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Multifunction Hydrophobic Ligand Engineered Cd(S,
Se)/ZnS Quantum Dots for Stabilizing Highly Efficient
Carbon-Based Perovskite Solar Cells

Mengmeng Yuan, Xiaoyu Gu, Yizhao Wang, Kausar Ali Khawaja, Jonathan Cappola,
Christopher Picart, Lin Li, and Feng Yan*

The long-term operational stability of perovskite solar cells (PSCs) remains a
key challenge impeding their commercialization, particularly due to ambient
environments (e.g., moisture, oxygen, heat)-induced degradation. Carbon
electrode-based PSCs have emerged as cost-effective and relatively stable
alternatives to metal electrode-based devices due to carbon materials’
hydrophobic behavior, yet they still lag in both long-term durability and power
conversion efficiency (PCE). In this work, an ultrathin hydrophobic
ligand-modified core–shell Cd(S,Se)/ZnS quantum dots (QDs) capping layer is
introduced as a multifunctional interfacial modifier for carbon-electrode-based
PSCs. This oleic acid ligand-modified QDs capping layer exhibits inherent
hydrophobicity, effectively serving as a moisture barrier to retard perovskite
degradation under ambient conditions. Furthermore, the strong interfacial
bonding between the QDs and perovskite halide surfaces leads to efficient
trap state passivation, reducing trap density and creating a more uniform
electrical contact. The modified QDs/perovskite interface also features an
elevated conduction band edge, promoting improved charge extraction. As a
result, devices incorporating this quantum dot capping layer retain 98% of
their initial PCE after 450 h of ambient aging and achieve a champion
efficiency of 20.74%. This strategy highlights the potential of hydrophobic
ligand-modified chalcogenide QDs as surface modifiers to enhance both the
stability and performance of carbon-based PSCs, offering a promising route
toward scalable fabrication of durable perovskite solar modules.

1. Introduction

Halide perovskite solar cells (PSCs) have garnered significant
interest for photovoltaic applications due to their exceptional
optoelectronic properties, such as a high absorption coeffi-
cient with a power conversion efficiency (PCE) of 27%,[1,2] long

M. Yuan, X. Gu, Y. Wang, K. A. Khawaja, J. Cappola, C. Picart, L. Li, F. Yan
Materials Science and Engineering Program
School for Engineering of Matter, Transport, and Energy
Arizona State University
Tempe, AZ 85287, USA
E-mail: fengyan@asu.edu

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202515519

DOI: 10.1002/adfm.202515519

carrier diffusion length,[3,4] and tunable
bandgap.[5,6] Given the advantages of PSCs
over traditional thin-film technologies such
as CdTe and Cu(In, Ga)Se2, the rapid up-
scaling of large-area perovskite solar mod-
ule (PSM) manufacturing is now under-
way. Particularly, to reduce the manufactur-
ing cost of the PSMs, cost-effective carbon-
based perovskite solar cells (C-PSCs) have
become popular by filling the efficiency gap
of the noble metal-based PSCs. However,
PSCs technology still suffers from inher-
ent device performance limitations, includ-
ing sensitivity to moisture and oxygen,[7,8]

as well as surface defects that act as
nonradiative recombination centers, reduc-
ing efficiency and long-term stability.[9,10]

To address these issues, various strate-
gies have been developed, such as
composition engineering,[9,11] additive
incorporation,[12,13] and a nonstoichiomet-
ric approach.[9] Among these, using quan-
tum dots (QDs) as post-treatment agents
has emerged as a promising approach.[14–18]

For example, carbon quantum dots can im-
prove light absorption and have been used
for perovskite to improve the device perfor-
mance; however, they still need to prevent
the moisture attack for the perovskite
film.[19,20] In addition, adding inorganic

perovskite CsPbBrCl2 QDs into the precursor solution facil-
itates the uniform distribution of elemental dopants within
MAPbI3 films and promotes effective ligand attachment, which
reduces band-tail states and trap densities while extending car-
rier lifetimes.[21] Adaptating CsPbI3 quantum dots as an interme-
diate layer between the perovskite and hole transport layer can
also promote the efficiency.[22–24] Doped CsPb(I, Br)3 QDs can
play as nucleation centers to promote perovskite grain growth,
mitigate nonradiative recombination, and enhance hydropho-
bicity, thereby improving environmental stability.[17,25] Although
forming a 0D (perovskite quantum dot)/3D (perovskite absorber)
structure can boost charge transport, refine filmmorphology, and
passivate defects, the inherent soft ionic lattice of perovskite ren-
ders it highly susceptible to degradation from water and air.[22–24]

Consequently, this approach does not fundamentally resolve the
stability issues of perovskite thin-film devices. This makes the
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stable chalcogenide QDs promising for integrating with PSCs
become promising. Chalcogenide QDs, such as PbS, CdSe, SnS,
ZnSe QDs, act as additives in perovskite solar cells, can boost the
PCE and stability by reducing bulk recombination, and improve
light harvesting.[26–28]

To date, various approaches have been developed to integrate
these QDs into PSCs, such as forming heterostructures, mod-
ifying the interface, and embedding within the perovskite ac-
tive layer.[21,29–32] Particularly, QD-based capping layer between
the perovskite and the hole transport layer (HTL) offers a more
straightforward and effective way to prevent the lattice mis-
match and dispersion challenges between QDs and perovskite
matrix.[33–35] The QDs interfacial layer not only impedes mois-
ture ingress but also refines the interfacial alignment, facil-
itating efficient charge extraction and reducing nonradiative
recombination.[33] However, achieving ideal band alignment be-
tween the chalcogenide QDs capping layer and the perovskite
layer remains a significant challenge for ensuring efficient charge
transfer.[36,37]

