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ABSTRACT: Lead halide perovskites are promising candidates for
high-performance light-emitting diodes (LEDs); however, their
applicability is limited by their structural instability toward
moisture. Although a deliberate addition of water to the precursor
solution has recently been shown to improve the crystallinity and
optical properties of perovskites, the corresponding thin films still
do not exhibit a near-unity quantum yield. Herein, we report that
the direct addition of a minute amount of water to post-treated
formamidinium lead bromide (FAPbBr3) nanocrystals (NCs)
substantially enhances the stability while achieving a 95%
photoluminescence quantum yield in a NC thin film. We unveil
the mechanism of how moisture assists in the formation of an
additional NH4Br component. Alongside, we demonstrate the
crucial role of moisture in assisting localized etching of the perovskite crystal, facilitating the partial incorporation of NH4

+, which is 
key for improved performance under ambient conditions. Finally, as a proof-of-concept, the application of post-treated and water-
treated perovskites is tested in LEDs, with the latter exhibiting a superior performance, offering opportunities toward commercial 
application in moisture-stable optoelectronics.
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1. INTRODUCTION
Organic−inorganic lead halide perovskites (LHPs) exhibit 
outstanding optoelectronic properties for light harvesting and 
emission devices.1−3 However, the function of the perovskite 
layer in these distinct applications differs fundamentally. 3D 
A PbX3 (where A is an organic or inorganic cation, and X is a 
halide) LHPs possess large absorption coefficients, long charge 
carrier diffusion lengths, and small exciton binding energies 
(Eb), which are highly desirable for solar cell applications.4 In 
contrast, light-emitting diodes (LEDs) benefit from a high Eb, 
which is not commonly observed in traditional 3D perov-
skites.5 Despite this limitation, significant progress in photo-
luminescence (PL) efficiency has been achieved, owing to the 
high defect tolerance, color purity, and a wide range of color 
tunability of 3D perovskites.5 However, 3D LHP-based devices 
lack long-term stability, restricting their commercialization.
Recently, 2D A2PbX4 LHPs have gained considerable 

attention due to their remarkable stability compared to their 
3D counterparts.6,7 Furthermore, these structures exhibit 
appealing properties, such as a strong quantum and dielectric 
confinement, which results in a high Eb, making them attractive

for electroluminescence (EL) applications.8 However, high
external quantum efficiencies (EQE) have not yet been
achieved for LEDs based on “pure 2D” perovskites due to
the presence of large organic insulating ammonium cations,
restricting their charge transport properties.1,2 Hence, the
formation of a 2D/3D heterostructure (also known as quasi-
2D perovskites) is a valuable method to combine the best of
both worlds, that is, structures with enhanced stability and
spatially confined carriers while maintaining optimum charge
carrier transport.
Multiple studies have shown that the surface of LHP

nanocrystals (NCs) exposes a large number of dangling bonds
owing to their large surface-to-volume ratio, which traps a
fraction of charge carriers, serving as non-radiative recombi-
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nation centers.9 Moreover, surface defects also promote the 
penetration of moisture and accelerate the degradation of 
perovskites.10 Recently, several studies have demonstrated 
effective strategies to passivate the LHP NC surface, 
promoting radiative recombination, for example, by introduc-
ing bulky organic surfactants such as ammonium tetrafluor-
oborate, diammonium halides, silver−trioctylphosphine com-
plexes, didodecyl dimethylammonium fluoride, and so 
forth.11−15 Some reports find MA I-16,17 or FABr-rich18,19 

conditions to be beneficial for device performance as their 
excess may passivate defects at the surface. Besides these typical 
passivation strategies, the incorporation of water in the ligand-
assisted re-precipitation (LA RP) reaction mixture has also been 
demonstrated to play a positive role in controlling the 
morphology and stability of LHP NCs.20,21 Other studies have 
demonstrated that a minute amount of water as a solvent 
additive promotes the formation of uniform LHP NC films, 
inducing higher stability and improved optoelectronic proper-
ties.22,23 Despite these remarkable advancements, practical 
applications are still hampered by the limited stability of the 
resulting LHP NC films under ambient conditions.
Herein, we developed a novel post-treatment strategy that 

could allow the utilization of perovskite NCs in moisture-stable 
optoelectronics. We started off with a single-step synthesis of 
FAPbBr3 NCs using synergistic ligands, short-chain sec-
butylamine (s-BA ), and oleic acid (OA c). We first discuss the 
structural and optical characteristics of the as-prepared 
FA PbBr3 NCs. Further, we modify the surface chemistry of NCs 
by applying a facile post-treatment strategy, using extra molar 
equivalents of FABr in hexane-containing ligands. The slow 
intrusion of atmospheric moisture hydrolyzes the excess FABr 
from the post-treatment reaction mixture, leading to the 
formation of formamide and surface-stabilizing ammonium 
bromide (NH4Br). The high concentration of NH4

+Br− 

resulted in NCs with higher stability and substantially 
improved optical properties, displaying a high PL quantum 
yield (PLQY) of 85% when deposited as device-ready NC thin 
films. Additionally, this work also explores the effect of directly 
adding minute amounts of water [0.2% (v/v)] to the post-
treated FAPbBr3 NCs. While earlier studies have demonstrated

the role of water in facilitating the phase transformation 
(Cs4PbBr6 to CsPbBr3 or CsPbBr3 to CsPb2Br5),24,25 

influencing the growth rate and shape of NCs,26 structural 
reorganization,27 and surface crystallization,28 this study 
elucidates its role in locally exfoliating and etching the post-
treated NCs, thereby creating possible channels for the 
intercalation of NH4

+ cations as well as promoting the self-
assembly of NCs. This, consequently, promotes the stabiliza-
tion of the NCs, raising the PLQY to 95% when deposited as 
thin films. Finally, as a proof-of-concept, the application of 
post-treated and water-treated FA PbBr3 NC thin films was 
explored in LEDs. Strikingly, the water-treated LHPs exhibited 
up to 3 times higher EQE as compared to solely post-treated 
FA PbBr3 NCs.

