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Abstract: This review presents a comprehensive examination of ion beam sputtering as a versatile
technique for the fabrication of quantum dots (QDs), offering insights into the operational principles,
historical development, material selection, and the refinement of fabrication techniques. We discuss the
optimization of sputtering parameters to achieve precise control over the size, shape, and distribution of
ODs, alongside the critical role of characterization methods in assessing their structural, chemical, and
optical properties. Applications in fields ranging from biomedicine to optoelectronics are evaluated,
highlighting the unique advantages QDs synthesized by ion beam sputtering hold. Furthermore, we
address the challenges currently faced, such as scalability, stability, and environmental impact, and
explore the potential solutions and interdisciplinary research efforts required to overcome these hurdles.
The review culminates in a future outlook that anticipates the integration of advanced automation and
machine learning for process optimization, the development of new materials for sustainable QD
production, and the expansion of QD applications into emerging technological frontiers. Through this
synthesis, we aim to provide a pathway for future research directions and the broader implications of
ion beam sputtered QDs in advancing next-generation technologies.
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1. Introduction

Quantum dots, possessing unique optoelectronic properties dependent on their size, have emerged as
a focal point of research in the field of nanotechnology. These semiconductor nanocrystals exhibit distinct
electronic and optical characteristics attributed to quantum confinement effects, setting them apart from
bulk materials!!l. This distinctiveness has paved the way for promising applications of quantum dots in
areas such as fluorescence bioimaging, photovoltaics, and quantum computing!?>3. While traditional
chemical synthesis methods have successfully yielded high-quality quantum dots at the laboratory scale,
they often entail intricate chemical processes and involve toxic precursors, thereby limiting the
environmentally friendly production and industrial-scale applications of quantum dots.

In contrast, ion beam sputtering, as a physical fabrication technique, has demonstrated significant
potential in quantum dot synthesis due to its advantages of obviating complex chemical reactions,
enabling precise size control, and minimizing environmental impact. Nonetheless, ion beam sputtering
technology still faces several challenges in quantum dot production, including the enhancement of
sputtering efficiency, reduction of equipment costs, and enhancement of quantum dot yield™!. This paper
aims to review the applications of ion beam sputtering technology in quantum dot synthesis, analyzing
its principles, technological evolution, existing issues, and future directions, providing valuable insights
for further research and application endeavors.The schematic diagram of quantum dot preparation and
its application field are shown in Figure 1
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Figure 1: Schematic diagram of quantum dot preparation and its application areas.

2. Principles and historical development of quantum dot sputtering

Ion beam sputtering (IBS) technology is a widely employed physical vapor deposition method for the
fabrication of thin films and nanostructures. In the preparation of quantum dots, high-energy ion beams
are utilized to bombard solid target materials, causing target atoms to be sputtered from the target surface
and deposited on a substrate, forming nanocrystals. The formation of quantum dots is a complex process
involving the nucleation, growth, and interatomic diffusion of atoms. Nucleation typically occurs on the
substrate, followed by atomic aggregation through surface migration, ultimately resulting in size-
constrained quantum dots®!. During the sputtering process, the selection of ion beam parameters, such
as energy and flux, is critical for controlling the size and distribution of quantum dots. Excessively high
or low energies may lead to broadening or non-uniformity in the size distribution of quantum dots.
Additionally, substrate temperature and material choice are significant factors influencing quantum dot
properties, where elevated substrate temperatures can promote atomic diffusion, thereby affecting
quantum dot size and shape. To precisely control quantum dot growth, theoretical models and computer
simulations play a crucial role in predicting the sputtering process, aiding in the understanding of
complex kinetic phenomena, and guiding the optimization of experimental parameters. This section will
provide a detailed exposition of these principles and their specific impacts on quantum dot fabrication,
offering a theoretical foundation and guidance for further research.

In the process of preparing quantum dots through ion beam sputtering, surface dynamics play a
pivotal role. The transfer of energy from ions to the target material's surface not only initiates atomic
sputtering but also determines the initial energy and migration pathways of these atoms on the substratef®l,
This energy transfer and subsequent atomic migration directly affect the nucleation and growth dynamics
of quantum dots, thereby determining the final product's size and shape. By finely tuning sputtering
parameters, such as ion beam energy and angle, researchers can fabricate quantum dots with predefined
sizes and shapes, meeting the requirements of specific applications. Simultaneously, the application of
theoretical calculations and simulations greatly deepens our understanding of the sputtering process and
the mechanism of quantum dot formation. Recent research findings indicate that by integrating
experimental data with advanced computational models, precise control of the quantum dot growth
process can be achieved, enabling the precise design and manufacture of quantum dots at the atomic
level, laying the foundation for broader applications!”.