In this study, we utilize core–shell Cd(S,Se)/ZnS QDs with
a fluorescence emission centered at 668 nm to simultaneously
enhance the environmental stability and performance of carbon-
based perovskite solar cells. The Cd(S,Se) core, encapsulated by
a ZnS shell, provides robust optical and electronic passivation.
The ZnS shell effectively suppresses nonradiative recombina-
tion, while the ultrathin oleic acid surface ligands impart hy-
drophobicity, as evidenced by increased water contact angles. In
addition to its inherent hydrophobicity, which acts as an effec-
tive moisture barrier and enhances environmental stability, the
Cd(S,Se)/ZnS QDs layer also provides chemical passivation at
the perovskite surface and suppresses halide ion migration. This
multifunctional hybrid organic–inorganic interface thus serves
as a dual-purpose capping layer, offering both physical protec-
tion and interfacial defect passivation, collectively contributing
to improved operational stability of C-PSCs. We systematically
investigate the impact of Cd(S,Se)/ZnS QDs treatment on the
optoelectronic properties, surface morphology, and environmen-
tal stability of Cs0.1FA0.9PbI2.955Br0.045 films. By exploring mech-
anisms such as surface trap passivation, spectral conversion,
and hydrophobic enhancement, this research provides new in-
sights into the use of chalcogenide QD interfacial engineering
to improve both the efficiency and durability of perovskite solar
technologies.

2. Results and Discussion

As illustrated in Figure 1a, pristine perovskite films were initially
fabricated via a spin-coating process and subsequently annealed
at 110 °C for 30 min in ambient air. Following this, a dispersion
of QDs in toluene was spin-coated onto the films at 3000 rpm
for 30 s. The QDs, with a diameter of ≈6 nm and a 1.5–1.8 nm
oleic acid ligand monolayer, were uniformly deposited onto the
perovskite surface.[38–40] The resulting films were then annealed
again at 120 °C for 2 min to remove residual toluene and pro-
mote uniform QD coverage. The PL spectrum of the QDs, fea-
turing a prominent peak at ≈668 nm, is presented in Figure 1b.
Additionally, the bright red emission observed under UV illumi-
nation (inset) further confirms their strong luminescence. The

Cd(S,Se)/ZnS core–shell architecture, combined with surface-
bound ultrathin oleic acid ligands, ensures excellent colloidal sta-
bility in toluene, enabling efficient and uniform deposition via
spin coating. SEM images (Figure 1c) provide a comparative anal-
ysis of perovskite films with (wQDs) and without QDs (w/oQDs)
coating. After applying the QDs layer, the films display denser
coverage with fewer grain-boundary gaps. This observation indi-
cates that QDs effectively fill the voids at grain boundaries, re-
sulting in smoother, more compact surfaces. It is expected that
the hydrophobic oleic acid ligand in the QDs could significantly
repel the moisture attack on the pristine perovskite, as shown in
Figure 1a. In particular, the QDs can also passivate grain bound-
aries, providing an additional barrier against moisture ingress
through these vulnerable pathways. Figure 1d compares the ab-
sorption spectra of QD films, pristine perovskite films, and QD-
coated perovskite films. The QDs primarily exhibit absorption
in the visible range between 600 and 700 nm (Figure S1, Sup-
porting Information), as further confirmed by their PL peak at
668 nm. In contrast, the perovskite films demonstrate strong
absorption ≈800 nm. The combined film demonstrates overlap-
ping absorption characteristics from both materials in the visible
spectrum. As shown in Figure 1e, a magnified view of the 760–
820 nm region reveals that QD incorporation does not signifi-
cantly alter the perovskite absorption edge but introduces com-
plementary absorption in the visible region. From the Tauc plot
(Figure 1f), the bandgap of the perovskite film is determined to
be ≈1.54 eV, while that of the quantum dots is ≈1.81 eV, consis-
tent with the PL spectra. The strong luminescence and relatively
larger bandgap of the QDs may enable complementary visible-
light absorption and efficient spectral conversion, potentially en-
hancing the device’s overall photon harvesting efficiency, which
will be discussed later.
The XRD patterns of perovskite films with and without QD

treatment are shown in Figure 2a. Both exhibit characteristic
diffraction peaks at 2𝜃 = 14.0° (001) and 28.2° (002), correspond-
ing to the typical 3D perovskite crystal structure. An enlarged
view of these two main peaks (Figure 2b) highlights a slight
increase in peak intensity for the QDs-treated film, suggesting
improved crystallinity or enhanced preferential orientation. En-
hanced diffraction intensity typically correlates with more or-
dered lattice stacking and fewer grain-boundary defects, aligning
with improved device performance, as discussed later. No addi-
tional diffraction peaks emerge, suggesting that the QD coating
does not introduce secondary phases or impurities. Further struc-
tural insights are obtained from GIWAXS measurements at a
grazing-incidence angle of 0.1° (Figure 2c). Compared to the con-
trol, the QD-coated film shows sharper and more defined diffrac-
tion arcs, implying improved crystallographic ordering and ori-
entation near the film surface. Notably, no distinct diffraction
features from the QDs are detected, suggesting their incorpora-
tion without disrupting the perovskite crystal framework. Simi-
lar GIWAXS patterns obtained at incidence angles of 0.5° and 1°
are provided in Figure S2 (Supporting Information) and support
these observations.
To quantify these observations, azimuthal integration was per-

