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Thermal quenching of light emission is a critical bottleneck hampering the real-world application of
lead halide perovskite nanocrystals (PNCs) in both electroluminescent and down-conversion light
emitting diodes (LEDs). Here, we report CsPbBr; PNCs with temperature-independent near unity
emission efficiency and constant decay kinetics up to a temperature of T=373 K. This unprecedented
regime is obtained by a fluoride post-synthesis treatment that produces F-rich surfaces with a wider
energy gap than the inner nanocrystal core, yielding suppressed carrier trapping, improved thermal
stability and efficient charge injection. LEDs incorporating these fluoride-treated PNCs show low
turn-on voltage, spectrally pure green electroluminescence with external quantum efficiency as high as
EQE=19.3% at 350 cd/m?2. Importantly, nearly 80% of the room temperature EQE is preserved at
T=343K, in contrast to the dramatic drop commonly observed for standard CsPbBr; PNC-LEDs.
These results provide a promising pathway for high performance practical LEDs based on perovskite
nanostructures.

Lead halide perovskite nanocrystals (PNCs), prized for their tunable narrow-band emission, defect
tolerance and scalable colloidal synthesis', have attracted extensive attention for several photonic and
optoelectronic technologies*>. Owing to tremendous advancements in synthetic and post-synthetic chemistry,
photoluminescence quantum yield (®p.) higher than 90% at room temperature has been demonstrated for
PNCs of various compositions!, leading to substantial progress in the performance of perovskite LEDs
(Figure 1)%%. Despite these advancements, one critical bottleneck to the widespread of PNCs-LEDs that is
often overlooked is the severe drop of the luminescence efficiency ubiquitously observed at operation
temperatures of real-world artificial lighting sources (so called emission thermal quenching)**?’, resulting
from the combination of thermally activated carrier trapping and phonon-assisted nonradiative decay. Heat
generation is inevitable during LED operation. For example, GaN LEDs used as blue light sources in

downconversion LEDs easily reach T=373 K (ref.?®) and the temperature of the down-converting component



is controlled by keeping it far from the blue chip®® or by using integrated cooling technologies®.
Unfortunately, such strategies are not applicable to electroluminescent LEDs and adapting the architecture
without affecting the device functioning is more complicated and in general less effective in minimizing the
thermal damage due to Joule heating in the active layer. For these reasons, strategies for realizing PNCs
featuring efficient luminescence fully preserved at elevated temperatures are currently intensively
investigated and their achievement would represent a key milestone towards the commercialization of

solution-processed PNC-based LEDs.
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Figure 1. Evolution of lead halide perovskites LEDs performance. Chronological evolution of the EQE of the best
green emitting LEDs embedding hybrid fully inorganic®'* (full green circles) or organic/inorganic '*'7 (green hollow
circles) PNCs compared to thin film devices (green crosses) '*2! since 2015. Champion LEDs based on PNCs'® (red
circle) or thin films?*?* (red crosses) emitting in the red/NIR spectral regions are reported for completeness. The

champion EQE obtained in this work is shown as a green star.

With this aim, considerable work has been conducted to understand the thermal quenching behavior of
PNCs in the T = 10K - 400K range**. MAPbBr; PNCs (MA= methyl ammonium) heated at T=400K have
been shown to suffer ~70% loss of their room temperature ®p;*! and CsPbBr; PNCs*>3 displayed over 80%
drop in ®@pr at T=373K. The incorporation of PNCs into polymeric matrixes or silica shells partially mitigates
the effect, but it also prevents charge injection, thus rendering the PNCs incompatible with
electroluminescent LEDs3%3*3% In turn, LEDs based on CsPbBr; PNCs were shown to lose ~95% of their
room temperature electroluminescence (EL) efficiency when operated at T=393 K3¢. As of today, the

suppression of emission thermal quenching in PNCs suitable for LEDs is still an open challenge.