Since the early 20th century, when physicists first experimented with ion beam technology for thin
film fabrication, this technique has undergone a series of transformations. Initially, ion beam sputtering
was limited by its low sputtering rates and imprecise energy control. However, with continuous
improvements in ion sources and vacuum technology, ion beam sputtering has gradually evolved into a
reliable materials processing method. The emergence of the concept of quantum dots further propelled
the development of sputtering technology, especially when researchers began exploring the unique
optoelectronic properties of these nanostructures. Key technological milestones, such as the development
of high-stability ion sources and the introduction of multi-target material sputtering systems, paved the
way for the production of high-quality quantum dots. These advancements not only enhanced the
efficiency and controllability of the sputtering process but also expanded the range of materials that could
be used for quantum dot synthesis®!.
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As quantum mechanics and solid-state physics advanced, scientists began to understand the influence
of quantum size effects on electronic properties and applied this knowledge to the synthesis of quantum
dots. The combination of ion beam sputtering technology with quantum dots opened up a new pathway
for producing size- and shape-controlled nanoparticles. This fusion has not only given rise to novel
optoelectronic devices but has also fostered application research in fields ranging from biological
labeling to quantum computing.

Over the past few decades, ion beam sputtering technology has made the transition from laboratory-
scale to commercial production. Modern ion beam sputtering systems can precisely control sputtering
parameters to an unprecedented degree, yielding quantum dots with well-defined size distributions and
optimized electronic properties®. Recent research outcomes indicate that by employing advanced target
materials and sputtering techniques, further enhancements in quantum dot synthesis can be achieved,
providing powerful tools for the fabrication of new quantum dot structures and composite materials.

Environmental regulations and market demands have also had a profound impact on the evolution of
ion beam sputtering technology. As the need for environmentally friendly synthesis methods has grown,
ion beam sputtering, as a physical preparation method that does not involve toxic chemicals, has garnered
significant attention. Furthermore, the commercialization and scale-up of quantum dot technology have
driven rapid developments in sputtering equipment and techniques to meet increasingly stringent
industrial standards.

Today, ion beam sputtering is not only one of the mainstream technologies for quantum dot
fabrication but also plays a pivotal role in other areas of nanotechnology. With the continuous discovery
of new materials and emerging applications, ion beam sputtering technology still holds tremendous
development potential. Future research will continue to explore the limits of this technology while
seeking new approaches to address existing technological challenges, such as improving production
efficiency and reducing costs, further advancing quantum dots and their related technologies. The
historical development of quantum dots prepared by ion beam sputtering is shown in Figure 2
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Figure 2: Historical Development of Quantum Dots Prepared by lon Beam Sputtering Figure.

3. Influence of materials on the preparation of quantum dots by ion beam sputtering

In the process of preparing quantum dots via ion beam sputtering, the selection of target materials is
of paramount importance. Different types of materials, such as II-VI semiconductors like CdSe and CdTe,
or III-V semiconductors like InP and GaAs, as well as metals and other composite materials, directly
determine the fundamental properties of quantum dots. For instance, the luminescent characteristics of
quantum dots, including their wavelength and spectral width, are significantly influenced by their
bandgap, which can be adjusted by choosing different types of materials. Furthermore, material purity is
crucial for achieving high quantum efficiency and long-term stability, making high-quality sputtering
target materials a prerequisite for high-performance quantum dot synthesis!%.

As the diversification of quantum dot applications has progressed, material selection has increasingly
emphasized meeting specific requirements. In the realm of biological imaging applications, the demand
for non-toxic materials has driven the exploration of inorganic-organic hybrid quantum dots such as
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Cesium Lead Halide (CsPbX3, X = Cl, Br, I). Additionally, tightening environmental regulations have
prompted researchers to develop new synthesis strategies, such as green chemistry pathways for quantum
dot synthesis, to reduce the generation and use of toxic byproducts. In photovoltaic applications, the
energy conversion efficiency of quantum dots becomes a key factor in material selection, while for LED
display technology, the purity and stability of quantum dots are of greater concern.

In recent years, researchers have achieved a series of innovations based on traditional materials, such
as tuning the optoelectronic properties of quantum dots through doping or enhancing their stability in
specific environments through surface modification. These advancements have not only expanded the
scope of quantum dot applications but also improved their performance. For example, introducing a shell
layer on the surface of quantum dots can effectively enhance their photostability and chemical stability,
enabling their application in areas such as biomedical imaging and medical diagnostics!!.

On the other hand, environmental sustainability has become an important aspect of material selection.
With increased environmental awareness and the implementation of relevant regulations, more research
is focused on using environmentally friendly materials without compromising performance. This
includes the development of heavy-metal-free or low-toxicity quantum dots and the exploration of raw
materials that can be recovered from industrial waste. These new environmentally friendly materials not
only help reduce environmental impact but may also lower material costs, providing a competitive
advantage in commercialization processes.