formed on the GIWAXS data (Figure 2d,e). At 0.1°, the QD-
treated perovskite film exhibits an enhanced diffraction peak at
q = 1.984 Å−1, corresponding to the (200) plane—a favorable ori-
entation for vertical carrier transport.[41] This is consistent with
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Figure 1. Schematic of Cd(S,Se)/ZnS core–shell QDs coating on Perovskite and associated optical properties. a) Schematic illustration of nucleation
and crystallization procedures during the formation of perovskite films and quantum dot surface modification. b) Photoluminescence (PL) image of
Cd(S,Se)/ZnS core–shell type quantum dots dispersion in toluene. The inset shows their luminescence under UV light. c) Top-surface Scanning Electron
Microscopy (SEM) images of the perovskite films without and with QDs. d) UV–vis optical absorption spectra of QD films, perovskite films with and
without QDs. e) Enlarged view of (d). f) Tauc plots of the perovskite and Cd(S,Se)/ZnS QDs.

the corresponding XRD peak near 2𝜃 = 28.14°. The d-spacing
was calculated using the reciprocal space relation d = 2𝜋

q
, and the

Bragg angle was determined using Bragg’s law n𝜆 = 2dsin𝜃.
Moreover, GIWAXS profiles collected at different grazing an-
gles demonstrate that the intensity enhancement is only appar-

ent at small angles. As the grazing angle increases from 0.1° to
1° (Figure 2e; Figure S3, Supporting Information), the intensity
difference between the QD-treated and control films diminishes.
Since GIWAXS at 0.1° probes only the top ≈10 nm of the film,[42]

this depth-dependent behavior provides strong evidence that the
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Figure 2. Structural characterization of perovskite thin films without and with QDs spin-coating. a) X-ray diffraction (XRD) patterns. b) Enlarged view
highlighting the main diffraction peaks (001 and 002) from panel (a). c) Grazing-incidence wide-angle X-ray scattering (GIWAXS) patterns, measured
at an incidence angle of 0.1°. GIWAXS line-cut profiles of control and QD-treated perovskite films, acquired at incidence angles of (d) 0.1° and (e) 0.5°,
based on azimuthal integration of the 2D GIWAXS patterns.

QD layer primarily enhances crystallographic ordering near the
perovskite surface.
To investigate the distribution of QDs within the perovskite

film, elemental depth profiling was performed using GD-OES,
as shown in Figure 3a,b. The depth profiles of key elements
in perovskite films with and without QDs were tracked. Core
perovskite elements such as Pb and I remain relatively uni-
form throughout the film thickness. In contrast, Cd, Zn, and
Se (originating from the QDs) are predominantly localized near
the film surface and rapidly diminish with depth, indicating
that QDs are confined to the uppermost region and do not sig-
nificantly diffuse into the perovskite bulk. Notably, QD-related
signals remain detectable even after chlorobenzene (CB) rins-
ing (Figure S4, Supporting Information), suggesting their re-
tention during the subsequent spiro-OMeTAD deposition pro-
cess. Interestingly, the iodide profile in the QD-capped perovskite
shows accumulation at the QDs/perovskite interface, whereas
the pristine film exhibits surface iodine loss. This implies that
the QDs capping layer maymitigate surface iodine depletion, po-
tentially alleviating degradation pathways associated with halide
instability.
Further evidence of interfacial chemical interactions is pro-

vided by XPS analysis (Figure 3c–e; Figure S5, Supporting Infor-
mation). Upon QD treatment, the I 3d5/2 peak shifts from 618.4
to 619.1 eV, the Cd 3d5/2 peak from 404.9 to 405.2 eV, and the Zn
2p3/2 peak from 1021.8 to 1020.8 eV. The I 3d and Cd 3d peaks

toward higher binding energies, along with the downward shift
of Zn 2p, collectively suggest electron redistribution at the per-
ovskite/QD interface. Specifically, the coordination of iodide ions
(acting as Lewis bases) with Cd2+ and Zn2+ (strong Lewis acids
with low electronegativity) leads to electron withdrawal from I−

to Cd2+—increasing the binding energies of both. In contrast,
Zn2+ likely formsmore covalent or polarizable Zn–I interactions,
possibly gaining electron density, which is reflected in its de-
creased binding energy. These shifts provide strong evidence of
interfacial chemical interactions between QD and surface iodide
ions, possibly stabilizing them and acting as an Iodine diffusion
blocking layer. This interaction may also involve the surface re-
action: Cd2+/Zn2+ +2I- = (Cd/Zn)I2, leading to the formation of
a surface CdI2/ZnI2-like interface that suppresses iodine diffu-
sion toward the back contact and retards perovskite decompo-
sition driven by high halide chemical potential at the surface.
This proposed interaction is schematically illustrated in Figure
S6 (Supporting Information), where surface-deposited QDs se-
lectively coordinate with migrating iodide ions, forming a direc-
tional iodine-affinity barrier that blocks further halide diffusion
and stabilizes the interface. To further clarify whether the surface
passivation and interfacial modification effects arise from the
QDs themselves or the organic ligands associated with their syn-
thesis, we conducted a control experiment using oleic acid (OA)
alone (without the presence of QDs) under the same spin-coating
conditions. As shown in Figure S7 (Supporting Information), the
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Figure 3. Variations in the chemical properties of perovskite films upon QD capping. a) glow-discharge optical emission spectroscopy (GD-OES) of
the pristine perovskite film (left) and its enlarged view (right), b) GD-OES profile of the perovskite film after QD capping. c–e) X-ray photoelectron
spectroscopy (XPS) for I 3d (c), Cd 3d (d), and Zn 2p (e) in perovskite films with and without QDs. f,g) density-function-theory (DFT) calculated local
bonding structure between perovskite and quantum dot to form Zn─I and Cd─I, respectively. h–j) Ultraviolet photoelectron spectra (UPS): magnified
cutoff (Ecutoff) energy regions, and valence band region (VBM) onset regions of the perovskite films without and with QDs, respectively. j) Corresponding
energy-level diagram comparing the energy levels of perovskite and QDs-capped perovskite.

