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ABSTRACT

CsPbCl, perovskite nanocrystals (NCs) are promising violet emitters owing to their narrow emission and high color purity, but their
low defect tolerance demands careful passivation to achieve high photoluminescence quantum yield (PLQY), and typically only
for fresh CsPbCl; NCs. Here, we report a delayed dual-passivation pathway in CsPbCl; NCs induced by the halide-rich molecular
reagent phosphorus oxychloride (POCl;), which unexpectedly yields a strong time-dependent PLQY enhancement instead of the
rapid degradation usually observed. POCl, gradually decomposes into P- and Cl-containing species, enabling a controlled release of
excess halides that autonomously passivates halide vacancies in a self-regulated manner. This dynamic self-healing process boosts
the PLQY of colloidal CsPbCl; NCs by over 40-fold relative to pristine samples and sustains high violet emission efficiencies
for more than 2 months of storage under ambient conditions. Spectroscopic measurements and calculations indicate that both
liberated Cl- and in situ—formed phosphonic species passivate halide vacancies and Pb** dangling bonds, suppressing mid-
gap defect states. The resulting self-passivated NCs deliver a luminance of 409 cd m~2, the highest reported for CsPbCl;-based
violet emitters. These results establish halide-rich dual passivators such as POCI; as powerful tools for long-term defect control in
chloride perovskite NCs and for robust, bright violet-LEDs.

1 | Introduction advantageous and versatile optoelectronic properties, including

high quantum yields, sharp light emission, and widely-tunable
Over the past decade, lead halide perovskite (LHP) nanocrystals ~ emission across the violet, visible, and near-infrared wavelength
(NCs) have gained considerable attention due to their highly range [1]. One of the advantages over conventional semicon-
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ductors is that they are defect-tolerant and can maintain their
remarkable optoelectronic properties, even with high defect
density. Consequently, LHPs have gained popularity and are
emerging in numerous applications such as light-emitting diodes
(LEDs), solar cells, lasers and others [1-6].

The defect tolerance of perovskites is largely attributed to the
predominance of shallow traps with low capture cross-sections
[7]. Consequently, trap-assisted recombination is substantially
suppressed, even under conditions of high defect density. The
type of halide and the lattice characteristics influence defect
behavior as well. As the halide size decreases from iodine to chlo-
rine, the lattice parameter reduces, leading to shorter lead-halide
bonds. The increased ionicity of these bonds further results in a
wider bandgap and lower electron affinity, which makes the for-
mation of deep traps more likely in CsPbCl, than in iodide-based
counterparts [8-10]. As a result, oleylammonium (OAm)-capped
CsPbCl; NCs typically exhibit PLQYs around 1%-3%, whereas
CsPbBr; and CsPbl; NCs can reach nearly 100% [11-14]. For this
reason, most studies involve mixed Br/Cl NCs or blue emissive
CsPbBr; nanoplatelets (NPls) rather than chloride-based NCs [15-
19]. However, this alternative remains a non-viable option due to
the halide segregation in case of mixed halide composition [20] or
its high defect density in the case of NPIs, resulting from its high
surface-to-volume ratio. This defect density not only impairs its
quantum yields but also leads to poor colloidal stability, which is
further compromised in the solid state [6, 7]. In addition, the use
of NPIs has limitations when it comes to archiving emissions in
the violet range (400-420 nm) [21]. Nevertheless, over time, due
to their ionic nature, the ligands can detach, either as a result of
intrinsic structural factors or external conditions such as aging,
washing, or dilution. This can lead to adverse effects on both the
luminescence efficiency of the NCs and their overall stability, a
typical behavior seen in LHP NCs [22, 23].

