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Abstract—This paper reviews recent progress and limitations
in quantum dot solar cells (QDSCs). Significant characteristics of
quantum dots (QDs), such as a tunable bandgap and multiple
exciton generation, make them interesting for applications in
state-of-the-art photovoltaic devices. Furthermore, recently
fabricated QD-based solar cells demonstrated significant
mechanical strength in flexible applications. However, the
stability of these devices under environmental factors such as
heat, moisture, and ultraviolet (UV) light is debatable and
represents an important topic of scientific research. Currently,
the highest quantum efficiency, up to 18.3%, has been achieved
by hybrid solar cells that combine perovskites and quantum dots
manufactured from toxic compounds. Future research efforts will
focus on identifying materials for environmentally friendly and
efficient devices.
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I. INTRODUCTION

The demand for more sustainable and eco-friendly energy
has increased. Hence, renewable energy sources such as solar
cells, wind turbines, hydropower, biomass, geothermal energy,
and ocean energy are favored as alternatives to fossil fuels. In
the meantime, solar cell energy plays a pivotal role due to its
peculiar properties such as cost-effectiveness, lightweight, and
low noise [1].

Enhancing solar cell efficiency is the most important factor
for practical application as a power source. The main restriction
of solar cell efficiency is determined by the Shockley-Queisser
theory. It indicates that a single-junction solar cell can’t absorb
more than approximately 33% solar irradiance due to energy
losses.

In general, the functionality of solar cells is limited by the
structure and bandgap width that constrains the energy of
photons absorbed to a value that is equal to or greater than the
gap, where the excess energy is usually dissipated as heat. Over
the decades, scientists have developed several generations of
solar cell technologies, attempting to improve efficiency.
Recently, tandem or multi-junction solar cells have been
developed to overcome this limitation.

The first generation of solar cells is well-known and widely
commercialized. Their manufacturing is based on crystalline
silicon, reaching an efficiency of approximately 25%. Based on
the constituent material atomic ordering, the first generation of
solar cells is categorized into monocrystalline solar cells (c-Si),
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polycrystalline solar cells (p-Si), and amorphous solar cells (a-
Si).

The second generation of solar cells is based on thin-film
technology. The advantages of this generation include cost-
effectiveness, light weight, and flexibility. However, they have
a lower efficiency of approximately 16% compared with bulk-
crystalline solar cell technology. This generation is fabricated
using materials such as Cadmium Telluride (CdTe) and copper
indium gallium selenide (CIGS).

The third generation of solar cells is based on various
structures. There are quantum-dot solar cells (QDSC),
perovskite solar cells (PSC), dye-sensitized solar cells (DSSC),
multi-junction tandem solar cells, and organic solar cells
(OSC). It is important to note that this generation is not fully
commercialized. The reasons for this are hindered by several
technological constraints that must be overcome for large-scale
fabrication. This generation is characterized by properties such
as tunable bandgap, multi-exciton generation (MEG), high
efficiency, flexibility, cost-effectiveness, and others [2].

The QDSCs offer unique properties not found in third-
generation technologies, such as precise bandgap tunability,
better spectral matching, high absorption coefficients [3],
solution-processability [4], and improved environmental
stability compared with organic and DSSC systems. Although
PSCs achieve higher efficiency, they are sensitive to
environmental conditions. Although QDSCs are attractive due
to reduced sensitivity to moisture, absence of ionic migration,
and compatibility with infrared harvesting, which is critical for
next-generation photovoltaics. Accordingly, this paper focuses
on quantum dot solar cells and their specifications.

In the early stage, quantum dots (QDs) were commonly
fabricated using molecular beam epitaxy (MBE) and metal-
organic chemical vapor deposition (MOCVD). The discovery
of colloidal quantum dot synthesis has enabled the development
of more cost-effective fabrication methods compared to
epitaxy.

The idea of using QDs in photovoltaic applications was first
reported in 1989 by Keith W. J. Barnham and Gary Duggan [5].
Using epitaxy methods to grow materials based on GaAs,
AlGaAs, and InGaAs, they fabricated multiple quantum wells
(MQW) or superlattices (SL) of quantum wells. In these
structures, the bandgap can be tuned by varying the widths of
the barriers or wells in the multilayered structure. They
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fabricated a device having a broad absorption spectrum by
lowering the energy of confined states in the quantum well.