XPS spectra of Pb 4f, I 3d, Br 3d, and Cs 3d show no significant
changes compared to the pristine film, suggesting that oleic acid
alone does not contribute to effective defect passivation. To probe
the potential interfacial reaction between quantum dots and the
perovskite surface, we conducted a model experiment by mixing
CdSe with PbI2 and applying thermal treatment to simulate reac-
tion conditions. FTIR measurements (Figure S8, Supporting In-
formation) did not reveal significant changes, likely because the

Cd─I vibrational modes lie in the far-infrared region beyond the
detection range of conventional FTIR. In contrast, Raman spec-
troscopy (Figure S9, Supporting Information) revealed clear spec-
tral differences between pristine CdSe and the CdSe–PbI2 mix-
ture. New peaks appeared at 65.6 cm−1, which we attribute to the
formation of Cd─I bonds. Additionally, a slight shift of the PbI2
peak from 105.6 to 106.5 cm−1 suggests possible vibrational cou-
pling with Cd─I modes. These results support the formation of
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Cd─I species, providing indirect evidence for the proposed sur-
face reaction between QDs and perovskite.
To further validate the interface reaction between the per-

ovskite and quantum dots, a DFT-based interface charge den-
sity calculation has been performed. As shown in Figure 3f,g, the
structurally optimized perovskite/ZnS and perovskite/CdS inter-
faces, including the charge density difference, have been calcu-
lated, which illustrates the charge redistribution from chemical
bonding for the Zn─I and Cd─I bonds. The Zn─I shows a lifting
of the I atoms from the PbI2 plane by 0.52Å (Figure 3f), while the
Cd─I configuration (Figure 3g) exhibits a lifting of the Pb atom
by 0.67Å from the PbI2 plane. When (Cd/Zn) is bonded to I, a
consistent charge transfer of ≈−0.5eV to the I atoms in the PbI2
plane. Examining the isocontours of charge density differences
in the (Cd/Zn)─I configurations exhibits a significant charge ac-
cumulation around the nearest-neighbor Pb atoms, which is in-
dicative of stronger bonding. The detailed calculation results are
listed in Figure S10 and Table S8 (Supporting Information). This
indicates that the (Cd/Zn)S/perovskite interfaces are thermody-
namically stable.
UPS further confirms energy-level modulation after QD treat-

ment. As shown in Figure 3f,g, the secondary electron cutoff
(Ecutoff) shifts from 16.15 eV (pristine) to 16.43 eV (QD-treated),
while the valence band onset (Eonset) moves from 0.90 to 0.99 eV,
indicating an increase in the work function. Based on this UPS
data and the bandgap information from Figure 1f, the energy
level diagram (Figure 3h) was constructed. After QD capping, the
conduction band maximum (CBM) shifts from ≈–4.43 to –4.24
eV, and the valence band minimum (VBM) shifts from −5.97 to
−5.78 eV, with respect to the vacuum level. These changes re-
flect an upward shift in the Fermi level (EF) toward the CBM,
which can suppress surface nonradiative recombination by facil-
itating hole extraction. The relatively wide bandgap of QDs also
contributes to forming an interfacial energy gradient, which not
only passivates surface defects but also facilitates or blocks spe-
cific carrier processes. These interfacial modifications contribute
to enhanced charge separation and carrier transport, ultimately
improving device performance and operational stability.
To further determine the energy level shift observed in UPS

and its influence on device performance, we performed SCAPS-
1D simulations using experimentally determined parameters,
including the UPS-extracted work function and bandgap val-
ues (Figure 1f; Figure S11, and Table S1, Supporting Informa-
tion). As shown in Figure S12 (Supporting Information), the QD-
modified device exhibits a more favorable alignment between the
perovskite VBM and the Spiro-OMeTAD HOMO level, reduc-
ing the interfacial energy barrier for hole extraction. The sim-
ulated band diagrams (Figure S12, Supporting Information) re-
veal that the control device features a larger VBM–HOMO offset,
forming a potential barrier that may hinder hole transport. In
contrast, the QD-treated device shows smoother band bending
and a reduced offset, consistent with the increased work func-
tion measured by UPS. This improved alignment is further sup-
ported by TRPL (Figure 4c) and TPC (Figure S13, Supporting In-
formation) results, which show faster carrier extraction and re-
duced trap-mediated recombination at the interface. To quantita-
tively assess the impact of this interfacial tuning, J–V simulations
were performed (Figure S14, Supporting Information). The QD-
modified device shows an increased open-circuit voltage (Voc),

closely matching experimental data and indicating suppressed
interfacial recombination. The simulated Jsc, FF, and PCE are
also in good agreement with measured values (Table S2, Sup-
porting Information), confirming that the energy level alignment
observed in UPS directly translates into improved device perfor-
mance, as supported by both optical measurements and numer-
ical modeling.
To investigate photonic behavior via utilizing the QDs cap-

