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Synergistic Ligand Pair Exchange Strategy in Perovskite
Quantum Dots to Enhance Photoelectric Properties and
Stability

Xuyang Li, Qihang Lv, Zitong Xu, Weijun Wang, Zhixin Tang, Xia Shen,* Zhaohui Shan,
Yanqin Miao, Johnny C. Ho, and Pengfei Guo*

Perovskite quantum dots (PeQDs) have attracted significant attention as
research materials due to their adjustable bandgaps, high photoluminescence
quantum yield, and excellent color purity. However, conventional surface
ligands often suffer from weak coordination capacity and low conductivity,
adversely affecting the stability and photoelectric properties of PeQDs. In this
study, a synergistic ligand pair exchange strategy is introduced to enhance the
properties of pristine CsPbBr3 PeQDs. By sequentially incorporating
𝜶-methyl-4-fluoro-benzylamine and p-toluenesulfonic acid, the original
OA/OAm ligand pair is successfully replaced, efficiently passivating the A-
and X-site vacancies. The modified CsPbBr3 PeQDs demonstrate notable
improvements in photoluminescence intensity and stability when exposed to
UV light, high temperatures, and water immersion. Furthermore, this
treatment approach is applicable to CsPbI3 and mixed-halogen PeQDs. A
high-performance photodetector fabricated from these treated CsPbBr3 QDs
showcases a responsivity of 3.9 mA W−1 and a detectivity of 2.0 × 1010 Jones,
representing a 6-fold enhancement over untreated counterparts. Also, devices
based on treated CsPbBr3 QDs show potential in optical communications,
effectively illustrating encryption and decryption processes. This synergetic
ligand pair exchange strategy offers a promising avenue for the broader
application of PeQDs in optoelectronics devices and circuits.

1. Introduction

Perovskite quantum dots (PeQDs) have become a focal point
in research due to their remarkable attributes, including high
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photoluminescence quantum yield, nar-
row emission spectra, tunable wavelengths,
and cost-effectiveness. These characteris-
tics make PeQDs ideal candidates for vari-
ous optoelectronic applications, such as so-
lar cells, light-emitting diodes, photodetec-
tors, lasers, and scintillators.[1–7] Compared
to perovskite films, PeQDs benefit from a
higher density of surface ligands, which
help prevent agglomeration and mitigate
surface defects.[8–10] However, commonly
used organic ligands like oleylamine (OAm)
and oleic acid (OA) suffer from low con-
ductivity and weak coordination with per-
ovskite materials.[11,12] Moreover, these lig-
ands are prone to desorption during the as-
sembly of semiconducting solids, leading to
poor charge transport and increased nonra-
diative recombination.[13,14] Consequently,
devices based on PeQDs often under-
perform in efficiency and stability com-
pared to those utilizing perovskite films.[15]

To address these challenges, various
strategies have been explored to enhance
the photoelectric properties and stability
of PeQDs.[16–22] For example, Dong et al.