The first QDSCs were fabricated by colloidal deposition of
lead sulfide (PbS). An efficiency of approximately 2.4% under
quasi-monochromatic illumination with an infrared wavelength
of 1310nm was reported in 2010 [4]. Using the same materials,
more recent research demonstrates an efficiency of up to 14%
[6]. The main reason for the relatively low efficiency of
colloidal quantum dots solar cells (CQDSCs) was the carrier
recombination within the constituent materials.

Nevertheless, QDSCs remain very interesting due to the
possibility of tuning the electronic and optical properties of
solar cells by varying the size of QDs, and the size of dots can
be precisely controlled, especially in colloidal solutions.
Nowadays, these nanoparticles can be fabricated with sizes as
small as 2 nm. For instance, the smallest QDs (2 nm) have a
large bandgap and can be used for harvesting high-energy
photons. The absorption spectrum can be tailored to prevent
spectral mismatches with respect to solar radiation. Hence, QD-
based solar cells efficiently cover a broad band of the solar
spectrum, including near-infrared (NIR) [7].

In addition, multiple-exciton generation increases the
electron-hole pairs that contribute to efficiency. High-energy
photons can generate about three electron-hole pairs. Moreover,
QDSCs demonstrate outstanding mechanical flexibility and
stability under harsh environmental conditions. Researchers
integrated them into other solar cell structures. Harvesting the
outstanding properties of QDSC structure results in the highest
efficiency SCs. In the following, we will discuss specific
properties of these hybrid structures and the latest research in
the field.

II. QUANTUM DOT SOLAR CELLS ARCHITECTURE

A recent scientific investigation on various materials used
for QD layers demonstrate relatively low efficiency for novel
materials. On the other hand, traditionally QDs used for SCs,
such as lead-based semiconductors, are toxic and not eco-
friendly. An overview of the quantum dot building materials,
toxicity, and the fabricated QD-based SCs efficiency is given in
Table 1.

TABLE 1. COMMON QUANTUM DOT MATERIALS FOR SOLAR CELL

APPLICATIONS
Quantum Dots Materials
No. . Chemical - Reported
Materials formula Toxicity efficiency
1 Lead Sulfide PbS Toxic 18.21%
2 Lead Selenide PbSe Toxic 10.4%
3 Cadmium Selenide CdSe Toxic ~15%
4 Copper Indium Sulfide CulnS, Non-toxic ~5%
5 ch—Copper—Indlum— Zn-Cu- Non-toxic 11.6%
Selenide In-Se
6 Silver Bismuth Sulfide AgBiS, Non-toxic ~9%
7 Tin(II) sulfide SnS Non-toxic 1.25%
Nitrogen-doped . o
8 Carbon QDs NCQDs Non-toxic 12.23%

Building materials for solar cells are toxic or non-toxic.
The former have been investigated and used more. Moreover,

most of these toxic materials possess better optoelectronic
properties compared with non-toxic materials. For example,
Pb-based compounds used in SCs have high-absorption
coefficients, long carrier diffusion lengths, relatively low
defect densities, and well-developed surface chemistry [8].

Non-toxic materials are safer and more environmentally
friendly. However, the tunability of the bandgap is generally
limited in range and lacks precision. Additionally, indium-
based materials are costly due to their scarcity. Therefore,
choosing the appropriate quantum dot (QD) material involves
a trade-off between performance and safety.

QDSC architecture consists of several layers, the most
common of which are the substrate, transparent conductive
electrode, electron transport layer (ETL), absorption QDs
layer, hole transport layer (HTL), and metal back contact, as
shown in Fig. 1 for various types of QDSCs. The most
common QDSCs are Shockley [9], sensitized [10],
heterojunction-based [11], and perovskite quantum dot solar
cells [12].

Shockley quantum dot solar cells are the simplest structure
that incorporates quantum dot layer into photovoltaic structure
inspired by the Shockley—Queisser limit. Structurally, these
solar cells typically consist of a transparent conductive
electrode (e.g., indium tin oxide), followed by an electron
transport layer, a quantum dot absorber layer (for example,
based on PbS or CdSe nanoparticles), and a hole transport
layer, all capped with metal back contact, as shown in Fig.
I(a). The most important is the QD layer, where charge
carriers are generated and selectively extracted through the
transport layer, which is engineered to align energetically with
the quantum dots' excitation levels. Also, generated electron
and hole are separated by Shockley barrier. However, this
architecture has low efficiency because of high rate of
recombination [9].