Therefore, achieving high-quality NCs with high PLQY and long-
term stability, especially for CsPbCl; NCs, is a grand challenge for
the development of violet and blue LEDs [24]. Numerous studies
have demonstrated that, in the pursuit of enhanced stability and
luminescence, the application of ligands or reagents with high
surface energy affinity can effectively passivate defects in NCs
[25-36]. Despite extensive research on bromide and iodide NCs,
as well as NPIs [15], the detailed investigation of CsPbCl; NCs
remains limited. Several recent studies have reported notable
improvements in PLQY upon the addition of divalent metal
halides [26, 37] and dopants such as CdCl, [38, 39] or YCl,
[31]. However, PLQY values are typically measured only in
freshly prepared samples, without any evaluation of their long-
term stability. In previous studies conducted within our group
[40], we explored passivation strategies using various ligands
and metal halides. These efforts allowed us to identify halide
vacancies as the primary defects that most significantly degrade
the optoelectronic properties of chloride-based NCs. Based on
our previous findings, where phosphorus-based compounds and
chloride sources were shown to most effectively enhance the
photoluminescence of CsPbCl; NCs synthesized by a typical
hot injection synthesis [21], we introduced a single passivator
containing both elements (phosphorus and chloride) to achieve
synergistic performance enhancement. Therefore, we selected
phosphorus oxychloride, POCl;, a highly reactive compound with
high Lewis acidity. To evaluate its effectiveness, we carried out

two types of passivation: one in situ, by incorporating the reagent
directly into the colloidal sample during synthesis, and another
through a post-synthetic treatment. Through these approaches,
we achieved a remarkable 55-fold enhancement in the PL of
CsPbCl; NCs from 0.91 + 0.1% PLQY for pristine to 40.9 + 2.4%
PLQY for POCl;-treated, remarkably maintaining high PLQY for
over 2 months under ambient conditions. This advancement sur-
passes previously-reported stabilities with alternative strategies
[29, 40].

2 | Results and Discussion

The synthetic strategy we used here for CsPbCl; NCs was inspired
by a typical hot injection synthesis following the standard pro-
cedure [21], with the additional incorporation of POCl, into the
reaction mixture prior to the injection of Cs-oleate (Figure la
and see experimental section in Supporting Information for more
details). The idea behind the use of this halide-rich molecule
is to investigate whether it promotes the passivation of deep
traps through passivation of halide vacancies (see Figure Sl
for details on the PLQY measurement protocol). The POCI;-
treated NCs have a photoluminescence (PL) peak at ~401 nm
wavelength, comparable to the reported pristine CsPbCl,; NCs
[40], but with a reduced full-width half maximum (FWHM) of
13.6 nm, indicating high size monodispersity and low surface
disorder [41, 42], typically observed in trap-free NCs (see Figure S2
for more STEM images). The average particle size was measured
as 6.19 + 0.07 nm, showing a smaller size distribution than the
typical CsPbCl, pristine NCs (Figures 1b and S3). Comparison of
PL intensities revealed that the POCl,-treated NCs displayed a 40-
fold increase in PLQY relative to the pristine sample (Figure 1c).
The enhanced luminescence reflected in a significant increase
in lifetime was observed, rising from 2.27 to 14.28 ns at 41.88
w/cm? fluence (Figure 1d), which is typically due to reduced
nonradiative decay. XRD analysis indicated that the cubic-phase
structure was preserved in the POCl,-treated sample, while EDX
studies confirmed the presence of phosphorous atoms (P) in the
NCs (Figure S4a,c). Furthermore, we investigated whether the
incorporation of POCIl; enhanced colloidal stability against purifi-
cation using ethyl acetate (EtOAc) antisolvent, a key requirement
for LED device fabrication. By comparing pristine NCs with those
treated with POCI;, we observed higher luminescence in the
treated samples after three washes, suggesting that the passivat-
ing agent helps improve the stability by filling traps that could
otherwise lead to non-radiative recombination (Figure S4b).