Furthermore, for ion beam sputtering technology, the diversity and availability of target materials are
also a consideration. The choice of target materials directly affects the efficiency of the sputtering process
and the growth conditions of quantum dots!'?l. Therefore, research continuously seeks better sources of
high-quality target materials and optimizes their performance and -cost-effectiveness through
technological innovations. With the advancement of nanomaterials science, it is expected that more
varieties of target materials will emerge, further driving the development and application of quantum dot
technology.

In summary, material selection is a multivariate issue in the process of quantum dot preparation,
involving factors such as physical properties, chemical stability, production costs, and environmental
impacts. Future research needs to find the optimal balance in these aspects to achieve the sustainable
development and widespread application of quantum dot technology.

4. Effect of different sputtering parameters on the properties of quantum dots

The process of preparing quantum dots via ion beam sputtering begins with the careful selection and
preparation of target materials. By precisely controlling the ion beam source, high-energy ions are
accelerated and focused onto the surface of the target material, causing target atoms or molecules to be
sputtered and subsequently deposited on a substrate. Pre-treatment of the substrate, such as cleaning and
appropriate heating, is crucial to ensure the adhesion and crystallinity of the quantum dot film. Sputtering
parameters, including the energy and angle of the ions, need to be accurately controlled to optimize the
size distribution and uniformity of quantum dots. Experimental techniques such as Design of
Experiments (DOE) and Response Surface Methodology (RSM) are commonly used for systematic
investigation and optimization of these parameters!'!.

The growth mechanism of quantum dots during the sputtering process is a dynamic and complex
process, involving nucleation at the atomic scale, island growth at the macroscopic scale, and layer-by-
layer growth. Real-time monitoring techniques such as atomic force microscopy and scanning electron
microscopy allow for precise control of the morphology and size of quantum dots during the preparation
process. For example, by adjusting the ion beam flux and energy, the growth rate and shape of quantum
dots can be optimized to obtain quantum dots with specific optical properties. As thin film growth
progresses, the self-assembly process of quantum dots is often influenced by the surface energy of the
substrate and the surface migration dynamics of sputtered atoms. Therefore, substrate temperature and
the kinetic energy of sputtered atoms become crucial factors in controlling the quantum dot growth
process.

In terms of technological innovation, the introduction of Focused Ion Beam (FIB) technology has
opened up new possibilities for ion beam sputtering in the preparation of quantum dots. FIB allows for
precise localized control of the sputtering region, enabling the precise fabrication of quantum dot arrays
with complex geometries at the nanoscale. Additionally, multi-target sputtering systems make it possible
to synthesize multi-component quantum dots in a single preparation process, which is particularly
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important for designing and fabricating novel composite quantum dot materials.

At the same time, environmental and safety issues should not be overlooked in the process of
preparing quantum dots via ion beam sputtering. To minimize environmental impact, appropriate waste
disposal and emission control measures must be taken. For example, optimizing sputtering parameters to
reduce raw material consumption and waste generation not only contributes to environmental protection
but also improves material utilization and reduces production costs.

In laboratory-scale research, the application of these control strategies and innovative technologies
has demonstrated the potential for producing high-quality quantum dots. However, translating these
technologies into reliable industrial manufacturing processes requires addressing a series of challenges,
including scaling up production, ensuring quality consistency, and achieving cost-effectiveness!'4l. Future
research will need to continue exploring how to achieve sustainable and large-scale production of
quantum dots at the commercial level while maintaining their excellent performance.

5. Characterization techniques for quantum dots

Comprehensive characterization of quantum dots is a crucial step in understanding their physical and
chemical properties. For instance, transmission electron microscopy (TEM) can provide information
about the size and shape of quantum dots and reveal their internal lattice structure through high-resolution
imaging. Furthermore, TEM under selected area electron diffraction (SAED) mode can confirm the
crystal phase and lattice orientation of quantum dots. Meanwhile, X-ray diffraction (XRD) techniques
can complement TEM data, providing macroscopic information about the crystal phase and purity of
quantum dots in the bulk sample. In-depth analysis of XRD patterns allows researchers to infer the
average size of quantum dots and assess the uniformity of size distribution by comparing with TEM
datal'].

In terms of chemical characterization, energy-dispersive X-ray analysis (EDX) is often used in
conjunction with TEM to obtain spatially resolved maps of the elemental composition and chemical
homogeneity of quantum dots. X-ray photoelectron spectroscopy (XPS) can further provide information
about the chemical states of surface elements on quantum dots, particularly useful for studying surface
modifications and chemical passivation layers. Inductively coupled plasma mass spectrometry (ICP-MS)
is employed to precisely measure the elemental content of quantum dots, ensuring precise control over
their chemical composition.