Sensitized quantum dot solar cells are structured similarly
to previously mentioned dye-sensitized solar cells, but they use
semiconductor quantum dots as light absorbers instead of
organic dyes. The device typically consists of a transparent
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Fig. 1 Quantum dot solar cell architectures: (a) Shockley, (b) sensitized, (c)
heterojunction, and (d) perovskite.
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conductive substrate (e.g., fluorine-doped tin oxide glass)
coated with a mesoporous wide-bandgap semiconductor layer
(usually TiO,), which provides a large surface area for
quantum dot deposition. Here, quantum dots act as sensitizers
by absorbing sunlight and injecting electrons into the
conduction band of the mesoporous layer. An electrolyte (or
solid-state), which acts as a hole transport material, surrounds
the structure, as displayed in Fig. 1(b). A counter electrode
(often coated with a catalytic material like platinum) enables
charge transfer. The architecture relies on efficient interfacial
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charge transfer and regeneration processes. The device
performance can be significantly enhanced by optimizing band
alignment and surface passivation to reduce recombination
losses. The advantages of this structure are low-cost
fabrication and high light absorption, whereas the main
drawback of a device that uses electrolytes as HTL is leakage
[10].

Heterojunction quantum dot solar cells (HIQDSCs) are
built around a junction formed between two different
semiconductor materials, typically a QD layer and a bulk
semiconductor with complementary electronic properties.
Structurally, these devices usually consist of a transparent
conductive electrode (e.g., ITO), followed by an n-type
electron transport layer (such as TiO, or ZnO), a QD absorber
layer (often PbS), a p-type hole transport layer and metal
contact, as illustrated in Fig. 1(c). The defining feature is the
heterojunction interface, where the quantum dots form a
junction with another semiconductor. The emergence of an
internal electric field at the junction efficiently separates
photogenerated electron-hole pairs (depletion region) and
reduces recombination losses. In many designs, band
alignment is engineered to be a type-II heterojunction, so that
electrons and holes are driven in opposite directions across the
interface, improving charge extraction.

Hybrid perovskite-quantum dot solar cells combine the
strong light absorption and charge transport of perovskites
with the tunable electronic properties of quantum dots.
Structurally, these devices follow a layered architecture similar
to standard perovskite solar cells: a transparent conductive
electrode (e.g., ITO), an electron transport layer (usually TiO»
or Sn0,), a hybrid active layer, a hole transport layer, and a
metal back contact [12], as shown in Fig. 1(d). The hybrid
active layer comprises quantum dots (e.g., PbS or perovskite
QDs like CsPbl;) embedded directly within the perovskite
matrix, forming a composite film. This way, the structure
crystallinity and grain size are significantly improved, leading
to higher efficiency and reduced moisture sensitivity [12].
Engineering band alignment between the perovskite and QDs
promotes  directional charge transfer and reduces
recombination losses, in turn enhancing device performance.

III. ENERGY CONVERSION MECHANISMS AND PERFORMANCE
ASSESSMENT IN QUANTUM DOT SOLAR CELLS

The operation of a solar cell is commonly described using a
simple p-n junction diode model. When light, composed of
photons with varying energies (e.g., wavelengths), strikes the
surface of the solar cell, it generates electron-hole pairs (or
excitons). However, not all photons contribute to carrier
generation, since some lose their energy through processes
such as thermalization or re-emission.

The bandgap energy of SC's active layer determines its
light absorption spectrum and plays a pivotal role in device
design. Quantum dot solar cell technology enables simple
bandgap tunability by adjusting the size of quantum dots
during synthesis. Therefore, the absorption spectrum can be
broadened into the near-infrared region, allowing the cell to
capture a wider range of solar radiation. Additionally, high-
energy photons can generate multiple excitons, thereby
enhancing power conversion efficiency.

Photons absorbed in the QDs layer excite electrons from
the valence to the conduction band. Due to the band offset,
electrons migrate toward the electron transport layer, and holes
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are pushed toward the hole transport layer, contributing to the
voltage buildup, as schematically illustrated on the band offset
diagram and cross-section of the device in Fig. 2(a) and 2(b),
respectively. However, charge recombination may occur after
the carrier separation, which leads to a decrease in overall
efficiency.

Electric field
—

| ©
d:}/

I
I
|
|
|
|

m
m

™
©

metal electrode
m
t ®

Band gap
Back
metal electrode

@
=@
=@
-0
m
<

Front

I
I 1

m
<

P-type materials

N-type materials

(a)

Hegative
Electrode

NType
|+
Generation
T R =
:
]
T
& EEEEEEEEEEEEE ar
(h
J Recombination| l
L. 00 00
—

(b)
Fig. 2 Schematic diagram illustrating the photovoltaic mechanism on the (a)
band diagram and (b) cross-section of the device.