To substantiate the role played by the reagent, we also compared
different passivation methods, including post-synthetic passiva-
tion, which required the prior preparation of CsPbCl; NCs. The
pristine NCs were synthesized via a conventional hot-injection
method at 180°C, yielding particles with an average size of 6.24
+ 0.23 nm. Their PL spectrum displays a peak at 401 nm with a
photoluminescence quantum yield (PLQY) of approximately 1%
and a full width at half maximum (FWHM) of 15.7 nm (Figures
S5 and S6). Subsequently, post-synthetic passivation was carried
out by adding 2 mM solutions of POX; (X = Cl, Br) in toluene
to the pristine NC solution at a 1.66:1 volume ratio, followed by
a minute of sonication. EtOAc was then added as an antisolvent
to precipitate the NCs, which were centrifuged at 6 000 rpm
for 10 min to remove excess ligands. The resulting precipitate
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(a) Scheme of in situ passivation mechanism with POCl; on CsPbCl; NCs, where we introduce the POCl; passivator directly in the

precursor solution. The POCl; molecules added during the synthesis will gradually release C1~ ions and form phosphate and phosphoric acid to repair

the Cl vacancies leading to surface passivated crystals; accordingly, the data presented in the following graphs correspond to samples aged 15 days. (b)
STEM image of CsPbCl; NCs treated with POCI;. (c) Normalized PL Intensity to the absorption at excitation wavelength and absorption normalized
to the maximum of pristine CsPbCl; and POCI; treated NCs. (d) Time-resolved photoluminescence decay of pristine and POCl; treated NC drop-cast
films. The excitation source is a nanosecond pulsed laser with a 350 nm wavelength (41.88 pJ/cm? fluence).

was redispersed in toluene for further characterization. After
treating the pristine NCs with POCl;, we observed a significant
increase in the PLQY by approximately 25-fold (PLQY for POCl,
passivated sample is 22.9 + 3.6), accompanied by a substantial
increase of the lifetime by 3-fold, reaching 6.56 ns (Figure S6).
However, despite this notable improvement, the results did not
reach the enhancement level obtained for the in situ passivation
colloidal synthesis. Nevertheless, post-synthetic passivation can
still be considered an effective strategy for repairing damaged
NCs. We considered passivating CsPbBr; NCs using the bromide
analogue, POBr;. This treatment proved to be effective as a
passivating agent, although to a lesser extent than in the case
of chloride-based perovskites (Figure S7a). This observation is
consistent with the fact that CsPbCl; NCs possess a higher density
of deep traps [7-10, 43]. Upon performing passivation on NCs
of the different halide composition, namely, using POBr; on
CsPbCl; NCs and POCI; on CsPbBr; NCs, we observed that these
passivating agents were not only effective in inducing partial
anion exchange, but also led to an enhancement of the PL,
attributable to the simultaneous passivation of trap states (Figure
S7b,c). These results suggest that the POX; molecule easily
releases halide ions when they are in contact with perovskite NCs.
Nevertheless, their efficiency as anion-exchange agents is lower
compared to other commonly employed strategies.

After determining that in situ passivation is significantly more
effective than post-synthetic passivation, we conducted a more
detailed investigation of this process to understand the origin of
the dramatic enhancement of the PLQY. As an initial step, we
evaluated its effectiveness as a passivating agent over time upon
ambient storage (16°C-20°C, 45%-60% relative humidity) of the
purified NCs. The results revealed a remarkable finding: a pro-
gressive increase in quantum yield was observed as time elapsed
shown in Figures 2a and S8 despite washing conditions, a novel
behavior that, to the best of our knowledge, has not been pre-
viously reported for CsPbCl; NCs. Initially, this increase occurs
progressively, reaching a maximum approximately 15 days after
synthesis, which suggests a gradual passivation of chloride traps.
To gain deeper insight into the possible underlying mechanism,
we performed phosphorus 3P NMR spectroscopy measurements
shown in Figure 2b, comparing pure phosphorus oxychloride
with a perovskite sample treated with it, both immediately after
treatment and after 7 days. When comparing the signals of POCl,
with those of the treated NC sample, we observe the appearance
of several new resonances in the fresh sample at lower chemical
shift values (upfield), around —11.2 and —24.7 ppm. These features
suggest the presence of condensed phosphates such as pyro-
and polyphosphates ([PO,]*"), arising from the decomposition
products of POCI; (Table S1). Additionally, a shift of the POCl,
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FIGURE 2 | (a)PLQY over aging time for colloidal CsPbCl; NC solutions prepared by in situ passivation with POCl5. (b) 3'P NMR spectra for the
pure POCl;, and POCI, treated sample, fresh and after 7 days. (c) XPS spectra of phosphorous core levels for POCl; and the treated NCs. (d) Scheme of dual

