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Original Research Abstract:
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PSCs as next-generation photovoltaic candidates.
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1. Introduction

Solar energy offers a clean, sustainable means to satisfy
the growing global energy demand and mitigate climate
change. Among emerging photovoltaic (PV) technologies,
perovskite solar cells (PSCs) have attracted tremendous
attention due to their exceptional power-conversion efficien-
cies [1], low-cost solution-processable fabrication, and tun-
able optoelectronic properties. Typical PSCs utilize metal-
halide perovskites with the formula ABX3 (A = monovalent
cation, B = divalent metal cation, X = halide) [2]. These
perovskite materials combine very strong light absorption
with long carrier diffusion lengths and high charge carrier
mobilities attributes that are ideal for next-generation pho-
tovoltaics [2, 3]. Despite rapid improvements, PSCs remain
highly unstable, being extremely sensitive to moisture, oxy-
gen, heat, and UV light [4, 5], which induce structural degra-
dation and performance loss. Moreover, single-junction

PSCs cannot capture all wavelengths of sunlight, leaving a
portion of the solar spectrum unharvested. Enhancing PSC
durability and light-harvesting capability while retaining
high efficiency is thus a critical challenge. To address these
stability issues, we propose the integration of quantum dots
(QDs) as a targeted strategy. QDs form a defect-passivating
and moisture-resistant interface layer that shields the per-
ovskite from environmental stressors and suppresses degra-
dation pathways.

In this context, incorporating semiconductor quantum dots
(QDs) into PSC architectures has emerged as a promising
solution to simultaneously enhance PSC efficiency and sta-
bility. QDs are nanocrystals exhibiting strong quantum
confinement effects, allowing their bandgaps and optical
properties to be tuned by size [9]. When integrated into
PSCs, QDs can serve multiple roles: they broaden light har-
vesting, passivate surface and bulk defects, improve charge
separation, and suppress non-radiative recombination, all of
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which contribute to higher efficiency and operational stabil-
ity [10]. For instance, the hydrophobic ligands on certain
QDs can repel moisture. Additionally, the tunable energy
levels of QDs improve interfacial energy-level alignment
and reduce deleterious charge accumulation, thereby miti-
gating the instability factors mentioned above. Researchers
have explored various ways to integrate QDs into PSCs,
including using QDs for surface passivation, embedding
them in charge-transport layers, or even placing them di-
rectly in the perovskite absorber [11]. These strategies have
already yielded significant performance boosts, with some
QD-PSC devices demonstrating efficiencies that approach
or potentially exceed the Shockley-Queisser limit [12].
The unique properties of QDs (size comparable to their ex-
citon Bohr radius) give them a large specific surface area
and discrete energy levels [13]. Unlike molecular additives,
QDs offer enhanced thermal stability and higher carrier
mobilities without introducing significant energy barriers
to transport [14]. Their broad, size-tunable absorption and
emission spectra allow efficient energy transfer into the per-
ovskite layer [15]. Moreover, different classes of QDs have
specific advantages: lead-halide perovskite QDs provide ex-
cellent energy level matching with the host absorber, while
metal-chalcogenide and carbon-based QDs can improve en-
vironmental stability and reduce toxicity [16—18].

This review provides a comprehensive overview of QD-PSC
systems. We first summarize the key QD materials used
in PSCs (section 2), then describe the device characteriza-
tion methods (section 3). We discuss interface engineering
strategies enabled by QDs (section 4) and various device
architectures including conventional, inverted, and tandem
cells (section 5). Section 6 covers fabrication techniques
for depositing QDs in PSCs. We then address scalability
(section 7), operational stability (section 8), and toxicity
concerns (section 9). Finally, we outline future outlooks
(section 10) and provide concluding remarks (section 11).
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2. Quantum dot materials for PSCs

Quantum dots (QDs) are instrumental in enhancing the
efficiency and stability of PSCs by tailoring optical and
electronic properties to optimize energy conversion [19].
Researchers have incorporated numerous types of QDs into
PSCs, including perovskite-structured QDs, metal chalco-
genide QDs, phosphorus-based QDs, carbon-based QDs,
and metallic QDs [21-24]. In addition, atomically thin ma-
terials such as molybdenum disulfide (MoS;) and MXene
QDs have been explored for device enhancement. Among
these, the most commonly used QD materials in PSC ar-
chitectures are lead halide perovskite QDs, metal chalco-
genide QDs, and carbon-based QDs, owing to their favor-
able optoelectronic properties and compatibility with per-
ovskite films.These QDs are typically synthesized using
methods such as hot-injection, ligand-assisted reprecipi-
tation (LARP), and colloidal synthesis, which allow con-
trol over nanoparticle size, surface chemistry, and charge
transport characteristics [25-27]. By definition, QDs are
nanoparticles with diameters of roughly 2 — 10 nm. Their
distinctive physicochemical characteristics, including a size-
dependent electronic structure and adjustable surface chem-
istry, distinguish them from their bulk counterparts. The
structural morphology of CsPbBr3 exhibits a uniform distri-
bution of QDs by transmission electron microscopy along
with the desired structural planes (Fig. 1 (a)). As a result,
QDs offer tunable optoelectronic properties and precise con-
trol over energy levels. Quantum confinement occurs when
the size of a semiconductor nanoparticle becomes compa-
rable to its Bohr exciton radius (Fig. 1 (b)). This leads to a
transition from continuous energy states near the Fermi level
to discrete, atom-like energy levels. As a result, QDs exhibit
size-dependent optoelectronic properties, allowing precise
control over their energy levels [6]. Fig. 1 (c) illustrates
the emission wavelength ranges of commonly used QDs
across the visible (VIS), near-infrared (NIR), and short-
wavelength infrared (SWIR) spectral regions. Materials
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Figure 1. (a) Transmission Electron Microscopy (TEM) image of a CsPbBr; QDs and oblique packing. Reprinted with permission [6]. (b) Size-dependent
quantum confinement effects in QDs. Reprinted with permission [7] (c) Emission range some prominent QDs (d) Classification of carbon QDs. Adapted

with permission [8].
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such as CsPbCl3Brz, CsPbBr3, and CsPbl; emit primarily
in the VIS to NIR range, while compounds like PbS, InAs,
and Ge extend their emission into the SWIR region. No-
tably, semiconductors such as HgTe and PbTe demonstrate
broad SWIR emission capabilities, making them suitable
for advanced infrared applications. This spectrum-based
visualization highlights the tunability of QDs for targeted
optoelectronic applications based on desired wavelength
ranges [28].

QDs can be synthesized from a diverse range of materi-
als, and even QDs composed of the same elemental con-
stituents may exhibit distinct physicochemical properties.
As illustrated in Fig. 1 (d), carbon-based QDs are broadly
categorized into graphene quantum dots (GQDs), carbon
quantum dots (CQDs) and carbon nanodots (CNDs). No-
tably, their surface-to-volume ratio increases significantly
as the size of the QDs decreases. This leads to a higher ex-
posure of reactive surface sites, such as dangling bonds and
under-coordinated atoms, which enhances their tendency
to aggregate. To address this challenge, QDs are typically
stabilized by surface capping with suitable ligands.