ping layer on the pristine perovskite layer, PL emissions, TRPL,
and PL mapping from perovskite films with and without QDs
are recorded under identical excitation conditions, as shown in
Figure 4. Figure 4a presents that the QD-capped perovskite film
shows a significantly stronger main PL peak (780 nm) with a
narrower full width at half maximum (FWHM), indicating sup-
pressed surface defect states and a reduced radiative recombina-
tion rate. A shoulder near 668 nm, attributed to the QDs’ emis-
sion, slightly overlaps with the perovskite peak and is visible on
the high-energy side (Figure S15, Supporting Information).
To gain further insight into charge recombination dynam-

ics and hole extraction efficiency, TRPL measurements were
performed on two sets of structures: glass/perovskite versus
glass/perovskite/QDs (Figure 4b), and glass/perovskite/Spiro
versus glass/perovskite/QDs/Spiro (Figure 4c). The average PL

lifetime (𝜏ave) was calculated using 𝜏ave =
A1𝜏1

2+A2𝜏22

A1𝜏1+A2𝜏𝜏2
and detailed

fitting parameters are listed in Tables S3 and S4 (Supporting In-
formation). In the absence of a transport layer, 𝜏ave increases from
290.9 (pristine film) to 670.7 ns after QD treatment, clearly indi-
cating effective defect passivation and suppression of nonradia-
tive pathways within the perovskite layer (Figure 4b). In contrast,
when Spiro-OMeTAD is introduced, the PL lifetime shortens due
to carrier extraction: 𝜏ave drops from 36.4 (withoutQDs) to 19.8 ns
(with QDs), as shown in Figure 4c. This faster decay does not im-
ply increased recombination but rather reflects enhanced hole
extraction facilitated by improved energy level alignment at the
perovskite/Spiro interface induced by the QD interlayer.
Spatially resolved PL peak mapping (Figure 4d–f) and inten-

sity mapping (Figure 4g–i) further highlight the role of QDs
in improving film homogeneity. Compared to the pristine film
(Figure 4d), the QD-coated film (Figure 4e) exhibits more uni-
form peak position distribution, indicating amore homogeneous
strain and compositional environment. To evaluate whether the
beneficial effects of QDs persist through the subsequent Spiro-
OMeTAD deposition step, which involves exposure to chloroben-
zene (CB), we conducted a CB washing test. The QDs-modified
film maintains its uniform PL profile (Figure 4e) even after
CB washing, confirming robust attachment of QDs to the per-
ovskite surface. PL intensity maps (Figure 4g–i) further highlight
differences in emission uniformity, underscoring the effective-
ness of the QDs surface passivation strategy. The pristine film
(Figure 4g) contains regions of notably weaker PL, likely cor-
responding to defect-rich clusters or grain boundaries. In con-
trast, the QD-capped film (Figure 4h) exhibits stronger and more
uniform PL intensity, implying reduced nonradiative recombi-
nation. After CB washing, strong PL emission is still preserved
(Figure 4i), indicating that the beneficial passivation effect ofQDs
remains intact through subsequent processing.
To complement the photophysical insights fromTRPL and fur-

ther assess the effect of QDs on charge transport dynamics, we
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Figure 4. Effects of QD coating on carrier recombination dynamics and optical uniformity of perovskite films. a) PL signals of perovskite films with
and without QDs. b) Time-resolved photoluminescence (TRPL) spectra of samples with a structure of glass/perovskite and glass/perovskite/QDs.
c) TRPL spectra of samples with a structure of glass/perovskite/Spiro and glass/perovskite/QDs/Spiro. d–f) PL peak position mapping of perovskite
films: withoutQDs (d), withQDs (e), andwithQDs followed by CBwashing (f). g–i) PL intensitymapping of the corresponding films in (d–f), respectively.

conducted transient photocurrent (TPC) measurements at the
device level (Figure S13 and Table S5, Supporting Information).
The photocurrent decay was fitted using a bi-exponential model:

I(t) = A1e
−t
𝜏1 + A2e

−t
𝜏2 , where 𝜏1 represents fast free-carrier extrac-

tion and 𝜏2 corresponds to slower trap-assisted recombination.

Compared to the control, theQD-modified device exhibits a faster
decay profile, with the average carrier lifetime reduced from 3.00
to 1.72 μs. This shortened lifetime reflects more efficient charge
extraction and reduced trap-assisted reemission. These results
confirm that the QD interlayer not only passivates shallow traps
but also facilitates interfacial transport, in agreement with the
improved energy-level alignment from UPS and faster PL decay
observed in TRPL measurements.
The device’s performance measured via J–V curves reveals

a modest improvement in power conversion efficiency for the
QD-modified devices (Figure 5a). Specifically, the reverse-scan
PCE increases from 19.6% to 20.74% after introducing the QDs
capping layer, which can be attributed to suppressed nonradiative
recombination and improved interfacial energy level alignment.
The corresponding photovoltaic parameters for devices based
on pristine and QD-coated perovskite films are summarized in
Table 1. Interestingly, QD-coated devices exhibit slightly en-
hanced hysteresis compared to control devices. This behavior
may be attributed to interfacial electric field modulation and the
intrinsic dipole moments of the CdSeS/ZnS QDs, originating
from their core/shell structure and polar ligands. Such effects