2. RESULTS AND DISCUSSION
FAPbBr3 NCs are synthesized by a facile, ligand-mediated, wet 
chemical approach. First, a stoichiometric ratio of FA Br and 
PbBr2 is dissolved in N-dimethylformamide (DMF). Mean-
while, a mixture of synergistic ligands, s-BA and OAc, is added 
to the antisolvent, toluene. Finally, the injection of the 
precursor into the toluene solution yields a blue-green emissive 
suspension under UV illumination. This blue-green emission is 
a typical feature of low-dimensional perovskites. Herein, a low-
dimensional (quasi-2D) structure is suspected to be generated 
by the formation of sec-butylammonium, which will be clarified 
later. However, the emission color rapidly changes from blue-
green to green and readily loses intensity as soon as the NCs 
are washed with toluene, suggesting a structural change in 
ambient conditions. In an attempt to maintain the initial 
quasi-2D structure with the appealing blue-green 
emission, we employ a surface passivation strategy. 
Immediately after synthesis, the NCs are sonicated with 
extra molar equivalents of FABr (employed in the post-
treatment mixture), manifest-ing a positive effect on the 
stability and allowing the FAPbBr3 NC suspension to retain 
the initial bright blue-green emission. More specifically, the 
samples are post-treated with 0.02 (1 equiv), 0.04 (2 
equiv), and 0.06 mmol (3 equiv) of FABr dissolved in 
hexane containing OAc and oleylamine (OAm), which are 
hereafter referred to as PT1, PT2, and PT3,

Figure 1. (a) XRD, (b) FTIR, and (c) XPS spectra of untreated and post-treated FAPbBr3 NCs. The symbol (*) in (a) indicates the NH4Br cubic
phase. The XPS spectra are normalized to their respective Pb 4f peaks.
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respectively. The untreated sample is referred to as PT0. A 
more detailed explanation of the protocol is discussed in the 
Experimental Procedure. Moreover, the effect of humidity on 
the NCs’ structure has been investigated, and the representa-
tive structural change upon post-treatment is schematically 
demonstrated. Following the synthesis and post-treatment, the 
structure is evaluated using transmission electron microscopy 
(TEM), X-ray diffraction (XRD), grazing incidence XRD 
(GIXRD), X-ray photoelectron spectroscopy (XPS), and 
Fourier-transform infrared spectroscopy (FTIR) techniques, 
while the optical properties are investigated using steady-state 
and time-resolved PL. Note that all characterizations were 
performed in thin film form by simply dropcasting the NC 
suspension on a glass slide or TEM graphene grids.
2.1. Structural Properties. A s shown in Figure 1a, PT0 

was formed with the conventional FA PbBr3 cubic phase.18 

However, upon post-treatment (i) four extra peaks appear, 
which get more pronounced when applying higher molar 
equivalents of FABr. XRD refinement reveals the presence of a 
mixture of two cubic phases, the major phase corresponding to 
the typical cubic structure of FAPbBr3 [Pm3̅m, a = 6.0179 (2) 
Å],29 and a second phase with sharp peaks (marked with *) 
belonging to the cubic ammonium bromide (NH4Br) structure 
[Pm3̅m, a = 4.0620 (1) Å] (Figure S1).30 (ii) The XRD 
patterns of the post-treated FA PbBr3 NCs exhibit low-angle 
diffraction features below 2θ = 15°, suggesting the presence of a 
low-dimensional structure, which is potentially further 
stabilized by the presence of NH4Br. It is important to note that 
post-treatment is generally a surface modifying (healing in this 
case) approach and is not expected to impact the bulk of the 
crystal. Considering the fact that the XRD pattern reveals highly 
intense peaks corresponding to the cubic phase of NH4Br, it is 
anticipated that some part of the NH4Br

interacted with the crystal surface, assisting in stabilizing and 
preserving the dimensionality of the NCs, whereas another 
fraction remained as “free”-NH4Br in the structure, exhibiting 
an additional phase.
First, our attention will be focused on the elucidation of the 

appearance of the additional NH4Br cubic phase. For the post-
treatment, we employed different molar amounts of FABr, 
mixed with OA c and OA m capping ligands in hexane. The 
trace of water present in hexane solution from the atmosphere 
most likely induces the base (OA m)-catalyzed hydrolysis of 
FA Br, leading to the formation of formamide and NH4Br 
(Scheme S1). As control experiments, the XRD patterns of a 
mixture of FABr and water as well as a mixture of FABr, OAm, 
and water were recorded (Figure S2). The latter composition 
revealed an XRD pattern corresponding to the NH4Br cubic 
phase, as is also observed for the post-treated NCs, thus 
confirming our hypothesis.
To study the influence of formamide on the structure, 

additional control experiments were performed, where the 
NCs were post-treated with a mixture of NH4Br and a varying 
amount of formamide (Figure S3). It was observed that 
formamide, as such, has no impact on the perovskite structure, 
but it mainly aids in the dispersion of the NH4Br salt, 
attributing to its polar nature (refer Supporting Information for 
more info, Figure S3). We anticipate a higher production of 
formamide with increasing molar equivalents of FABr, which is 
also evident in the FTIR spectrum (Figure 1b) and will be 
discussed hereafter.
Next, more detailed GIXRD measurements (Figure S4) 

resulted in five reflections in the low 2θ region at around 2.4, 
4.7, 9.5, 11.8, and 14.4° (corresponding to a lattice spacing up 
to d ≈ 36.7 Å). These reflections cannot arise from an oriented 
3D LHP structure since they are located too low in the 2θ

Scheme 1. Structural Evolution of FAPbBr3 NCs (i) before and after Treatment and (ii) when the Structures are Exposed to
Moisture; Blue Cations in (ii) Depict NH4+
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region and thus confirm the presence of a low-dimensional 
structure, as previously observed for other perovskites.31 In 
particular, the peak positions of these low-angle features reflect 
an n ≤ 4 composition, where n is the number of layers of 
FAPbBr3 unit cells, as it is expected that an n = 4 composition 
contain peaks from n = 1−3 structures. For n ≥ 4 structures, the 
diffraction peaks representing smaller n values would be very 
weak or would even completely disappear.31 At this point, it is 
anticipated that the organic spacer that assists the formation of 
the quasi-2D structure is sec-butylammonium, which is formed 
after the protonation of s-BA by OAc in the aprotic solvent.32 

The large d-spacing value is thus attributed to this bulky cation 
participating in the formation of the quasi-2D structure 
[Scheme 1, left panel (i)].
To further verify the above-stated findings, FTIR and XPS 

measurements were conducted on the untreated and post-
treated NCs. In Figure 1b, the FTIR spectrum features sharp 
absorption bands at ∼2860 and 2930 cm−1, which are assigned 
to the asymmetric stretching vibrations of CH2 and CH3 of the 
capping ligands, respectively. Additionally, two distinct peaks 
around ∼3050 and 3150 cm−1 appear, corresponding to the 
stretching vibrations of ammonium, originating from proto-
nated s-BA and NH4

