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A B S T R A C T

Lead halide perovskite quantum dots (PeQDs) have become highly competitive electroluminescent materials for 
light-emitting diodes, primarily owing to their tunable emission wavelength, narrow emission full-width at half- 
maximum, high defect tolerance, and cost-effective solution processability. However, the inherently insulating 
long-chain organic ligands on PeQDs surface tend to induce abundant defects and imbalanced charge transport in 
PeQDs light-emitting diodes (PeQLEDs). To address this issue, we develop a ligand-mediated strategy for the 
surface reconstruction of FAPbBr3 QDs using benzene sulfonic acid and p-toluenesulfonic acid (DBSA). Specif
ically, the more strongly polarized DBSA molecules exhibit a pronounced delocalized electron cloud distribution, 
which promoted more efficient carrier transport and significantly improved the carrier mobility of PeQDs film. 
Consequently, the DBSA optimized PeQLEDs exhibits stable electroluminescence emission at 529 nm with a 
maximum external quantum efficiency of up to 17.44% as well as a low turn-on voltage of 2.2 V and a maximum 
luminance of 45069 cd m− 2. These values are all substantially superior to those of the control device. This work 
provides new insights into the exploration of appropriate surface ligands for regulating the surface electrical 
properties of PeQDs and modulating carrier transport in optoelectronic devices, thereby advancing the devel
opment of high-performance PeQLEDs.

1. Introduction

Metal halide perovskite quantum dots (PeQDs) have emerged as 
competitive candidates for optoelectronic devices due to their tunable 
bandgap, narrow emission spectra, high defect tolerance, and cost- 
effective solution-processability [1–4]. Currently, PeQDs have been 
extensively applied in various thin-film optoelectronic devices, 
including light-emitting diodes (LEDs), solar cells, and photodetectors 
[5–7]. Especially in the field of LEDs, perovskite quantum dot LEDs 
(PeQLEDs) has been achieved notable progress in recent years, the 
external quantum efficiencies (EQEs) of blue, green, and red PeQLEDs 
have surpassed 26%, 30%, and 28%, respectively [8–13]. However, the 
ionic crystal nature and dynamic ligand binding behavior of PeQDs lead 

to abundant surface defects, disordered carrier transport, and severe 
non-radiative recombination, which inevitably degrade the optoelec
tronic performance and long-term stability of PeQLEDs [7,14–16]. 
Therefore, rational surface ligand engineering is urgently required to 
passivate lattice defects, reduce non-radiative recombination centers, 
and enhance carrier transportation.

Conventional PeQDs synthesis primarily relies on long-chain organic 
ligands to ensure the sufficient precursor dissolution, regulate the 
crystallization and growth of PeQDs, and maintain the colloidal stability 
of the resulting PeQDs [17–19]. However, due to the weak and dynamic 
binding interaction between the commonly used long-chain ligands 
(oleic acid/oleylamine, OA/OAm) and PeQD surfaces, these ligands are 
prone to desorb from the surface during multiple centrifugation and 
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purification processes [14,20]. Such ligand detachment is often 
accompanied by the loss of surface halide ions, leading to the formation 
of imperfect PbBr₆⁴⁻ octahedra and abundant dangling bonds on the 
surface of PeQDs [21–23]. These surface defects act as efficient 
non-radiative recombination centers and accelerate the phase transition, 
ultimately causing severe photoluminescence quenching of PeQDs [24]. 
Furthermore, the inherent insulating nature of the OA/OAm ligands 
inevitably hinders efficient carrier injection/transport in devices, lead
ing to degraded performance of PeQLEDs.

To address these problems, various strategies including ligand ex
change, in-situ ligand compensation, and multi-ligand synergistic 
modification have been developed to improve the crystal quality and 
conductivity of PeQDs [19,25–27]. For example, a series of conjugated 
small-molecule ligands derived from 3-phenyl− 2-propen− 1-amine 
bromide with varied functional substituents have been employed for 
ligand exchange, which effectively enhances carrier mobility and con
ductivity [17]. An in-situ surface passivation strategy using benzhy
droxamic acid during PeQD fabrication has also been developed, 