2.1 Lead halide perovskite QDs

Lead halide perovskite quantum dots (LHPQDs) are of the
form ABX3 with a cubic crystal structure. In this frame-
work, the A-site cation (often Cs* or CH3NH;) resides at
the cube corners, the B-site cation (Pb27) sits at the cube
center, and halide X (I”, Br™, or Cl™) occupies the face
centers, as illustrated in Fig. 2 (a). Thanks to quantum
confinement, LHPQDs show strong size-dependent optical
behavior [29-32]. For example, a study on CsPbl; QDs
synthesized at various temperatures showed a systematic
redshift of the photoluminescence peak from ~ 670 nm
to ~ 700 nm as the synthesis temperature (and hence QD
size) increased [20]. This demonstrates that by controlling
QD size, one can tune the emission wavelength (Fig. 2 (b)).
Transmission electron microscopy (TEM) of CsPbl; QDs
(Fig. 2 (c)) reveals an interplanar distance consistent with
the cubic (100) plane [20, 33]. Metal-halide perovskite QDs
thus offer facile bandgap tuning [34]. Furthermore, they
are fully solution-processable and can potentially exceed
the Shockley-Queisser efficiency limit via phenomena like
multiple exciton generation and tandem architectures.
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2.2 Metal chalcogenide QDs

Metal chalcogenides based on cadmium (Cd), lead (Pb),
and zinc (Zn) have emerged as promising functional materi-
als in PSC architectures, each serving distinct roles based
on their optoelectronic properties and compatibility with
the perovskite structure. In addition to this, several types
of metal chalcogenide QDs are widely used in PSCs to en-
hance light absorption, charge transport, and device stability.
For instance, cadmium selenide or sulfide QDs (CdSe, CdS)
often serve as electron transport materials or interfacial lay-
ers due to their favorable conduction band alignment and
high electron mobility [35]. Additionally, Cd-based QDs
can enhance light harvesting in the visible region, despite
the fact that their toxicity poses environmental concerns.
Lead-based chalcogenide QDs, including PbS and PbSe,
are primarily employed as co-absorbers to extend light ab-
sorption into the NIR, complementing the spectral response
of the perovskite layer. Moreover, Pb-based QDs are also
incorporated into quantum dot-based perovskites, enabling
tunable optoelectronic properties through quantum confine-
ment effects. Despite their effectiveness, the presence of
lead compounds further contributes to toxicity issues in
PSCs. In contrast, zinc-based chalcogenides, such as ZnS
and ZnO offer non-toxic and stable alternative for use as
ETLs, surface passivation layers, and window materials.
Their wide bandgap (~ 3.3 — 3.6 eV) makes them highly
transparent to visible light, allowing them to act as opti-
cally transparent layers that facilitate light transmission to
the underlying perovskite absorber [46]. In addition, they
exhibit excellent electron mobility and interfacial compat-
ibility, making them effective for charge extraction while
also improving the thermal and environmental stability of
the device. The distinct functionalities of these metal chalco-
genides demonstrate their vital roles in improving efficiency,
stability, and spectral utilization in perovskite solar cell tech-
nologies [47—49].

A summary of commonly used metal chalcogenide QDs,
along with their key properties and roles in PSCs, is pre-
sented in Table 1.

2.3 Carbon-based QDs

Carbon-based quantum dots (CQDs), including graphene
quantum dots (GQDs) and carbon nanodots (CNDs), offer
an environmentally friendly alternative with unique advan-
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Figure 2. (a) Crystal structure of ABX3 Perovskite QDs. (b) Normalized photoluminescence emission spectra of CsPblz QDs synthesized at different
temperature. (c) High-resolution TEM image of CsPbl; QDs, Reproduced with permission [20].
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Table 1. Commonly used metal chalcogenide quantum dots in perovskite solar cells and their characteristics.

. Bandgap Absorption . Toxicity PCE
QD Material V) Range Role in PSCs Concerns (%) Reference

Cdse ~174  Visible-NIR Light harvesting, Yes ~15-17 [36]
spectral converter

PbS ~0.41 1.5 NIR Light harvesting, Yes ~10—13.8 [37]
charge transport

InP ~134  Visible-NIR Light harvesting, Low ~14-16.2 [38]
spectral converter

CulnS, ~15 Visible Light harvesting, Low ~17-18.6 39]

eco-friendly alternative

Charge transport,

AgsrS ~1.0—-1.5 NIR non-toxic QD Low ~11—-13.5 [40]

cds ~242  UV-Visible  Ciecton transportlayer, -y o ~15-18 [15]

interface passivation
PbSe ~0.27 1.5 NIR Light harvesting, Yes ~10.38 [41]
spectral conversion
ZnS ~3.6 uv Passivation layer, Low ~16—19 [42]
Barrier layer

ZnO ~3.3 uv Electron transport layer Low ~18.67—19.05 [43]
Enhanced electron

CuZnSnS4 ~1.4—1.6 Visible and hole extraction Low ~15.4 [44]

and transport
Enhance the electron
MoS, ~1.8—1.9 UV-NIR extraction and reduced Average ~10.02 [45]

the carrier recombination

tages [50]. They exhibit high electrical conductivity, excel-
lent photo-stability, and strong binding interactions at the
perovskite interface [51]. GQDs, owing to their high carrier
mobility and crystalline structure, are utilized to improve
electron transport and passivate trap states in perovskite
films, leading to enhanced higher efficiency and better mois-
ture resistance. CNDs, with their excellent dispersibility
and photostability, are used as additives or buffer layers to
improve film formation and reduce interfacial defects. Ad-
ditionally, their intrinsic hydrophobic properties contribute
significantly to moisture resistance, thereby improving the
long-term environmental stability of PSCs [52]. The inte-
gration of CQDs into PSCs has demonstrated promising
improvements in both power conversion efficiency and op-
erational durability, positioning them as a compelling alter-
native to conventional metal-based QDs.

As illustrated in Fig. 3, CQDs enhance PSC performance
by passivating trap states in the perovskite layer, reducing
recombination, increasing charge transport, and providing a
barrier against moisture ingress. This schematic representa-
tion highlights the multi-functional role of carbon QDs in
reinforcing both the electrical and environmental stability
of the device.

2.4 Si and Cu-based QDs

In recent years, emerging QDs materials such as silicon (Si)
QDs and copper (Cu) QDs have attracted growing atten-
tion as environmentally friendly alternatives to traditional
Pb-based QDs for integration in PSCs. Si-QDs, derived
from earth-abundant elements, offering high stability, broad
absorption spectra, and excellent surface passivation ca-
pabilities, making them promising candidates for enhanc-
ing the optoelectronic properties of PSCs [50-53]. More-
over, Si QDs can assist in reducing surface defects and
improve charge carrier lifetime, which contributes signifi-
cantly to device stability and efficiency. On the other hand,
copper-based QDs (e.g. CulnS,, CupZnSnS4), have tunable
bandgaps in the visible range and low toxicity; which are
quite effective for photovoltaic applications [54—56]. These
QDs also demonstrate strong photo stability and minimal
environmental risks compared to Cd or Pb-based counter-
parts. Although Si- and Cu-based QDs possess promising
properties, Pb-based QDs have demonstrated superior per-
formance in photovoltaic applications. This is largely due
to ongoing research on surface engineering and interface
optimization, which continues to enhance their efficiency
and stability.

While the above synthesis methods (e.g., hot-injection,
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Figure 3. Schematic diagram showing how carbon-based quantum dots enhance PSC performance.

ligand-assisted reprecipitation) provide precise control over
QD size and surface chemistry, their scalability and repro-
ducibility vary considerably. For instance, the hot-injection
method yields highly crystalline QDs with narrow size dis-
tributions, but it requires stringent temperature control and
inert conditions, limiting large-scale production. In contrast,
ligand-assisted reprecipitation and colloidal synthesis are
more scalable and cost-effective, though they often suffer
from broader size distributions and reduced reproducibility
across batches. Continuous-flow microreactor techniques
have recently emerged as a promising alternative, offering
better process control and industrial scalability, but they
remain underexplored in the context of PSC integration.
Overall, achieving reproducible, large-scale synthesis of
QDs with uniform optoelectronic properties remains a key
challenge for their commercialization in perovskite solar
cells.

2.5 Comparative discussion: Advantages, limitations,
and unresolved issues

This review goes beyond a descriptive listing by compar-
ing QD classes in terms of electronic properties, stability
behaviour, device-level limitations, and sustainability. As
summarized in Table 1, lead-halide perovskite QDs provide
excellent bandgap tunability and interfacial energy-level
matching, but their Pb content and phase instability remain
key bottlenecks. Metal-chalcogenide QDs (Table 2) can
extend absorption into the near-infrared and enhance charge
extraction, yet toxicity (Pb/Cd) and surface-trap-assisted
recombination require careful ligand and interface engi-
neering. Carbon-based QDs are attractive for their low
toxicity and chemical robustness, but their performance
benefits can be limited by insulating surface groups and
batch-to-batch variability. Finally, emerging low-toxicity
QDs (Si/Cu/In-based) show promising stability benefits but
still lag in reproducible high-PCE demonstrations. Across
categories, unresolved issues include ligand detachment un-
der bias/heat, QD aggregation during film formation, and
long-term interfacial chemical reactions with perovskites.

A comparative summary of various QD materials that con-

trasts the key advantages and disadvantages of each QD
category is given in Table 2.