+.33 Notably, these peak intensities are 
relatively increase for the samples post-treated with increasing 
molar equivalents of FA Br, implying the presence of more 
ammonium species, including free-standing NH4Br. This 
finding is in line with the obtained XRD data, displaying the 
highest peak intensities reflecting the NH4Br phase for the PT3 
NCs. Furthermore, the post-treated films exhibited a gradual 
increase in the band around 1713 cm−1, which may be assigned 
to the C�O stretching mode of formamide. However, this 
peak can also be observed as a result of C�O or C�N 
stretching of the carboxylic group of OAc or of FA+, 
respectively (Figure S5). It is certainly difficult to assign the 
exact contribution; however, it can only be speculated that the 
increase in the intensity of peaks around 1713 cm−1 for the 
post-treated NCs could more likely be attributed to the 
formation of formamide, the amount of which increases with 
increasing molar amounts of FABr, as also noted for the XRD 
pattern. It is less likely to be arising from carboxylic acid as its 
contribution is expected to decrease on account of proton

transfer between an excess of OAc and OAm or s-BA, supplied 
during the post-treatment step. Additionally, the desorption of 
ligand (unbound OAc) could also be attributed to the 
additional washing step, specifically performed for the post-
treated NCs.34 Consequently, the deprotonation of OAc 
increases the relative intensity of the COO− band, having 
symmetric and asymmetric modes around ∼1400 and 1467 cm
−1, respectively. The difference between these two 
characteristic bands is ∼67 cm−1, reflecting a bidendate 
coordination of OA c to Pb2+.35 This indicates that oleate anions 
are also adsorbed on the perovskite surface, further passivating 
the surface defects (undercoordinated Pb2+).36 Notably, a 
considerable amount of unbound carboxylic acid remained in 
the suspension of PT0, probably due to the limited washing 
steps. Moreover, the PT0 NCs lacked an excess of ligands 
(absence of post-treatment step) to undergo any further 
protonation−deprotonation reaction, and hence, the trend in 
the intensity of the peaks, at 1400 and 1700 cm−1, is opposite to 
the post-treated ones. The FTIR spectra of all the control 
samples can be consulted in the SI, Figure S5.
In line with this, XPS measurements revealed a gradual 

increase in the intensity ratio of N/Pb and Br/Pb at the surface 
of the FAPbBr3 NCs upon post-treatment. Figure 1c represents 
the high-resolution XPS spectra of Pb 4f, Br 3d, and N 1s core 
levels for the untreated perovskites and post-treated perov-
skites. The acquired spectra possess consistent chemical 
features for all the samples, with no remarkable difference in the 
peak position. In order to evaluate the changes in the chemical 
composition after post-treatment, the spectra for Br 3d and N 
1s were normalized with respect to the Pb 4f peak, revealing a 
substantial difference in intensity of the Br 3d and N 1s peaks 
for the post-treated FA PbBr3 NCs, especially for PT3 when 
compared to that of PT0. The gradual increase in the intensity 
ratio of N/Pb from PT0 to PT3 confirms the presence of an 
excess of the ammonium cation at the NC surface, as previously 
suggested by XRD and FTIR. This is further supported by the 
N 1s XPS spectra, where two peaks are observed for the post-
treated samples, one at ∼399 eV, belonging to pristine amine 
(s-BA), and another one at ∼401 eV, belonging to the 
corresponding protonated amine (i.e.,
−NH3

+ or NH4
+), which is absent for PT0.37 So far, the results

Figure 2. HAADF-STEM images of (a) PT0, (b) PT3, and (c) PT3 + H2O. In (b), thin NCs that are oriented edge-on and are stacked on top of
each other are highlighted with a yellow rectangle. This indicates the presence of low-dimensional perovskite NCs. (d) PT0, (e) PT3, and (f) PT3
+ H2O are the corresponding high-magnification images; yellow circles in (d,e) highlight exfoliated and etched spots. The arrows in (f) indicate the
step-like structure, where etching resulted in a step with a width of ∼4 nm.
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from XRD, XPS, and FTIR collectively indicate that some 
fraction of ammonium is tethered to the surface of the post-
treated NCs and some remained as free-NH4Br, acting as a 
passivating entity and promoting stability. Additionally, Br/Pb 
also increased from 2.8 to 3.7 upon post-treatment due to the 
additional NH4Br layer. Notably, the halide-rich circumstances 
are also beneficial for obtaining high-quality perovskite NCs, 
owing to the self-passivation effect.18,38 The atomic ratios of 
Br/Pb and N/Pb for perovskites PT0, PT1, and PT3 are given 
in Table S1.
Furthermore, we performed high-angle annular dark-field 

scanning transmission electron microscopy (HAADF−STEM) 
at low magnification with a low electron beam dose to examine 
the morphology of untreated and treated NCs (Figure 2a−c). 
The high-resolution STEM images are also displayed in Figure 
2d−f. The STEM images for PT0 and PT3 exhibit a uniform 
cubic morphology, possessing an average edge length of 25−50 
nm (Figure S6). The fast Fourier transform (FFT) of a high-
resolution STEM image of PT0 NCs (Figure S7) shows the 
NCs are oriented in the [100] zone axis (ZA ). While the 
majority of PT3 NCs exhibited a horizontal orientation, a 
fraction of them were also found to be aligned edge-on (Figure 
2b, marked with a yellow rectangle), highlighting the existence 
of lower dimensional structures. Notably, no specific substrate-
induced reorientation could be identified.2,39 Furthermore, the 
vertically aligned crystals exhibited an average thickness of
∼1.2−1.8 nm (Figure S8), which is in excellent agreement with 
the calculated thickness of nanoplatelets having n = 2 (1.2 nm) 
and n = 3 (1.8 nm).40 Notably, edge-to-edge stacking was not 
observed for PT0 NCs. A dditionally, the PT3 NCs also 
displayed unusual, partially etched corners (Figure 2e, marked 
with yellow circles). Such structural features could be induced 
either by the interaction of the highly energetic electron 
beam,41 or by polar solvents,42 which tend to dissolve or 
decompose the perovskites. Notably, in this study, the e-beam 
dose was kept extremely low in order to avoid the beam 
damage. Considering that the etching effect is not seen for PT0 
NCs, following the similar conditions, we exclude the e-beam 
being the cause for the repercussion. To further probe the 
etching mechanism, we attempted to react PT3 NCs with a 
minute amount of water (denoted as PT3 + H2O, hereafter). 
Interestingly, a tiny drop of water, 0.2% (v/v), instantly 
changed the emission color from blue-green to a highly emissive 
green, which is in line with what we will discuss later. It is 
anticipated that the interaction of perovskite NCs with an 
extremely small amount of water leads to chemical 
dissolution,43 formally releasing the constituent ions of 
FA PbBr3 (FA+, Br−, Pb2+) from the surface. Notably, the 
dissolution seems to take place at preferential sites instead of 
exhibiting a uniform dissolution of the crystal (Figures S8 and 
S9). Consequently, small etch-pits of different dimensions 
emerge throughout the crystal, mainly at the edges (Figure 
2e,f). We propose that the removal of constituent ions creates 
an initial weak point in the crystal lattice, forming initiation sites 
for the etching process (as seen in Figure 2e), which 
subsequently broadens over time, forming a step-like structure, 
as evident for water-treated perovskites (Figure 2f). The NCs 
self-assemble to form a stack-like morphology (Figure 2c). 
Furthermore, we also observed a few thin square- and 
rectangular-shaped flakes, which are likely exfoliated from the 
edges of the crystals (Figure S9 and Scheme S2), stemming 
from the weak van der Waals interaction between the 
interlayers.44 Typically, such structural inhomogeneity is

found after etching; this can either induce heterogeneity in 
the structural and optical properties45 or could assist in 
forming new structures [e.g., from platelets (2D) to quantum 
dots (0D)].42 Lastly, we point out that the exfoliated regions 
formed upon water addition do not exhibit any obvious defects 
(Figure 2f), implying that the perovskites’ cubic structure was 
retained (cfr. XRD), which is also consistent with FFT 
patterns.
Next, from the XRD data, we could clearly resolve the cubic 

phase of FAPbBr3 and NH4Br in PT3 and PT3 + H2O (Figure 
1a). However, in contrast, the electron diffraction pattern only 
identified the cubic FAPbBr3 phase (Figure S10). Notably, we 
spotted a large sphere covering the top of PT3 + H2O NCs, 
which could be ascribed to the free-standing NH4Br, according 
to EDX data (Figure S11). Additionally, considering the fact 
that hexane is an antisolvent to NH4Br, it tends to have high 
surface energy in hexane. To minimize the surface area, the 
particles are anticipated to take the form of a sphere, and thus, 
we ascribe the spherical particle to NH4Br.