enabling FAPbBr₃ QDs to achieve a photoluminescence quantum yield 
(PLQY) as high as 92.5% [18]. Additionally, a ternary ligand system 
combining tributyl phosphate oxide (TBPO), dodecyl dimethyl ammo
nium bromide (DDAB), and Ca(SCN)₂ has been designed for 
post-treatment ligand exchange, effectively reducing the defect density 
and improving electron mobility of nanocrystal films [28]. Nevertheless, 
despite these ligands strategies can improve the optoelectronic proper
ties of PeQDs, their alkyl chains are insulating and usually have a 
single-dentate coordination, resulting in limited enhancement of charge 
transport and systematic investigations on the influence of ligand 
modification on carrier transport and recombination dynamics in PeQ
LEDs remain insufficient [29,30]. In contrast, aromatic sulfonic acids 
possess strong coordination, structural rigidity, and π-conjugated sys
tems. -SO3⁻ provides strong Lewis basicity for coordination with Pb²⁺, 
while the substituents on the aromatic ring can regulate molecular po
larization and achieve bidirectional carrier transport, which is some
thing simple thiol ligands cannot achieve. Therefore, the exploration of 
suitable surface ligands that can simultaneously passivate surface 

Fig. 1. a) Chemical structure and simulated electrostatic potential profiles of BSA and DBSA molecules. b) Schematic illustration of the binding property of DBSA at 
the surface of FAPbBr3 PeQDs. c-e) XPS spectra of S 2p (c), Pb 4 f (d), and Br 3d (e) of control, BSA and DBSA-PeQDs. f-h) TEM images of (f) control, (g) BSA and (h) 
DBSA-PeQDs.
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defects of PeQDs and regulate carrier transport behavior is highly 
desirable for achieving high-performance PeQLEDs.

Herein, we employed benzenesulfonic acid (BSA) and p-toluene
sulfonic acid (DBSA) as small molecule ligands to modulate the surface 
properties and electrical performance of FAPbBr3 QDs. The sulfonic acid 
groups of both ligands offer multiple chelating sites that strongly 
interact with the surface of PeQDs, reducing ligands loss during purifi
cation and enhancing the crystal quality of QDs. Electrical character
ization further indicates that the emissive layer based on DBSA-PeQDs 
exhibits superior carrier transport properties, originated from the 
methyl substituent which enhances molecular polarization and facili
tates rapid charge transport along the π-conjugated backbone. As a 
result, DBSA-based PeQLEDs achieved a low turn-on voltage of 2.2 V, a 
maximum EQE of 17.44%, and a peak luminance of 45,069 cd m⁻². 
These values represent significant improvements over the control device 
with a turn-on voltage of 3.1 V, an EQE of 14.06%, and a luminance of 
23,776 cd m⁻². This work provides new insights into the rational design 
of surface ligands for tailoring QDs surface properties and carrier 
transport, paving the way for achieving high-performance PeQLEDs.

2. Results and discussion

The pristine FAPbBr3 PeQDs were synthesized by using the 
commonly ligand-assisted reprecipitation (LARP) method [31,32]. To 
optimize the QDs, a certain amount of BSA and DBSA powder was added 
to the solvent of the pristine synthesis method. Detailed information is 
described in the experimental section. The corresponding chemical 
structures and simulated electrostatic potential curves (EPS) of BSA and 
DBSA are shown in Fig. 1a. The EPS analysis indicates that the electrons 
are mainly located around the oxygen atoms, suggesting that they may 
combine with the uncoordinated Pb atoms on the surface of PeNCs 
through Lewis acid-base reactions. Moreover, the electron-deficient 
atom of hydrogen in the hydroxyl (-OH) group can form hydrogen 
bonds with the FA+ and Br- ions respectively to enhance the interaction 
and eliminate surface defects, thereby improving the overall stability of 
the PeQDs (Fig. 1b) [18,23].

