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In situ 2D-perovskite-like ligands offer versatile
passivation of large and small sized PbS quantum
dots for infrared photovoltaics

Kai Liao,1? Beining Dong,1° Yajie Yan,? Xiaoxiao Zhang,® Kou Li,° Dewei Chu,
Long Hu @ ** and Zigi Liang {2 *?

Solution-processed lead sulfide (PbS) colloidal quantum dots (CQDs) have emerged as promising
optoelectronic materials due to their size-tunable optical bandgaps and multiple exciton generation.
Short-chain lead iodide and halide perovskites demonstrated effective passivation of polar <111> facets
with Pb atom-only termination. Yet they failed to sufficiently passivate non-polar <100> facets that
exhibit S/Pb dual-terminations—prevalent in larger-sized CQDs. Moreover, their weak ionic nature
renders them vulnerable to moisture and oxygen exposure. Here we introduce a robust 2D neat
perovskite (BA),Pbl, for surface engineering of PbS CQDs via an in situ solution-phase ligand-exchange
strategy. Such treatment forms a thin shell of BA* and I~ ions on the CQD surface, especially on the
challenging non-polar <100> facets, enabling strong inward coordination that effectively reduces surface
defect density and prevents CQD aggregation and fusion. Infrared solar cells employing (BA),Pbl,-
capped large-sized PbS CQDs (1.0 eV-bandgap) as active layers achieved an impressive power
conversion efficiency (PCE) of 8.65% coupled with excellent ambient stability, attributed to the
hydrophobic nature of the BA™-rich surface. The same ligand strategy also proved versatile for small-
sized PbS CQDs (1.3 eV), yielding a champion PCE of 13.1% and significantly enhanced thermal stability in
devices compared to the control device of Pbl,-capped analogues (11.3%).

Since infrared photons account for nearly 55% of the solar spectrum, infrared photovoltaics capable of harvesting this energy have attracted significant interest.

Conventional halide perovskite and silicon devices are limited in this range, whereas PbS colloidal quantum dots (CQDs), with a large Bohr exciton radius (~20
nm), offer wide bandgap tunability (0.6-1.5 eV) through size control, making them promising candidates for infrared optoelectronics. However, existing

passivation strategies cannot universally address surface defects, as dominant crystalline facets shift from (111) to (100) with increasing CQD size. This causes
poor colloidal stability, high defect density, and degraded photo-thermal stability, ultimately limiting device performance. Here, we report a robust 2D

perovskite-like ligand, (BA),Pbl,, for surface engineering of PbS CQDs via an in situ solution-phase ligand-exchange process. A thin shell of BA"and I ions forms
on the CQD surface, stabilizing non-polar <100> facets, reducing defects, and preventing aggregation. Infrared photovoltaics incorporating (BA),Pbl,-capped

PbS CQDs with a 1.0 eV bandgap achieved a power conversion efficiency (PCE) of 8.65% and excellent ambient stability due to the hydrophobic BA" surface.
Furthermore, large-bandgap PbS CQDs (1.3 eV) treated with the same ligand delivered a champion PCE of 13.1% with superior thermal stability compared to

Pbl,-capped controls (11.3%).

1. Introduction

junction CQD solar cells (CQDSCs) hold great potential to go
beyond the Shockley-Queisser limit thanks to the presence of
multiple exciton generation (MEG) within PbS CQDs.*** Recent

Lead sulfide (PbS) colloidal quantum dots (CQDs) exhibit
peculiar optical properties for optoelectronic devices including
their near-infrared (NIR) absorption, high absorption coeffi-
cients and tunable optical bandgaps via size control and solu-
tion processability.’” Of particular interest is that single-
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advances by virtue of synthesis optimization,”>** ligand
modification,”*® and interface engineering'”* have now
elevated the PbS CQDSCs up to a record power conversion
efficiency (PCE) of over 15%.%