46 However, 
crystallographic data could not be locally resolved.
2.2. Photophysical Properties. In this section, we 

evaluate the optical properties of the untreated and post-treated 
NCs, dropcasted in thin film form. The normalized UV−vis 
absorption (dashed lines) and PL spectra (solid lines) are 
shown in Figure 3. As seen in Figure 3a, PT0 exhibits two

features in the absorption spectrum at 450 and 479 nm, with
an absorption edge at 528 nm. When excited at 395 nm, the PL
spectrum exhibits an emission maximum at 539 nm with a
narrow full width at half-maximum (fwhm) of 30 nm. Also,
there is a very weak emission band (475−500 nm) in the tail of
the main peak, which corresponds to the additional features in
the absorption spectrum. This optical performance indicates
that PT0 mainly adopts a 3D perovskite structure and
possesses some features of a quasi-2D structure. PT0 exhibits

Figure 3. PL and absorption spectra of (a) PT0, (b) post-treated
FAPbBr3 NCs (day 1), and (c) PT3 + H2O.
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PLQYs of 34 and 48% upon excitation in the blue (at 405 nm) 
and green (at 485 nm) regions of the spectrum, respectively. To 
evaluate how moisture affects the PL properties of PT0, PL 
measurements were also performed on the PT0 NCs in 
suspension, avoiding contact with the environment during 
dropcasting. An excitonic peak at ∼430 nm, characteristic of 
low-dimensional FA PbBr3 perovskites, is now clearly visible 
(Figure S12). This implies that, after sec-butylammonium 
participates in the formation of a low-dimensional component, 
traces of water will again deprotonate the ammonium cation by 
which it escapes the perovskite structure, leaving behind a 
dominant 3D crystal structure. The post-treated perovskite 
NCs, on the other hand, exhibit and maintain blue-green 
emissions after synthesis and dropcasting. A s can be seen in 
Figure 3b, a fundamentally different absorption spectrum as 
compared to that of PT0 is observed for the treated samples, 
displaying strong absorption at ∼430 nm and an absorption 
edge blue-shifted from 528 to 470 nm. The strong peak at 430 
nm matches the excitonic absorption peak of the s-BA2FAn

−1PbnX3n+1 structure with n = 2,47 while the absorption edge 
matches with n = 4, indicating a quasi-2D structure (s-
BA2FA3Pb4Br13). This is also consistent with the TEM results, 
where thin NCs with a thickness of a few nanometers were 
observed. A ll three PT1-3 NCs exhibit a sharp emission, 
peaking at ∼500 nm and revealing a small peak near 430 nm 
when excited at 395 nm. The blue shift of the emission peak 
originates from the presence of the low-dimensional perovskite 
structure. It is anticipated that the quasi-2D structure is 
stabilized by the presence of NH4Br, preserving s-BA in its 
protonated form [Scheme 1, left panel (i)]. This assertion can 
further be supported by the fact that the ionic radius of NH4

+ 

(1.54 Å) is smaller than that of protonated butylamine (2.6 Å), 
which reduces the steric effect, promoting more dense, efficient 
passivation of the surface.48 Consequently, the NH4

+ ions lock 
the structure of FA PbBr3 upon post-treatment, retaining the 
blue-green emission, which was not seen in the case of PT0. 
The PLQY of PT3 directly after synthesis (day 1) reaches 38%
at 405 nm excitation. Generally, low-dimensional, blue-
emitting perovskites exhibit a comparatively lower PLQY of
∼67% due to enhanced non-radiative recombination pro-
cesses.18,49,50 In a time span of 3 days, the post-treated NCs 
undergo an aging process, during which the emission shifts 
from blue-green to bright green (Figure S13). In parallel, the 
absorption peak broadens toward the green spectral region 
(>505 nm), indicating a more significant contribution of the 3D 
FA PbBr3 perovskite structure and thereby giving rise to a 
quasi-2D/3D structure (Figure S13 for additional informa-
tion). Interestingly, instead of degrading, the post-treated NCs 
transform into a highly stable system with enhanced PLQYs up 
to 63 and 85% at 405 and 485 nm excitation, respectively. The 
increase in the PLQY indicates a decrease in non-radiative 
decay pathways and a low defect density in the post-treated 
perovskite NCs. We point out that PT3 remains stable for the 
longest time, maintaining the highest PLQY. The stability of the 
PT0 and PT3 NC films is tested by storing the films, both in 
the glovebox and air (humidity ∼ 66%) and re-measuring them 
after 21 days. Interestingly, the PLQY of the post-treated NCs 
dropped only by ∼10%, while PT0 exhibited a drop of
∼40% in a span of 5 days and ∼75% in 21 days, indicating the 
good stability of PT3 in thin film form under ambient 
conditions (Figure S14).
An additional test was performed to confirm that the

evolution to a more red-shifted PL emission with high PLQY

values is associated with the exposure to moisture. For this, as 
previously stated, a small amount of water [0.2% (v/v)] was 
added to the PT3 NCs. Thus far, the results above suggest that 
both the untreated and post-treated NCs initially consist of a 
coexistence of a low-dimensional structure alongside the 
conventional 3D FA PbBr3 perovskite structure. When the 
NCs are exposed to humidity, the low-dimensional component 
instantly disappears for PT0, while confinement only gradually 
subsides for PT1-3 by forming a stacked structure, inducing 
the formation of a quasi-2D/3D structure (Figure S13). The 
additional stabilization by NH4Br (absent for PT0) ensures 
conservation and even improvement of the favorable optical 
properties after post-treatment. An overview of the complete 
process of structural rearrangements is given in Scheme 1.
We note three main observations: (i) the addition of water 

to PT3 yielded large etched steps, a broader size distribution, 
and fragmented nanocrystallites (Figures 2c,f, and S9). 
Notably, the crystal structure (XRD) or surface composition 
(FTIR) was not altered (Figures S15 and S16, respectively).
(ii) The emission color instantly turned from blue-green to 
bright green, yielding a high PLQY of 85 and 95% at 405 and 
485 nm excitation, respectively, in the thin film form. (iii) The 
overall shape of the absorption and PL emission spectra of the 
water-treated sample resembles that of the spectra of the 
“aged” PT3 sample after 4 days (Figures 3c and S13b). 
However, the decrease in the relative contribution of the 
excitonic peak intensity relative to the total absorbance is likely 
attributed to the transition of a quasi-2D structure to a more 
pronounced 3D structure. Additionally, upon water exposure, 
the NCs self-assemble, forming a stack-like morphology 
(Figure 2c). This experiment further validates the suggested 
mechanism that humidity induces the hydrolysis of FABr (in 
the post-treatment reaction mixture), leading to the formation 
of NH4Br, which in turn promotes the stability of the low-
dimensional perovskite component. The detailed mechanism 
responsible for enhanced stability is discussed below.
2.3. PL Red Shift and Role of NH4Br in Promoting 