may increase charge accumulation at the interface, which could
amplify hysteresis behavior under certain scan directions. Sim-
ilar observations have been reported in the literature where
interfacial layers, although improving performance, may affect
transient charge dynamics.[43–44] To better evaluate performance
reproducibility, statistical device performance for the PCE, open
circuit voltage (Voc), short circuit current (Jsc), and fill factor
(FF) from twenty devices fabricated within the same batch are
compared (Figure S16, Supporting Information). QD-treated
devices exhibit not only a higher champion efficiency but also
significantly reduced statistical deviation, indicating enhanced
uniformity and improved batch-to-batch consistency. As shown
in Figure 5b, the QD-coated devices exhibit enhanced EQE in
the 300–500 nm range, primarily attributed to effective surface
passivation and enhanced carrier extraction by the QD layer.
This reduces non-radiative recombination near the illuminated
side of the perovskite layer, where high-energy photons are
predominantly absorbed. The improved carrier collection effi-
ciency is supported by reduced trap density, as confirmed by
SCLC, PL, and TRPL measurements and DFT calculations.
Additionally, the QD layer improves energy-level alignment at
the perovskite/HTL interface, facilitating more efficient hole
extraction and further contributing to the enhanced EQE re-
sponse at short wavelengths. Nyquist plots extracted from EIS
provide further insights into charge transport and recombina-
tion behavior (Figure 5c). QD-modified devices exhibit a smaller
high-frequency semicircle, indicating lower charge transfer re-
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Figure 5. Device performance comparison for perovskite solar cells with and without QDs. a) Current density–voltage (J–V) curves of devices under
forward (Fr) and reverse (Re) scan directions. b) External quantum efficiency (EQE) spectra. c) Electrochemical impedance spectroscopy (EIS) Nyquist
plots of perovskite films. d) Capacitance–voltage (C–V) characteristics of perovskite films. e,f) space charge limited current (SCLC) analysis for w and
w/o QDs, respectively.

sistance and improved interfacial carrier extraction. Meanwhile,
the larger low-frequency arc suggests increased recombination
resistance or enhanced chemical capacitance, implying reduced
recombination and prolonged carrier lifetime in the QD-treated
films. Additionally, CV (Figure 5d) reveals a slight increase in

interfacial capacitance (from 0.82 to 0.84 nF), further supporting
the conclusion that QDs enhance the interfacial energy barrier
and promote more efficient charge separation and collection. To
evaluate the effect of QD coating on perovskite surface defects,
defect state densities (Nt) were measured via the SCLC method.

Table 1. Champion device performance for the QD capping perovskite.

Condition Scan direction VOC (V) JSC (mA cm−2) FF (%) PCE (%) RS (Ω·cm2) RSH (Ω·cm2)

Control Forward 1.124 22.97 75.12 19.40 2.75 4993.99

Reverse 1.114 22.97 76.57 19.60 3.10 7141.94

QD Forward 1.137 23.22 76.40 20.16 3.17 4360.34

Reverse 1.140 23.11 78.72 20.74 0.62 6076.94

Adv. Funct. Mater. 2025, e15519 © 2025 Wiley-VCH GmbHe15519 (8 of 12)
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Figure 6. Environmental and operational stability of perovskite films and devices before and after QD spin-coating. a)Water contact anglemeasurements
of ITO glass, QDs-coated glass, perovskite films without QDs, and QDs-coated perovskite films. b) Top-view SEM images of aged perovskite films
with and without QDs after 70 h of exposure (relative humidity ≈15–40%). c) Maximum power point (MPPT) tracking performance of devices under
continuous operation. d) Long-term storage stability comparison of perovskite devices with and without QDs under ambient conditions (RH= 30–50%).

Dark I–V curves of hole-only devices
(FTO/PTAA/perovskite/Spiro-OMeTAD/Carbon) are shown
in Figure 5e,f. Nt is determined by the defect filling limit volt-
age (the onset voltage of the defect filling region) and can be

calculated using Nt =
2VTFL𝜀r𝜀0

qd2
, where VTFL is the defect filling

limit voltage, d is the thickness of the perovskite film, 𝜖 (with 𝜖 =
30) is the relative dielectric constant of Cs0.1FA0.9PbI2.955Br0.045,
and 𝜖0 is the vacuum permittivity. As shown in Figure 5e,f and
Table S6 (Supporting Information), VTFL decreases from 1.08
(pristine) to 0.77 V (QD-capped), and the correspondingNt drops
from 2.67 × 1017 to 1.92 × 1017, confirming that QD surface
treatment effectively reduces defect density from the perovskite
film surface.
Water contact angle measurements reveal that the QDs cap-

ping layer could significantly increase the surface hydropho-
bicity, with water contact angle rising from 50–60° to 89–95°
on both bare ITO substrate and the perovskite film, as shown
in Figure 6a. This hydrophobic behavior is primarily attributed
to the low surface energy of the long-chain oleic acid ligands
and the ZnS shell surrounding the QDs, which effectively repel
moisture. The hydrophobicity of the QD layer enhances water
resistance, thereby contributing to improved morphological sta-
bility of the perovskite film. As shown in Figure S17 (Supporting
Information), this effect persists even after CB washing, which
further confirms that QDs won’t be washed off after the fabri-
cation of the hole transport layer. To decouple the contribution
of the OA ligand from that of the quantum dots, a control ex-
periment was performed by spin-coating OA alone onto the per-
ovskite surface. OA is a viscous liquid (viscosity ≈ 25 mPa·s,
Table S7, Supporting Information), which poses challenges for
forming uniform films via spin coating. As shown in Figure
S18 (Supporting Information), OA tends to phase-separate on

