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Abstract

Advanced thin films are revolutionizing various technological fields through their innovative design, so-
phisticated fabrication methods, and diverse applications. These films, typically ranging from nanome-
ters to micrometers in thickness, are engineered to exhibit unique properties tailored for specific uses.
The design process involves precise control over composition, structure, and thickness to achieve desired
electrical, optical, magnetic, or mechanical characteristics. Fabrication techniques such as physical va-
por deposition (PVD), chemical vapor deposition (CVD), and atomic layer deposition (ALD) allow for the
creation of high-quality thin films with uniform thickness and excellent adhesion to substrates. These
methods enable the production of films with tailored properties, suitable for integration into a wide range
of devices. Applications of advanced thin films span multiple industries, including electronics, energy,
healthcare, and optics. In electronics, they are crucial for the development of semiconductor devices,
transistors, and flexible displays. In the energy sector, thin films enhance the efficiency of solar cells and
battery technologies. Healthcare benefits from thin films in medical devices and diagnostic tools, while
optics relies on them for anti-reflective coatings and optical filters. The ongoing advancements in thin film
technology promise to drive further innovations, making them indispensable in the quest for miniaturized,
high-performance, and energy-efficient devices across various fields.
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1. Introduction

Thin films, ranging from a single atom to several micrometers in thickness, have had a profound
impact on modern technology. These ultra-thin layers of material are used in a vast array of ap-
plications, from optical devices like precision optics and polarizers to semiconductor electronics,
data storage, sensors, and energy devices. Advanced thin films, in particular, play a crucial role in
controlling light and enabling cutting-edge technologies such as laser communications and infrared
optics [1].

This article delves into the fascinating world of advanced thin films, exploring their design princi-
ples, fabrication techniques, and diverse applications. We’ll examine various deposition methods like
chemical vapor deposition (CVD) and physical vapor deposition (PVD), as well as the unique prop-
erties and characterization techniques of these ultra-thin materials. Additionally, we’ll investigate
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their applications in optical coatings, thin-film electronics, sensors, energy devices, and emerging
technologies, highlighting the significant impact of advanced thin films on modern-day innovations

(2].
2. Thin-Film Deposition Techniques

Thin-film deposition techniques play a crucial role in the fabrication of advanced thin films, enabling
precise control over the thickness, composition, and properties of these ultra-thin layers. Several
methods have been developed to meet the diverse requirements of various applications (see Fig. 1)
[3, 4]
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Figure 1. Thin film Coatings - Scaling.

1. Physical Vapor Deposition (PVD): This group of techniques involves vaporizing a solid mate-
rial in a vacuum and depositing it onto a substrate. Common PVD methods include:
« Thermal Evaporation: One of the oldest techniques, it uses heat to evaporate the target ma-
terial from a metal container.

« Electron Beam Evaporation: An electron beam is used to heat and evaporate the material,
achieving high deposition rates.

+ Sputtering: Argon plasma is used to eject target material atoms, which then condense on the
substrate. Variants include DC sputtering for conductive targets and RF sputtering for dielectric
targets.

2. Chemical Vapor Deposition (CVD): In this group of techniques, chemical precursors in the
vapor phase react on a hot surface, depositing a wide variety of elements and compounds. Key
parameters include reactant gases, flow rates, temperature, and pressure. CVD methods offer
relatively low deposition temperatures and can produce high-quality films.

3. Atomic Layer Deposition (ALD): A cyclical process where a metal-containing precursor is
activated and deposited onto the substrate, enabling atomic-level control over film thickness and
composition.

4. Solution-based Methods:

« Sol-gel: A wet-chemical method for synthesizing oxide materials at lower temperatures with
good homogeneity.

+ Chemical Bath Deposition (CBD): Metal salts and sources of non-metallic elements are dis-
solved in an aqueous solution, leading to film formation through precipitation or surface re-
actions. This simple and cost-effective method can be used for large-area deposition at low
temperatures.
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+ Successive Ionic Layer Adsorption and Reaction (SILAR): An aqueous solution technique
based on sequential adsorption and reaction at the substrate-solution interface, relatively inex-
pensive and suitable for various substrates.

5. Pulsed Laser Deposition (PLD): A laser beam is used to ablate the target material, allowing
good control over deposition parameters.

These deposition techniques, along with advancements in process control and optimization algo-
rithms, have enabled the fabrication of high-quality, precisely engineered thin films for a wide range
of applications [5, 6, 7, 8, 9].