3. Photovoltaic cell characterizations

To optimize QD-PSC devices, a suite of characterization
methods is employed. Standard solar-cell measurements are
used to quantify how QD incorporation affects performance
and elucidate the underlying mechanisms. In QD-integrated
PSCs, these measurements are primarily used to elucidate
improvements in charge extraction, defect passivation, re-
combination suppression, and operational stability, rather
than to establish fundamental solar-cell theory [68, 69].
Current-Voltage (J-V) measurements under standard AM
1.5 G illumination provide key performance parameters,
including open-circuit voltage (Voc), short-circuit current
density (Jsc), fill factor (FF), and power conversion effi-
ciency (PCE). In QD-modified devices, enhanced JSC and
FF are commonly observed, reflecting improved light har-
vesting and more efficient charge transport at QD-modified
interfaces [59]. Reduced J-V hysteresis is also frequently re-
ported, indicating suppression of interfacial charge trapping
and ion migration [60, 70]. External quantum efficiency
(EQE) measurements offer spectral insight into the contribu-
tion of QDs to photocurrent generation. The incorporation
of QDs often leads to enhanced EQE in the ultraviolet,
visible, or near-infrared regions, depending on QD com-
position, confirming their role in spectral broadening and
improved photon utilization [71, 72]. Additional techniques
such as steady-state and time-resolved photoluminescence
are widely used to probe defect passivation effects, where
prolonged carrier lifetimes indicate reduced non-radiative
recombination [73-75]. Impedance spectroscopy further
supports these findings by revealing lowered recombina-
tion resistance and improved interfacial charge transport in
QD-integrated devices.

4. Strategies for photovoltaics

Over the past two decades, interface engineering has be-
come a pivotal strategy for improving PSC performance and
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Table 2. Comparative overview of quantum dot (QD) categories used in perovskite solar cells (PSCs).
QD category Typical examples Typiinczll)lsrglge(s) Key advantages Key limitations Reprizefrsuative

Lead-halide
perovskite QDs

Interfacial passivation;

CsPbls, CsPbBrs, band alignment interlayers;

FAPbI; PQDs

(PQDs) spectral conversion
chalcogenide QDs MoS;, QDs P i

recombination suppression

Defect passivation;
hydrophobic barrier;
conductivity enhancement
in transport layers

Carbon dots,
graphene QDs (GQDs),
N-doped CQDs

Carbon-based
QDs

Si/Cu/In-based
(low-toxicity) QDs

Si QDs, CulnS,,
CulnSe;, Cu2ZnSnS4

Lead-free passivation
additives; interfacial modifiers

Perovskite/PbS
QD tandems;
printable PQD inks

Infrared bottom sub-cell;
interconnection layers;
scalable printing

QD-enabled tandem /
hybrid architectures

High PLQY; defect tolerance;
energy levels compatible with
perovskites; solution-processable

Strong NIR absorption (PbS);
tunable bandgap; can improve
extraction and stability

Low toxicity; chemical stability;

with low-temp processing

Pb toxicity; phase
instability (a/y);

ligand insulating barriers;
moisture sensitivity

[26, 27, 57, 58]

Toxicity (Pb/Cd); surface
traps; aggregation; interfacial
band-mismatch if not engineered

[32, 33,59, 60]

Variable surface chemistry;

facile synthesis; possible insulating shells; [42, 44, 61, 62]
good moisture resistance limited NIR absorption
Low toxicity; good photostability; Lower device PC.E in most

L . reports; challenging surface [63, 64]
potential for sustainable PSCs .

control; possible deep traps

Spectral utilization beyond ?:;;T;E;;:ggcizzgon
single-junction; compatibility J [65-67]

losses; stability of stacked
interfaces

stability of PSCs. This approach primarily focuses on four
key areas: band alignment strategies, surface passivation
using quantum dots (QDs), ligand engineering for improve
charge transfer, and Improved light absorption [76].

4.1 Band alignment strategies

Effective band alignment is essential for optimizing charge
carrier dynamics in PSCs. By precisely tuning the energy
levels of the constituent layers, it is possible to facilitate
directional charge transport while suppressing interfacial
recombination losses. A widely adopted approach involves
the introduction of interlayer materials with appropriate
energy levels to create a favorable energy landscape for
charge extraction. The alignment of energy levels at the in-
terfaces between the perovskite/hole transport layer (HTL)
and perovskite/electron transport layer (ETL)-plays a criti-
cal role in governing efficient charge carrier extraction in
PSCs. Discrepancies in energy level alignment exceeding
0.1 eV can lead to band bending at these interfaces, thereby
charge transport is hindered during the formation of an en-
ergy barrier. Such misalignments not only reduce carrier
extraction efficiency but also enhance interfacial recombi-
nation and promote charge accumulation. These interfacial
issues have been associated with undesirable phenomena, in-
cluding current-voltage hysteresis and V¢ deficits [77, 78].
Consequently, for optimal charge extraction and device per-
formance, it is essential to ensure that the energy levels of
both ETL and HTL are closely matched with those of the
perovskite absorber layer.

QDs are promising materials to enhance energy level align-
ment and facilitate efficient charge carrier extraction in
PSCs, for their tunable electronic structure and nanoscale
dimensions. A huge range of QDs-including carbon, lead
sulfide and selenide based QDs have been strategically in-
tegrated at various PSCs interfaces to improve interfacial
charge dynamics [81]. For instance, Fig. 4 (a) presents
schematic diagrams comparing the electron injection dy-
namics at the Perovskite/ETL interface for the control and
GOQD-treated systems. The incorporation of GOQDs sig-
nificantly reduces the electron injection time (260 — 307 ps

to 90 — 106 ps), indicating more efficient charge extraction.
And Fig. 4 (b) presents transient absorption spectroscopy
data, where normalized kinetic traces at 760 nm (photo-
bleaching) and 530 nm (photoinduced absorption) reveal
faster carrier dynamics and reduced recombination in QD-
treated samples (red curves) compared to the control (black
curves).

QDs can also facilitate interfacial band bending, thereby
enhancing energy level alignment by minimizing en-
ergy offsets at critical junctions. For instance, adding
MAPbBry9l>; QDs at the perovskite/HTL interface, re-
sulting in the formation of a unified Fermi level between
the perovskite and the QDs. This alignment significantly
improves holes extraction efficiency by creating a more fa-
vorable energetic landscape for carrier transport as shown
in the Fig. 4 (c) [79].

Beyond interfacial engineering, the formation of graded het-
erojunctions through QDs incorporation has demonstrated
significant potential for enhancing charge carrier dynamics
in PSCs. For instance , Zai et al. reported that anti-solvent
engineering can induce the formation of a CsPbBr3-rich
surface layer, whose valence band is well aligned with that
of the HTL, thereby facilitating more efficient hole trans-
port, resulting in an enhanced PCE 20.56% as shown in
Fig. 4 (d) [61]. Similarly, Tipparak et al. achieved compa-
rable improvements by depositing Cs;_, MA Pbl3_xBry
films at top MAPDI; layers [62]. This modification led to an
up shift in the valence band position, resulting in increased
hole extraction at the perovskite/HTL interface.

In addition, QDs can interact with defect states within per-
ovskite films, effectively passivating them by narrowing
band-tail electronic states and reducing the density of mid-
gap states [82]. This defect passivation leads to suppressed
nonradiative recombination and contributes to more favor-
able energy level alignment. QDs also have the potential
to function directly as charge transport layer materials [94].
For example, SnO,-QDs, have demonstrated excellent en-
ergy level compatibility with perovskite absorbers, resulting
in enhanced charge transfer efficiency and reduced interfa-
cial recombination, as summarized in Table 3.
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Figure 4. (a) Electron generation and extraction at the control and GO QD-treated interfaces (b) Time evolution of excited perovskite via transient
absorption spectroscopy. Reproduced with permission [79]. (c) Band bending in the heterojunction structure formed between perovskite and I-QDs.
Adapted with permission [80]. (d) Band alignment in a graded heterojunction structure [61].

4.2 Surface passivation with quantum dots

Surface passivation is a critical technique in PSCs aimed at
mitigating non-radiative recombination by neutralizing de-
fects at the perovskite surface and grain boundaries. These
defects, often arising from under coordinated ions or va-
cancies, can trap charge carriers, leading to energy losses
and reduced device performance. QDs are employed as
passivating agents for their tunable electronic properties
and high surface area. They interact with the perovskite
layer through chemical bonding or electrostatic interactions,
thereby passivating surface traps and enhancing charge car-
rier dynamics.