In this work, we aim to contribute to address this issue by reporting a fluoride-based post-synthesis



treatment that fully suppresses thermal quenching in CsPbBr; PNCs, resulting in stable ®pr=90% up to
T=370 K and no thermal degradation for successive thermal cycles. Crucially, the resulting surface
passivation does not contrast direct charge injection and enables the fabrication of LEDs with EQE as high as
19.3%. Possibly most importantly, thermal stress tests reveal only 23% decrease of the EQE at T=343 K

vs. >80% drop commonly observed for conventional PNC-LEDs in the same temperature range*®.

Optical properties and electronic structure of fluoride treated perovskite nanocrystals. CsPbBr; PNCs were

synthesized following the procedure described in the Methods section. For obtaining CsPbBri:F PNCs,
different stoichiometric ratio (0.03, 0.06, 0.12, 0.18, 0.24) of DDAF precursor were mixed with pristine
PNCs at room temperatures. The final composition of the treated particles was evaluated by EDS
(Supplementary Table 1, Supplementary Figure 1) and the samples were labeled according to the respective
F/Br percentage ratio (namely 0.85, 2.4, 3.8, 8.1 and 12%). The F/Br ratio was systematically lower than
what expected for the complete occupation of surface bromine sites by fluorine anions, suggesting that F-

occupy surface bromine vacancies and only partially replaced Br™ anions.
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Figure 2. Optical properties and electronic structure of F-treated CsPbBrs PNCs. (a) Optical absorption (dashed
lines) and PL spectra (solid lines, excitation wavelength 400 nm) of pristine (black line) and F-treated (green lines)
CsPbBr3 PNCs. The labels indicate the F/Br percentage ratio. (b) PL decay curves and ®pr (inset) at T=293K. The
photographs show toluene solutions of pristine and fluoride treated (F/Br=8.1%) CsPbBr3 (0.4 OD at 365 nm) under
365 nm illumination. The color scheme is the same as for panel ‘a’. (c¢) Calculated atomic structures. (d) Band
alignment between bulk layers and surface layers. The bottom and top bars represent the VB and CB respectively. The
labels in the x-axis indicate the degree of occupation of surface sites by fluorine ions. (¢) Local density of states (LDOS)
of bulk and surface layers of pristine CsPbBr3 (left panel) and for the same system having F-ions occupying all Br-ions

positions (right panel).



In Figure 2a we report the optical absorption and PL spectra of pristine and CsPbBr3-F PNCs, showing
essentially identical spectral properties for all systems. The addition of DDAF enhanced the PL efficiency
from @p =48+5% of the pristine PNCs to ®p=90+7% for CsPbBr3:F(8.1) (Figure 2b). Concomitantly, the PL
dynamics lengthened (Figure 2b), suggesting suppression of nonradiative trapping in surface sites. Increasing
the F/Br ratio to 12% led to a drop of ®pr accompanied by the acceleration of the PL dynamics. The use of
further excess of fluoride precursor led to degradation of the perovskite structure (Supplementary Figure 2).
For this reason, we focused on the comparison between pristine and fluorinated CsPbBr; PNCs with F/Br
ratio up to 8.1%. In order to understand the mechanisms leading to higher ®pr. in fluorine-treated PNCs, as
well as to their remarkable PL thermal resistance and EL performance (vide infra), we performed density
functional theory (DFT)*’ calculations (details in Supporting Information). As shown in Figure 2c, no
obvious deformation of the CsPbBr3; surface structure was observed upon the introduction of fluorine ions.
The band structure and the local density of states (LDOS) were calculated and displayed in Figure 2d and 2e.
For free surface layers of pristine CsPbBr; NCs, the valence band maximum (VBM) and conduction band
minimum (CBM) energies were Eyzy—=-1.065 eV and Ecsy =0.935 eV, respectively. Upon increasing the
proportion of F~ ions occupying Br surface sites, Eysus shifted to lower energies and Ecay raised with respect
to pristine CsPbBrs. In fluorine treated systems, this leads to the formation of a type-I like junction with large
potential barriers for both the VB holes (AEyzy= 340-750meV) and the CB electrons (AEczy= 470-530meV)
generated in the pure CsPbBrs PNC core (represented here by the band alignment of pristine PNCs). This
explains the observed suppressed nonradiative losses by surface trapping in CsPbBrs:F PNCs. We further
calculated the total energy of the systems, Eror, as a function of the fluorine proportion to probe the stability
of the PNCs after fluoride treatment. As shown in Supplementary Table 2, the structure was more stable with