introduced an excess halide source during PeQD synthesis to
modulate crystallization and growth kinetics, improving fluo-
rescence intensity and color purity.[23] Zeng et al. replaced OA
with benzenesulfonic acid, whose halide-equivalent sulfonate
ion strongly binds with lead ions, significantly boosting optical
properties and thermal stability.[24] Despite these advances, long
alkyl chain ligands constrain carrier transport in PeQD-based
devices.[9,25,26] Recent post-synthetic treatments have aimed to
enhance conductivity by swapping long insulating ligands for
shorter, high-affinity alternatives. Jeon et al. demonstrated that
treating colloidal quantum dots with NOBF4, which has a higher
binding energy with perovskite, replaces OA and replenishes
trap sites, resulting in a 2.8-fold increase in light-emitting diode
efficiency.[27] Li et al. employed diphenylphosphoryl azide to
modify PeQD surfaces, using the generated diphenyl phos-
phate to improve carrier transport through 𝜋-conjugated benzene
rings.[28] Despite these promising developments, most current
methods focus primarily on replacing OA with anionic or neu-
tral ligands, with limited attention given to organic ammonium
and the synergistic regulation of ligand pairs on PeQD surfaces.
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In this work, we introduce a synergetic ligand pair exchange
(SLPE) strategy to enhance the photoelectric properties and sta-
bility of CsPbBr3 PeQDs. The SLPE strategy is realized by se-
quentially adding 𝛼-methyl-4-fluoro-benzylamine (F-MBA) and
p-toluenesulfonic acid (p-TsA) into purified PeQDs solutions.
This process relies on two key mechanisms: the acidity of p-
TsAmodulates the dynamic equilibrium of the original OA/OAm
pair, and the resulting F-MBA+ and p-TsO− ions bind tightly to
the surface of the CsPbBr3 PeQDs, which enables the ligand ex-
change and passivation of surface defects. Photoluminescence
spectra reveal that individually adding F-MBA and p-TsA has neg-
ligible or negative impacts on PL intensity. However, their se-
quential addition leads to a remarkable 2.5-fold increase in PL
intensity. Furthermore, the treated PeQDs exhibit enhanced sta-
bility under UV exposure, high temperatures, and water immer-
sion. The SLPE strategy is also applicable to optimizing other
PeQD compositions. Photodetectors fabricated from these mod-
ified CsPbBr3 QDs show a photocurrent of 5.1 nA, a responsivity
of 3.9mAW−1, and a detectivity of 2.0× 1010 Jones,marking a sig-
nificant improvement over devices based on untreated CsPbBr3
QDs. Furthermore, these photodetectors demonstrate potential
in optical communications, effectively illustrating encryption and
decryption processes. The SLPE strategy offers a promising av-
enue for optimizing perovskite QDs and expanding their appli-
cations in diverse optoelectronic devices.

2. Results and Discussion

2.1. The Synthesis and Optimization of the SLPE Strategy Treated
CsPbBr3 QDs

TheCsPbBr3 QDs are synthesized by a conventional hot injection
method withmodifications;[29,30] the complete procedures are de-
scribed and shown in the Experimental Section. Through a crude
centrifugation, the F-MBA and p-TsA, whose chemical structure
is shown in Figure S1 (Supporting Information), are added to
the colloidal CsPbBr3 QDs solution, and their influence on the
PL spectrum is observed. First, as a strong Lewis acid, the indi-
vidual addition of p-TsA will lead to the serious disruption of the
original reaction equilibrium between OA and OAm according
to the equation below:

p − TsA +OAm → p − TsO− +OAm+ (1)

OA− +OAm+ → OA +OAm (2)

which induce the rapid detachment of ligands and distinct flu-
orescence quenching of CsPbBr3 QDs (Figure S2, Supporting
Information).[31] On the other hand, the F-MBA has a negligi-
ble effect on the optical property of CsPbBr3 QDs even though
the ligand content and reaction time are increased (Figure S3,
Supporting Information).[32,33] By contrast, following the succes-
sive treatment with F-MBA and p-TsA, the F-MBA can react with
p-TsA in the equation below:

p − TsA + F −MBA → p − TsO− + F −MBA+ (3)

resulting in weakening the acidity and retard the desorption of
OA/OAm, meanwhile, the strong affinity of F-MBA+ and p-TsO−

will tightly bind on the surface of CsPbBr3 QDs to realize the lig-
and exchange and defect reparation. Additionally, a one-fold im-
provement in the PL intensity is realized by optimizing the feed-
ing amount of additives (Figure S4, Supporting Information).
All these experimental results shed light on the significance of
the SLPE strategy for the modulation of the optical properties of
PeQDs.
The pristine CsPbBr3 QDs (denoted as P-QDs) and SLPE-

treated CsPbBr3 QDs (denoted as SLPE-QDs) are finally obtained
after the second purification with ethyl acetate to remove the ex-
cess ligands and impurities. The UV–vis absorption spectrum of
P-QDs and SLPE-QDs is similar. At the same time, the PL in-
tensity of SLPE-QDs is 2.5 times larger than that of the P-QDs
(Figure 1a), and the shorter tail is observed in the PL spectra
of SLPE-QDs (Figure S5, Supporting Information), which indi-
cates the effective defect passivation and stable binding of lig-
ands for the surface of SLPE-QDs.[34] Moreover, the SLPE-QDs
effectively reduce the Urbach energy (Eu) to 18 meV, compared
with the Eu of 20 meV for the P-QDs (Figure 1b). Such a lowered
Eu commonly demonstrates a reduced number of band-edge trap
states.[35,36] The time-resolved PL (TRPL) decay measurements
are conducted to investigate the radiative recombination kinet-
ics of photogenerated carriers. The SLPE-QDs achieve a longer
PL lifetime constant of 43.7 ns with a mono-exponential decay.
In contrast, the P-QDs show a bi-exponential decay TRPL curve
with a lifetime constant of 23.5 ns (Figure 1c; Table S1, Support-
ing Information). The transition of the PL decay kinetics from
bi-exponential to mono-exponential behavior manifests the effi-
cient suppression of trap-mediated recombination via the SLPE
strategy.[37,38]