Stability. From the above findings, we postulate that the 
introduction of NH4Br at the crystal surface initially forms a 
passivating layer on the FA PbBr3 surface. Over time, when 
water (in the form of moisture) interacts with the crystal, it 
knocks out the constituent ions through etch pit formation 
(Figure 2e). Generally, such etch pits are deleterious from the 
stability point of view, facilitating rapid degradation. However, 
in this case, the presence of NH4

+ (from free-standing NH4Br) 
benefits the crystal structure by compensating the FA 
vacancies, that is, by partially filling the empty lattice sites 
formed upon etching. Moreover, the Br-rich environment 
provided by NH4Br also assists in defect healing at the surface. 
This way, the etch pits do not lead to the degradation of 
NCs,51,52 but rather allow NH4

+ ions to penetrate and fill the 
vacant lattice sites in the structure, which dramatically reduces 
the defect density [Scheme 1, right panel (ii)]. Generally, the 
substitution of A-site cations (FA+, MA+, or Cs+) with smaller 
cations results in lattice contraction, shifting the XRD pattern to 
a higher 2θ.53 Similarly, in this case, as the ionic radius of NH4

+ 

is substantially smaller than that of FA+, it causes the lattice to 
contract. The contraction of the lattice is justified by the XRD 
pattern, which slightly shifts (by ∼0.1°) to a higher 2θ region 
on day 3 of the synthesis (Figures S17 and S18). The observed 
lattice contractions resulting from A -site cation mixing have 
been linked to blue-shifted emission and increasing 
bandgaps.54 However, in this case, the narrowing
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of the bandgap and the transition from blue-green to green 
emission are attributed to two key factors: (1) the permeation 
of water molecules in the structure tends to form strong 
hydrogen bonds with the functional group of the organic 
moieties and can deprotonate the sec-butylammonium cation 
(Figure S18), thereby transiting the structure from quasi-2D to 
quasi-2D/3D, without compromising the essential optical 
performance such as the PLQY; (2) the average particle size of 
PT3 + H2O is found to be larger as compared to PT3 (Figure 
S6c), arising from the stacking of the NCs, which further 
contributes to the red-shifted emission, as also demonstrated 
in a previous study.55 Finally, the enhancement in stability and 
optoelectronic properties is attributed to the stronger ionic 
bond between NH4

+ and Br− as compared to FA+ and Br−, 
owing to the smaller ionic radius of NH4

+, thereby exhibiting 
the “positive aging effect”. A longside, the fragmentation of 
NCs into small and thin crystallites contributes to the 
confinement effect in the system (supported by a high Eb, 
discussed later), boosting the optoelectronic performance of the 
NCs (Figure S9 and Scheme S2). Overall, it is anticipated that 
the role of NH4Br is not merely the passivation of crystal 
surface, but it also helps in forming a thermodynamically more 
stable quasi-2D perovskite structure by filling the vacant sites in 
the structure. An overview of the complete process of structural 
rearrangements is provided in Scheme 1.
Furthermore, to efficiently study the effect of moisture on the 

structural evolution of the NCs, an in-situ high-resolution XRD 
study as a function of time (Figure S18) is performed. This 
study confirmed the transformation of the PT3 NCs from a 
quasi-2D structure to a more notable 3D structure when the 
film is continuously exposed to ambient conditions. Moreover, 
the XRD pattern shifted slightly to higher 2θ in a course of 5 
days, indicating the contraction of lattice. Note that the free-
standing NH4Br remains present even after 5 days, aiding 
stability in the structure.
To verify if the formation of NH4Br is necessary for the 

improved stability and optoelectronic performance, water was 
also added to the untreated PT0, where no NH4Br could be 
formed due to the absence of excess FA . A s expected, PT0 
degraded soon after adding the water, as demonstrated by its 
XRD pattern (Figure S19). Also, the PLQY promptly dropped 
from 48 to 5%. As an additional stability test toward humidity, 
PT0 and PT3 were dropcasted on a cover slide in ambient 
conditions. The PT3 sample retained the green color as in 
suspension, whereas the color of PT0 rapidly changed from 
green to orange, once again proving enhanced stability for the 
post-treated NCs (Figure S20). This conclusively demon-
strates that the additional NH4Br in the system leads to higher 
stability and better optoelectronic performance. It has been 
previously demonstrated that surface defects give rise to non-
radiative recombination centers, leading to shorter charge 
carrier lifetimes.56 To gain more insight into the dynamics of 
the photogenerated carriers, time-resolved PL (TRPL) 
measurements are performed for all the samples upon 410 nm 
excitation in the ns and μs regimes, as shown in Figure 4. A ll 
TRPL decay profiles fit best to a tri-exponential function, 
suggesting that the PL decay in the NCs occurs via three main 
pathways in each regime. For the nanosecond regime, the fast 
decay components, τ1 and τ2 (200 ps−10 ns), are associated 
with trap-assisted recombination, while the longer component, 
τ3 (25−80 ns), is related to unbound exciton recombination.18 

Note that the lifetimes for the post-treated PT1-PT3 NCs

remain virtually the same, and therefore, we only compare the 
decays of PT0, PT3, and PT3+ H2O to shine light on each stage 
of the structural evolution (Figure 4). TRPL decays of all the 
samples were first monitored at 410 nm excitation, and the 
obtained time constants are provided in the tables in Tables S2 
and S3. The experiments are performed in reflection and front-
face mode on a NC thin film, minimizing any internal 
reflection, so a simplified three-exponential model has been 
used for the decay analysis. TRPL measurements revealed 
complex emission dynamics, owing to the different proportions 
of the 2D and 3D perovskite structures before and after 
treatment. As demonstrated above, on day 1, PT0 and PT3 + 
H2O exhibit a bright green emission, indicating a high 
proportion of 3D NCs, while PT3 displays a blue-green 
emission, revealing the formation of a quasi-2D structure 
(Figure S21 for fluorescence microscopy images). The PL 
decay dynamics on the nanosecond timescale (Figure 4i) are 
found to correlate perfectly with the dimensionality of the NCs. 
Generally, as the spatial dimension decreases, the surface-to-
volume ratio increases, resulting in a relatively higher content of 
surface defects.57,58 Directly after synthesis (Figure 4a, day 1), 
the TRPL decay for post-treated samples is largely dominated 
by the fast decay components, τ1 and τ2, indicating trap-assisted 
recombination on or near the surface. Impor-tantly, for PT0, 
the slow-decay component, τ3, possesses the highest relative 
amplitude, revealing radiative exciton recombi-nation in the 
bulk, which is possible by the predominant 3D