the perovskite surface, forming nonuniform, liquid-like domains
that gradually segregate over time. Contact angle measurements
(Figure S19, Supporting Information) reveal that OA-coated per-
ovskite films exhibit a lower water contact angle (53.2°) than
the pristine film (66.5°), indicating that OA alone does not en-
hance surface hydrophobicity—likely due to its incomplete cov-
erage and weak binding with the perovskite surface. To evalu-
ate the protective function of the QD layer, an ambient envi-
ronment storage test has been performed for 70 h under rel-
ative humidity (RH) of ≈15–40%. As shown in Figure 6b, the
pristine perovskite film exhibits enlarged voids, degraded grain
boundaries, and partial crystal collapse. In contrast, the QDs-
capped filmmaintains a compact and uniformmorphology, sug-
gesting that the QD layer serves as an effective barrier against
moisture and oxygen ingress. While the aged QD-coated film
shows slightly blurred surface contrast compared to the fresh
film (Figure 1c), this is likely due to the presence of the QD over-
layer and residual ligands. Nevertheless, the grain structure re-
mains well preserved, further supporting the protective function
of the QD interfacial layer. To further assess device-level opera-
tional stability, perovskite solar cells were operated under con-
tinuous illumination at their maximum power point, with effi-
ciency recorded every 2 s. As shown in Figure 6c, QD-modified
devices retain 80% of their initial efficiency after 10 h, whereas
control devices exhibit a sharper decline, maintaining only 82%
after just 3 h. This improved stability is attributed to suppressed
ion migration and interfacial degradation, consistent with our
earlier TRPL, UPS, and TPC analyses. Long-term ambient stor-
age tests further confirm the stabilizing effect of QDs (Figure 6d).
After 500 h under RH ≈30–50%, QD-treated devices retain 98%
of their initial efficiency, compared to only 75% for untreated
ones. The corresponding initial PCE values for both device types
are provided in Figure S20 (Supporting Information). To further
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evaluate humidity resistance under more stringent conditions,
we performed an additional accelerated stability test at RH= 80%
for 10 h (Figure S21, Supporting Information). Under this high
humidity, QD-modified devices retained 84% of their initial ef-
ficiency, while control devices degraded to below 30%. In paral-
lel, surface images of aged perovskite films (Figure S22, Support-
ing Information) revealed that QD-treated films preserved more
uniform and intact morphology, indicating effective protection
against moisture-induced degradation. These results collectively
demonstrate that QD surface modification provides robust en-
vironmental protection and significantly enhances both opera-
tional and shelf stability through defect passivation andmoisture
shielding.

3. Conclusion

A QDs-based surface modification strategy has been shown to
enhance both the environmental and operational stability of
perovskite films and devices. The QDs capping layer forms
a uniform, hydrophobic surface that effectively resists mois-
ture infiltration and environmental degradation. Photophysical
characterizations indicate suppressed nonradiative recombina-
tion, likely due to reduced surface-related trap states. The mod-
ified interface also promotes better energy-level alignment with
the hole transport layer, enabling more efficient charge extrac-
tion. Additionally, the QDs layer serves as a barrier that inhibits
iodide migration from the perovskite bulk toward the electrode,
mitigating interfacial degradation. These synergistic effects lead
to improved device efficiency and long-term stability, highlight-
ing the potential of 0D (CdSeS/ZnSQDs)/3D (perovskite) interfa-
cial engineering in advancing high-performance perovskite solar
cells.

4. Experimental Section
Materials: All chemicals used in this study were obtained from com-

mercial suppliers. The sources and purities of the chemicals were as fol-
lows: PbI2 (>99%, TCI, Japan), CsI (99.999%, Acros), formamidinium
iodide (FAI, 99.8%, GreatCell Solar Materials, Australia), methylam-
monium chloride (MACl, 99.8%, GreatCell Solar Materials, Australia),
CsBr (99.9%, Sigma–Aldrich), SnO2 colloidal dispersion (15 wt.% in
H2O, Alfa Aesar, UK), Spiro-OMeTAD (99.7%, Lumtec Co., Taiwan), iso-
propanol (IPA, 99.8%, Sinopharm Chemical Reagent Co., Ltd, China), 4-
tert-butylpyridine (TBP, 96%), Bis(trifluoromethane)sulfonamide lithium
salt (Li-TFSI, >98%, Sigma–Aldrich), FK209 Co(III) TFSI (95%, Great-
cell solar), Cd(S,Se)/ZnS alloyed quantum dots (1mg/mL in toluene,
Sigma–Aldrich), and solvents acetonitrile (99.9%), dimethylformamide
(DMF, 99.8%), dimethylsulfoxide (DMSO, 99.9%), 𝛼, 𝛼, 𝛼-Trifluorotoluene
(≥99%) and chlorobenzene (CB, 99.8%). The Cd(S,Se)/ZnS quantumdots
(Sigma–Aldrich, Product No. 753807 with Lot# [MKBT3770V) used in this
work were dispersed in toluene at a concentration of 1mgmL−1 and passi-
vated with oleic acid ligands. As shown in Figure S23 (Supporting Informa-
tion), the photoluminescence quantum yield (PLQY) of the QD solution
was calculated using the following equation:

PLQY =
∫ Number of emitted photon
∫ Number of absorbed photon

=
IPL

Iexcitation × (1 − T%)
(1)

where IPL is the integrated photoluminescence intensity, and T% is the
transmittance of the QDs solution at the excitation wavelength. In our ex-
periment, excitation was performed at 350 nm with a 2 nm slit width, and

the emission spectrum was collected from 600 to 750 nm with a 0.5 nm
resolution. The reference excitation intensity was 3 25 000 counts. Based
on the measured PL and transmittance spectra, the calculated PLQY was
≈63.58%, which was consistent with previously reported values for similar
core/shell structures, confirming the good optical quality and passivation
of the CdSeS/ZnS QDs used in this study.[45]