Organic-inorganic metal halide perovskites have recently
emerged and exhibited superior defect tolerance and high
carrier mobilities.”** Benefiting from ligand and matrix engi-
neering, a plausible integration of PbS CQDs and halide
perovskite semiconductors into a single device can enable full
utilization of their intriguing merits such as NIR light
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absorption of PbS CQDs and high defect tolerance of perov-
skites, which led to higher short-circuit current density (Jsc) and
open-circuit voltage (Voc), respectively, in hybrid CQDSCs.>*?”
For instance, Sargent and coworkers demonstrated the growth
of MAPDI; perovskite ligands on PbS CQDs by using solution-
phase ligand-exchange followed by spin-coating and thermal
annealing to form a perovskite matrix, realizing more efficient
defect passivation and an excellent PCE of 8.95%.%® Alternately,
we employed a solid-state ligand-exchange strategy to obtain
MAPDbI;-capped PbS and solution phase Pbl,-KI complex capped
PbS CQDs, giving rise to PCEs of 5.28% > and 12.1%, respec-
tively. Thus far, various three-dimensional (3D) halide perov-
skite ligands such as CsPbX; and GuPbX; have been reported to
be successfully introduced onto PbS CQDs, boosting the PCEs
up to 13.80%.%-3¢

Distinct from 3D analogues, on the other hand, two-
dimensional (2D) halide perovskites possess layered struc-
tures and display enhanced ambient stability as a result of the
hydrophobicity and the inhibition of ion migration provided by
long-chain spacers in-between perovskite octahedra.’” In light
of these unique merits, it would be worthwhile to graft 2D
perovskites onto PbS CQDs. To exemplify this, Sargent and
coworkers demonstrated a matrix engineering strategy to form
a self-confined 2D layered structure, which acted to suppress
the inhomogeneity of the matrix and thus adjusted inter-
nanoparticle spacings on the atomic scale, leading to a reduc-
tion in structural and energetic disorder and hence a certified
record PCE of 12%.*® Most recently, Vaynzof et al. exploited
a simple approach to spacer cation-mediated removal of excess
inter-dot lead halides, resulting in better charge transportation
and an excellent PCE of 11.80%.* Furthermore, excellent
durability and an ultrafast excitonic energy transfer were ob-
tained by incorporating PbS CQDs into the low-dimensional
perovskite matrix for the applications of LEDs and PDs.***
These research studies were however mostly centered on matrix
engineering to embed 2D perovskites into PbS CQDs by solvent
or antisolvent post-treatments. The interaction and mecha-
nisms, such as in situ ligand engineering between PbS CQDs
and 2D perovskite precursors, which will significantly affect the
device performance and stability, remain to be fully clarified.
Besides, most studies focused upon phenylethylamine (PEA)
and its derivatives as spacer cations for LEDs or PDs rather than
CQDSCs. Of critical importance, the inherent colloidal and
device stabilities of CQDs remain highly challenging for prac-
tical applications.

This study presents a facile in situ solution-phase ligand-
exchange method towards the formation of 2D-perovskite-like
(BA),Pbl, ligands on PbS CQDs for efficient and stable photo-
voltaic devices. In comparison to conventional Pbl, and MAPbI;
ligands, the (BA),Pbl, capping ligands formed a robust shell of
BA" and I™ rather than a perovskite matrix on the surface of
CQDs, which particularly enabled strong inward coordination
with the nonpolar <100> facet, resulting in excellent photo- and
thermal-stabilities. In addition, the versatility of efficient
surface passivation for both large- and small-bandgap PbS
CQDs as active layers was demonstrated, which achieved
impressive PCEs of 8.65% (1.0 eV) and 13.1% (1.3 eV) in solar
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cells, respectively. This versatile 2D perovskite-like ligand
approach holds promise for broader applications to other
quantum dot systems, offering reduced defect densities,
elevated device efficiencies, and enhanced colloidal and envi-
ronmental stabilities.