increasing fluorine contents, consistent with the highly stable PL under continuous heating (Figure 3).

Thermal resistance experiments. Beside enhancing the emission efficiency, the fluoride treatment has
profound effects on the thermal resistance of the luminescence properties of CsPbBr; PNCs, leading to full
suppression of temperature effects up to 373K. To investigate the PL thermal quenching behavior, we
monitored the PL of toluene suspensions in sifu during heating ramps in dark and sealed conditions from
T=293K to T=373K (heating rate 10K/min). All measurements were repeated several times to ensure the
reproducibility of the PL thermal response. In Figure 3a we report the PL spectra acquired during the heating
ramp for pristine CsPbBr; PNCs and for fluoride treated analogues (F/Br=8.1%). The corresponding

integrated PL intensities (normalized to the respective value at T=273 K) as a function of temperature are



shown in Figure 3b, together with the data for the whole set of PNCs investigated (the corresponding PL

spectra are shown in Supplementary Figure 3).
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Figure 3. Suppression of emission thermal quenching. (a) PL spectra (excitation wavelength 400 nm), (b) integrated
PL intensity and (c) PL decay curves of pristine and F-treated CsPbBr; PNCs at increasing temperature from 293K to
373K.
of the data in ‘e’ as a function of the F/Br ratio in our PNCs. The blurred red bar highlights the condition Ovax=1,

(d) Temperature resistance (fmax) extracted from the data in ‘b’ and AEtrap-values obtained through the fitting

corresponding to zero thermal quenching that is nearly matched by the PNCs with F/Br>8.1%. (¢) Analysis of the PL
intensity trend vs. 1000/T fitted to a single trap model. The sold lines are the fitting curves to Eq.1. (f) Integrated PL
intensity of pristine and fluoride treated CsPbBr3 during three temperature ramps from 293K to 373K. The red line
highlights the thermal degradation of pristine PNCs. The same color code applies to all panels.

3238 upon increasing the temperature to 373K, the PL intensity of

In agreement with previous reports
pristine CsPbBr; PNCs steeply dropped to ~15% of its room temperature value (corresponding to
®p(373K)~7%) and the PL kinetics accelerated by ~90% (from an effective lifetime t©(293K) = 5.4 ns,

calculated as the time after which the intensity drops by a factor e, to 1(373K) = 0.4 ns, Figure 3c¢), indicating



that carrier trapping was strongly intensified at elevated temperatures. Strikingly, the addition of DDAF
boosted the thermal resistance of the PNCs, leading to the perfect temperature independence of the
luminescence of CsPbBr3:F(8.1) PNCs for temperatures as high as T=373 K. This is remarkable as it
indicates that the fluoride treatment both enhances and preserves the emission efficiency up to elevated
temperatures. The evolution with the F/Br ratio resulting from the DDAF treatment of the thermal resistance

370K
of the PNCs at 370K, expressed by the term @45 = ;ZQW (where 123X and I37°K are the PL intensity at
PL