The interactions between BSA and DBSA molecules and PeQDs was 
investigated by X-ray photoelectron spectroscopy (XPS) measurement. 
The S 2p and O1s spectra in Fig. 1c revealed distinct features of the 
sulfonic groups originating from BSA and DBSA molecules, verifying the 
existence of BSA and DBSA in the optimized PeQDs. Meanwhile, the 
peaks of Pb 4 f and Br 3d spectra shifted towards higher binding en
ergies, indicating a strong interaction between the Pb2+ and Br- ions and 
the electronegative sulfonic groups of BSA and DBSA molecules (Fig. 1d 
and e) [33]. Additionally, a shift of the N1s peak to a higher binding 
energy provides direct evidence that the BSA and DBSA molecules sta
bilize PeQDs by interaction with FA+ ions in the local chemical envi
ronment (Figure S1). The FTIR spectrum shows that both the control and 
optimized PeQDs exhibit characteristic peaks of -COOH and -NH2. 
Meanwhile, the pure DBSA ligand shows two typical strong peaks of 
S––O asymmetric and symmetric stretching vibrations at 
~1120 cm⁻¹ and ~1060 cm⁻¹ . In the PeQDs samples modified by DBSA 
and BSA, the S––O peak shifts towards a lower wavenumber. These 
changes directly prove that the sulfonic acid group forms a coordination 
bond with the unsaturated Pb2+ on the PeQDs surface, rather than 
simple physical adsorption (Figure S2). Figure f-h shows the trans
mission electron microscopy (TEM) images of the control and target 
PeQDs. The control PeQDs have an average size of 12.9 nm, while the 
target PeQDs a more uniform size distribution with a smaller average 
size of 10.9 nm. Meanwhile, compared with the control-PeQDs, the SEM 
images of BSA-PeQDs and DBSA-PeQDs are also denser and more uni
form morphology with obviously reduced QDs agglomeration 
(Figure S3). Correspondingly, atomic force microscope (AFM) results 
show that the root-mean-square (RMS) roughness of BSA-PeQDs 
(10.8 nm) and DBSA-PeQDs (8.26 nm) is significantly lower than that 
of control-PeQDs (12.7 nm) as shown in Figure S4. X-ray diffraction 

(XRD) analysis reveals strong peaks at 14.8◦ and 29.8◦, corresponding to 
the (100) and (200) lattice planes (Figure S5), indicating that both 
control and target PeQDs exhibit a cubic perovskite phase (space group 
Pm3m) [34,35]. Additionally, the increased intensities are observed for 
the main diffraction peaks of the DBSA-PeQDs, suggesting the 
well-enhanced crystallinity of the PeQDs with DBSA incorporation.

We further compared the luminescent properties of the control and 
target PeQDs. The UV–vis absorption spectra indicated that the three 
PeQDs presented similar absorption spectra, and the Tauc plots showed 
a slight reduction in the band gap of BSA-PeQDs and DBSA-PeQDs 
(Figure S6). Furthermore, the UV–vis absorption spectra of neat BSA 
and DBSA show that neither ligand exhibits discernible absorption band 
in the visible region (particularly near 600 nm), indicating that the weak 
feature observed in the modified PeQD films is not associated with 
ligand-intrinsic absorption (Figure S6b). However, the PL emission in
tensities of target PeQDs are slightly enhanced relative to Control- 
PeQDs, (Figure2a). This tendency is further supported by the corre
sponding photoluminescence quantum yields (PLQYs), which are 
measured to be 79.81%, 82.47%, 96.93% for the control, BSA, and 
DBSA-PeQDs, respectively (Figure S7). This enhancement may be 
attributed to stronger adsorption of DBSA ligands on the QD surface, 
which strengthens interfacial interactions and more effectively passiv
ates surface defects. The binding energies (EB) between the QD surfaces 
and BSA and DBSA ligands were further calculated, determined to be 
− 0.3313 eV, and − 0.7854 eV, respectively (Figure S8). This indicates 
that the interaction between DBSA and the surface of QDs is stronger 
than that of BSA ligands, which may lead to an increase in surface 
coverage. These results are also consistent with the extended PL lifetime 
of BSA (τavg=7.39 ns) and DBSA-PeQDs (τavg=39.64 ns) (Fig. 2b, 
Table S2). Furthermore, space-charge limited-current (SCLC) measure
ments were performed on HODs to quantitatively evaluate the trap state 
density of the control and target PeQDs films (Fig. 2c). The extracted 
trap filling limiting voltage (VTFL) for the control, BSA, and DBSA-PeQDs 
are 1.82 V, 1.61 V, 1.20 V, respectively. The trap density nt was esti
mated using the equation nt= 2εε0VTFL/eL2, where e is the elementary 
charge, L is the thickness of the EML layer (~40 nm), ε is the dielectric 
constant, and ε0 represents the vacuum permittivity. the defect densities 
were calculated to be 1.71 × 1018 cm− 3, 1.51 × 1018 cm− 3, and 
1.13 × 1018 cm− 3 for the control, BSA, and DBSA-PeQDs devices, 
respectively [36,37]. The DBSA-PeQDs exhibits the lowest defect den
sities, illustrating that DBSA ligands are more strongly bond to the 
surface of the QDs, thereby suppressing the formation of surface defects 
caused by ligand desorption. Moreover, the scan-rate-dependent J-V 
measurements show that the BSA- and DBSA-PeQDs devices exhibited 
significant current hysteresis at any of the scan rates, and the VTFL 
baseline changed very little with the scan rate, indicating that the ion 
migration was effectively suppressed (Figure S11).