Figure 1d,e exhibits the transmission electron microscopy
(TEM) images of P-QDs and SLPE-QDs respectively, which dis-
play a uniform crystal with cubic morphology, indicating a mini-
mal influence on themorphology of CsPbBr3 QDs after the SLPE
treatment. To obtain more information on the crystal structure
of P-QDs and SLPE-QDs, high-resolution TEM (HRTEM) char-
acterizations are performed, and a lattice constant of 0.29 nm is
obtained for both QDs, corresponding to the (200) facets of the
orthorhombic phase of CsPbBr3

[39,40] The X-ray diffraction (XRD)
results also show the most intense (100) and (200) crystal plane
diffraction peaks (Figure 1f), further supporting that SLPE-QDs
have the same crystal structure as P-QDs.[41,42]

2.2. Surface Chemistry Characterization of P-QDs and SLPE-QDs

The surface coordination environment of P-QDs and SLPE-
QDs is investigated through X-ray Photoelectron Spectroscopy
(XPS) and Fourier Transform Infrared Spectroscopy (FTIR) anal-
ysis (Figure 2). The signal of S is only detected for the SLPE-
QDs, confirming the successful replacement of OA− with p-TsO−

(Figure 2a). The Pb 4f spectra of P-QDs exhibit two contributions,
4f 7/2 and 4f 5/2, located at 138.0 and 142.9 eV, aftermodification by
F-MBA and p-TsA, a 0.3 eV shift to the higher binding energy of
138.3 and 143.2 eV is observed for the Pb 4f spectra of SLPE-QDs
(Figure 2b). And the Br 3d spectra of SLPE-QDs also show a shift
of 0.4 eV to the higher binding energy (Figure S6a, Supporting
Information), which can be attributed to the strong coordination
ability of sulfonate with Pb2+.[24,43] It is worth noting that there is
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Figure 1. Optical properties and crystal structural characteristics of P-QDs and SLPE-QDs. a) The absorption spectra and PL spectra of P-QDs and SLPE-
QDs, respectively. b) Logarithm of absorption coefficient 𝛼 versus photon energy of P-QDs and SLPE-QDs. c) The TRPL curve of P-QDs and SLPE-QDs.
d,e) The TEM and HR-TEM (insets) images of P-QDs and SLPE-QDs. f) The XRD pattern of these P-QDs and SLPE-QDs, respectively.

Figure 2. Surface chemistry investigation for P-QDs and SLPE-QDs. High-resolution XPS spectra of a) S 2p and b) Pb 4f for P-QDs (orange line) and
SLPE-QDs (blue line), respectively. c) Corresponding FTIR spectra of P-QDs and SLPE-QDs. d) Schematic illustration of the PeQDs treated with and
without the SLPE strategy.
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Figure 3. The stability measurements of P-QDs and SLPE-QDs. a,b) The evolution of PL spectra of P-QDs and SLPE-QDs under continuous 375 nm
light irradiation with a power density of 30 W cm−2. c) The evolution of PL intensity with increased irradiation time for P-QDs and SLPE-QDs under a
375 nm laser illumination, respectively. d) Dark-field emission images of CsPbClxBr3-x films treated without and with SLPE strategy with different 375 nm
light (30 W cm−2) irradiation times, respectively (scale bar: 50 μm). e,f) Photographs of P-QDs and SLPE-QDs film heating at 60 °C and soaking in water
under UV light illumination.