T=293 K and at T=370 K respectively) is highlighted in Figure 3d. With increasing fluorine content, 6,4
grows steeply from ~15% for the pristine PNCs and saturates at ~95% for the CsPbBr;-F(8.1) PNCs,
consistent with the passivation of nonradiative traps accessible at 370K, leading to complete suppression of
thermal quenching. The invariance of 8y, for higher F/Br ratios further suggests that excess DDAF
amounts are not detrimental for their thermal resistance. Notably, the DDAF treatment was applied also to
CsPbBry;l3 and to CsPbl; PNCs (Supplementary Figures 4,5), resulting, in both cases, in substantial
enhancement of the thermal resistance, indicating the generality of the proposed strategy. To further analyze

the effect of the fluoride treatment, we estimated the activation energy for carrier trapping (AE7) by fitting

Bk

the temperature-dependent integrated PL intensity, I?X(T), through the equation: IPL(T) = T iETRT

where, I is the low temperature PL intensity and ks is the Boltzmann constant. The data for the whole set
of investigated PNCs are shown in Figure 3e; the obtained AEr values are shown in Figure 3d. For the
pristine PNCs, the trapping activation energy was found to be AE7 = 246 meV, nearly matching the position
of shallow states of bromine vacancies® that are typically located in energy between ~0.23 eV (ref.*) and
~0.16 eV (ref.*’) above the CBM, thus corroborating the important role of halide vacancies on emission
thermal quenching®**!. Upon increasing the DDAF amounts, AEr increased, reaching AEr= 644 meV for
F/Br=8.1% indicating that surface bromine vacancies are effectively passivated. The trends of AE7r4p and
Opax vs. the F/Br ratio correlate nearly perfectly with each other, confirming a substantial role of the
fluoride treatment in the outstanding thermal resistance of the CsPbBr3:F PNCs. A schematic depiction of the
effects of DDAF on the photophysics of CsPbBr; PNCs is shown in the inset of Figure 3e. The fluorine
treatment also improved the optical stability of CsPbBr; PNCs under continuous heating conditions. This is
shown in Figure 3f where we report the PL intensity of pristine and CsPbBr3:F(8.1) PNCs during three
thermal cycles between T=293K and T=373K. Consistent with Figure 3a and 2b, the fluorine treated PNCs
exhibited nearly constant PL intensity at any stage of the thermal ramp, except for a very minor darkening at

373K. Importantly, the initial room temperature PL intensity value was fully recovered after each cycle



indicating no damage to the PNCs. Conversely, the pristine PNCs showed a marked reversible drop of their
PL intensity due to thermally activated trapping, and a growing irreversible PL darkening in full agreement
with the results by Diroll et al**. This suggests that continuous heating induced irreversible deterioration of
the PNCs — notice that no PL quenching was observed under continuous illumination at room temperature
(Supplementary Figure 6). Treating the PNCs with bromine precursors, DDABT, also helped in mitigating the
thermal quenching of CsPbBr; PNCs, although less effectively than the fluoride treatment and comparable
suppression of emission thermal quenching could be obtained using NH4F as a fluorine source without the
long chain DDA counter cation (Supplementary Figure 7), indicating that the DDA moiety plays a minor role

in the stabilization process.

Structural studies. Structural characterizations were performed to disambiguate the effects of fluoride on
the thermal quenching behavior of CsPbBr; PNCs. X-ray diffraction (XRD) patterns (Figure 4a) confirmed

that both pristine and fluoride treated PNCs present the diffraction peaks corresponding to the cubic phase of
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Figure 4. Structural characterization. (a) XRD patterns, (b) TEM (inset: corresponding HRTEM image) and (c)
HAADF-STEM image of CsPbBr3:F(8.1) PNCs superimposed to the respective EDS elemental mapping highlighting
the presence of F. (d) Interplanar distance as a function of layer number in a single CsPbBr; pristine PNC (left plot) and
in five different CsPbBr3:F(8.1) PNC. The interplanar distance was precisely measured from the aberration-corrected
STEM images reported in the inset. High-resolution XPS spectra of (¢) F 1s and (f) Pb 4f elements. (g) Sketch of the
experimental set-up used for the surface etching experiments. A cross sectional TEM image of tested sample is shown in
the bottom panel. (h) Intensity signal corresponding to F~ (green circles) and Br~ (orange circles) measured with
TOF-SIMS as a function of the etching depth for CsPbBr;:F(8.1), showing the release of fluorine anions from the

particles surfaces followed by bromine anions from the bulk.