3. Thin-Film Materials

Advanced thin films can be fabricated using a diverse range of materials, each offering unique prop-
erties and functionalities tailored to specific applications. The incorporation of nanomaterials and
two-dimensional (2D) materials has led to improved performance and novel applications in thin-film
technologies (see Fig. 2 [10].
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Figure 2. Schematic diagram of working principle over all the thin film flux sensor.
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1. Single-Crystal Thin Films: Single-crystal thin films of metals, semiconductors, and insulators
are crucial for high-performance electronic and optical devices. Recent advances in unconven-
tional synthetic approaches have enabled the fabrication of these high-quality thin films.

2. Amorphous Oxide Thin Films: A new class of amorphous heavy-metal cation multicomponent
oxide thin film materials could be used to create transparent, inexpensive, stable, and environ-
mentally benign transistors.

3. Nanomaterials and 2D Materials: Incorporating nanomaterials and 2D materials like semicon-
ducting MoS2 has led to improved properties and novel applications in thin films. These materials
can be assembled into continuous "van der Waals thin films" with few interfacial trapping states,
enabling their use in high-performance large-area flexible/stretchable electronics [8, 23].

4. Thin-Film Photovoltaics: PowerFilm’s flagship thin-film material is based on Amorphous Sil-
icon (a-Si) PV technology, offering excellent indoor and low-light performance, outperforming
crystalline and other thin-film technologies. These thin-film modules are highly customizable,
flexible, temperature-resistant, durable, and resistant to damage.

5. Metal Oxide Thin Films: Materials like indium-gallium-tin oxide (IGTO) and tin oxide (SnO2)
have emerged as alternative channel materials for thin-film transistors (TFTs) in displays and
transparent electronics, exhibiting high mobility and good electrical performance.

6. Sol-Gel Processed Thin Films: Sol-gel processing is a versatile method for forming functional
thin films. Studies have shown that the annealing environment, doping, and thickness/roughness
of sol-gel-processed SnO2 and ZrO2 thin films can be optimized to improve the electrical perfor-
mance and stability of TFTs and resistive random-access memory (RRAM) devices.

7. Organic Thin Films: Organic thin-film materials like zinc 8-hydroxyquinoline (ZnQ2) and dike-
topyrrolopyrrole (DPP)-based polymers have found applications in organic electronics, biological
sensors, and renewable energy.

8. Ferroelectric Thin Films: Ferroelectric thin films, such as those based on hafnium oxide (HfO2),
have been investigated for applications in negative capacitors, ferroelectric random-access mem-
ory (FeERAM), ferroelectric tunnel junctions (FTJ), and ferroelectric field-effect transistors (FeFET).

9. Gallium Nitride (GaN) Thin Films: The Al203/GaN interface has been studied for power
switching components due to the high breakdown field, direct wide bandgap, radiation hardness,
high electron mobility, and high saturation velocity of GaN.

In addition to these advanced materials, high-purity materials and chemicals are used to form or
modify thin film deposits and substrates, including precursor gases, sputtering targets, and evap-
oration filaments. When selecting thin film materials, factors such as product type, material type,
material properties, size and dimensions, and required features must be considered. Ceramic films
are commonly used to create a protective layer against oxidation, wear, and corrosion. Companies
like ACI Alloys offer a range of thin film materials, including high-purity custom alloys, precious
metals, ceramics, and non-precious metals [11, 12, 13, 14, 15, 16, 17, 18].

3.1 Optical Thin-Film Coatings

Optical thin films have revolutionized the way we manipulate and control light, enabling the creation
of lenses, mirrors, and coatings with precise optical properties. This technology has a rich history,
dating back to 1817 when the antireflection effect of a single layer on glass was first discovered. Since
then, significant progress has been made, and optical thin films and coatings have become integral
to modern electronics, with a significant industry presence (see Fig. 3 [19, 20].

The demand for novel material development in this field is driven by increasing application require-
ments for novel properties and better performance. Some examples include:

« Ultra-low absorption and mechanical loss optical coatings for high-performance interferometry
mirrors used in gravitational wave detection
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Figure 3. Schematic fabrication of magnetic polymer colloids thin film gradients.