The temperature-dependent photoluminescence (PL) spectroscopic 
measurement was used to investigate the non-radiative relaxation pro
cess and charge-phonon coupling behavior of PeQDs film. By fitting the 
full-width-at-half-maximum (FWHM) curves extracted from the two- 
dimensional (2D) temperature-dependent PL maps (Fig. 2d-f), the 
experimental data were found to be in good agreement with the best-fit 
curves (R2 > 0.99). Quantitative evaluation of the charge phonon 
coupling strength of PeQDs films, was achieved by fitting the 
temperature-dependent FWHM using the Frohlich formula [38,39]: 

Γ(T) = Γ0 +ΓAC +ΓLO = Γ0 + γACT+ γLO
/
[eELO/kBT − 1] (1) 

Wherein Γ0 represents temperature-independent intrinsic inhomo
geneous broadening, arising from the scattering due to structural dis
order and defect. The homogeneous broadening components ΓAC and 
ΓLO correspond to acoustic (AC) and longitudinal optical (LO) phonon 
scattering contributions, where γACand γLO denote the corresponding 
coupling strength, respectively. ELO represents the LO-phonon energy 
and kB is the Boltzmann constant. Near room temperature, LO-phonons 
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are emitted sufficiently by high energy electrons. Therefore, the scat
tering from LO-phonons via the Fröhlich interaction is the dominant 
source of charge phonon coupling near room temperature, with scat
tering off AC phonons negligible [40,41]. Correspondingly, our analysis 
focused on evaluating variations of γLO and ELOof PeQDs films. By fitting 
the FWHM curves extracted from the two-dimensional (2D) 
temperature-dependent PL maps (Fig. 2d-f), excellent consistency was 
achieved between experimental data and theoretical simulations (R2 >

0.99). The coupling strength γLO was determined to be 139.03 meV for 
DBSA-PeQDs films，162.13 meV for BSA-PeQDs films and 172.77 meV 
for Control-PeQDs films (Fig. 2g-i). The detailed fitting parameters are 
listed in Table S1. Notably, this reduction may be attributed to the 
stronger interaction between DBSA and the surface of PeQDs. Such 
strong binding suppresses surface phonon generation and alleviates 
charge-phonon coupling, consequently diminishing nonradiative energy 
dissipation pathways of excited states.

To explore the influence of BSA and DBSA on the carrier dynamic 
behavior of PeQLEDs, the dielectric properties of control and target 
PeQDs films were further evaluated. The quantitative ESP values around 
the sulfonic oxygen region indicate that the oxygen atoms in DBSA are 
slightly more negative than those in BSA (approximately − 0.07642 eV 
for DBSA and − 0.06147 eV for BSA) (Fig. 1a).The methyl substituent 