passivation mechanism of CsPbCl; NCs where chloride is labeled in purple and the group POOH in red and orange. The POCI; gradually decomposes
into phosphoryl group (—P (=0)(—0~),) and phosphoric acid (H;PO,) (e) pH over time of pristine and POCl; treated sample with a noticeable increase

in acidity overtime due to the formation of phosphoric acid.

signal to 1.56 ppm is observed, consistent with its hydrolysis to
phosphate ([PO,]*). In contrast, in the one-week-old sample,
some of the high-field signals have disappeared, leaving only
the resonance at —11.08 ppm, along with a low-field signal
around 0.85 ppm, which indicates the presence of phosphate
and a phosphoryl group (—P (=0)(—0"),), both attributable to
decomposition products from the hydrolysis of POCl;. However,
determining the origin of these signals is challenging due to the
high versatility of phosphorus chemistry, which can lead to the
formation of numerous species and corresponding resonances.
We then examined x-ray photoelectron spectroscopy (XPS) of
these samples, focusing on the behavior of phosphorus in POCl,
in the treated sample. A noticeable shift in binding energies
was observed, with a new feature appearing at lower binding
energy around 134.6 eV, typically attributed to the phosphoryl
group. In addition, a signal at approximately 138.8 eV can be
assigned to the phosphate group (Figure 2c). Interestingly, an
additional peak emerges at 143.8 eV, which may be associated
with the coordination of one of these phosphorus-containing
groups to the lead atom, where we expect a shift to high binding
energies due to the withdrawal of the electron density from
phosphorus, which makes the P slightly more electron-deficient.
In addition, the O 1s XPS data reveal clear evidence for the early
stages of POCl; hydrolysis. In the O 1s region, two contributions
are observed: a peak at 531.33 eV, assigned to P=O phosphoryl

groups, and a second component at 532.80 eV, indicative of
the initial formation of P—OH species (Figure S9) [44]. These
observations provide insight into the possible hydrolysis of POCl;:
[45-47] being a highly unstable reagent, it can decompose in the
presence of trace amounts of water, forming phosphoric acid and
hydrochloric acid via a phosphoryl intermediate (Figure 2d). To
verify whether a mildly acidic environment was forming in the
sample, we conducted a time-resolved pH analysis. Compared to
the pristine sample, the treated solution was significantly more
acidic from the outset, and its acidity continued to increase over
the following weeks (Figures 2e and S10). We also investigated
whether the gradual filling of traps was driven solely by chlorine
generated during the decomposition of POCl,, or if incorporation
of phosphorus into the structure was also occurring. The sample
composition was analyzed via inductively coupled plasma mass
spectrometry (ICP). A fresh CsPbCl, sample treated with POCI,
was washed to remove any excess phosphorus from the medium,
ensuring that only phosphorus incorporated into the lattice was
measured. This was compared with a sample aged for 2 weeks,
revealing a slight increase in the phosphorus content (Table S2).
These results suggest that delayed passivation also occurs through
the incorporation of phosphorus atoms.

