoluminescence
intensity compared to the poly-TPD HTLs, indicating that thereis less exciton
quenchingattheinterface between the nanocrystals and the TFBHTLs.

e, f,Photoemission cutoffenergy (e) and the valence-band region (f) of neat
and E+G-treated nanocrystals from ultraviolet photoemission spectra.

g, h, Opticalbandgaps of neat nanocrystals (g) and E+G-treated

nanocrystals (h).
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stability of E+G-treated NC-LEDs measured in air at aconstant current of and with constant current densities of ImA cm™(c,d) and10 mA cm™ (e, f).
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Extended DataFig.9|'HNMRspectraofsolutions.a, MAPb(I,Br,_,),
nanocrystals before and after treatment with E+G mixture in dg-toluene.

b, Magnification of the circled region of the'H NMR spectraina (between 5.4
and 5.6 ppm), showing details of the proton bound to C=C of oleic acid/
oleylamine. Fine structure can be seen ontop of the broad resonance after
ligand treatment, whichisindicative of free oleic acid and oleylamine ligands.
¢, Systematicaddition of E+G to Pbl,in d,-DMSO solutions.d, e, EDTA,
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glutathioneand E+Gind,-DMSO (d) and D,0 (e). When both ligands are
combined inthe E+G mixture, the individual peak positions are retained,
indicating that thereis no chemical interaction between the two ligands.

f, Glutathionein d,-DMSO and in a mixture of d,-DMSO with D,0, showing the
disappearance of the amide NH peaks (corresponding to exchangeable
protons) inthe presence of D,0.g, h, Systematic addition of EDTA (g) and
glutathione (h) to Pbl, in d,-DMSO solutions.
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Extended DataFig.10 | DFT-optimized structures of surface-adsorbed glutathione (h) andin the presence of adsorbed E+G (i). The iodine vacancy is
ligands. a, Structure of glutathione (left) and EDTA (right), with fragmentsthat  highlighted with a dashed circle.j, Binding energies of fragments and complete
were used to study theirinteraction with the perovskite highlighted. molecules to the Pbl,-terminated perovskite surface. Datain parenthesisis the
b-f, DFT-optimized structures of surface-absorbed glutathione (b), EDTA (c) value per adsorbed molecule. k, DFT-optimized structures of the Pb?
oneglutathione molecule and one EDTA molecule (d), two EDTA molecules (e) complexes with EDTA and with glutathione. The relative binding energies
and two glutathione molecules (f). g-i, The optimized structure ofaniodine showing that EDTA binds more strongly to Pb* than does glutathione by
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