2. Results and discussion

The benchmark oleic acid (OA)-capped PbS (denoted as PbS-OA)
CQDs were synthesized via the hot-injection method by
following the literature,” followed via solution-phase ligand-
exchange of OA with (BA),Pbl, ligands. Two batches of PbS
CQDs are synthesized in this work including small- and large-
sized CQDs with corresponding exciton peaks at 933 nm (~1.3
eV-bandgap) and 1180 nm (~1.0 eV-bandgap). Large-sized
CQDs have more non-polar <100> planar facets with dual
termination of S and Pb atoms, resulting in reduced surface
passivation efficiency and worse colloidal/photo-thermal
stabilities in comparison to small-sized CQDs with <111>
dominated facets with only Pb atom termination. Therefore,
large-sized PbS CQDs (1.0 eV) will be employed in this study for
a thorough investigation to examine the efficacy of surface
passivation without further clarification. Additionally, small-
sized CQDs (1.3 eV) will serve as hole-transport layers in large-
sized CQD-based active layer solar cells due to better band-
alignment. Moreover, since the 1.3 eV of PbS CQDs is optimal
for single-junction cells, small-sized PbS CQDs as active layers
will also be used to construct high-performing solar cells to
examine the surface passivation versatility of 2D perovskite-like
ligands developed in this work.

In the first step, a stoichiometric mixture of Pbl,, n-BAI and
ammonium acetate was dispersed in DMF solvent and subse-
quently used as the 2D perovskite precursor and injected into
the PbS-OA CQD solution. Note that ammonium acetate was
applied to assist colloidal stabilization during ligand exchange.
In the second, by mixing the PbS-OA CQD solution in nonpolar
n-octane solvent with the precursor solution of n-BAI and PbI, in
polar DMF solvent, neat 2D-perovskite-like (BA),Pbl, ligands
were formed on PbS CQDs by displacing the native long-chain
OA ligands. Consequently, PbS CQDs were dispersed in polar
DMF solvent and this phase-transfer process indicates the
incorporation of (BA),Pbl, ligands on PbS CQDs, yielding PbS-
(BA),Pbl, CQDs and hence confirming the success of ligand
exchange.

In principle, nonpolar toluene solvent was used to precipi-
tate CQDs and remove impurities as anti-solvent during post-
step purification. However, the introduction of the anti-
solvent compromises structural stability of CQDs and
impaired the performance of photoelectric devices.*” In this
respect, we compared the stability of PbS CQD solution capped
by Pbl,, MAPbI; and (BA),Pbl, ligands, respectively. It is noticed
that both PbS-Pbl, and PbS-MAPbI; CQD solutions change in
color from black to gray after gradually increasing the amount
of toluene solvent as shown in Fig. S1a (SI), indicating severe
aggregation of CQDs.* In contrast, the color of PbS-(BA),Pbl,
CQD solution remains blackish even after adding an excessive
toluene, suggestive of its excellent colloidal stability during

© 2025 The Author(s). Published by the Royal Society of Chemistry
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purification. Subsequently, centrifugal precipitation was con-
ducted to further check whether the precipitated CQD solids
were agglomerated.

As shown in Fig. 1a, PbS-MAPbI; and the PbS-Pbl, CQD
powders appeared to be obviously grayish, in stark contrast to
the preserved stably blackish PbS-(BA),Pbl, CQDs. To explain
this phenomenon, a schematic diagram is proposed as illus-
trated in Fig. 1b wherein the capping ligands of PbS-MAPDI;
and PbS-PbI, CQDs tend to interact with the antisolvent mole-
cules and detach from their surface after adding excessive
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toluene, resulting in severe aggregation of CQDs. In contrast,
the BA" ligands of PbS-(BA),Pbl, CQDs have stronger inward
coordination with the sulfur atoms on nonpolar <100> facets,
thereby preventing their detachment from the surface of CQDs.
In parallel, we also compared the colloidal stability of these
CQDs with the same concentration in BA solvent as shown in
Fig. S1b (SI). It can be seen that the PbS-(BA),Pbl, CQD solution
remains blackish after filtering twice in comparison to PbS-
MAPbDI; and PbS-PbI, CQD solutions, indicating that most of
the PbS-(BA),Pbl, CQDs are not agglomerated but colloidally
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Fig. 1

(a) Colloidal stability comparison of CQD solution after ligand exchange, toluene purification and centrifugal precipitation, respectively. (b)

Schematic illustration of the changes of the PbS CQD surface with different ligands after toluene purification.
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stable in solution. The outstanding colloidal stability of PbS-
(BA),Pbl, CQD solution is largely attributed to the relatively
long-chain BA" ligands, increasing the distance between adja-
cent CQDs and preventing them from aggregation.