Figure 4. PL decay curves of PT0, PT3, and PT3 + H2O NCs after
synthesis (a, day 1), and after ageing (b, day 3) recorded at the
maximum emission wavelengths over the (i) nanosecond and (ii)
microsecond timescales (λexc = 410 nm). Note that the TRPL data
obtained for PT3 + H2O on day 1 is also used for day 3, for
comparison with post-treated samples. The different color scheme is
used for this purpose.
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structure of PT0.59,60 As can be seen in Figure 4b, on day 3, the 
structural rearrangement in the post-treated samples induces an 
overall reduction in the amplitudes of the fast trap-assisted 
recombination, pointing towards the reduction of surface traps. 
Note that the water-treated PT3 instantly undergoes a 
moisture-induced structural rearrangement, accompanied by 
a PL shift from blue-green to green. Since this structure is 
equivalent to that of PT3 on day 3, the TRPL of PT3 + H2O on 
day 1 is compared to that of the PT3 on day 3 in Figure 4b. 
Furthermore, the lifetime and amplitude of the τ3 component in 
PT3 increased by three and five fold, respectively. This provides 
strong evidence for a reduced number of surface charge traps 
when the material is exposed to air humidity.61 The 
enhancement in this long lifetime component is attributed to a 
collection of factors: (1) a more stable structure is formed upon 
the partial substitution of FA+ with NH4

+, resulting in stronger 
interaction with the halides of the octahedral units. (2) Halide-
rich surface provided by NH4Br. (3) Last, the transition from a 
quasi-2D to a quasi-2D/3D structure results in emission in a 
relatively smaller bandgap, which is effectively stabilized by the 
presence of free NH4Br. These findings are also consistent with 
the TRPL decay of the water-treated PT3 (Figure 4a). In 
contrast, after 3 days, the τ3 value for PT0 dropped by 64% of 
its initial value on day 1, implying the degradation of the 
untreated sample with time (Figure 4b, Table S2). A dditionally, 
the decay dynamics were monitored in the green spectral region 
upon 480 nm excitation. As expected, the amplitudes for τ2 and 
τ3 are very low for the post-treated NCs on Day 1, as the 
absorption and emission are mainly governed by the blue 
emitting 2D structure (Table S3).
To gain more insight into the longer timescale, PL decays in 

the μs regime were recorded (Figure 4ii and Table S2). Tri-
exponential fits were applied to the experimental data to 
quantify the carrier dynamics. In this case, the short 
components, τ4 and τ5, are assigned to unbound exciton 
recombination occurring in the quasi-2D and in the bulk 3D 
structures and are roughly comparable to the τ3 of the data 
recorded in the ns regime. The long-lived component, τ6, 
corresponds to free-charge carrier recombination. On day 1 
(Figure 4a), the longest decay is observed for PT3 + H2O, 
attributed to the dominant presence of 3D structure. 
Additionally, the presence of free NH4Br assists in stabilizing 
the structure by filling the vacant FA -sites formed upon etching. 
Notably, on day 3 (Figure 4b), PT0 exhibits a substantial 
decline in the amplitude of the longest component and a rise in 
that of the shortest one, which is typical for a system including 
more defects. On the other hand, the overall lifetime of PT3 
increases in the following days after synthesis, illustrating an 
enhancement of radiative recombination within the material 
and hinting at efficient passivation of the surface. These findings 
are consistent with the lifetime parameters of PT3 + H2O on 
day 1 (Figure 4a,b).
Next, the temperature-dependent PL intensity (4.2−300 K) 

is carefully evaluated for PT0, PT3, and PT3 + H2O directly 
after synthesis (day 1) and on day 3. These data allow to 
quantifying the Eb of the FAPbBr3 NCs as a direct measure for 
the structural confinement. In Figure 5a−c, the PL spectra 
normalized to the PL maximum at selected Ts between 4.2 and 
300 K are shown for PT0, PT3, and PT3 + H2O on day 1 and 
day 3 (for raw data, see Supporting Information Figure S22). 
The spectra are shifted vertically for clarity. The PL peak is 
blue-shifted as a function of temperature, which is typical for

this class of perovskites.62 A brupt changes in the PL peak 
position are observed for all three samples and are attributed to 
structural phase transitions in FA PbBr3

63 (Figure S23d−f). The 
phase transition temperatures are not altered upon post-
treatment; hence, no changes in the bulk crystal structure have 
been induced. For PT0 and PT3 + H2O, two peaks in the PL 
spectra around 563 nm (2.2 eV) and 506 nm (2.45 eV) are 
observed, with the one at 563 nm (2.2 eV) being the 
fundamental PL peak for these materials, which we analyze and 
discuss hereafter (Figure 5a−c).
Looking at the PL peak maxima (eV) extracted from 

Gaussian fits to the PL spectra at each temperature on day 1

Figure 5. Temperature evolution of the PL spectra for PT0, PT3, and 
PT3 + H2O NCs on day 1 and day 3. (a−c) Selected PL spectra 
normalized to their PL maximum at different temperatures for (a) 
PT0, (b) PT3, and PT3 + H2O on day 1 (green curves) and day 3 (red 
curves). The spectra are shifted vertically for clarity. (d−f) Arrhenius 
plots of the integrated PL intensity for (d) PT0, (e) PT3, and (f) PT3 
+ H2O on day 1 (green circles) and day 3 (red squares). The solid 
curves represent the fits based on eq 1 to extract the Eb for each system.
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and day 3, a negligible shift is observed for PT0 and PT3 + H2O 
(Figure S23a−c). However, a relatively large shift from high 
energy (E = 2.45 eV at 300 K) to lower energy (E = 2.35 eV at 
300 K) is detected for PT3 over this time span. We attribute 
this shift to the gradual transition from a quasi-2D to a 
quasi-2D/3D structure over 48 h, as also found in the time-
resolved XRD as well (Figure S18). In Figure 5d−f, the 
integrated PL intensity extracted from Gaussian fits versus 
inverse temperature is illustrated. From day 1 to day 3, a 50%
drop in the intensity of the PL peak maximum occurs for PT0, 
while only a 20% decrease in intensity is observed for PT3 and 
PT3 + H2O, confirming an induced stability through post-
treatment (see Figure 5d−f). We evaluated the Eb of each 
system by modeling the temperature dependence of the PL 
intensity in the cubic phase by the Arrhenius equation