The mechanism involves the deposition of QDs, such as
PbS, CdSe, or perovskite-based QDs like CsPbBr3, onto
the perovskite layer, where they form a passivation layer
that reduces trap states and facilitates better energy level
alignment [95]. This alignment aids in efficient charge ex-
traction and transport, which directing to improved Voc and
FF. For instance, a study demonstrated that incorporating

MAPbDI; QDs synthesized via a ligand-assisted reprecipi-
tation method into CsFA perovskite solar cells resulted in
enhanced performance metrics [96].The use of fluorinated
graphene QDs, which not only passivate defects but also
impart hydrophobicity to the perovskite layer, thereby en-
hancing environmental stability, which has been explored
in the nearest advancements [97]. Additionally, integrating
QDs as crystallization seeds has been shown to improve the
quality of FAPbI;3 perovskite films, leading to better device
performance [98]. These strategies underscore the multi-
faceted role of QDs in surface passivation, contributing to
both the efficiency and longevity of PSCs.

In summary, the application of QDs for surface passiva-
tion in PSCs has proven to be a potent approach to address
defect-related challenges. By mitigating non-radiative re-
combination and enhancing charge transport, QD-based
passivation strategies have significantly advanced the per-
formance and stability of PSCs, marking a pivotal step
towards their commercial viability.

Table 3. Photovoltaic parameters of PSCs in energy level alignment by QDs.

Quantum Dots type Device configuration Optimized PCE (initial) ~ Jgc [mA/cm?) Voc [V]  FF[%] Ref.
CDs FTO/c-TiO»/CDs @m-TiO2/MAPbI;3/Spiro-OMeTAD/Au 18.82 (15.60) 23.22 1.08 7471 [83]
CDs ITO/TiO,/MAPbI3Cl;_,/Spiro-OMeTAD/Au 17.60 (12.70) 21.36 1.14 7800  [77]
Eu-WO, QDs ITO/SnO; @Eu-WO,/FAMAPbI3Cl3_/Eu-WO, @ Spiro-OMeTAD/Au 22.08 (19.03) 23.74 1.14 7852  [84]
Au QDs ITO/TiO,/Perovskite/Spiro-OMeTAD/Ag 16.20 (13.02) 19.90 1.08 75.60  [85]
Au/CdS QDs FTO/SnO; QDs/(CsPbl3)g 04(FAPbI3)g 82 (MAPDBI3)g 14/Au@CdS/Spiro-OMeTAD/Au 21.39 (18.37) 23.04 1.13 8120  [86]
Carbon QDs ITO/CDs@Sn0,/Csg gsFA( 81 MAg 14Pbl; 55Br( 45/Spiro-OMeTAD/MoO3/Au 22.77 (19.15) 24.10 1.14 83.00 [87]
GQDs ITO/GQDs @SnO,/MAPbI3/Spiro-OMeTAD/Au 20.31 (17.91) 22.94 1.11 77.00  [88]
CdSe QDs ITO/PEDOT:PSS/MAPbI;_Cl,/CdSe QDs @PCBM/Rhodamine 101/LiF/Ag 13.73 (11.22) 20.96 0.90 73.16  [89]
CNQDs FTO/Sn0,/g-CNQDs/Perovskite/Spiro-OMeTAD/Ag 20.23 (18.42) 23.41 1.13 76.90  [90]
CulnS; QDs FTO/TiO,/CulnS; QDs/MAPbI3/Spiro-OMeTAD/Au 13.30 (8.20) 19.20 0.98 71.00  [91]
Mn-doped CsPbl3 QDs  FTO/c-TiO»/CsPbl, Br/Mn-doped CsPbl; QDs/PTAA/Au 13.45 (12.39) 14.25 1.18 80.20  [92]
PbSO4(PbO)4 QDs FTO/c-TiO»/m-TiO/MAPbI3/PbSO4(PbO)4 QDs/Spiro-OMeTAD/Au 20.02 (16.86) 24.68 1.10 75.00  [93]
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4.3 Ligand engineering for improved charge transfer

Ligand engineering plays a critical role in tuning the op-
toelectronic properties of perovskite quantum dots (PQDs)
by modifying their surface chemistry to facilitate efficient
charge transfer. The primary mechanism involves tailoring
the interaction between PQDs and charge-transporting lay-
ers by replacing long-chain insulating ligands with shorter
or multifunctional ligands that enhance electronic coupling
[68]. Traditional ligands like oleylamine (OLA) and oleic
acid (OA) are effective during synthesis for colloidal sta-
bility, but their insulating nature and dynamic binding hin-
der charge transport by introducing barriers and trap states
[99]. To address this, researchers have employed short-
chain ligands such as butylamine, ethylamine and bifunc-
tional ligands such as 3-mercaptopropionic acid and thio-
cyanate that offer better binding and electronic interaction
with PQD surfaces [100]. Recent literature emphasizes that
conductive/strong-binding ligand designs and printable QD
inks are central to achieving both high efficiency and long-
term stability in QD-PSCs [57, 58, 66].

These shorter or chelating ligands enable stronger coupling
between QDs and improve charge delocalization, thereby
promoting efficient carrier injection/extraction [101]. Biden-
tate ligands also contribute to better surface passivation and
reduced defect density, leading to suppressed non-radiative
recombination. However, this ligand exchange process must
be carefully controlled, as excessive removal or replacement
can compromise colloidal stability and induce PQD aggre-
gation [102]. The advantage of ligand engineering lies in its
ability to fine-tune energy levels, minimize interface losses,
and improve carrier mobility; however, disadvantages in-
clude potential phase instability and ligand detachment un-
der environmental stress.

To further improve charge transfer efficiency, strategies such
as dual-ligand systems, post-synthetic surface treatment,
and ligand cross-linking have been employed, yielding solar
cell power conversion efficiencies exceeding 18% in some
all-inorganic systems [103]. Future efforts may focus on
designing ligands with tailored functionalities-such as con-
jugated backbones, zwitterionic groups, or self-assembling
properties to achieve both strong binding and high con-
ductivity, thus enabling scalable and stable optoelectronic
devices.

4.4 Improved light absorption

QDs have emerged as powerful spectral converters in
photovoltaic devices, particularly in enhancing the light-
harvesting capabilities of PSCs. By absorbing high-energy
photons and re-emitting them at longer wavelength, a pro-
cess known as photoluminescent downshifting-QDs help
align the incident light more effectively with the perovskite
absorption spectrum. This spectral tuning minimizes ther-
malization losses that typically occur when photons with en-
ergies above the band gap are absorbed, thereby enhancing
carrier generation and overall device efficiency [104, 105].
Recent advancements have demonstrated that embedding
QDs such as CdSe, InP, or carbon-based QDs into per-
ovskite layers or on top of the device can significantly boost
photocurrent by broadening the absorption window and
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improving light harvesting under UV and visible light [106—
108]. Furthermore, QDs can also reduce interfacial recom-
bination losses and serve as passivation agents, enhancing
charge separation and transport [18]. This multifaceted role
of QDs in manipulating the photonic environment positions
them as vital components for next-generation perovskite so-
lar cell designs aimed at achieving higher power conversion
efficiencies.

4.5 QD-perovskite interface physics

Beyond improving absorption, QDs modify the physics of
the perovskite interface by creating interfacial dipoles that
tune band bending, passivating under-coordinated Pb/halide
defects to suppress non-radiative recombination, and chang-
ing local ion-migration pathways. However, these benefits
depend strongly on QD surface chemistry: long insulating
ligands can impede charge transfer, while overly aggressive
ligand exchange may introduce new mid-gap states or trig-
ger QD aggregation. Unresolved issues include the chem-
ical stability of QD-perovskite bonding under prolonged
illumination and heat, and the reproducibility of interfacial
coverage at scale.

5. Device architectures and performance
metrics

Over the past decades, significant advancements have been
made in the design and performance of QD-integrated PSCs.
These developments encompass various device architec-
tures, including conventional and inverted structures, as
well as tandem configurations, each offering unique benefits
and challenges. Evaluating these architectures involve ana-
lyzing key performance metrics such as, Js, Voc, FF and
PCE. Additionally, establishing standardized stability test-
ing protocols is crucial for assessing the long-term viability
of these solar cells [109, 110].