Device Fabrication: ITO-coated glass substrates were initially wiped
with a lint-free cloth and isopropanol, followed by sequential ultrasonic
cleaning in detergent, ethanol, and isopropanol. The substrates were then
dried using a stream of dry air. Subsequently, the electron transport (hole-
blocking) layer of SnO2 (Alfa Aesar, diluted to 2.67%) was deposited onto
the glass/ITO substrates via spin-coating in ambient air with a relative
humidity of ≈12% after a 15-min UV-ozone treatment. The spin-coating
process was carried out at 3000 rpm for 30 s with an acceleration rate of
3000 rpm s−1. And then the SnO2 wet film was annealed at 170 °C for 30
min. The perovskite film was fabricated by a one-step vacuum-assisted ap-
proach without using an anti-solvent. 1.2M Cs0.1FA0.9PbI2.955Br0.045 pre-
cursor solution was spin-coated onto SnO2 at 1000rpm for 10 s and 4000
rpm for 30 s. 30 uL perovskite precursor was spin-coated at 3000rpm15s−1

(1500rpm s−1 accelerate) in N2 glovebox and transferred into ambient
air to vacuum degassed for 55s and then annealed at 120 °C for 30 min
in RH% 30%-40%. For QD treatment, right after perovskite film deposi-
tion, Cd(S,Se)/ZnS QDs were dynamically spin-coated at 3000rpm 30s−1

(3000rpm s−1 accelerate) and then annealed at 120 °C for 2 min. HTL
solution of 72.3 mg 2,2’,7,7’-Tetrakis [N, N-di(4-methoxyphenyl)amino]-
9,9’-spirobifluorene (Spiro-OMeTAD), 28.8 μL of 4-tert-butylpyridine, and
17.5 μL of 520 mg mL−1 Lithium bis(trifluoromethanesulfonyl)imide ace-
tonitrile solution dissolved in 1 mL chlorobenzene was dynamically spin-
coated on a perovskite/SnO2/ITO substrate at 3000 rpm for 30 s. The an-
ode, consisting of a carbon electrode, was prepared using the doctor blade
method. Specifically, commercial graphite paste was doctor-bladed into a
groove with a precisely controlled depth of ≈40 μm to form a uniform
carbon layer (Figure S24, Supporting Information). Immediately following
blade coating, the wet carbon film was immersed in ethanol for 20–30 min
to effectively remove residual solvents and impurities. Subsequently, the
film was dried by blowing with compressed air for ≈5 min and then stored
in a dry-air glovebox until further use. Finally, the prepared carbon elec-
trode was attached to the hole transport layer film through hot pressing at
80 °C and 110 psi for 60 s. The silver cathode was annealed at 85 °C for 1
min.

Characterizations: Photo J–V were measured using a solar simulator
(Newport, Oriel Class AAA 94063A, 1000-Watt Xenon light source) with
a Keithley 2420 source meter under simulated AM1.5G (100mWcm−2,
calibrated with a standard Si solar cell) solar irradiation. The active area
was defined by a 0.05 cm2 aperture mask (Figure S25, Supporting Infor-
mation), and the current–voltage scan rate was 100mV s−1. The EQE was
obtained using an EnliTech QE measurement system. The PL and TRPL
were acquired using an Edinburgh Instruments FS5 spectrofluorometer.
A Paios was used to collect both the C–V measurements and the EIS
characteristics. The SEM images were obtained using an SEM/focused
ion beam from Auriga (Zeiss) at an acceleration voltage of 5 kV. The XRD
measurements were recorded by a Rigaku SmartLab high-resolution X-ray
diffractometer. The GIWAXS measurements were obtained from a Xenocs
Xeuss (GI-)SAXS/WAXS/USAXS instrument with a GeniX3D Cu High Flux
Very Long (HFVL) focus source as X-ray source and an Eiger2R1M Dec-
tris hybrid pixel silicon sensor as the detector. GD-OES were measured
using Horiba GD-Profiler 2 Glow Discharge Optical Emission Spectrom-
eter. Ultraviolet photo-electron spectroscopy (UPS) was conducted using
a Thermo Fisher Scientific Analytical spectrometer (ESCALAB 250Xi) and
mono-chromatized He–I𝛼 radiation at 21.2 eV. X-ray photoelectron spec-
troscopy (XPS) analysis was performed with a Thermo Fisher Scientific An-
alytical spectrometer (ESCALAB 250Xi), and all XPS spectra were adjusted
to compensate for sample charging, using inorganic carbon at 284.80 eV
as a reference.

Computational Calculation: Ab-initio calculations were carried out with
VASP[46,47] using the projector-augmented wave method[48] and adopting
the Perdew-Burke-Ernzerhof generalized gradient approximation for the
exchange-correlation functional.[49] A plane-wave basis set cut-off energy
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of 400 eV was used. The Brillouin zone sampled by a 5 × 5 × 1 Γ-centered
k-point mesh in all supercells with a Gaussian smearing width of 0.1 eV. A
tolerance of 1e-6 eV was set for electronic convergence, and a force con-
vergence tolerance of 1e-2 eV Å−1 was set for structural relaxations. The
device calculation for the perovskite/quantum dot was performed using
the SCAPS (a Solar Cell Capacitance Simulator).[50]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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