changes the spatial distribution of electrostatic potential over the entire 
aromatic sulfonic acid molecule, creating a more polarized molecular 
framework with an electron-rich sulfonic acid end and an electron- 
donating methyl-substituted aromatic end. Meanwhile, in the UV–vis 
absorption spectrum (Figure S6), the UV–vis absorption edge of the 
DBSA-PeQDs film redshifts compared to the BSA-PeQDs film, and the 
band gap shrinks, reflecting that the methyl group enhances the delo
calization of π electrons through the electron donor conjugation effect. 
Therefore, the DBSA molecule has a stronger surface binding and an 
enhanced overall molecular polarization combined effect with the 
quantum dots, which enables efficient bidirectional carrier transport 
within PeQD films. HODs with the structure of ITO/CZTS/PTAA/ 
FAPbBr3 QDs/MoO3/Al were fabricated, the current density-voltage (J- 
V) curves of these HODs demonstrate that the BSA and DBSA modified 
devices exhibit considerably higher current densities than the control 
device, with the DBSA-based device achieving the highest hole current 
density (Fig. 3a). We further quantified the carrier mobility of the PeQDs 
films using SCLC analysis (Fig. 3b). In the Child region, the carrier 
mobility was determined by the Mott-Gurney equation μ = 8JL3/9εε0V2 

[42,43]. The hole mobility of the control PeQDs film was calculated to 
be 2.36 × 10− 5 cm2V− 1s− 1, which was significantly enhanced after the 
modification with BSA and DBSA. Specifically, the hole mobility of the 

Fig. 2. a) PL emission and b) time-resolved PL decay spectra of control, BSA and DBSA-PeQDs films c) Current density–voltage (J-V) characteristics of ITO/HTL/ 
FAPbBr3/MoO3/Al hole-only devices (HODs). d-f) Two-dimension (2D) temperature-dependent PL spectra of (d) control, (e) BSA and (f) DBSA-PeQDs films. g-i) 
FWHM of reciprocal temperature of (g) control, (h) BSA and (i) DBSA-PeQDs films.
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DBSA-PeQDs film (2.70 × 10− 5 cm2V− 1s− 1) was higher than that of the 
BSA-PeQDs film (2.59 × 10− 5 cm2V− 1s− 1). These results mean that the 
electronic nature of the methyl substituent in the DBSA ligands plays a 
key role in promoting carrie transport in PeQDs films. Electrochemical 
impedance spectroscopy (EIS) measurement was further utilized to 
examine the charge transport and recombination behavior. The corre
sponding Nyquist plots can be well fitted using an equivalent circuit 
model consisting of a series resistance (Rs), a recombination resistance 
(Rrec), and a correlated capacitance, as shown in the inset of Fig. 3c. In 
Fig. 3c, the DBSA-based PeQLEDs presents a smaller semicircular radius 
and lower Rrec, signifying easier charge transport as arising from the 
combined effects of stronger surface binding, enhanced molecular po
larization and better film morphology. [42,44].

Having established the effects of BSA and DBSA ligands on charge 
transport behavior, we further analyze the discrepancies in carrier 
recombination dynamics within PeQLEDs based on control and target 
PeQDs by impedance spectra. As presented in Figures S9a, at frequencies 
below 104 Hz, the impedance of the control-based PeQLEDs declines 
from 9.72 × 104 Ω to 1.86 × 104 Ω at 103 Hz with increasing voltage, 
followed by a subsequent rebound to 4.95 × 104 Ω at 103 Hz. A more 
pronounced impedance evolution is observed in BSA-based PeQLEDs, 
where the impedance drops from 9.74 × 104 Ω to 2.34 × 103 Ω after 
successive oscillations at 103 Hz (Figures S9b). In sharp contrast, the 

impedance of DBSA-based PeQLEDs decreases monotonically with rising 
voltage at a considerably faster rate, declining from 8.30 × 104 Ω at 0 V 
to merely 65.63 Ω at 7.0 V measured at 103 Hz (Figures S9c). This 
observation manifests that DBSA-based PeQLEDs possess significantly 
suppressed charge accumulation and diminished energy loss, achieving 
more efficient radiative recombination [45,46]. As depicted in Fig. 3d-f, 
the reactance first rises and then declines with increasing voltage, and 
this trend being more pronounced at low frequencies. The change in 
reactance is caused by the alteration of the capacitance characteristics of 
the device. Notably, for the control-based PeQLEDs, the reactance rea
ches a maximum value of 4.73 × 104 Ω at 5.0 V and then begins to 
decrease, reaching a minimum value of 1.76 × 104 Ω at 7 V and 103 Hz. 
Meanwhile, severe charge accumulation and inferior recombination 
efficiency give rise to irregular fluctuations in reactance from 4.5 V to 
7 V at frequencies below 104 Hz. For BSA-based PeQLEDs, defects sup
pression leads reduced capacitive charge storage, yielding a reactance of 
4.53 × 104 Ω at 4.5 V and 103 Hz. As the voltage continues to increase, 
the reactance shows a monotonic downward trend, falling to 7.58 × 103 