To verify the above argument, we performed density func-
tional theory (DFT) calculations on the adsorption energy (E.q)
of I” (in Pbl,, MAPbI; and (BA),Pbl,), MA" (in MAPbI;), and BA"
(in (BA),Pbl,) ligands to CQDs as shown in Fig. S2 (SI). Note that
the lead-rich polar <111> facets of PbS CQDs bound preferen-
tially to I" due to strong electrostatic interactions,* while the
nonpolar <100> facets could not efficiently be passivated by
halide anions due to electro-neutral facets, which are therefore
chosen for calculations to highlight the impacts of MA" and BA"
ligands. It is found that the E,q values of I~ and MA" are —2.03
and —2.14 eV to <100> facets, respectively, whereas BA" has
a higher E,q of —2.49 eV, indicating its stronger binding to the
surface of PbS CQDs, particularly to (100) facets. In addition,
Fig. S3 (SI) compares the S 2p and N 1s XPS spectra and the
detection of nitrogen atoms in PbS-(BA),Pbl, powder confirms
the successful ligand-exchange of BA'. Furthermore, the
binding energy (Eg) value of the S 2p species of PbS-(BA),Pbl, is
estimated to be ca. 0.23 eV lower than that of PbS-Pbl,, which is
ascribed to the interactions between BA" ligands and the sulfur
atoms on the surface. Our studies confirm that (BA),Pbl,
ligands are less inclined to detach from CQD surfaces than Pbl,
and MAPDI;.**
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Since MAPDI; and Pbl, capped PbS CQDs were previously
well-characterized,*®*” here only (BA),Pbl, and pristine OA-
capped PbS CQDs with bandgaps of 1.3 eV were thoroughly
characterized for comparison in the following parts. First,
transmission electron microscopy (TEM) was employed to
visualize the ligand-exchange process of PbS CQDs. As shown in
Fig. 2a, a slight decrease in the average size is found in PbS-
(BA),PbI, CQDs after ligand-exchange, that is, 3.7 £ 0.5 nm in
comparison to neat PbS-OA CQDs (4.1 £+ 0.5 nm). The size
reduction can be presumably ascribed to the dissociation of
surface atoms benefiting from the interaction between CQDs
and the solvent during ligand-exchange, suggesting strong
interactions. Fig. 2b compares the ultra-violet-visible-infrared
(UV-Vis-IR) absorption and photoluminescence (PL) spectra of
PbS-OA CQDs in n-hexane and PbS-(BA),Pbl, CQDs in n-butyl-
amine solution, respectively. It can be seen that the first exci-
tonic absorption peak of PbS-OA CQDs is located at 1180 nm,
which is consistent with the corresponding sizes (4.1 nm seen
from Fig. 2a) of PbS-OA CQDs, according to the empirical
formula (1):*®

1

Ey=041 4 — "~ 1
0=0 t 0025242 + 0283d )

where E| is the optical bandgap extracted from the absorption
spectra via the Tauc plot method as shown in Fig. S4a (SI) and
d is the particle size of PbS CQDs. Notably, the calculated E,s
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(a) TEM images of PbS CQDs prior to and after the ligand-exchange process with an inset illustrating the particle size distribution. (b) UV-

vis absorption and PL spectra comparison of PbS-OA CQDs in n-hexane and PbS-(BA),Pbl, CQDs in n-butylamine solution. (c) Comparative UV-