Transmission electron microscopy (TEM) images (Figure 4b, Supplementary Figure 8) illustrate the
average size of pristine (7.8 nm + 0.9 nm) and CsPbBr3;:F(8.1) PNCs (6.9 nm + 0.8 nm). The high-angle
annular dark-field scanning transmission electron microscopy image (HAADF-STEM) and elemental
mapping (Figure 4c, Supplementary Figure 9) highlight the presence of fluorine anions adsorbed onto the
PNCs. Based on the higher electronegativity and smaller radius of fluorine with respect to bromine anions*,
leading to stronger chemical binding with Pb?* (ref.#***%), it is reasonable to assume that fluorine anions
occupy surface bromine vacancies and even exchange shallow bromine ions, likely resulting in fluorine-rich
PNC surfaces. In-depth analysis of aberration-corrected STEM images supports this picture (Figure 4d and
Supplementary Figures 10,11), revealing that the interplanar distance on the outer shell of CsPbBr3;:F(8.1)
PNC:s is significantly shorter than in the particle core, consistent with the smaller ionic radius of fluorine
with respect to bromine. Therefore, we ascribe the lattice contraction to the presence of a fluorine-rich
surface layer. This picture is corroborated by X-ray photoelectron spectroscopy (XPS) measurements (Figure
4e.f, Supplementary Figure 12). No significant changes were observed for 3d and Cs and Br core levels
before and after introducing fluoride (Supplementary Figure 13). Most importantly, the spectra of F
confirmed the presence of fluorine ions in treated PNCs and the Pb spectra revealed noticeable differences
between pristine and treated PNCs. In both cases, the peaks of the 4f core level of Pb featured two
components due to Pb cations in the inside and on the surfaces of the PNCs, respectively peaking at 144.6eV
and 139.2eV and at 143.3eV and 138.1eV (ref.*®). Before the treatment, the contribution of inner Pb cations
dominated the XPS spectrum with nearly eight-fold intensity with respect to the surface lead. After treatment,
due to the combination of fluorine and lead ions, the ratio between the two states of Pb changed dramatically,
with the contribution of surface Pb matching that of inner Pb. The XPS changes of Pb further proved that
fluorine ions occupied the surface Br sites, consistent with the DFT results. Further independent support to
the formation of fluorine-rich surfaces in CsPbBri:F PNCs was provided by surface etching experiments
using time-of-flight secondary-ion mass spectroscopy (TOF-SIMS) coupled to ionic sputtering. In full
agreement with our structural and spectroscopic analysis, the signal intensity due to fluorine ions was
maximum on the samples surfaces and dropped steeply in the first 2 nm (Figure 4h). Nearly perfect
anticorrelation was found for the signal due to bromine ions, which were released mostly from the inner
particle layers, thus corroborating the picture that the DDAF treatment modifies the particle surfaces leaving

the CsPbBr; core unaltered.



Efficient, temperature stable LEDs. Finally, to experimentally validate our fluoride-treated PNCs as active
materials in efficient, temperature resistant LEDs, we fabricated planar devices in the architecture depicted in
Figure 5a. The corresponding flat-band energy diagram shown in Figure 5b was estimated from the
ultraviolet photoelectron spectroscopy (Supplementary Figure 14). The EL spectrum is reported in Figure 5¢
together with the respective PL, showing a narrow (FWHM=20 nm) EL peak at 511 nm, redshifted with
respect to the PL by ~2 nm, likely due to Stark effect.*’” No emission was observed from the organic
interlayers under increasing bias voltage (3-8 V, Supplementary Figure 15), indicating that the injected