Ω at 7 V, thereby alleviating interfacial charge accumulation during 
device operation. In comparison, the DBSA-based PeQLEDs shows a 
more remarkable change. The reactance reaches its maximum value of 
2.15 × 104 Ω at 3.5 V and 103 Hz, and then decreases monotonically and 
rapidly to 236.44 Ω at 7 V as the voltage increases. This rapid decay may 

Fig. 3. a) HODs and b) scatter plots of J-V2 in the child region of HODs based on control, BSA and DBSA PeQDs films. c) Nyquist plots of impedance spectra. d-f) 
reactance of (d) control, (e) BSA and (f) DBSA PeQLEDs. g-i) phase angle of (g) control, (h) BSA and (i) DBSA PeQLEDs.
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be attributed to the synergistic effects of defect passivation and the 
reduction of interfacial charge accumulation, which indirectly mitigates 
the loss of energy utilization efficiency caused by charge congestion and 
nonradiative recombination [31,47]. By analyzing the multi-scale phase 
angle responses of the three types of devices, the differences in energy 
loss during the carrier transport and recombination processes can be 
more clearly elucidated. In the control device, as shown in Fig. 3g, the 
phase angle decreases with increasing voltage at frequencies below 10⁵ 
Hz, but the change is relatively small and accompanied by significant 
oscillations. The BSA-based device exhibits a similar trend, but with 
greater magnitude of change and more pronounced oscillations 
(Fig. 3h). The irregular low-frequency phase-angle oscillations in the 
control and BSA-based devices indicate distributed relaxation processes 
associated with interfacial charge accumulation, trap-assisted carrier 
relaxation and non-uniform transport pathways. By contrast, as shown 
in Fig. 3i, the DBSA-based device exhibits a more monotonic and stable 
phase-angle evolution over the low-frequency region, suggesting a 
narrower distribution of relaxation processes and more efficient carrier 
transport [47]. This interpretation is consistent with the reduced trap 
density, higher hole mobility, lower recombination resistance and faster 
impedance/reactance decay of the DBSA-based device.

Given the superior defect passivation and enhanced charge transport 
capabilities of BSA and DBSA modified PeQDs, we incorporated Control, 
BSA, and DBSA PeQDs as the emissive layer to construct PeQLEDs with a 
device structure of ITO/CZTS/PTAA/FAPbBr3 QDs/PO-T2T/LiF/Al 
(Fig. 4a). The corresponding device energy level diagram is illustrated 
in Fig. 4b. The ultraviolet photoelectron spectroscopy results show that 
the HOMO energy levels of the control, BSA, and DBSA-PeQD films are 
5.97 eV, 5.89 eV, and 5.68 eV respectively (Figure S10). This indicates 
that the hole injection barrier of the BSA and DBSA-modified PeQD has 
been significantly reduced. Concurrently, To reduce the hole injection 
barrier, an inorganic layer CZTS with deep valence-band maximum was 
adopted as the hole injection layer, coupled with poly(bis(4-phenyl) 
(2,4,6-trimethyl-phenyl) amine) (PTAA) as an interface layer to 
improve the optoelectronic performance of PeQLEDs. Figs. 4c and 4d 
display the current density-voltage-luminance (J-V-L) and current effi
ciency (CE)-J curves of the three PeQLEDs, respectively. The turn-on 