Charge recombination in a solar cell is influenced by the
structure of its layers, where energy barriers at interfaces and
the presence of trap states can significantly reduce efficiency.
To address this, researchers optimize the interface layers using
techniques such as defect passivation and ligand exchange.

A solar cell's performance is generally defined with the
Standard Test Condition (STC). It includes several important
factors for comparing photovoltaic devices, such as Power
Conversion Efficiency (PCE), Open-Circuit Voltage (V,.),
Short-Circuit current density (Js.), and fill factor (FF). Here,
PCE is the most critical factor, since it determines the amount
of sunlight converted to electricity. It depends directly on other
factors, as given by the equation

n= —V"; e s Fr, (D
1A
where P;, is the power of incident light, and I, is the short-
circuit current. Here, V,. describes a solar cell’s potential to
separate charges efficiently, namely, increase the built-in
voltage. Its value reflects material properties, interface
roughness, and recombination losses. This factor is sensitive to
environmental temperature and can be calculated by
Voo = =2 In (2222) @
qe Io

Another important metric is short-circuit current density,

given by formula

Jsc = 7: 3)
where A is solar cell’s active area. It accounts for the amount
of electric current generated per unit area when the cell’s



terminals are shorted, thus reflecting the cell’s ability to
convert incoming light into electrical current.

Finally, the fill factor is crucial for assessing a solar cell's
performance. It indicates the maximum power of the solar cell
and depends on layer quality, which can be modeled by the
series resistance (Rs) in the equivalent circuit. This factor is
determined by
Inp * Vip @)

Lsc- Voc '
where I, and V,,,, are the maximum power point (MPP)
current and voltage, respectively. These parameters determine
the current and voltage levels at which the cell delivers its
highest power output.

FF =

IV. RECENT ADVANCEMENTS, CHALENGES AND LIMITATIONS

The quantum dot solar cell has achieved remarkable
advancement in recent years. Their progress is correlated with
materials science, contemporary device architectures, and
novel fabrication techniques. It can fulfill the future of this
technology.

Some new materials used for QDs are non-toxic, lead-free,
and eco-friendly [13]. However, they demonstrate
considerably lower efficiency against the toxic ones. QD
materials can be roughly categorized into one based on tin,
zinc, carbon, copper, and bismuth. The novel term “green
quantum dots” is related to non-toxic materials.

The device structure plays a pivotal role in enhancing
device operation. Recently, hybrid perovskite-quantum dot
solar cells have reached up to 19% efficiency, establishing
themselves as a focus of scientific research. Also,
multijunction quantum dots or tandem quantum dots received
considerable attention.

Fabrication methods are crucial for QD-layer quality and
have been extensively studied in recent years. Techniques such
as spin coating, blade coating, and inkjet printing can deposit
QDs uniformly at a low price. Although these techniques are
adapted for large-scale fabrication, the roll-to-roll (R2R)
method is more attractive due to potential applications in
flexible cells, portable devices, building-integrated
photovoltaics (BIPV), “internet of things” (IOT), high-altitude
and space applications, infrared harvesting, and agrivoltaics
[14]. Research on ink formulation and chemical additive
engineering for improving the quality and reproducibility of
quantum dot films is ongoing.

Quantum dot solar cells exhibit superior optoelectronic
properties compared to conventional solar cell technologies.
However, their practical implementation is constrained by
several limitations, such as poor stability, material toxicity,
high charge recombination losses, scalability issues, and
manufacturing viability. These constraints continue to hinder
the widespread development and commercialization of
QDSCs.

Recent research has proposed various strategies to address
these limitations, with partial success. These approaches
include surface passivation, the development of multijunction
architectures, and optimization of layer thicknesses to reduce
surface defects and decrease high recombination rates.

Furthermore, significant efforts have been directed toward
improving the stability of QDSCs under thermal stress,
moisture exposure, and long-term operation. The goal is to
manufacture solar cells with a lifespan exceeding 20 years
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[15]. High-efficiency QDSCs are typically based on lead-based
materials, which pose toxicity concerns and are prone to
oxidation or hydrolysis upon exposure to oxygen and moisture.
To mitigate these issues, researchers have employed ligand
exchange techniques to cap quantum dots and implemented
various encapsulation strategies to enhance environmental
stability [16].