a minor variation of the Cs-3d core level spectrum, indicating the
negligible influence of SLPE treatment on the coordination en-
vironment of Cs+ (Figure S6b, Supporting Information). Fourier
transform infrared spectroscopy (FTIR) of P-QDs and SLPE-QDs
is also measured to observe the variation of surface ligands fur-
ther. As shown in Figure 2c, two distinctive signals are detected
at 1038 and 1013 cm−1 for the FTIR of SLPE-QDs, which can be
attributed to the S−O stretching vibrations. A signal of the C−F
is observed at 1186 cm−1, indicating the effective binding of F-
MBA+ and p-TsO− on the surface of PeQDs.[44,45] The bending
vibrations signal of −CH2− at 1465 cm−1 and symmetric stretch-
ing vibrations signal of −COO− at 1390 cm−1 are observed for
both P-QDs and SLPE-QDs,[46] and their signal intensity is re-
duced for SLPE-QDs, confirming the efficient replacement lig-
and pair of OA/OAmwith F-MBA+/p-TsO−. Besides, the residual
OA andOAm support the dispersibility of CsPbBr3 QDs.

[25,47] Ac-
cording to the above measurement results, a schematic illustra-
tion of the SLPE strategy is proposed in Figure 2d. After the first
purification of originally synthesized PeQDs, some surface de-
fects are generated. With the continuous addition of F-MBA and
p-TsA, the surface OA/OAm ligand pair and defects are replaced
and passivated by the F-MBA+/p-TsO−. Experienced the second

purification, the P-QDs exhibit more surface defects due to the
weak binding between OA/OAm with perovskite; inversely, the
strong coordination ability of F-MBA+/p-TsO− makes SLPE-QDs
have a high ligand density, so the PL intensity of SLPE-QDs is
much higher than that of P-QDs. Encouraging the effectiveness
of the SLPE strategy, the CsPbI3 and mixed-halogen PeQDs are
also treated with the same method, exhibiting the improvement
of optical properties (Figure S8, Supporting Information).

2.3. Stability Measurements of P-QDs and SLPE-QDs

Perovskite materials are sensitive to the external environmental
factors due to their soft lattice and low formation energy.[48–50]

Furthermore, the surface defect site will accelerate the decompo-
sition of PeQDs.[51] To evaluate the contribution of SLPE strategy
treatment for the stability of PeQDs, the P-QDs and SLPE-QDs
are subjected to diverse external stimuli. Photodegradation and
photo-induced phase separation of PeQDs are common phenom-
ena and have been documented in the previous literature.[52,53]

As shown in Figure 3a–c, the PL intensity of P-QDs solution
shows a dramatic drop of 91% after 60 min of continuous UV
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Figure 4. Optoelectronic characterization of P-QDs and SLPE-QDs based photodetectors. a) SEM image of SLPE-QDs-based photodetector. (S, source
electrode; D, drain electrode.) b) The I–V curve of the photodetector based on P-QDs and SLPE-QDs under a 450 nm laser excitation with a power
density of 3.7 mW cm−2. c) Power density dependent I–V curve of SLPE-QDs photodetector under a 450 nm laser illumination. d,e) The responsivity
and detectivity of photodetectors based on the P-QDs and SLPE-QDs. f) Photoresponse curves of the SLPE-QDs photodetector at 0.3 V bias for different
laser intensities. g) Schematic diagram of charge transport of P-QDs and SLPE-QDs photodetectors, respectively.

exposure (375 nm, 30 W cm−2), while the SLPE-QDs solution
still maintains the stable green emission with only a slight flu-
orescence attenuation (11%). Besides, there is a little red shift
of PL spectra for CsPbClxBr3-x QDs film treated with SLPE strat-
egy under continuous irradiation with a 375 nm laser (30 W
cm−2). In comparison, a ≈ 40 nm (0.2 eV) red shift is observed
for the untreated CsPbClxBr3-x QDs film under the same condi-
tions (Figure 3d; Figure S9, Supporting Information). The en-
hanced photostability of SLPE-QDs originates from the effec-
tive passivation of surface vacancies and stable binding of F-
MBA+ and p-TsO− with perovskite. Subsequently, we check the
thermal stability of P-QDs and SLPE-QDs by placing the corre-
sponding film on the 60 °C hot plate and capturing images un-
der daylight and UV light at different heating times (Figure 3e;
Figure S10, Supporting Information). The P-QDs film exhibits
the obvious decay of luminescence under UV light for 1 h heat-
ing, while the SLPE-QDs film remains bright under the same
conditions. Finally, considering the humidity-sensitive charac-
teristic of perovskite materials, the sample film is immersed in
water.[54] The P-QDs film becomes almost nonluminous under