voltage is reduced from 3.2 V for the control-based PeQLEDs to 2.2 V 
for both BSA and DBSA-based PeQLEDs, signifying enhanced carrier 
transport. Additionally, the leakage current of BSA and DBSA-based 
PeQLEDs was significantly suppressed, which is attributed to the 
smoother surface morphology in the BSA and DBSA-PeQDs films. The 
maximum brightness (Lmax) of control-based PeQLEDs is 23,776 cd m− 2, 
while the Lmax of BSA and DBSA-based PeQLEDs is elevated to 
31,518 cd m− 2 and 45,069 cd m− 2, respectively. This enhancement is 
attributed to enhanced carrier mobility and accelerated radiative 
recombination rate of PeQDs. Meanwhile, the CE increased from 
45.81 Cd/A of control-based PeQLEDs to 75.31 Cd/A of BSA-based 
PeQLEDs and 84.22 Cd/A of DBSA-based PeQLEDs, while the EQE 
increased from 14.06% of control-based PeQLEDs to 16.01% of BSA- 
based PeQLEDs and 17.44% of DBSA-based PeQLEDs (Fig. 4e). 
Notably, this also represents the current highest EQE achieved by 
PeLEDs using CZTS as the hole injection layer. Fig. 4f shows the EQEmax 
statistics for 30 devices of three types PeQLEDs. The average peak EQE 
for DBSA-based PeQLEDs is 16.4%, substantially outperforming the 
control-based PeQLEDs (12.8%) and BSA-based PeQLEDs (14.9%).

3. Conclusions

In conclusion, we exploited the strong interactions between BSA and 
DBSA ligands and the surface of FAPbBr3 QDs to realize efficient defects 
passivation and improved structural stability, thus endowing the QDs 
with superior optical properties. Additionally, single-carrier devices 
confirmed that DBSA polarized molecule with electron-donating groups 
show more pronounced improvements in charge transport characteris
tics of PeQDs. Furthermore, the multi-scale responses of reactance, 
impedance, and phase angle from an energetic perspective validated 
that DBSA-based devices exhibit lower carrier transport impedance, 
suppressed oscillations, and improved recombination efficiency. 
Therefore, the PeQLEDs based on DBSA ligands exhibited the best device 
performance, achieving a maximum EQE of 17.44% and a peak lumi
nance of 45,069 cd m⁻² at 529 nm. This work highlights the effective
ness of ligand engineering in improving the surface quality of PeQDs and 
enhancing their charge transport capabilities. Meanwhile, the EQE 

Fig. 4. a) Schematic illustration of PeQLEDs structure. b) Energy level diagram for different component layers in PeQLEDs. c) Current density-voltage-luminance (J- 
V-L) curves, d) Current efficiency-current density (CE-J) curves, e) EQE-current density curves, f) Statistics of EQE of 30 devices based on control, BSA and 
DBSA PeQLEDs.
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improvement is primarily assigned to defect passivation and improved 
carrier transport based on the available data, while possible optical- 
outcoupling contributions cannot be fully excluded without dedicated 
transition dipole moment (TDM) measurements. It provides valuable 
insights and guidance on modulating substituents to simultaneously 
improve the crystal quality and carrier transport properties of PeQDs for 
high-performance LEDs.

4. Experimental section

Materials: Copper acetate (Cu(CH3COO)2⋅H2O), zinc acetate (Zn 
(CH3COO)2), stannous chloride (SnCl2⋅2 H2O), thiourea, iso-propyl 
alcohol ((CH3)2CHOH) were obtained from Shanghai Macklin Co, Ltd. 
Keshi provided ethanol, 2-Methoxyethanol (98%), toluene (99.9%), 1- 
butanol(98%), octane (98%) and N,N-Dimethylformamide (DMF, 98%). 
Additionally, molybdenum trioxide (MoO3, 99.95%), oleic acid (OA, 
90%) and LiF were sourced from Shanghai Aladdin Industrial Corpora
tion Co., Ltd. Xi’an Polymer Light Technology Corp supplied lead bro
mide (PbBr2), formamidine bromide (FABr), poly(bis(4-phenyl)(2,4,6- 
trimethyl-phenyl) amine) (PTAA,99.9%)and (1,3,5-triazine− 2,4,6- 
triyl)tris(benzene− 3,1-diyl)tris(diphenylphosphine oxide) (PO-T2T, 
99.9%).

Preparation of FAPbBr3 QDs: The synthesis of FAPbBr3 QDs was car
ried out using a modified method based on literature. The FAPbBr3 
precursor (150 μL), prepared by dissolving PbBr2 and FABr in DMF with 
a molar ratio of 1:2.2 and Pb2+ concentration at 0.2 M, was injected into 
a vial containing a crystallization-inducing solution composed of 5 mL 
of toluene, 2 mL of 1-butanol, 500 μL of oleic acid, and 30 μL of n- 
diacylamine. The solution was vigorously stirred for 10 min after the 
injection, following which it was centrifuged at 13000 rpm for 5 min 
and the supernatant was discarded. The precipitate was redispersed in 
1 mL of n-hexane and then centrifuged at 2000 rpm for 2 min. The 
resulting supernatant was filtered through a 0.22 μm PTFE filter to 
collect FAPbBr3 QDs. Prior to the injection of the precursor, the 
crystallization-inducing solution was precooled to 8–10 ◦C.