5.1 Conventional vs. inverted architectures

In QD-integrated PSCs, the choice between conventional
and inverted architectures significantly impacts device per-
formance and stability. Two predominant device configura-
tions have been adopted in PSCs: the conventional (n-i-p)
architecture and the inverted (p-i-n) architecture as shown
in the Fig. 5 (a) respectively. These configurations differ
primarily in the sequence of layer deposition and the charge
extraction pathway. In the conventional architecture, a trans-
parent conductive oxide (TCO) (e.g. FTO) is first coated
with an ETL, then the perovskite absorber, followed by a
HTL, and a top metal electrode (e.g. Ag, Au). In contrast,
the inverted architecture begins with the deposition of the
HTL on a TCO substrate (e.g. ITO), followed by the per-
ovskite layer, the ETL, and a top electrode.

In addition to the layer sequence, the n-i-p and p-i-n archi-
tectures differ in their interfacial energetics and hysteresis
behaviour. Figure 5 (b) conceptually compares representa-
tive band diagrams, highlighting how QD interlayers can
reduce interfacial barriers, increase built-in potential utiliza-
tion, and suppress interfacial recombination. Hysteresis sup-
pression is commonly attributed to reduced interfacial trap
density and mitigated ion accumulation; QDs can contribute
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Figure 5. (a) Schematic diagrams of PSC in the Conventional n-i-p structure and inverted p-i-n structure. (b) Representative band-diagram comparison

for n-i-p vs. p-i-n PSCs with a QD interlayer.

by passivating interface defects and forming ion-blocking
or dipole-modifying layers. We also note that QD depo-
sition uniformity and ligand stability are major sources of
performance variability; therefore, reproducibility should
be assessed using statistics over multiple devices and by
reporting stabilized power output where possible. The blue
and red curves denote the position of the conduction-band
minimum (E¢) and valence-band maximum (Ey), respec-
tively, across the device stack. In both architectures, the
QD layer introduces intermediate energy levels that reduce
abrupt band offsets at the perovskite/transport-layer inter-
faces, enabling more favorable “cascade” alignment for
charge extraction. The built-in potential (Vy,), indicated by
the dashed reference level and arrow, represents the internal
electrostatic driving force for charge separation. By improv-
ing band alignment and passivating interfacial trap states,
the QD interlayer suppresses non-radiative recombination
at the contacts, thereby supporting higher Vgc, reduced
hysteresis, and improved device stability in both n-i-p and
p-i-n configurations.

5.1.1 n-i-p architecture

In conventional structures, QDs are primarily employed at
the ETL/perovskite interface (e.g., TiO, SnO). QDs such
as PbS, CdSe, and carbon QDs enhance electron extrac-
tion, passivate interfacial traps, and suppress recombination
losses. For example, PbS quantum dots deposited on TiO,
particularly when combined with interfacial passivation
or atomic-layer-deposited (ALD) TiO; have been reported
to enhance electron injection and collection, increase Jsc,
and improve PCE; interface engineering can also suppress
recombination-related hysteresis in the J-V response [111].
Similarly, red-carbon QDs incorporated into SnO, ETLs
yielded efficiencies > 21% with enhanced stability [112].
Furthermore, QDs can mitigate photocatalytic degradation
of TiO,, extending device lifetime. In a study by Thakur
et al., a planar CH3NH3Pbl; perovskite solar cell utilizing
a conventional n-i-p structure achieved a PCE of 26.11%,
marking a significant improvement [43].

5.1.2 p-i-n architecture

In inverted devices, QDs are often integrated within the HTL
(e.g., PEDOT:PSS, NiOx) or the ETL (e.g., ZnO, PCBM).
Carbon QDs in NiOx have been shown to improved hole
extraction and interfacial stability, leading to prolonged
device stability with T80 lifetimes exceeding 1000 hours
[113]. Likewise, ZnO QDs as low-temperature ETLs have
enabled flexible, low-hysteresis devices [114]. Recently,
Li et al. introduced a ferrocenyl-perovskite interface layer
that interacts with the perovskite and achieved PCEs up to
26.08% (small cells) and 24.51% (1.02 cm? cells) [115].
Each of the architecture has its own advantages. The con-
ventional structure typically achieves higher power con-
version efficiencies due to the mature optimization of its
layer materials and interfaces. However, it often requires
high-temperature processing steps (e.g., TiO, annealing),
limiting its use in flexible or temperature-sensitive appli-
cations. The inverted structure, by contrast, supports low-
temperature processing, making it more suitable for flexible,
lightweight, and wearable solar cells, though historically
it has demonstrated slightly lower efficiencies. With the
strategic integration of QDs, both configurations can be en-
gineered for enhanced performance and long-term stability.
The choice between conventional and inverted architectures
thus depends on the intended application, fabrication con-
straints, and desired stability-performance balance.

5.2 Tandem solar cells involving QDs

Tandem solar cells (TSCs) stack multiple absorbers with
different bandgaps to harvest a broader spectrum and exceed
the single-junction Shockley- Queisser limit. Unlike con-
ventional solar cells that utilize only a specific portion of the
solar spectrum due to their fixed bandgap, tandem solar cells
employ multiple absorber layers with different bandgaps,
stacked in series or parallel, to harvest a broader range of
photons. Typically, high-energy photons are absorbed by
the wide-bandgap top cell, while low-energy photons are
captured by a narrow-bandgap bottom cell. This spectral
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splitting enables tandem cells to reduce both thermalization
and transmission losses, effectively increasing their PCE
beyond the Shockley- Queisser limit (~ 33%) for Tandem
Solar Cells.

QDs, owing to their size-dependent bandgap tunability,
strong absorption coefficients, and solution- processabil-
ity, are considered as a suitable material for incorporation
into tandem solar architectures. The integration of QDs into
tandem solar cells can occur in various configurations. A
notable example is the monolithic (two-terminal) tandem
solar cell structure, where a perovskite top cell is integrated
with a PbS quantum dot bottom cell [65]. The design fa-
cilitates efficient absorption of the solar spectrum, with the
perovskite layer capturing high-energy photons and the PbS
QD layer absorbing lower-energy photons. The architecture
includes layers such as ZnO nanowires passivated by SnO;,
which serve as electron transport layers, enhancing charge
extraction and overall device performance. In monolithic
perovskite/QD tandems, low-bandgap PbS QDs are partic-
ularly attractive as infrared bottom absorbers, while thin
QD interlayers can also improve the recombination junction
by tuning band alignment and passivating interface defects
[67].

Theoretical models suggest that such TSCs can achieve
PCEs approaching 19% under standard AM1.5G illumi-
nation, considering factors such as inter-sub cell radiative
coupling [132]. Initial experimental demonstrations have
shown evidence of voltage addition in these tandem struc-
tures, indicating their potential for high-performance pho-
tovoltaic applications [133]. Additionally, Tavakoli et al.
developed monolithic (two-terminal) perovskite/PbS QD
tandem solar cells with a PCE of 22.15% [65], underscoring
the strategic role of QDs in extending the infrared response
of tandem devices. In such tandems, a low-bandgap QD
layer (PbS QDs in this case) serves as an efficient bottom
sub-cell, harvesting the near-IR photons that the perovskite
top cell cannot absorb and thereby boosting the overall cur-
rent. QDs also aid the interconnection between sub-cells:
by tailoring the QD’s energy levels, they facilitate better

Konch et al.

band alignment at the perovskite/quantum dot interface,
reducing voltage losses at the recombination junction. Re-
cent advancements in QD-assisted tandem solar cells have
indeed demonstrated remarkable improvements in both ef-
ficiency and stability. For instance, Liu et al. reported a
perovskite-perovskite-silicon triple-junction cell reaching
27.1% PCE [116], and Ugur et al. achieved 33.7% with
a perovskite—silicon tandem [134]; notably, both designs
benefited from interface engineering concepts similar to QD
integration. Moreover, QDs can improve tandem stability: a
thin QD interlayer can act as a barrier to thermal and chem-
ical degradation between stacked sub-cells. In one study,
incorporating QDs in a perovskite-PbS tandem reduced
the PCE loss to ~6% after 500 hours (unencapsulated),
compared to much higher degradation in a QD-free tandem
[135]. As shown in Fig. 6, the inclusion of QD-based lay-
ers is contributing to the steady rise in tandem efficiencies,
illustrating that QDs are becoming an integral component
of high-performance multi-junction PSC architecture.