vis absorption spectra of PbS CQD films.
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values are 0.96 and 0.97 eV for PbS-(BA),Pbl, and PbS-PbI,
films, respectively, which are slightly smaller than 1.0 eV. In
addition, the first excitonic peak of the PbS-(BA),Pbl, CQDs
shows a slight red-shift of 3 nm after ligand-exchange processes
as seen in Fig. 2a. As such, a 1 nm red-shift is seen in the PL
spectrum of PbS-(BA),PbI, CQDs relative to PbS-OA CQDs with
the FWHM of the former being slightly narrower (65 nm) than
that of the latter (66 nm), which is presumably attributed to
uniform size distribution and less QD aggregation, likely
resulting from better surface passivation as investigated in
detail in the following section. Fig. 2c compares the UV-vis
absorption spectra of PbS-OA and PbS-(BA),Pbl, CQDs thin

b
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films. Relative to the PbS-OA CQDs film, the exciton peak of the
CQDs passivated with (BA),Pbl, ligands shows a large red-shift
of 25 nm due to the significantly enhanced electron coupling
after insulating OA removal,” in accord with the results of
optical properties in solution.

To confirm the removal of OA and the presence of (BA),Pbl,
ligands on the PbS CQD surface, Fourier transform infrared (FT-
IR) measurements were performed on PbS-(BA),Pbl, powder as
shown in Fig. 3a. The characteristic vibrations of n-BA are found
in PbS-(BA),Pbl,, in which the N-H stretch from BA" is located
at 3300-3000 cm ' and the peaks of 3000-2800 cm ' and
1530 cm ! corresponded to the C-H and C=0 stretch modes
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Fig. 3 (a) FTIR spectra of PbS CQDs before and after ligand-exchange. (b) *H NMR spectrum of PbS-(BA),Pbl,. (c) XRD patterns of PbS-OA and
PbS-(BA),Pbl, films. (d) GIWAXS patterns of neat (BA),Pbl, and PbS-(BA),Pbl, CQDs thin films. (e) XPS profiles of (BA),Pbl, (black line) and PbS-

(BA),Pbly (red line) films, showing | 3d, Pb 4f, and N 1s bands.
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from OA™, respectively, whereas the scissor modes of N-H and
C-H are located between 1750-1550 and 1520-1400 cm *,
respectively. It is noticed that the intensities of C-H and C=0
peaks remarkably decrease after ligand-exchange as shown in
Fig. S4b (SI), suggesting that most of the OA ligands are replaced
by (BA),Pbl, ligands.

Moreover, we acquired the 'H-NMR spectrum on PbS-
(BA),Pbl, powder in C,DsSO solvent as shown in Fig. 3b to
further verify whether the (BA),Pbl, ligands have been
successfully exchanged onto PbS CQDs. It can be seen that
several resonances related to protons of the alkyl region (peaks
identified from 1-3) are located at 0.88, 1.30 and 1.49 ppm,
respectively, with pronounced multiple peaks. The chemical
shifts at 7.95 and 3.50 ppm are assigned to the ammonium
species with the « peak to the R-NH;" proton and the 8 reso-
nance arising from the «-CH, protons, respectively. We also
noted that there is almost no signal peak associated with the sp*
alkene protons of the OA ligand in 5-6 ppm, in good agreement
with the FTIR results. Besides, the asterisk marked peaks are
identified to arise from the C,D¢OS and residual DMF solvents.

We then compared the crystal structures of thin films of PbS
CQDs capped by OA and (BA),Pbl, ligands, as shown in Fig. 3c.

Ligand Exchange
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e
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Fig. 4
spin-coating followed by thermal annealing.
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The XRD profiles of PbS-OA and PbS-(BA),Pbl, are almost
identical, in good agreement with the standard card of PbS,
suggesting that the diffraction patterns of ligand-exchanged
PbS CQDs are dominated by strong PbS signals. Grazing-
incidence wide-angle X-ray scattering (GIWAXS) patterns are
shown in Fig. 3d, where the neat (BA),Pbl, film displayed
layered features such as sharp and discrete Bragg spots along
the g, axis (i.e., ¢, = 0 direction at 0.5 A™"), whereas the Pbs-
(BA),Pbl, film presented the characteristic signals of PbS CQDs.
Therefore, we posit that the (BA),Pbl, ligands are formed as an
ultra-thin shell structure on PbS CQDs rather than a 2D perov-
skite matrix after spin-coating and post-annealing of thin films.
This would enhance colloidal stability and not affect charge
transportation properties in the device, which will be discussed
later.