Preparation of target FAPbBr3 QDs: The synthesis processes for BSA- 
modified and DBSA- modified FAPbBr3 QDs are the same as those for 
the control FAPbBr3 QDs, except that BSA (10 mg) and DBSA (10 mg) 
were added to the crystallization-inducing solution.

Preparation of CZTS films: CZTS precursor solution was prepared by 
sequentially dissolving Cu(CH3COO)2⋅H2O (0.6 mmol), SnCl2⋅2 H2O 
(0.3 mmol), Zn(CH3COO)2 (0.3 mmol) and thiourea (6 mmol) in 20 mL 
2-Methoxyethanol solvent under stirring at 50 ◦C. The precursor film 
was spin-coated (2000 rpm, 30 s) once on patterned and cleaned ITO 
substrate and annealed at 300 ◦C for 5 min on a hot-stage in N2 atmo
sphere. Note, an excess amount of thiourea is used for the purpose of 
getting the CZTS films with a composition close to stoichiometry, 
because a serious sulfur loss may occur during thermal decomposition.

Device fabrication: The PVK solutions (in chlorobenzene, 5 mg mL− 1) 
were spin-coated at 3000 r.p.m. for 30 s on the prepared CZTS films and 
baked at 150 ◦C for 20 min. Then, the PTAA (in chlorobenzene, 
3 mg mL− 1) solution was spin-coated onto the PVK surface at a speed of 
4000 r.p.m. for 30 s, and annealed at 150 ◦C for 10 min. FAPbBr3 QDs 
were spin-coated at 1000 rpm for 60 s on the PTAA films and then 
quickly transferred into a high-vacuum evaporator without annealing. 
Afterward, in a low-vacuum environment of 8 × 10− 5 Pa, a sequential 
deposition of 50 nm PO-T2T, 1 nm of LiF, and 80 nm of Al was carried 
out. The hole-only device was fabricated by sequentially depositing 
3 nm of MoO3 and 80 nm of Ag onto perovskite film.

Characterizations: The crystalline structure and quality of the CZTS 
nanocrystal films were investigated by X-ray diffraction (XRD; X’Pert 
ProX-ray diffractometer) employing a Cu Kα (λ = 1.5418 Å) and Raman 
spectroscopy (Renishaw) using an Argon-ion laser (wavelength of 
514.5 nm) at room temperature. The Raman spectra were acquired at a 
constant incident laser power of 2.5 mW. A JEOL JSM− 7800 Prime 
scanning electron microscopy (SEM) with an accelerating voltage of 

5 kV and atomic force microscopy (AFM, Bruker NanoScope V) with 
peak force tapping mode using silicon tips (TESP, Veeco) were used to 
characterize the morphologies of the films. The UV absorption spectra 
were obtained by UV− 2500 (Shimadzu Corporation). The PL spectra, 
TRPL spectra, and temperature-dependent photoluminescence spectra 
were investigated using FLS980 (Edinburgh Instruments) spectrometer 
with a 450 W Xenon lamp. The room-temperature absolute PLQY of the 
films was measured on Edinburgh-FLS 980 spectrometer by an inte
grating sphere. Fourier transform infrared (FTIR) spectroscopy patterns 
were obtained to determine the types and changes of functional groups 
in materials using a TENSOR II spectrometer (Bruker) with a spectral 
resolution of 4 cm− 1 at a scanning frequency of 1 spectra min− 1. The 
characterizations of low- (f = 5 K) and high-frequency (f = 100 K) 
capacitance-voltage curves of PeQLEDs were performed by Keithley 
4200. The Keithley 2400 source meter combined with a QE-Pro spec
trometer (Ocean Optics), was employed to characterize the perfor
mances of PeQLEDs in the glove box. The intensity of 
electroluminescence was measured by a FOIS− 1 integration sphere.
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