6. Fabrication techniques for QD-integrated
PSCs

The integration of QDs into PSCs requires precise fabri-
cation techniques to ensure uniform dispersion, optimal
interface compatibility, and minimal defect formation. A
numerous deposition methods have been explored, each
with its advantages and limitations. This section discusses
key fabrication techniques for QD-integrated PSCs, includ-
ing spin-coating, atomic layer deposition, layer-by-layer
self-assembly, and advanced hybrid strategies [136].

6.1 Spin-coating deposition

Spin-coating is one of the most prevalent methods for incor-
porating QDs into PSCs owing its simplicity, reproducibility,
and cost-effectiveness. In this technique, a QD solution is
dropped onto a rotating substrate, where centrifugal forces
enable the uniform spreading of the material across the sur-
face as shown in Fig. 7. The high rotation speed and airflow
cause rapid solvent evaporation, yielding a smooth, thin
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Figure 7. A schematic representation of the spin-coating process used for QD deposition in PSCs, highlighting the key steps from droplet placement to

uniform film formation.

QDs film. Spin coating allows precise control over film
thickness by adjusting spin speed, solution concentration
and viscosity. The resultant QD films are highly sensitive
to spin speed and ambient conditions like temperature and
humidity. Typical spin parameters reported for QD layers
are ~ 2000 — 4000 rpm for 20 — 40 s, using QD dispersions
in orthogonal solvents such as toluene or chlorobenzene
to minimize perovskite dissolution. A frequent practical
limitation is ligand exchange: incomplete replacement of
long-chain ligands can reduce film conductivity, whereas
overly aggressive exchange can trigger aggregation and poor
coverage. The thickness of a QD layer, /, deposited by spin
coating can be calculated by the following equation [137]:

1
DA 3nm )3
h=(1-Po
( PAO) (ZPAO(D2

where, p4, pao, n, m and @ are the density of volatile lig-
uid, initial density of the volatile liquid at the onset of spin
off, viscosity of the QD solution, rate of evaporation, and
angular speed of rotation respectively. The thickness and
uniformity of the resulting QD film are influenced by several
parameters, including spin speed, solution concentration,
solvent properties, and drying conditions.

Despite its advantages, spin-coating presents challenges,
particularly solvent-induced degradation of the underlying
perovskite layer and inconsistent QD dispersion. The choice
of solvent is critical-certain solvents can compromise the
structural and chemical integrity of the perovskite layer.
Yu et al. demonstrated that the solvent used during spin-
coating has a substantial impact on the morphology and
performance of perovskite films, underscoring the need for
careful solvent engineering [138]. In addition, ligand de-
tachment during drying or subsequent annealing can cause
QD coalescence, leaving pinholes and incomplete interfa-
cial coverage.

Another common issue is the non-uniform dispersion of
QDs, often caused by the rapid solvent evaporation during
spin-coating, which can kinetically trap particles and dis-
rupt film formation. Chou et al., highlighted that final film
morphology is heavily determined in the last seconds of the
coating process, pointing to the importance of controlling
drying kinetics through atmosphere and solvent selection

[139].

To overcome these issues, several strategies have been ex-
plored. For example, incorporating additives such as amide-
functionalized graphene quantum dots (AGQDs) into anti-
solvents has shown improved film quality and device per-
formance [140]. Moreover, optimizing ligand exchange
processes is crucial, as the nature and concentration of lig-
ands directly affect film formation, passivation of trap states,
and charge transport port properties.

6.2 Atomic layer deposition (ALD)

Atomic layer deposition (ALD) offers precise thickness and
composition control for ultra thin QDs layers in perovskite
solar cells (PSCs), leading to uniform and defect-free layers
that significantly enhance device performance and stability.
ALD’s precise deposition capabilities are instrumental in
passivating defects and optimizing interfacial properties,
thereby improving charge extraction and minimizing recom-
bination losses [141].

A major challenge with traditional ALD processes is the
high deposition temperatures, which can compromise the
structural integrity of temperature-sensitive perovskite ma-
terials. To address this, researchers have developed low-
temperature ALD techniques. For instance, Shin et. al.,
demonstrated the deposition of metal oxide layers at re-
duced temperatures, effectively preserving the perovskite
structure while enhancing device stability [142]. Similarly,
Zardetto et. al., reported that low-temperature ALD pro-
cesses could produce high-quality oxide films without de-
grading the underlying perovskite layer [143].The choice
of metal oxide materials deposited via ALD also plays a
pivotal role in device performance. TiO; and Al,O3 are
commonly used as electron transport and passivation layers,
respectively. Studies have shown that incorporating these
oxides can lead to significant improvements in power con-
version efficiency and operational stability. For example,
the integration of TiO,and Al, O3 layers has been associated
with enhanced moisture resistance and prolonged device
lifetimes [144]. In practice, low-temperature ALD windows
(~80—120 °C) and carefully selected oxidants (e.g., milder
H,O vs. aggressive O3/plasma) are used to avoid perovskite
degradation, but may trade off film density and passivation
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quality.

Furthermore, optimizing ALD process parameters, such
as precursor selection and deposition cycles, is essential
for achieving desired film properties. Advances in ALD
technology have enabled the deposition of conformal and
pinhole-free films at low temperatures, which are critical
for the long-term stability of PSCs. These developments
underscore ALD’s potential in advancing perovskite solar
technology by facilitating precise interface engineering and
robust encapsulation strategies [145]. Precursor chemistry
(e.g., TMA/H,O for Al,O3 or metal-amide routes) can influ-
ence interfacial reactions and residue formation; therefore,
precursor selection and purge times are critical for prevent-
ing interfacial damage and ensuring conformal coverage on
rough perovskite/QD surfaces.

6.3 Layer-by-layer (LbL) self-assembly

The layer-by-layer (LbL) self-assembly technique has been
extensively utilized for the deposition of QDs in photo-
voltaic devices. This method involves the sequential ad-
sorption of oppositely charged species, allowing for precise
control over film thickness, composition, and morphology
.Such meticulous control enhances charge transport proper-
ties and device stability [142].

A significant advantage of LbL self-assembly is its facil-
itation of bandgap engineering through the integration of
multiple QD types. For instance, the incorporation of dif-
ferent QDs enables the creation of graded heterojunctions,
broadening the absorption spectrum and improving light-
harvesting efficiency [146]. Additionally, LbL assembly
has been employed to construct energy down-shifting layers
on crystalline silicon solar cells, enhancing light absorption
and overall device performance [147].

Despite its promising attributes, LbL self-assembly presents
challenges, including extensive processing time and the
necessity for precise tuning of deposition parameters to pre-
vent film defects. Achieving uniform and defect-free films
requires careful optimization of factors such as pH, ionic
strength, and the molecular weight of the polyelectrolytes
used [148]. Moreover, ensuring strong interfacial interac-
tions between layers is crucial for effective charge transfer
and overall device efficiency.

In LbL QD assembly, adsorption and film quality are gov-
erned by electrostatic interactions; therefore, careful control
of pH (which determines the surface charge of QDs/poly-
electrolytes) and ionic strength (which screens charges and
alters the Debye length) is required to avoid charge neutral-
ization and QD aggregation during sequential deposition.
In practice, each adsorption step is typically followed by
thorough rinsing to remove weakly bound species and a con-
trolled drying step; otherwise, non-uniform coverage, island
growth, and increased series resistance can occur. These
requirements make LbL highly tunable but also sensitive to
small variations in solution chemistry and processing time.

6.4 Inkjet printing and spray coating

Inkjet printing and spray coating are scalable, solution-
based method suitable for depositing QDs in photovoltaic
devices, including perovskite solar cells (PSCs). These
methods offer rapid, large-area fabrication with minimal
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material waste, making them promising for industrial appli-
cations [149, 150]. For inkjet printing, reliable patterning
requires a stable QD dispersion with appropriate viscosity
and surface tension for jetting; overly concentrated inks or
incomplete ligand exchange can cause nozzle clogging and
coffee-ring drying that produces thickness non-uniformity.
In addition, solvent orthogonality is crucial: the carrier sol-
vent for QD inks should not dissolve or swell the underlying
perovskite/transport layers, otherwise interfacial damage
and performance scatter increase.