To gain an insight into the fine structures of PbS CQDs films,
X-ray photoelectron spectroscopy (XPS) characterization was
conducted on the (BA),Pbl, and PbS-(BA),Pbl, films. Fig. 3e
compares the I 3d, N 1s and Pb 4f XPS spectra. It is found that
the Ey values of the I 3ds,, and Pb 4f,,, species of PbS-(BA),Pbl,
are ca. 0.8 and 1.2 eV higher than that of (BA),Pbl,, respectively,
which is ascribed to the strong coordination between CQDs and

Spin-coating and
Thermal Annealing

2o 39p

:-Ourward Hydrophobicity |

Illustration of film-forming processes of PbS-MAPbIz, PbS-(BA),(MA)4Pbslie, and PbS-(BA),Pbl, via a sequence of ligand-exchange and
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2D perovskite ligands, further confirming the absence of a 2D
perovskite matrix in PbS-(BA),Pbl, CQD films.

Herein, a tentative scheme is proposed to illustrate the
process of ligand-exchange and film fabrication of PbS CQDs
with different perovskites. As schematically shown in Fig. 4,
MAPDI; ligands act to form perovskite bridges between the
adjacent PbS CQDs, benefiting from excellent lattice match as
previously reported.”* The same mechanism is also applicable
to other 3D perovskites such as CsPbI; and FAPDI;. As for quasi-
2D perovskite, for instance, (BA),(MA),,_;Pb, I3, 4, it can be seen
that only when the perovskite vertical dimensional <n> value is
high enough to be above 5 can the perovskite crystals and
organic cations match well with PbS CQDs.*’ Besides, another
challenge for quasi-2D perovskite ligands is that the quasi-2D
perovskite precursor solution of a precise molar ratio used for
ligand exchange cannot ensure the formation of perovskite with
the desired n value, which is likely to be solved by pure 2D
perovskite precursor solution of n = 1. However, previous
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literature reports speculated the absence of 2D perovskites that
can be ascribed to the fact that the pure 2D perovskite layer is
too thin to incorporate into PbS CQDs.* Based on the above
arguments, we believe that the (BA),Pbl, ligands functioned as
a mixture of BA" and I" ultra-thin shells to passivate surface
defects of PbS CQDs rather than as a perovskite matrix after
forming thin films, which is well consistent with the GIWAXS
results.

Both PbS-(BA),Pbl, and PbS-Pbl, films with bandgaps of
1.0 eV were thoroughly characterized to evaluate their suitability
for solar cell fabrication. The surface morphology of both active
layers was first examined by using tapping-mode atomic force
microscopy (TP-AFM), as shown in Fig. 5a. Both PbS-(BA),Pbl,
and PbS-PbI, films exhibit comparable root-mean-square (RMS)
roughness values of 14.4 A and 15.7 A, respectively. However,
the PbS-(BA),Pbl, films display fewer surface voids, likely due to
the wuniform colloidal solution. Time-resolved photo-
luminescence (TRPL) decay measurements, as shown in Fig. 5b,
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Fig.5 Comparison of PbS-(BA),Pbl, and PbS-Pbl, CQD films and devices. (a) TP-AFM images and (b) TRPL spectra. (c) Schematic of CQD solar
cells with (d) energy band structures, and (e) J-V curves. (f) Light intensity dependences of Vo for CQD devices. Lifetime curves of CQD devices

after storage in (g) Ar and (h) air (80-90% RH) atmospheres.
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further reveal improved carrier dynamic properties in the PbS-
(BA),Pbl, films. Specifically, the carrier lifetime associated with
trap-assisted non-radiative recombination (t;) in PbS-(BA),Pbl,
is significantly longer (1.05 us vs. 0.42 ps), while the lifetime
associated with carrier transfer (t,) is shorter (3.56 us vs. 5.62
us), compared to the PbS-PbI, control film. These results
suggest reduced trap state density and enhanced charge trans-
fer dynamics in the PbS-(BA),Pbl, films.