UV light illumination after soaking in water for 1.5 h; conversely,
there is a mere weakening of fluorescence for the SLPE-QDs film
(Figure 3f; Figure S11, Supporting Information). The significant
amelioration of stability against water for SLPE-QDs may be as-
cribed to the hydrophobicity of the fluorine atom in the ligand of
F-MBA+.[55]

2.4. Performance Measurements of Photodetectors Based on the
P-QDs and SLPE-QDs

The long aliphatic chain of OA/OAm leads to the inferior con-
ductivity and affects the application of PeQDs in photoelectric
devices,[9,13] when the PeQDs are modified with the SLPE strat-
egy, the short and conjugated molecular structure of F-MBA+

and p-TsO− will promote the charge transfer. To determine the
improvement of overall conductivity for SLPE-QDs, the pho-
todetector with an architecture of Si/SiO2/PeQDs film/electrode
is fabricated, where the channel length is 20 μm (Figure 4a;
Figure S13, Supporting Information). Figure 4b shows the

Adv. Optical Mater. 2025, 13, e02489 © 2025 Wiley-VCH GmbHe02489 (5 of 9)
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current–voltage (I–V) curve of the P-QDs and SLPE-QDs pho-
todetector under a 450 nm laser excitation with a power density
of 3.7 mW cm−2. The slope of the I–V curve of the SLPE-QDs
device is much higher than that of the P-QDs device, suggest-
ing the enhancement of in-plane carrier mobility (Figure S14a,
Supporting Information).[56,57] Figure 4c and Figure S14b (Sup-
porting Information) are the I–V curves of SLPE-QDs- and P-
QDs-based photodetectors excited by the 450 nm laser with dif-
ferent power densities. The photocurrent gradually augments
with the increase of applied bias and laser intensity. The re-
sponsivity (R) and detectivity (D*) are calculated according to the
equation below:

R =
Ilight − Idark

PA
(4)

D∗= R

√
A

2eIdark
(5)

where Ilight and Idark denote as the photocurrent under a UV light
illumination and dark, P is the power density of excitation light,
A is the effective illuminated area, and e is the electronic charge.
A maximum R of 3.9 mA W−1 and D* of 2.0 × 1010 Jones is ob-
tained for the SLPE-QDs photodetector under a 450 nm laser il-
lumination with the power density of 1.3 mW cm−2 at the bias of
1.2 V (Figure 4d). By contrast, the PQDs photodetector only ex-
hibits a maximum R of 0.6 mA W−1 and D* of 0.32 × 1010 Jones
under the same conditions (Figure 4e). It is noted that the R of
devices exhibits a decay with the increase of light power density,
which may be derived from the enhanced Auger recombination
rate of photogenerated carriers and the shortened carrier life-
time under higher power density.[58] Figure 4f and Figure S14c
(Supporting Information) show the time-dependent current of
on−off cycles at 0.3 V bias with variable light intensities. The pho-
tocurrent exhibits a rapid rise upon irradiation, and the SLPE-
QDs photodetector has a lower rise time of 32 ms (Figure S15,
Supporting Information), suggesting the quick separation and
transfer of photogenerated carriers. Both photodetectors show a
drastic photocurrent decay to the original value when the laser
is turned off. The operation stability of photodetectors based on
the P-QDs and SLPE QDs is evaluated after 100 on/off switch-
ing cycle measurement. The photocurrent of P-QDs photodetec-
tors exhibits a 46% reduction, while the photodetectors based
on SLPE-QDs have a slight attenuation (≈6%) in photocurrent
(Figure S16 Supporting Information). According to the above re-
sults, a model schematic diagram is presented to describe the
impacts of SLPE treatment on the charge transfer of PeQDs,
as shown in Figure 4g. For the P-QDs, the weak and dynamic
binding of surface ligands will inevitably lead to the detachment
of OA/OAm and the generation of trap states during the pro-
cess of spin-coating of PeQDs, combined with the worse con-
ductivity of the long alkyl chain ligands, the lower photocur-
rent is observed for the P-QDs photodetector. For comparison,
F-MBA+ and p-TsO− have an excellent conductivity due to their
short and conjugatedmolecular structure; meanwhile, the strong
affinity of F-MBA+ and p-TsO− with the perovskite will pro-
duce a stable surface for SLPE-QDs. Hence, the photodetec-
tor based on SLPE-QDs exhibits an improved device perfor-

mance, comparable with previous reports (Table S2, Supporting
Information).