Inkjet printing enables precise patterning of QD layers, facil-
itating the fabrication of complex device architectures such
as tandem and multi-junction PSCs. The high resolution of
inkjet printing allows controlled layer morphology, which
are essential for efficient charge transport and enhanced
device performance [151]. In addition, it has the unique ad-
vantage of high resolution, low-cost, and mask-less pattern-
ing. However, challenges such as ink formulation, solvent
compatibility, and printing resolution must be addressed to
prevent issues like QD agglomeration and ensure uniform
film formation [152].

Spray coating offers efficient deposition over large and
flexible substrates, making it suitable for roll-to-roll man-
ufacturing processes. This method has been successfully
employed to fabricate various layers in PSCs, including
electron transport layers and perovskite absorbers, demon-
strating its versatility [153]. The spray-coating process
generally comprises four sequential stages: (i) droplet gen-
eration, (ii) transport of the droplets to the substrate, (iii)
coalescence of droplets into a continuous wet film, and (iv)
drying of the thin film. In the context of colloidal quantum
dot (CQD) deposition, a ligand-stabilized quantum dot so-
lution is first atomized into micron-sized droplets via an
orifice or ultrasonic mechanism. These droplets are then
conveyed onto the substrate using a carrier gas, facilitating
surface wetting [154]. Upon formation of a uniform wet
film, the spray nozzle is retracted, allowing the solvent to
evaporate and leaving behind a solid quantum dot layer. The
successful coalescence of droplets into a film is critically
influenced by several factors, including the surface tension
of the ink, substrate characteristics, colloidal solution con-
centration, droplet size and velocity, and fluid viscosity.
Furthermore, parameters such as QD solution concentra-
tion, solvent properties, substrate temperature, spray-head
distance and movement speed, and fluid flow rate must be
carefully optimized to mitigate issues like pooling or de-
wetting during solvent evaporation. The thickness achieved
in a single spray pass is primarily governed by the QD
concentration and duration of spraying, whereas the final
film thickness is determined by the total number of spray
cycles applied. Despite its advantages, spray coating faces
challenges related to film uniformity, thickness control, and
material utilization efficiency. Optimizing process parame-
ters such solution concentration and substrate temperature
is crucial to achieving high-quality films [155]. For spray
coating, uniform coverage over large areas is limited by
droplet size distribution, wetting/flow on the substrate, and
solvent evaporation rate; insufficient coalescence can leave
pinholes, whereas overly slow drying can induce pooling
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and QD phase segregation. Managing these trade-offs (of-
ten via substrate heating, carrier-gas flow, and multi-pass
deposition) is essential to prevent incomplete coverage and
device-to-device variability at scale.

Both inkjet printing and spray coating hold significant poten-
tial for the scalable production of high-performance PSCs.
Ongoing research focuses on addressing existing challenges,
including improving ink formulations, enhancing printing
resolution, and optimizing deposition parameters to achieve
uniform, defect-free films. Advancements in these areas
are expected to contribute to the commercialization of PSC
technology.

6.5 Vapors-assisted and vacuum deposition techniques

Vapor-phase deposition techniques such as thermal evapora-
tion and chemical vapor deposition (CVD) have also been
explored for integrating quantum dots (QDs) into PSCs.
These methods offer precise control over film thickness
and composition, leading to superior film uniformity and
enhanced interface quality, which are critical for efficient
charge transport and device performance [156].

Thermal evaporation, a solvent-free process, has been suc-
cessfully employed to deposit perovskite layers, minimizing
solvent-related degradation and thereby enhancing the sta-
bility of PSCs [157]. For instance, researchers have utilized
thermal evaporation to fabricate all-inorganic cesium-lead
iodide (CsPbls) perovskite solar cells, achieving a power
conversion efficiency (PCE) of 15% [158]. This approach
not only improves device performance but also offers envi-
ronmental benefits by eliminating the use of toxic solvents.
Chemical vapor deposition (CVD) has also been investi-
gated for perovskite film formation. This technique enables
the deposition of high-quality perovskite films with excel-
lent uniformity and coverage, which are essential for the
reproducibility and scalability of PSCs [159]. However,
challenges such as high equipment costs and complex pro-
cessing steps have limited the widespread adoption of CVD
in perovskite solar cell fabrication.

To address these limitations, recent advancements have
focused on developing low-temperature vapor-phase pro-
cesses that are more compatible with perovskite materials.
For example, researchers have explored hybrid deposition
methods that combine vapor and solution processes to fabri-
cate mixed-halide perovskite solar cells, aiming to enhance
efficiency and stability while reducing processing complex-
ity [160]. Additionally, efforts have been made to optimize
deposition parameters to achieve high-quality perovskite
films at lower temperatures, thereby preserving the struc-
tural integrity of the perovskite material and improving
device longevity.

6.6 Hybrid fabrication approaches

Hybrid fabrication approaches have been developed to in-
tegrate quantum dots (QDs) into perovskite solar cells
(PSCs), aiming to combine the advantages of multiple depo-
sition techniques for enhanced performance and scalability.
These methods address the limitations inherent in individ-
ual deposition processes by leveraging their complementary
strengths.One notable hybrid strategy involves combining
thermal evaporation with inkjet printing. In this approach,
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a lead iodide (Pbl,) layer is first deposited through ther-
mal evaporation, accompanied by inkjet printing of organic
cation precursors. This method also enables precise control
over film thickness and composition, leading to uniform
perovskite layers with improved crystallinity and cover-
age. Chen et al., demonstrated that optimizing the printing
parameters and introducing a dimethylsulfoxide (DMSO)
vapor treatment enhanced the interaction between the evap-
orated Pbl, and the printed organic cations, resulting in
PSCs achieving power conversion efficiencies (PCEs) up to
18.43% [161].

Another hybrid technique combines physical vapor depo-
sition (PVD) with blade coating. Siegrist et. al., reported
a fully scalable process where a triple-cation perovskite
layer was formed by co-evaporating inorganic components
followed by blade coating of organic cations using green
solvents [162]. This approach yielded PSCs with PCEs of
18.7% on 5 cm x 5 cm substrates, highlighting the potential
for large-area fabrication.

Inkjet printing has also been integrated with vapor depo-
sition methods to enhance QD distribution and interface
quality. Wilk et al., developed a process where quasi-2D
perovskite layers were inkjet-printed with an optimized dry-
ing protocol, achieving PCEs of 13% for rigid and 10.6%
for flexible devices [163]. This method underscores the
potential of inkjet printing for scalable and flexible PSC
fabrication.

Furthermore, Tan et al., employed drop-on-demand inkjet
printing for quantitative surface passivation of perovskite
layers [164]. By precisely controlling the deposition of pas-
sivation materials, they achieved PSCs with a high efficiency
of 24.57% and improved operational stability, demonstrat-
ing the effectiveness of hybrid approaches in enhancing
device performance.

7. Scalability and commercialization

For commercial viability, PSC manufacturing must tran-
sition from small-lab scales (spin-coating on 0.1 cm?) to
large-area, high-throughput processes. Techniques like spin-
coating and evaporation, while offering high control, lack
throughput for scaling [165]. Therefore, roll-to-roll (R2R)
processing, blade coating, inject printing and spray coating
are being pursued to achieve uniform, large-area modules
with minimal waste [166]. Inkjet printing, for instance,
enables precise deposition of QDs and perovskite layers,
supporting patterned architectures for tandem devices. How-
ever, maintaining film uniformity, QD dispersion, and in-
terfacial compatibility remains challenging at scale. Fur-
thermore, the adaptation of QD inks to these methods often
requires careful optimization of solvent systems and ligand
chemistry to ensure compatibility and performance [137].
Hybrid fabrication approaches that combine scalable depo-
sition methods with post-treatment steps such as annealing
or atomic layer deposition (ALD) are also gaining traction.
Advancements in these scalable strategies are vital to bridg-
ing the gap between laboratory innovation and industrial
application in next-generation photovoltaics.

Translating QD-integrated PSCs from lab-scale research
to industrial-scale production poses significant engineering
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and economic challenges. Most high-performance QD-
PSCs are fabricated using small-area spin-coating or vac-
uum deposition methods, which are difficult to scale up
[167]. To enable commercial viability, scalable fabrication
techniques that maintain device uniformity and reproducibil-
ity must be developed.