Finally, CQD solar cells were fabricated using a device
architecture of ITO/Zn0O/1.0 eV-PbS CQDs/1.3 eV-PbS-EDT/Au,
incorporating a sol-gel prepared ZnO electron-transport layer
(ETL) and a spin-coated hole-transport layer (HTL) composed of
1,2-ethanedithiol (EDT)-treated 1.3 eV-PbS CQDs, as shown in
Fig. 5c. Cross-sectional SEM of a whole device shows that the
thickness of the PbS PbS-(BA),PBI, active layer is 370 nm as
shown in Fig. S5a. Ultraviolet photoelectron spectroscopy (UPS)
measurements were conducted to determine the energy levels of
the PbS-(BA),Pbl, layer and the control PbS-Pbl, CQDs. The
Fermi levels (Egs) were found to be —4.5 eV for the PbS-(BA),Pbl,
film and —4.6 eV for the PbS-Pbl, film (see Fig. S5b and c in the
SI). The valence band energies were calculated by adding the
onset energy (Eqonset) to the Eg values while the conduction band
energies were determined by combining the bandgap of PbS
CQDs. The band energy positions of ZnO and 1.3 eV-PbS-EDT
films were obtained from the values from ref. 50 and 51. As
shown in Fig. 5d, both films exhibit favorable band alignment at
the CQD/ETL and CQD/HTL interfaces, ruling out band align-
ment as a limiting factor for device performance. The current
density-voltage (J-V) characteristics under AM1.5G illumination
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at 100 mW cm > are presented in Fig. 5e. The control devices
based on PbS-Pbl, CQDs exhibit a PCE of 7.13%, with V¢ =
0.45 V, Jsc = 31.7 mA cm ™2, and a fill factor (FF) of 50%. In
comparison, the device based on PbS-(BA),PbI, CQDs achieves
a significantly higher PCE of 8.65%, with Voc = 0.47 V, Jsc =
32.9 mA cm 2, and a notably improved FF of 58%. Note that the
champion PCE of 8.65% obtained in this study—using 1.0 eV-
PbS CQDs—ranks among the highest efficiencies reported to
date for CQD solar cells within this bandgap.>

To gain an insight into the charge recombination mecha-
nisms, we examined the light-intensity dependence of Vpc. As
shown in Fig. 5f, deviations in the slope from the ideal value k =
KT/q (where K is the Boltzmann constant, T is absolute
temperature, and ¢ is the elementary charge) indicate trap-
assisted recombination in photovoltaic devices. The diode
ideality factors (k) are calculated to be 1.49 for the PbS-(BA),Pbl,
devices and 1.91 for the PbS-Pbl, devices. The lower k value in
the former confirms reduced trap-assisted recombination,
indicating more effective defect passivation by the (BA),Pbl,
ligands.

We then assessed the operational stability of the devices
stored in an Ar atmosphere, with measurements conducted
under AM1.5G illumination in air (Fig. 5g and h). Remarkably,
the PCE of the PbS-(BA),Pbl, devices raises up to ~125% of the
initial value after 168 hours and then stabilizes to around 105%
after 1000 hours. In contrast, the PCE of the PbS-Pbl, devices
declines steadily to ~65% over the same period. Previous
studies have attributed such recovery effects to p-doping of the
EDT-treated layer by oxygen and moisture.*® However, oxygen
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Fig. 6
EQE spectra, (d) steady output of PCEs at maximum power points over 6
on PbS-933-(BA),Pbl, and PbS-933-Pbl, films.
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(a) UV-Vis-IR light absorption spectra of PbS-933-OA in solution and PbS-933-(BA),Pbl, and PbS-933-Pbl, in thin films. (b) J-V curves, (c)

0O's, (e) transient photovoltage, and (f) PCE distribution of solar cells based
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and water can also oxidize the CQD surface, leading to degra-
dation.* These results further validate the robustness of this 2D
perovskite-like ligand for surface passivation of CQDs.