carriers recombined at the PNCs.
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Figure 5 Thermally stable LEDs based on CsPbBrs:F nanocrystals. (a) Device structure and (b) flat band energy
diagram of a multilayer LED. ITO: indium tin oxide; PEDOT:PSS: poly(3,4
ethylenedioxythiophene):polystyrene;.Poly-TPD:  poly(N,N'-bis(4-butylphenyl)-N,N'-bis(phenyl) benzene); TPBi:
(2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole); LiF: Lithium fluoride; Al: Aluminium (c) EL spectrum
of the LED and PL (405 nm excitation) spectrum of the CsPbBr3:F(8.1) PNCs active layer. (d) Current density — Voltage
— Luminance (J-V-L) response of the best device embedding CsPbBr3:F(8.1) PNCs. (e) EQE vs. current density
showing maximum efficiency of 19.3%. Inset: Photograph of a working LED (device area 4mm?). (f) J-V (top panel)
and L-V (bottom panel) curves of a representative LED with CsPbBr3;:F(8.1) PNCs active layer at increasing working
temperature from 303K to 343 K. (g) EQE-Current density curves, (h) maximum EQE and (i) normalized EL spectrum

as a function of temperature for the same device. The color scheme indicated in panel ‘f” applies to panels f-i.



Figure 5d,e report the current density—voltage—luminance (J-V-L) response and the corresponding EQE vs.
current density curve of the best LED without encapsulation at room temperature. The device turned on at
Von= 2.7 V (defined as the voltage at which the luminance was 1cd/m?) and exhibited EQE = 19.3%, and
maximum luminance of 2030 cd/m?. The corresponding internal QE calculated according to ref.*® is 89%.
The average EQE measured over 20 devices was 16.1% with standard deviation of 1.8%, indicating very
good reproducibility of the device performance (Supplementary Table 3). By comparison, the average EQE
of the LEDs with pristine PNCs was 0.13+ 0.06% due to the presence of surface defects in the PNCs (J-V-L
response and EQE of pristine CsPbBr; NCs LED are reported in Supplementary Figure 16), in agreement
with previous reports'®. The half-lifetime (Tso, defined as the time after which the luminance decreases of a
factor of two) of unencapsulated devices operated at initial luminance of 1000 ¢d m™ increased from Tsp= 12
s for the pristine case, to Ts=50 s (at comparable Lo) for an LED embedding CsPbBr3:F(8.1) PNCs
(Supplementary Figure 17). By using the expression of L"Ts¢=constant, and assuming an acceleration factor
of n=1.5 (ref.?!), we estimate that the LED embedding fluorine-treated PNCs to exhibit Ts¢=25 minutes at
100 c¢d m™2, which is comparable to the performance of stable literature PNC-LEDs tested in comparable
conditions!?!3:17:48-30,

Finally, in order to assess the effect of the increased thermal resistance of fluoride treated PNCs on operating
LEDs, we performed temperature stress measurements on an LED exhibiting maximum room temperature
EQE of 16.9% and maximum luminance of 1946 cd/m? that better represented our device set. The J-V-L
characteristics and the EQE curve of such an LED without encapsulation at increasing operating temperature
from T=303 K to T=343 K (ambient condition, humidity 50% — 60%) are shown in Figure 5f and 5g
respectively. In these experiments, the high-temperature limit of 343 K was imposed by the degradation of
the Al cathode during the heating process as shown in Supplementary Figure 18. Upon increasing the
temperature, Von decreased progressively from 3.0 V to 2.6 V, likely due to thermal-assisted carrier injection
(Supplementary Table 4). Most importantly, the EQE decreased only to 13.0% when operated at T=343 K,
which nearly matches the room temperature value within the experimental standard deviation (Figure Sh).
This corresponds to a 23% drop, which is a substantial improvement with respect to LEDs embedding
conventional CsPbBr; PNCs that have shown up to 90% efficiency drop in the same temperature range*.
Based on the fact that the PL efficiency of the CsPbBr;:F(8.1) PNCs is essentially constant at such a
temperature, we speculate that the observed decreased of the EQE could be also due to thermal effects on the