To understand the effect of passivation on the optoelectronic
properties of CsPbCl; NCs, we calculated the projected density
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of states (PDOS) of the pristine (no defects), defective (with
Cl vacancies) and passivated (phosphonic acid) cells shown in
Figure 3a-c. When there is no defect present, there is no addi-
tional density of states between the conduction band minimum
and valence band maximum as shown in Figure 3a. When
the Cl-vacancies were introduced during the NC purification
process for device fabrication, it led to the formation of deep
trap states (approximately 0.4 eV below CBM) in the middle
of the bandgap, as shown in Figure 3b. These additional trap
states can be mediated when the oxygen (O) atom from the
phosphonic acid group re-coordinates with the Pb at where
the Cl is removed, as shown in Figure 3c. To further test our
hypothesis regarding the passivation species, the total density of
states for different passivators such as POCl;, POOH, and POCI
are calculated and shown in Figure S11. In these cases, the mid-
gap defects cannot be fully passivated. This aligns with our 3P
NMR analysis, which suggests that the formation of deprotonated
phosphonic acid would be the final passivator that mediates
the deep traps and leads to the increase in PLQY over time.
Notably, the POCl, treatment does not induce a significant shift
in the steady-state absorption or emission spectra, indicating that
the bandgap and band-edge energy levels of the nanocrystals
remain largely unchanged. Instead, the dominant effect is the
passivation of surface defect states, which reduces mid-gap trap
densities. This is expected to alleviate Fermi-level pinning and
improve charge-carrier extraction in device architectures, with-
out significantly altering the intrinsic band alignment. Therefore,
the enhanced optoelectronic performance arises primarily from
suppressed nonradiative recombination rather than changes in
the band structure based on our optical measurements and DFT
calculations.

Furthermore, transient absorption (TA) spectroscopy is used to
understand the effect of passivation on charge-carrier kinetics.

The 2D heat maps of the pristine and passivated solution samples
are shown in Figure 4a,d. It clearly shows that the width of the
ground state bleach (GSB) signal around 390-405 nm is narrower
when treated with POCI;. This would be due to improved size
distribution of the NCs, reducing surface disorder and removing
shallow traps [41, 42]. This can also be seen in Figure 4b,e, where
the FWHM of the GSB peaks becomes much narrower when
treated with POCl;. At higher pump fluence, a weak splitting
of the bleach feature is observed in the 405-420 nm range for
both pristine and treated samples, likely due to signals from NCs
with different sizes. Since the emission is governed by the exciton
recombination (Figure S12), we fit the exciton recombination rate
equation (Equations 1 and 2) to the fluence dependent decay
curve probed at GSB peaks between 395 and 400 nm shown in
Figure 4c,f, where n,, is the density of photo-generated excitons,
kp;, is the total monomolecular recombination rate (kp, = 1=
kyqa + kirqp, Where T is the exciton lifetime at low fluence there
exciton-exciton annihilation is negligible), and n,,(0) is the initial
exciton density immediately after photo-excitation. Equation 2 is
used for fitting the very early decay curve (~100 ps) when there
is minimum radiative recombination and the decay is dominated
by the exciton-exciton annihilation (k).

dnex _ 1 2
dt - _kPLnex (t) - EkAnnnex(t) (1)
o () = — e @

1
1+ g ey (0) £

The fitted result shows that the passivated samples have a smaller
annihilation rate (2.09 + 0.06 cm? s71) compared to the pristine
sample (3.54 + 0.13 cm? s7!) (Table 1). The smaller k,,, obtained
after POCIl, treatment indicates suppressed exciton—exciton inter-
actions. Physically, this can be understood as a consequence of
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passivated samples probed at 395-405 nm at 0.5 mW. The samples are pumped by a 355 nm laser.

TABLE 1 |
for pristine and passivated samples.

TA decay fitting for exciton-exciton annihilation kinetics

Sample (solution) ka,, cm?s7!