We further investigated the surface passivation versatility of
this 2D perovskite-like ligand (BA),Pbl, for small-sized PbS
CQDs (1.3 eV) used as active layers in solar cell applications.
Fig. 6a presents the UV-Vis-IR light absorption spectra of OA-
capped PbS CQDs with a first excitonic peak at 933 nm (deno-
ted as PbS-933-OA) in hexane solution, as well as films capped
with (BA),Pbl, (i.e., PbS-933-(BA),PbI,) and Pbl, (i.e., PbS-933-
PbI,). Solar cell devices fabricated with identical architectures
of ITO/Zn0O/1.3 eV-PbS/1.3 eV-PbS-EDT/Au delivered a cham-
pion PCE of 13.1% for the PbS-933-(BA),Pbl, film along with
11.3% for the PbS-933-Pbl, film (Fig. 6b). The external quantum
efficiency (EQE) spectra for both devices are shown in Fig. 6c.
The PbS-933-(BA),Pbl, device exhibits slightly higher EQE
across the full spectral range (300-1000 nm), resulting in inte-
grated current densities of 28.0 and 27.4 mA cm~> for the target
and control devices, respectively. In addition, steady output of
PCEs of 12.5% and 10.7% at maximum power points remain
unchanged over 60 seconds for the respective devices, indi-
cating output stability (Fig. 6d).

Transient photovoltage (TPV) measurements show a longer
carrier lifetime of 6.6 ps for the (BA),Pbl,-based device
compared to 4.7 ps for the control (Fig. 6e), suggesting reduced
carrier recombination. Furthermore, PCE distributions for 30
devices of each type (Fig. 6f) reveal average PCEs of 12.7% and
10.9% for the target and control devices, respectively. The
statistics of Vo, Jsc and FF for both types of solar cell of PbS-
933-(BA),Pbl, and PbS-933-Pbl, are displayed in Fig. S6 (SI).
Thermal stability was evaluated by tracking device performance
with 15 devices for each type during continuous heating at 80 °C
in air as shown in Fig. S7. After storage for 10 hours, the
(BA),Pbl,-passivated device retains 89% of its initial average
PCE, in contrast to the control one (only 67%) under the same
conditions, which aligns with the results of large-sized CQDSCs.
These results demonstrate that the 2D (BA),Pbl, ligand provides
effective surface passivation for both large- and small-sized PbS
CQDs, enabling superior device performance, enhancing
ambient tolerance and improving thermal stability.

3. Conclusion

In conclusion, we have demonstrated an effective and versatile
strategy to simultaneously enhance both the performance and
stability of PbS CQDSCs. The 2D perovskite-like ligand
(BA),Pbl, provides significantly stronger inward coordination
with PbS CQDs compared to conventional ligands such as Pbl,,
primarily through interactions between BA" and surface sulfur
atoms on the PbS nanocrystals. Benefiting from enhanced
defect passivation, solar cells employing (BA),Pbl,-capped PbS
CQDs achieved PCEs of 8.65% and 13.1% using CQDs with
optical bandgaps of 1.0 and 1.3 eV, respectively, significantly
outperforming the control devices (7.13% and 11.3% under
identical conditions). Notably, unencapsulated PbS-(BA),Pbl,
devices also exhibited exceptional stability, with PCEs recov-
ering to 105% of their initial values after 1000 hours of storage

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in an Ar atmosphere and retaining 96% of initial efficiency after
1 hour of exposure to ambient air with 80-90% relative
humidity. Overall, this study introduces a robust 2D perovskite-
like ligand with broad applicability for surface engineering of
PbS CQDs, which could be extended to other quantum dots and
nanomaterials.
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