I T I Ae( ) /(1 )E k T
0

/b B= + (1)

as illustrated in Figure 5d−f, where I0 and A are constants and 
kB is the Boltzmann constant. Eb extracted for PT0 is around 
180 meV. For PT3 and PT3 + H2O, the Eb on day 1 increases 
to 270 and 250 meV, respectively, due to the confinement 
imposed by the quasi-2D structure. On day 3, this value shifts 
back to 154 meV for PT3 + H2O and to 180 meV for PT3, 
similar to PT0 on day 1, due to structural rearrangement to a 
stabilized quasi-2D/3D system.
2.4. Device Performance. The high PLQY values and 

enhanced stability of the post-treated NCs make them very 
promising for optical applications, in particular for LEDs. To 
investigate their performance in devices, we fabricated LED 
devices using PT3 (day 3) and PT3 + H2O NCs as the 
electroluminescent (EL) layer. The LEDs exhibit following 
configuration: ITO/PEDOT/PSS/perovskite//TPBi//LiF/Al, 
where PEDOT/PSS and TPBi refer to poly(3,4-ethylenediox-
ythiophene) polystyrene sulfonate and 2,2,2″-(1,3,5-benzine-
triyl)-tris(1-phenyl-1-H-benzimidazole), respectively (Figure 
6a). The design and composition of this device are in 
agreement with the conduction and valence bands of the 
samples, which are situated around ∼3.4 and 5.6 eV, 
respectively.64 Note that TPBi is added to inhibit the direct 
interaction between the Al metal and the perovskite material, 
which in many cases degrades the perovskite.53 For PT3, a 
typical diode characteristic is observed with a turn-on voltage of 
2.5 V. The luminescence versus voltage is plotted in Figure 6b, 
demonstrating a value of 2 Cd/m2 at 4 V.
To gain further insight into the optoelectronic properties of 

the device, the EL spectra were recorded at 4.6 V. In the case of 
PT3, the EL signal exhibits a narrow peak at ∼525 nm (2.36 eV, 
fwhm 1100 cm−1), which is red-shifted as compared to its

corresponding PL peak at ∼506 nm (2.54 eV, fwhm 1100 cm
−1) (Figures S13 and S24). This issue has been widely observed 
in PeLEDs and is ascribed to the carrier trapping at the grain 
boundaries, different trap states in the crystal structure,65 or the 
interfaces between two different layers.66 Generally, in the LED 
configuration, the injected charge carriers are prone to undergo 
a trapping process by these electron−hole recombination 
centers, with energy levels residing within the bandgap. 
Thereby, the relative energy difference upon radiative 
recombination is reduced, con-sequently red-shifting the EL 
spectra. Furthermore, one of the major obstacles in having high 
efficiencies in perovskite-based LEDs is the presence of water; 
however, the role of water on the EL properties was also 
investigated, employing the same device structure for the PT3 + 
H2O NCs. The PL and EL spectra exhibited nearly the same 
maxima [∼530 nm (2.33 eV)], indicating emission from the 
same electronic excited state, thereby suggesting the 
suppression of carrier trapping at the defect sites. However, the 
broader fwhm (increasing from 810 to 1500 cm−1) under a 
forward voltage may relate to the heterogeneous morphology or 
the defects generated at the interfaces in this proof-of-concept 
LED device. A closer look at the EL spectra of both the samples 
indicates that the EL mechanism remains unchanged, as it is 
proven by the CIE coordinates (0.17, 0.74) (Figure S25). 
However, the device shows a lower turn-on voltage of 2.3 V and 
a four times higher EL at the same voltage (8 Cd/m2) as 
compared to PT3. The enhanced LED efficiency is supported 
by the three-fold increase of the EQE for the device with PT3 + 
H2O. It should be noted that the still relatively low EQE found 
here can be attributed to the large size of the NCs, which can 
lead to their aggregation in solution and subsequent poor 
coverage of the substrates. Nevertheless, this proof-of-concept 
study confirms that water can actually improve perovskite-based 
LED device performance as its presence is not necessarily 
detrimental for the material quality. We have summarized the 
most relevant PLQY and LED-device figures from a handful of 
literature reports on water-exposed perovskite NCs (mainly 
CsPbBr3 and MA PbBr3-based NCs and double perovskite 
nanostructures) in Table S4. Based on these findings, there is 
plenty of room for improving the device performance by 
downsizing the NCs and fine-tuning the film quality and device 
architecture, which have not been optimized as part of this 
study.

3. CONCLUSIONS
This study shows that water is not always a threat to 
perovskite-based devices, but that it can positively affect the

Figure 6. (a) Device structure, (b) I−V response curve, and (c) EL spectra of hybrid multilayer devices up to 4.6 voltage supply for PT3 and PT3 +
H2O.
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stability and optoelectronic performance when the device is
composed of rationally engineered perovskite materials. A
facile post-treatment strategy is reported which allows
achieving high-quality, water-compatible FAPbBr3 NCs. A
combination of advanced structural and optical character-
ization techniques proves that moisture-induced hydrolysis of
the excess of FABr, applied during post-treatment, results in a
surface-passivating layer of NH4Br, responsible for the
improved stability. As such, the stability and crystalline quality
of the perovskite NCs are substantially enhanced, while
yielding a high PLQY of 95% after deposition as a device-
ready NC thin film. We also demonstrate the role of water in
promoting localized exfoliation of the post-treated NCs, which
in turn leads to the partial intercalation of NH4

+, boosting the
stability. These new findings offer opportunities toward
commercial application of perovskites in moisture-stable
optoelectronics.

4. METHODS
4.1. Experimental Procedure. For the synthesis of PT0 

FA PbBr3 NCs, a precursor solution consisting of 1 mmol of PbBr2 and 
1 mmol of FABr dissolved in 2.5 mL of DMF was prepared. From this, 
0.25 mL of the precursor solution was injected slowly into a vigorously 
stirring toluene solution, containing sec-butylamine (s-BA) and oleic 
acid (OAc) as capping ligands. To ensure colloidal stability, the molar 
amounts of OAc and s-BA were fixed to 0.5 and 0.8 mmol, respectively. 
A fter injection, highly luminescent NCs were rapidly formed, and to 
further promote the precipitation, an extra volume of toluene was 
subsequently added to the suspension. The resulting NCs were 
centrifuged at 3000 rpm for 4 min and washed with toluene to remove 
the excess capping agents and unreacted precursor. Finally, they were 
redispersed in toluene, forming a stable colloidal solution. Next, for the 
post-treatment step, 1, 2, and 3 molar equivalents of FA Br, being 0.02, 
0.04, and 0.06 mmol, were dissolved in hexane containing OAc and 
oleylamine (OAm). The mixtures were sonicated at 60 °C for 3−4 h, 
which did not form a clear solution but a suspension. Later, the PT0 
NCs were shortly sonicated in this mixture and further centrifuged at 
3000 rpm for 4 min. The resulting NCs were redispersed in hexane, 
yielding blue-green emission under a UV lamp. For preparing PT3 + 
H2O, 2 μL of water was added to the PT3 NCs, and the mixture was 
sonicated shortly. Note that the added amount of water and the 
sonication time both play a significant role. The perovskites’ 
suspension changes color from light green to bright green to yellow 
when too much water is added or when treated for a longer time, 
deteriorating the optical properties. Please consult the Supporting 
Information for a schematic representation of the synthesis procedure 
(Figure S26).
4.2. Instrumental Analysis. 4.2.1. Scanning Electron Micros-