Optical characterization is equally critical for assessing the potential applications of quantum dots.
Ultraviolet-visible spectroscopy (UV-Vis) provides information about the absorption characteristics of
quantum dots, while photoluminescence spectroscopy (PL) reveals the luminescence efficiency and
stability of quantum dots under excitation. Time-resolved spectroscopy techniques further unveil the
excited-state lifetimes of quantum dots, providing crucial data for understanding their performance in
applications such as LEDs or photovoltaics.

Electrical characterization, through measuring the current-voltage (I-V) characteristics of quantum
dot films or individual quantum dots, can evaluate their conductivity and potential charge transport
mechanisms. Hall effect measurements offer information about carrier concentration and mobility,
further revealing their electronic properties.

With the continuous development of characterization techniques, in-situ characterization methods
such as environmental transmission electron microscopy (ETEM) and in-situ X-ray absorption
spectroscopy (XAS) are becoming powerful tools for studying the growth kinetics of quantum dots.
These techniques enable real-time monitoring of structural and chemical property changes during the
growth process, providing direct guidance for process optimization.

In the future, as more advanced characterization techniques continue to develop and be applied,
researchers will be able to gain a deeper and more comprehensive understanding of quantum dot
properties. This will not only accelerate fundamental research on quantum dots but also drive their
practical applications in fields such as optoelectronic devices, biomedicine, and energy conversion!'l.
Common substrate materials and characterization methods for quantum dots are shown in Figure 3
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Figure 3: Common substrate materials and characterization methods of quantum dots.

6. Application examples of quantum dots in different fields

Quantum dots have demonstrated significant potential in the field of biomedical research due to their
unique size-dependent properties and tunable spectra. For example, CdSe quantum dots prepared using
ion beam sputtering have been successfully utilized in bioimaging. Their high brightness and long-term
stability make them an ideal choice for labeling live cells and monitoring the dynamics of biomolecules.
In the field of optoelectronics, quantum dots find diverse applications, with Quantum Dot LEDs (QLEDs)
being a prominent example. Quantum dots prepared using ion beam sputtering as the emitting layer in
QLEDs offer a wider spectral coverage and higher color saturation compared to traditional LEDs.
Quantum dots prepared using ion beam sputtering exhibit superior optoelectronic performance in these
display devices, including purer color gamut and lower energy consumption'71.

In the realm of catalysis and environmental engineering, ion beam-sputtered quantum dots have found
applications in the degradation of toxic substances and environmental monitoring due to their high
surface activity and photocatalytic efficiency. For instance, TiO2 quantum dots prepared via sputtering
have demonstrated exceptionally high efficiency in the photocatalytic decomposition of organic
pollutants, offering new solutions for wastewater treatment and air purification.

In quantum information technology, quantum dots serve as potential carriers of quantum bits (qubits)
owing to their ultra-small size and controllable electronic states, providing possibilities for quantum
computing. Ion beam sputtering technology enables precise control of the size and composition of
quantum dots, which is crucial for the accurate manipulation of qubits. By finely tuning sputtering
conditions, quantum dots with specific quantum states and coherent times can be prepared, holding
significant implications for the development of quantum computers.

However, transitioning quantum dot technology from the laboratory to commercial applications still
presents numerous challenges. Ion beam sputtering technology offers a viable path in terms of quantum
dot stability, reproducibility, and scalability. By rigorously controlling the preparation conditions and
subsequent processing steps, quantum dots with consistent performance and long-term stability can be
produced. In QLED display technology, optimizing the core-shell structure of quantum dots and surface
passivation layers effectively suppresses optical and thermal degradation during prolonged usage,
thereby extending the lifespan of devices!'®l.

7. Conclusion

This review provides a detailed exploration of the application of ion beam sputtering technology in
the preparation of quantum dots, along with an analysis of its current status and challenges in materials
selection, preparation processes, characterization methods, and application cases. lon beam sputtering,
as a precise physical preparation method, has demonstrated unique advantages in synthesizing high-
quality quantum dots, particularly in achieving precise control over size and shape and in producing
environmentally friendly quantum dots. However, this technology still faces challenges in achieving
large-scale production, improving quantum dot stability, and reducing costs.

With the continuous advancement of technology, it is expected that ion beam sputtering technology
will achieve parameter optimization and process control refinement through the integration of advanced
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automation control and machine learning algorithms. Additionally, as our understanding of quantum dot
physics deepens and new environmentally friendly materials are developed, the applications of quantum
dots are poised to expand into several critical fields, including biomedical, optoelectronics, and
environmental engineering.

In summary, the development of ion beam sputtering technology for quantum dot preparation has
brought revolutionary progress to the field of nanoscience and holds the promise of unlocking even more
potential for quantum dots in the future. To achieve this goal, researchers from various disciplines need
to collaborate and continue to promote interdisciplinary research to overcome existing technological
limitations and maximize the positive impact of quantum dot technology on future society.
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