2.5. The Application of SLPE-QDs in Optical Communication

To expand the application of SLPE-QDs, an encryp-
tion/decryption optical communication system based on a
wavelength-tunable SLPE-QDs device is fabricated. As shown in
Figure 5a, encrypted information is generated and represented
as the photocurrent by the simultaneous utilization of 405
and 450 nm lasers, and the photoresponse of SLPE-QDs-based
photodetectors under 405 and 450 nm lasers illumination
is shown in Figure S17 (Supporting Information). After the
acquisition of the photocurrent signal of the key, the original
photocurrent signal and the corresponding right information
will be decrypted. For example, the ASCII code of the initial
signal for the “PeQD” word is represented by positive “0” and
“1” signals using a 450 nm laser. The key information of the
“NICE” word is represented by positive “0” and “1” using a
405 nm CW laser. Through the synergistic operation of light
sources of 405 and 450 nm laser on the SLPE-QDs photodetector,
an encrypted electrical output signal is recorded as shown in
Figure 5b, combined with the key signal of word “NICE” (mid
in Figure 5b), the original information of “PeQD” is restored to
realize a cycle of encryption and decryption communications as
shown in Figure 5b.

3. Conclusion

In summary, we have successfully developed a ligand pair syn-
ergetic exchange strategy to enhance the surface properties of
PeQDs. By sequentially introducing high-affinity ligands into
purified PeQDs solutions, we achieved effective replacement
of OA/OAm and passivation of surface defects. This approach
leads to notable improvements in optical properties without al-
tering themorphology or crystal structure of the PeQDs. Further-
more, SLPE-QDs demonstrate remarkable stability when sub-
jected to external conditions such as UV exposure, high temper-
atures, and water immersion. This strategy is versatile and ap-
plicable to optimizing PeQDs with various compositions. High-
performance photodetectors fabricated using SLPE-QDs exhibit
significantly enhanced photocurrent, with a maximum respon-
sivity of 3.9mAW−1 and detectivity of 2.0× 1010 Jones, represent-
ing a 6-fold increase compared to photodetectors based on un-
treated PeQDs. Importantly, SLPE-QDs show potential in optical
communications, effectively facilitating encryption and decryp-
tion processes. Our work presents a viable method for improv-
ing the photoelectric properties and stability of PeQDs, thereby
broadening their applications across diverse optoelectronic
devices.

4. Experimental Section
Materials: Oleic acid (OA, 90%), oleylamine (OAm, 80%–90%), 1-

octadecene (ODE, >90.0%), ethyl acetate (EtOAc, anhydrous, 99.5%),
N,N-dimethylformamide (DMF, 99.8%), and toluene (Tl, 99.5%) were pur-
chased from Aladdin. Cesium carbonate (Cs2CO3, >99.99%) and Octane

Adv. Optical Mater. 2025, 13, e02489 © 2025 Wiley-VCH GmbHe02489 (6 of 9)

 21951071, 2025, 35, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adom

.202502489 by Johnny H
o - C

ity U
niversity O

f H
ong K

ong , W
iley O

nline L
ibrary on [05/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

Figure 5. The application of SLPE-QDs photodetector in optical communication. a) Schematic diagrams of the encryption/decryption optical commu-
nication system based on the wavelength-tunable SLPE-QDs device. b) The encrypted electrical signal obtained from the wavelength-tunable SLPE-QDs
photodetector (top); The electrical key of “NICE” word converted from optical signal through ACSII (mid); Decrypted electrical signal of “PeQD” word
by treating the output signal with the key.

(Oc, > 98%) were obtained from Alfa Aesar. p-Toluenesulfonic acid (p-
TsA, 99%), 𝛼-methyl-4-fluoro-benzylamine (F-MBA, 98%), and lead bro-
mide (PbBr2, 99.9%) were purchased from Macklin. All chemicals were
utilized as received without further purification.