In addition, manufacturing remains a critical challenge,
imposing requirements for low-temperature processing, energy
efficiency, cost-effectiveness, and scalability for industrial
production. Some progress has been achieved through
advanced synthesis methods. For instance, hot-injection and
colloidal synthesis techniques enable lower-temperature
processing and reduced material consumption. Nevertheless,
commercial production of QDSCs continues facing significant
limitations.

V. CONCLUSION

Quantum dot solar cells have significant optoelectronic
properties, which are related to tunable bandgap, multiple
exciton generation, high absorption coefficients, and
mechanical flexibility. Recent research focuses on quantum
dot-based materials for scalable fabrication. Despite numerous
advancements, QDSCs encounter several challenges. Recently
developed techniques related to surface passivation, interface
engineering, fabrication based on non-toxic materials, and roll-
to-roll manufacturing can overcome some major constraints,
including stability under environmental stress, toxic materials,
charge recombination losses, and scalability for industrial
production. Therefore, hybrid solar cells become a competitive
and sustainable candidate for next-generation solar energy
technology.

REFERENCE/LITERATURA

[1]  Wang, A, et al., Sustainable Energy Development: Reviewing Carbon
Emission Reduction in Photovoltaic Power Systems. Sustainability,
2024.16(23): p. 10428.

[2]  Shah, N., et al., A Review of Third Generation Solar Cells. Processes,
2023. 11(6): p. 1852.

[3] Sagar, A., Quantum Dot-Based Solar Cells: Advancements, Challenges,
and Future Prospects. ILTEMAS, 2025. 14(12): p. 39-46.

[4] Baskaran, S., et al., Quantum dots solar cells: Materials innovation,
device engineering, and emerging applications. Materials Science in
Semiconductor Processing, 2025. 196: p. 109676.

[5] Barnham, K. and G. Duggan, A new approach to high-efficiency multi-
band-gap solar cells. Journal of Applied Physics, 1990. 67(7): p. 3490—
3493.

[6] Zhao, N., et al., Colloidal PbS quantum dot solar cells with high fill
factor. ACS nano, 2010. 4(7): p. 3743-3752.

[71 Li, J., et al., Strain-Engineered PbS Quantum Dot Solar Cells with
Suppressed Trap States and Enhanced Performance. Nano Letters, 2025.
25(41): p. 14992-14999.

[8] Kramer, L. J. and Liu, S., Colloidal quantum dot photovoltaics: A path
forward. ACS nano, 2011. 5(11): p. 8506-8514.

[91 Liu, S, et al., Efficient quantum dot infrared solar cells with enhanced
low-energy photon conversion via optical engineering. Nano Research,
2023.16(2): p. 2392-2398.

[10] Tang, J., et al., Schottky quantum dot solar cells stable in air under solar
illumination. Advanced materials, 2010. 22(12): p. 1398-1402.

[11] Riihle, S., M. Shalom, and A. Zaban, Quantum-Dot-Sensitized Solar
Cells. ChemPhysChem, 2010. 11(11): p. 2290-2304.

[12] Pattantyus-Abraham, Andras G., et. al.,, Depleted-Heterojunction
Colloidal Quantum Dot Solar Cells. ACS Nano 2010. 4(6): p. 3374—
3380.

[13] Xue, J., et al., Surface Ligand Management for Stable FAPbI3
Perovskite Quantum Dot Solar Cells. Joule, 2018. 2(9): p. 1866—1878.

[13] Park, Y., et al., Pb-Free Infrared Harvesting Colloidal Quantum Dot
Solar Cells Using n-p Homojunction Architecture. Advanced Energy
Materials, 2025. 15(11): p. 2404141.



[14] Baskaran, S., et al., Quantum dots solar cells: Materials innovation,
device engineering, and emerging applications. Materials Science in
Semiconductor Processing, 2025. 196: p. 109676.

[15] Yang, H., Yin, Y., and Abu-Siada, A., A Comprehensive Review of
Solar Panel Performance Degradation and Adaptive Mitigation
Strategies. IET Control Theory & Applications, 2025. 19(1): p. 70040.

[16] Albaladejo-Siguan, M., et al., Stability of Quantum Dot Solar Cells: A
Matter of (Life)Time. Advanced Energy Materials, 2021. 11(12).

288



	I. Introduction
	II. Quantum dot solar cells architecture
	III. Energy conversion mechanisms and performance assessment in quantum dot solar cells
	IV. Recent advancements, chalenges and limitations
	V. Conclusion
	Reference/Literatura