copy. Morphology and composition analysis were studied using an 
FEI Quanta FEG-250 environmental scanning electron microscope at 
10 KV, equipped with an energy-dispersive spectrometer. The NC 
suspension was dropcasted on a silicon chip prior to the measure-
ment.
4.2.2. X-ray Diffraction. A Malvern PANalytical Empyrean 

diffractometer using a Debye−Scherrer transmission geometry 
equipped with a PIXcel3D solid-state detector using a Cu anode. Data 
were collected on the thin films in the range of 1−45° with a step size 
of 0.0131° and 79 s as counting time.
The indexing of the powder pattern in free objects for 

crystallography (FOX)67 indicates the presence of a mixture of two 
cubic phases, see Figures 2a and S2. Rietveld refinement in FullProf68 

proves the correspondence of the minor phase (∼40 wt % according to 
the refinement) with slightly broader peaks to the typical cubic 
structure of FA PbBr3 [Pm3̅m a = 6.0179(2) Å],29 while the second one 
with sharp peaks (marked with #) is assigned to the cubic ammonium 
bromide (NH4Br) structure [Pm3̅m, a = 4.0620(1) Å],69 initially found 
by the unit cell parameters in Crystallography Open Database 
(COD).70

4.2.3. Grazing Incidence X-ray Diffraction. Thin films were
characterized with a Malvern PANalytical Empyrean diffractometer
equipped with a PIXcel3D solid-state detector using a Cu anode.
Before each measurement, an iterative scheme was employed to
optimize the sample height and tilt. GIXRD patterns were recorded in
reflection geometry with an incident angle ω = 0.2°. The 2θ range
scanned was 1−15°, using a step size of 0.053°/s and a counting time
of 1000 s per step. A fixed antiscatter slit of 1/16° fixed was used on
the source side to limit the beam divergence.
4.2.4. X-ray Photoelectron Spectroscopy. XPS data were recorded

using a K-alpha Thermo spectrometer with an Al Kα radiation at
1486.68 eV.
4.2.5. Fourier-Transform Infrared Spectroscopy. Attenuated total

reflection−FTIR (ATR−FTIR) spectra were recorded on a Varian
670 FTIR spectrometer equipped with a VeeMAXTM III accessory
(PikeTech).
4.2.6. Scanning Transmission Electron Microscopy. High-

resolution HAADF−STEM images were acquired with a probe-
corrected cubed Thermo Fisher Scientific Themis Z microscope
operating at 300 kV with a probe semi-convergence angle of 20.5
mrad.
4.2.7. UV−Vis Diffuse Reflectance Spectroscopy. Diffuse

reflectance spectra (DRS) were recorded on a PerkinElmer Lambda
950 UV−vis−NIR spectrophotometer with the 150 mm integrating
sphere accessory in the wavelength range between 300 and 600 nm.
The diffuse reflectance (R) data were converted to F(R) using the
Kubelka−Munk function: F(R) = (1 − R)2/(2R).
4.2.8. Emission and Excitation Spectroscopy. Excitation and

emission spectra were recorded on an Edinburgh Instruments FLS
980 spectrofluorimeter. Samples were measured in front-face mode as
thin films created by dropcasting a suspension onto a glass slide that
fitted into the Edinburgh solids accessory.
4.2.9. PL Quantum Yield. Quantum yield measurements were

performed on a Horiba Fluorolog 3.22 spectrofluorimeter with an F-
3029 integrating sphere accessory fitted with a sample holder to
accommodate thin film samples drop-casted on a glass slide.
4.2.10. PL Lifetime Spectroscopy. PL lifetimes at a 410 nm

excitation wavelength and 58 J/cm2 fluence were recorded. The
fluorescence decay times at the nanosecond time scale were
determined by the TC-SPC technique. The fluorescence was
spectrally resolved by a monochromator (Sciencetech 9030, 100 nm
focal length, wave-length accuracy 0.3 nm) and detected by a
microchannel plate photomultiplier tube (MCP-PMT, R3809U-51,
Hamamatsu). A time-correlated single photon timing PC module
(SPC 830, Becker & Hickl) was used to obtain the fluorescence decay
histogram in 4096 channels. The decays were recorded with 10,000
counts in the peak channel in time windows of 17 ns, corresponding
to 4.25 ps per channel, and analyzed individually with a time-resolved
fluorescence analysis (TRFA) software based on iterative reconvolu-
tion of the data with the instrumental response function (IRF). The
fwhm of the IRF was typically in the order of 42 ps.
Nanosecond to millisecond time-resolved luminescence: a 410 nm

laser pulse (8 ns, 10 Hz) generated by a system consisting of a pulsed
Nd/YAG laser (Quanta-Ray INDI-40, Spectra Physics) was used to
excite the samples. The excitation light was focused on the sample by
a 150 mm focal length lens, and a small part of this light was sent to a
fast photodiode to generate a trigger signal. Right angle configuration
between excitation and light collection paths was used, and the
luminescence was collected, filtered, and focused on the entrance slit
of a 30 cm focal length monochromator. A homemade Labview-based
software was used to control and trigger the instruments, read,
average, and store the transient data.
4.2.11. Low-Temperature PL Measurement. For low-temperature

PL measurements, the sample was drop-casted on a quartz plate and
mounted on an insert in a He flow cryostat, in which the temperature
can be varied from 4.2 to 300 K. We used a solid-state laser Thorlabs
M365LP1 with driver DC2200 operating at 365 nm for excitation.
The laser was coupled to a 550 μm core optical fiber. The PL spectra
were collected through 11 core optical fibers of 200 μm diameter that
are surrounding the excitation fiber. The detection fibers are coupled
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to a LOT-QD Shamrock F/4 spectrometer with an electron
multiplying charge-coupled detector (EMCCD) iXon DV887. The
PL spectra were collected at 5 K increment.
4.2.12. Device Fabrication and Characterization. The glass/ITO

substrates were washed in an ultrasonic bath with soap water,
deionized water, acetone, and isopropanol for 10 min, respectively.
After drying with nitrogen, they were treated with UV-ozone for 15
min. Then, PEDOT/PSS dispersion (Clevios P VP AI 4083) was
spin-coated on the pre-cleaned ITO substrates at 4000 rpm for 60 s,
followed by thermal annealing at 110 °C for 10 min. After that, the
perovskite films were deposited in a N2-filled glove box by spincoating
a 20 mg/mL nanocrystal solution in hexane at 1000 rpm. The devices
were finished by evaporation of 40 nm TPBi, 1.2 nm LiF, and 100 nm
Al layers on top of the perovskite films sequentially. The device area
was 0.125 cm2, with dimensions of 2.5 mm × 5 mm. A Thorlabs
integrating sphere (IS236A-4), coupled with a calibrated silicon
photodiode (SM05PD1B), and a flame spectrometer from Ocean
Optics were used to measure the EL intensity and the emission
spectrum. The response of the photodiode was calibrated together
with the integrating sphere by Thorlabs. The J−V characteristics were
measured by an Agilent 4156C Semiconductor Parameter Analyzer,
which also records the corresponding light-induced photodiode
current at the same time.
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