Preparation of Cesium Oleate (CsOA): Cs2CO3 (100 mg), ODE (5 mL),
and OA (0.4 mL) were loaded into a 50 mL 3-neck flask and dried under
a vacuum condition for 30 min at RT and 30 min at 120 °C. The mixture
was then heated at 120 °C in an argon atmosphere until no bubbles were
formed. The synthesized CsOA solution was rapidly collected in a vial with
argon protection and was again heated to 100 °C for later use.

Preparation of Perovskite Quantum Dots: 0.69 mg of PbBr2, 0.5 mL of
OA, 0.5 mL of OAm, and 5 mL ODE were added to a 100 mL 3-neck flask.
The mixture was degassed for 60 min at 100 °C, then the temperature was
increased to 120 °C to ensure the complete dissolution of PbBr2. When
the temperature was further raised to 170 °C, the CsOA precursor (0.4mL)
was instantly injected into the reaction mixture, and ≈ 5 s later, the flask
was quickly cooled down to RT by soaking the flask in an ice-water bath.

Purification of Perovskite QuantumDots: EtOAcwas added to the crude
solution with a volume ratio of 2:1, and the precipitate was dispersed
in 6 mL of Tl. The purification procedure was repeated once, and the
precipitate was redispersed in 3 mL Oc to obtain the pristine perovskite
quantum dots (P-QDs). For the SLPE-QDs, the first-purification perovskite
quantum dots were continuously treated with 0.15 mL of F-MBA (0.3 m
in Tl) and 0.15 mL of p-TsA (0.3 m in DMF/Tl (v/v = 1:9)). After the sec-
ond purification under the same conditions as P-QDs, the SLPE-QDs were
acquired.

Materials Characterization: The PL spectra were obtained from a
home-built confocal micro-optical system with an Ocean Optics Spec-
trometer (Maya Pro2000) and an excitation wavelength of 375 nm. The
QDsmorphology, size, and crystal structures were obtained using a trans-
mission electron microscope (TEM, JEM-F200) operated at 200 kV. The
powder X-ray diffraction pattern was acquired by X-ray Diffractometer
(SmartLab 9 kW, Rigaku) with Cu K𝛼 radiation (𝜆 = 1.54178 Å). Time-
resolved PL decay curves were monitored with an Edinburgh FLS1000
using a 355 nm laser. X-ray photoelectron spectroscopy (XPS) analysis
was conducted with a Thermo ESCALAB 250Xi system, and a He UV-light
(21.22 eV) was employed as the excitation source. Fourier transform in-
frared (FTIR) measurements were conducted by a Fourier Transform In-
frared Spectrometer (Nicolet 6700) in a transmittance mode. The surface
morphology of the photodetector device was analyzed through scanning
electron microscopy (SEM, Hitachi SU-8010, Japan).

Fabrication and Measurements of Photodetector Devices: The SiO2/Si
substrates were cleaned through sequential sonication in deionized water,
acetone, and 2-isopropanol for 10min. The P-QDs and SLPE-QDs solution
underwent three spin-coating cycles at 1000 rpm for 60 s. Thermal evap-
oration (SLZF 270) was used to deposit electrode layers with a thickness
of 200 nm under a high vacuum of ≈ 4 × 10−4 Pa. Device measurements
were conducted on the electrical probe station in an atmosphere, and the
I–V and I–T curves were recorded with a Keithley 2450 semiconductor an-
alyzer. The power density of incident light was measured by a CNI-Laser-
TP100 power meter, and its intensity was adjusted by an attenuating lens
(OMMB-NDFC5020).

Adv. Optical Mater. 2025, 13, e02489 © 2025 Wiley-VCH GmbHe02489 (7 of 9)
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Calculation of Urbach Energies (EU): Urbach energies (EU) of the P-
QDs and SLPE-QDs are calculated by plotting the absorption coefficient
as a function of photon energy. The EU is defined as EU = kBT/𝜎(T), which
can be extracted by fitting the exponential part of the Urbach tail according
to the following equation:

𝛼 (E) = 𝛼0 exp
[
𝜎 (T)

E − E0
kBT

]
(6)

where kB is the Boltzmann constant, T represents the absolute temper-
ature, 𝛼(E) is the absorption coefficient as a function of photon energy
E, E0 and 𝛼0 are the characteristic parameters, and 𝜎(T) is the steepness
parameter.[35,36]
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