3.54+0.13
2.09 £ 0.06

Pristine

Passivated

surface trap passivation, which reduces the density of defect-
mediated interaction sites. As a result, excitons become more
uniformly distributed and less likely to undergo diffusion-assisted
encounters that lead to annihilation. In addition, improved
surface passivation can decrease exciton localization at defective
surface regions, thereby lowering the local exciton density and
reducing the probability of exciton-exciton annihilation. This
matches the observations in other strongly-confined systems,
such as nanoplatelets and 2D materials, where exciton popu-
lations govern the recombination kinetics [48-50]. In contrast,
the higher k,,, is due to higher defect densities of pristine
samples, despite the overall lifetime being longer. The high defect
densities would trap more excitons at early times (< 10 ps),
which increases the probability for two excitons to annihilate.
This explains the faster decay for the pristine samples before 10 ps,
and this phenomenon is more obvious at higher fluence (0.5 mW),
as there are more excitons generated at higher excitation density,
it is more likely for the trapped excitons to annihilate, as shown
in Figure 4f (for more information, see Figures S13). These early-

time TA decay measurements demonstrate clearly that the POCl,
treatment can significantly lower the trap density, aligning well
with our observations of the increase in PLQY.

Lastly, we fabricate the CsPbCl; NC LED devices, addressing an
area in which development remains notably underexplored. It
is worth noting that the pristine NC samples do not form high-
quality films with low current density (shown in Figure Sl4a)
likely due to the presence of more long insulating ligands, and
there is no luminance for the pristine NC devices. The device
structure is shown in Figure 5a, where PEDOT:PSS and PVK
(Poly(9-vinylcarbazole)) serve as the hole injection layer and
TPBi serves as the electron injection layer. The current density-
voltage curve and luminance are shown in Figure 5b. The turn-on
voltage is 3.9 V with a maximum luminance of 409 cd m=2.
The maximum external quantum efficiency is 0.11%, as shown in
Figure 5c. By introducing POCI; treatment during NC synthesis,
this work achieves the highest luminance reported for CsPbCl,
LEDs compared to previous reports, as evidenced in Figure 5d
and Table S3 (EL spectra shown in Figure S14b with EL peak
centered at 412 nm). The operational stability of the devices
was further evaluated, yielding a T, lifetime of ~40 s at an
initial luminance of 100 cd m~=2 under 5.7 V (Figure Sl4c), which
is close to other strongly confined excitonic emission systems
reported, such as perovskite nanoplatelets (Ts, of 120s) [48].
While these results demonstrate improved material quality and
device performance, the limited operational lifetime highlights
that stability under electrical bias remains a key challenge for
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Cl-based nanocrystal LEDs. These results are encouraging and
provide a solid foundation for ongoing efforts around the globe
to further develop high-performance violet-blue LEDs.

3 | Conclusion

We demonstrate that POCI, functions as a halide-rich, self-
decomposing passivator that triggers a delayed, sustained
defect-healing process in CsPbCl; nanocrystals. Controlled
POCI; hydrolysis continuously supplies Cl~ while generating
phosphonic-acid (P-OH) species that strongly bind under-
coordinated Pb** sites. Time-resolved 3!P NMR and pH mea-
surements confirm stepwise hydrolysis and incorporation of
P-containing fragments, consistent with a self-regulated, time-
dependent passivation mechanism. DFT calculations identify
deprotonated phosphonic acids as the most effective surface
ligands, eliminating mid-gap trap states by re-coordinating Pb?*
dangling bonds. Transient absorption and TRPL kinetics reveal
substantially reduced trap densities, in line with the observed
~40-fold increase in PLQY, narrower emission, and high violet
emission stability for over 2 months under ambient conditions.
At the device level, these self-passivated NCs enable violet LEDs
with a record luminance of 409 cd m~?, the highest reported for
bright CsPbCl; emitters. More broadly, these results establish a
general design principle for wide-bandgap perovskites: halide-
rich, dual-function molecular passivators that gradually release
anions while forming robust surface bonds can compensate
halide loss, suppress defects, and sustain long-term photostability,

offering a practical route to bright, durable, and scalable violet
optoelectronics.
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