organic interlayers. Importantly, and in full agreement with the PL data in Figure 2a, the EL spectrum of our
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device is perfectly preserved at all investigated temperatures (Figure 51), indicating perfect thermal resistance
of the emission color purity. Finally, consistent with the partial mitigation of emission thermal quenching by
Br-treatment, LEDs embedding CsPbBr; PNCs post-treated with DDABr also featured high EQEmax= 15.2%
at 303 K (Supplementary Figure 19), but their efficiency dropped to ~3% at 343 K, in line with the PL vs.

temperature trend shown in Supplementary Figure 7.

In summary, we have demonstrated a new fluoride post-synthesis treatment for that suppresses emission
thermal quenching and improves the structural thermal stability of cesium lead halide PNCs, enabling
temperature independent light emission up to 373 K. Using fluorine treated CdPbBr; PNC we obtained a
LEDs with EQE as high as 19.3% at 303 K and temperature stress experiments showed a small, 23%,
efficiency drop when operated at high temperatures. The fluoride treatment was demonstrated to be effective
also for other lead halide perovskites covering the whole visible spectrum. Therefore, our results hold
promise for the realization of high-efficiency and temperature-stable LEDs produced via solution-based

process.
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METHODS

Chemicals. Cesium carbonate (Cs>COs, 98%), lead bromide (PbBr2, 98%), sodium fluoride (NaF, 99%),
didodecyl dimethylammonium bromide (DDABr, 98%), 1-octadecene (ODE, 90%), oleylamine (OAm, 90%),
toluene (98%), methyl acetate (MeOAc, 98%) were purchased from Aladdin. Oleic acid (OA, 90%) was
purchased from Sigma-Aldrich. All the chemical reagents were used directly without further purification.

Preparation of Cs-oleate precursor. 3.2582 g Cs>CO; (10 mmol), 20 mL OA and 20 mL ODE were
mixed in a three-neck flask and degassed at 120°C for 1 h under vacuum. Then the mixture was heated to
150°C under Ar until the solution transformed into clear and cooled down to room temperature for storing.

Preparation of DDAF precursor. 1.1566 g DDABr (2.5 mmol) and 105 mg NaF (2.5 mmol) were
dissolved in 25 mL toluene and 25 mL ultra-pure water, respectively. Then these solutions were mixed under
sonication for 30 min in order to exchange fluorine anions with bromine anions completely. Subsequently,
the milky mixture was centrifuged and then the toluene solution was obtained as DDAF precursor
(0.015mmol/mL).

Synthesis of CsPbBr; NCs. 0.734 g PbBr; (2 mmol), 20 mL ODE, 5 mL OA and 5 mL OAm were put
into a three-neck flask and degassed at 120°C for 1 h under vacuum. Then the flask was filled with Ar and
heated up to 180°C until PbBr; was dissolved completely. Subsequently, 1 mL pre-heated Cs-oleate precursor
was swiftly injected into the flask to react for 10 seconds and then immerged into ice-water bath dramatically.
The products were centrifuged with MeOAc and re-dispersed with toluene and the supernatant was obtained
as CsPbBr3; NCs stock solution.

Synthesis of CsPbBr;'F or CsPbBr;:DDABr NCs. In this procedure, certain amount of DDAF (or
DDABr) solution was added into 1 mL CsPbBrs/toluene stock solution to stir for 30 minutes at room
temperature and then the mixture was centrifuged with MeOAc. The sediment was re-dispersed with toluene
for centrifugation again and then the supernatant was collected as CsPbBrs:F or CsPbBr;:DDABr NCs
solution.