One promising approach is roll-to-roll (R2R) printing,
which enables high-throughput, large-area module produc-
tion with minimal material waste. R2R processing can be
adapted for QD deposition, but challenges such as solvent
compatibility, QD aggregation, and film uniformity must
be addressed. Inkjet printing and spray coating also offer
potential scalability, though QD ink formulations and depo-
sition parameters still require optimization [168].
Achieving uniform QD dispersion without phase separation
or aggregation is critical for maintaining consistent device
performance across large-area modules. Researchers are ex-
ploring surfactant-assisted processing and ligand-exchange
strategies to enhance QD compatibility with scalable tech-
niques.

Finally, economic factors play a crucial role. Although per-
ovskite materials are cost-effective compared to silicon, the
expense of high-purity QD synthesis can be a limiting factor.
Advances in low-cost, green synthesis methods-such as bio-
inspired and solvent-free processes-could reduce production
costs and enhance economic feasibility [169].

8. Stability and degradation mechanisms

Despite impressive gains in efficiency, QD-integrated PSCs
under real-world conditions remains a major challenge. Per-
ovskite materials are inherently sensitive to environmental
factors such as moisture, heat, oxygen, and ultraviolet (UV)
radiation, leading to degradation over time [101]. The pres-
ence of QDs within PSCs can either improve or worsen
stability, depending on their composition, surface chemistry,
and integration approach.

One of the primary degradation mechanisms in QD-PSCs
is ion migration, where mobile halide ions move within the
perovskite lattice, resulting in phase segregation and device
instability [170]. Additionally, QDs themselves can suffer
from ligand detachment and oxidation, further contributing
to performance loss [171]. To counteract these issues, re-
searchers have explored advanced encapsulation techniques,
such as hydrophobic polymer coatings, to shield PSCs from
external stressors. In situ QD formation strategies, where
QDs are synthesized directly within the perovskite matrix,
have also shown promise [172]. Furthermore, ligand engi-
neering approaches such as the use of bifunctional ligands
can enhance the binding stability between QDs and per-
ovskite layers, mitigating degradation pathways.
Quantitative studies confirm that QD incorporation can ex-
tend device lifetime. For instance, Salim et al. showed that
embedding PbS QDs into FAPbI; increased unencapsulated
device stability from a Tgg of ~ 21 days (in N,-fabricated
controls) to ~ 112 days under ambient fabrication, and up
to ~ 145 days with QD additives [173]. Similarly, PbS QDs
passivated with a triple-cation shell retained ~ 96% of their
initial efficiency after 1,200 h of shelf storage [174]. In an-
other example, perovskite-PbS QD tandem cells exhibited
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only ~ 6% loss in PCE after 500 h of continuous illumina-
tion in ambient conditions [135]. Core-shell strategies, such
as ZnS-coated Yb3**-doped perovskite QDs, have further
demonstrated enhanced resistance against ligand loss and
oxidation, contributing to prolonged operational stability
[175]. While these results are promising, most QD-PSC
studies report storage or ambient-stability metrics rather
than rigorous operational testing under combined light, heat,
and humidity stress. In contrast, state-of-the-art non-QD
PSCs can achieve Tgg lifetimes exceeding 1,000 h under
continuous illumination at 85 °C [176]. Thus, although QD
integration improves relative stability, achieving the IEC
61215 commercial benchmark (Tgp > 5,000 h under damp
heat and thermal cycling) remains a critical challenge.
While significant progress has been made in improving the
efficiency of QD-integrated PSCs, ensuring their long-term
stability remains a paramount challenge. Standardized sta-
bility testing protocols are essential for reliably assessing
device longevity and performance under real-world condi-
tions [172]. Key factors influencing stability include mois-
ture ingress, thermal stress, and photodegradation. Imple-
menting encapsulation techniques, such as the deposition
of luminescent and anti-reflective silica layers, has been
shown to enhance stability by protecting the active layers
from environmental factors [177]. Additionally, the use of
robust transport layers and careful selection of QD surface
ligands can mitigate degradation pathways [101]. Collabo-
rative efforts among researchers, industry stakeholders, and
standardization bodies are necessary to develop comprehen-
sive guidelines that ensure the reliability and durability of
these emerging photovoltaic technologies. Recent strategies
increasingly combine QD passivation with 2D/3D interfa-
cial engineering and ligand-tailored QDs to achieve higher
operational stability, motivating deeper mechanistic studies
and standard test protocols [57, 58, 178].

9. Toxicity concerns

A major drawback of QD-based PSCs is the environmental
and health concerns associated with lead-containing per-
ovskite materials. Most high-performance perovskite QDs,
such as CsPbX3 (X = Cl, Br, I), rely on lead-based com-
positions, which pose potential risks due to lead toxicity
[32]. The leaching of lead from degraded PSCs into the
environment raises concerns regarding their large-scale de-
ployment.

To address these issues, researchers have been actively in-
vestigating lead-free alternatives, including Sn, Bi-based
perovskite QDs. Tin halide perovskite QDs (CsSnX3) ex-
hibit promising optoelectronic properties, but their stability
remains a significant challenge due to the high susceptibility
of Sn?* to oxidation [179]. Bismuth-based QDs, such as
Cs3Biy Xy, offer improved stability and reduced toxicity but
generally suffer from lower efficiency [179].

Beyond perovskite-based QDs, other non-toxic materials,
such as carbon-based QDs, silicon QDs, and copper indium
sulfide (CulnS,) QDs, have been explored [63, 64]. Carbon
quantum dots, in particular, have demonstrated excellent
defect passivation capabilities without introducing toxic ele-
ments. However, further research is needed to improve their
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tunability and compatibility with perovskite systems.
Toxicity-performance trade-off: At present, the highest-
efficiency QD-assisted PSC demonstrations most often rely
on Pb-containing QDs (either perovskite QDs or PbS),
whereas lead-free QDs (e.g., carbon dots, Si QDs, CulnS,)
generally deliver smaller efficiency gains but offer a clearer
path to environmental compliance. Accordingly, future
progress should couple (i) performance-oriented surface/li-
gand engineering with (ii) toxicity mitigation strategies such
as robust encapsulation, recycling, and the accelerated de-
velopment of high-electronic-quality lead-free QDs.
Regulatory frameworks and environmental policies will also
play a crucial role in determining the commercial viability
of QD-enhanced PSCs. Developing efficient lead-recycling
strategies and encapsulation techniques to prevent lead leak-
age will be essential for addressing toxicity concerns.

10. Future outlook for QDs-PSC integration:

(i) Materials: Develop high-electronic-quality, low-
toxicity QDs (e.g., lead-free perovskite-inspired QDs,
Si/Cu/In-based QDs) and robust core-shell designs that
suppress ion migration and environmental degradation.

(i1) Surface/ligand chemistry: Replace long insulating
ligands with conductive, strongly binding ligands and
cross-linkable systems to prevent ligand detachment
and aggregation while maintaining charge transport;
recent ligand-engineering reviews and printable QD
ink reports provide a practical roadmap [57, 58, 66].

(iii) Interfaces and physics: Establish design rules for
QD-induced dipoles, band bending, and defect pas-
sivation at specific PSC interfaces (ETL/perovskite,
perovskite/HTL), including standardized stability
tests that decouple chemical degradation from ion-
migration-driven hysteresis.

(iv) Leverage QDs in tandem PSCs as infrared absorbers
and interconnection modifiers to increase spectral uti-
lization and stability, while minimizing recombination-
junction losses.

(v) Scale-up: Transition from spin-coated lab devices to
scalable deposition (inkjet/spray/slot-die) with statisti-
cal reporting of device-to-device variability and stabi-
lized power output to demonstrate reproducibility.

11. Conclusion

The present study provides a detailed view of the integration
of QDs into PSCs which has emerged as a transformative
approach for enhancing light harvesting, improving
charge carrier dynamics, and significantly boosting device
stability and efficiency. One of the most significant power
conversion efficiency of 33.7% is seen when QDs-Tandem
solar cells architecture is employed. Diverse classes of
QDs have demonstrably improved PSC efficiency and
stability by passivating defects, tuning band alignment,
and broadening light absorption. By leveraging these
advantages, QD-enhanced PSCs are advancing toward
next-generation photovoltaic performance. In particular,
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the advancement of hybrid and vapor-assisted fabrication
methods has enabled more precise QD integration and better
interface quality, offering a promising pathway toward
scalable and efficient QD-PSC manufacturing. Despite of
this advancement, several challenges remain, particularly
concerning the toxicity of lead-based QDs, the scalability
of fabrication techniques, and the long-term operational
stability of QD-PSCs under real-world conditions.
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