Thermal quenching experiments. For temperature-dependent measurements, the pristine, fluoride
post-treated, and bromine post-treated CsPbBr; NCs were diluted with toluene and then the solutions were
heated gradually in an oil-bath. The in-situ PL spectra were recorded at certain temperature in the range of
293-373 K. We restricted our data analysis to 370K as the sudden drop of the PL intensity at 373 K is not due
PL quenching but to enhanced mobility of toluene solvent when the temperature approaches its boiling point
at 383.6 K, which introduced instability in the PL measurement.

Structural characterization. X-ray powder diffraction (XRD) patterns were recorded on a Bruker D§
ADVANCE diffractometer using Cu Ka radiation (40 kV, 30 mA, 2°/min from 10 to 80°, A = 1.5406 A).
Samples of all perovskite NCs were prepared for high-resolution transmission electron microscope (HRTEM,
FEI Talos F200X, operating at 200 kV) and aberration-corrected STEM (JEOL ARM-200F, operating at 200
kV). The surface composition and chemical state of samples were detected through X-ray photo-electron
spectroscopy (XPS) using Kratos Axis Ultra DLD. Room temperature UV—vis absorption spectroscopy and
PL spectra were recorded on a Cary-60 UV—vis spectrophotometer and F-380 fluorescence spectrometer
(Tianjin Gangdong Sci. & Tech. Development Co., Ltd., China), respectively. Temperature-dependent
fluorescence lifetimes were performed on a time-resolved fluorescence spectrofluorometer (QM/TM/IM, PTI,
USA). In the surface etching experiments, a nearly single particle layer (~10 nm) of CsPbBr3:F(8.1) was
deposited onto a low-roughness Poly:TPD film and exposed to Bi** cations. The depth of the etching process
was calibrated through Atomic Force Microscopy. For the time-of-flight secondary-ion mass spectrometry
(TOF-SIMS) studies, TOF-SIMS 5-100 was used at analysis chamber pressure below 1.1 x 10 mbar. Depth
analysis with delay extraction mode with pulsed 30 keV Bi** (0.05 pA pulsed current) ion beam was applied.
Typical analysis area was 10 x10 um?.
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Device fabrication. The devices were assembled with the following structure: anode consisted in an
indium tin oxide (ITO) coated glass substrate with PEDOT:PSS (thickness 35 nm) / Poly-TPD (thickness: 30
nm) hole injection/transport layers. On the cathode side, a 25 nm thick film of PNCs was overcoated with 40
nm of a TPBi electron transport layer separated from the Al cathode (100 nm) by 1 nm of LiF.

PEDOT:PSS solutions (Baytron P VPAI 4083, filtered through a 0.45 um filter) were spin-coated onto the
ITO-coated glass substrates at 4000 rpm for 20 seconds and baked at 145°C for 15 minutes. The poly-TPD
chlorobenzene solution (8 mg mL™") was spin-coated at 4000 rpm for 20 seconds and annealed at 110°C for
20 minutes to form hole transporting layer before CsPbBr; NCs were deposited at 2000 rpm for 20 seconds.
Then TPBi and LiF/Al electrodes were deposited using a thermal evaporation system through a shadow mask
under a high vacuum.

Device efficiency characterization. A Keithley 2602 source meter (sweep rate 0.2V/s) was used to
measure the current—voltage-luminance characteristics of the devices. The light output was measured by a
calibrated silicon photodetector positioned at a fixed distance and directed toward the ITO glass side of the
device. The LED brightness was determined from the fraction of light that reaches the photodetector. The EL
spectra were recorded with a Spex 270 M spectrometer coupled to a charged couple device. LEDs were
tested in nitrogen atmosphere without additional environmental protection. The devices were stored under
ambient conditions between experiments. Stress tests were performed with the same equipment on
unencapsulated LEDs in ambient conditions.

Data availability statement. The data that support the findings of this study are available from the
corresponding author upon reasonable request
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