« Inorganic/organic hybrid coatings for next-generation LEDs
« Sculpted nano-metal films for Surface Enhanced Raman Scattering (SERS)

« Heterogeneous nanostructures and quantum dots for photonics applications

Beyond traditional 2D thin films/coatings, nanostructured films are also important for various appli-
cations. Optical thin films have been widely used as antireflection coatings for camera lenses, cold
mirrors for lighting, and as essential components for various lasers such as laser mirrors and beam
splitters. The development of deposition systems and ion processing/sputtering technology has en-
abled the production of optical thin films with high-precision optical properties and high durability
[271 22, 23, %] In the late 1990s, optical filters with over 100 thin-film layers were manufactured
and used as key components for optical communications. Today, optical thin films are used in ad-
vanced optical systems such as LIDAR for smartphones/automobiles and optical pulse measurement
for wearable devices, making them an essential technological element for the development of opto-
electronics.

Some common optical thin film products include:

« Antireflection coatings
« Dichroic mirrors/filters
« Beam splitters

« Linear variable filters
Custom products can also be designed to meet specific customer requirements. Mid-infrared and far-
infrared optical thin films are used in infrared sensors, motion detectors, and gas detection, while

ultraviolet (UV-C) optical thin films are used for sterilization and semiconductor manufacturing
processes.

Here are some common materials used for optical thin-film coatings, along with their properties and
deposition methods as given in Table 1:

4. Thin-Film Electronics

Thin-film electronics have revolutionized the way we design and manufacture electronic devices,
enabling miniaturization and enhanced performance. One of the most significant applications of
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thin films in electronics is the development of thin-film transistors (TFTs). These transistors are
integral components in flat-panel displays, providing high-resolution images and improved response
times. Additionally, thin films are employed in the production of semiconductors, contributing to
the miniaturization of electronic devices and enhancing their overall performance [25].

Table 1. Feature engineering selection techniques

. Transparent | Refractive Deposition | Evaporation
Material
Region Index Method Temp.
Aluminum Oxide 02— 8um 1.65@ 0.5 um, E-beam 2100°C
(ALOs) 1.60 @ 1.0 um
2.45@ 0.45 pum,
o 2.36@0.5 um,
Hafnium Dioxide 0.25-11m 2.29 @ 0.6 um, E-beam 2500°C
HfO
(HfO2) 2.25@0.7 um,
221@1.0 um
Indium Tin Oxide 0.4-2 um 2.05@ 0.5 um, Resistance | 600°C
(ITO) 1.45@ 1.0 pm
1.52@0.3 um,
Silicon Dioxide 02-7m 1.49 @ 0.4 um, E-beam 1600°C
(SiOy) 1.46 @ 0.55 pwm,
l44@1.0 um
2.45@ 0.45 um,
o 2.36@0.5 um,
Titanium Dioxide 0.45-11m 2.29 @ 0.6 um, E-beam 1500°C
TiO:
(Ti0z) 2.25@0.7 um,
221@1.0um
142 @ 0.3 um,
Magnesium Fluoride 0.15-6 um 1.39@ 0.4 um, Resistance | 950°C
(MgF,) 1.38@ 0.55 um,
136 @ 0.8 um
Germanium 20-12um | 410-400@>2pm | E-beam | 1600°C
(Ge)
Silicon 1.1-8m 3.40@>12 um E-beam 1300°C
(Si)

Thin-film technology is a critical development in integrated electronics, enabling the sequential
build-up of various material films on a common substrate to form micro-parts and internal circuit
connections. This technology has opened up new avenues for semiconductor (solid) and thin-film
hybrid integrated circuits (ICs), where these two research directions complement each other in the
development of advanced integrated electronics. Among the various thin-film technologies, silicon
thin-film technology is the most widely used application in electronics and photoelectronics. This
technology has witnessed rapid improvements in productivity and capabilities, particularly in the
field of silicon thin-film photonics [26, 27, @]
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Some key applications of thin-film electronics include:
+ Thin-Film Transistors (TFTs): Used in flat-panel displays, sensors, and memories.

« Thin-Film Integrated Circuits (TFICs): Enabling the integration of various electronic compo-
nents on a single substrate.

« Thin-Film Photonics: Leveraging silicon thin films for optical communication and sensing ap-
plications.

« Thin-Film Energy Devices: Powering chip-based self-powered sensors in the Internet-of-Things
(IoT) ecosystem.

In the realm of thin-film energy devices, two notable developments are:

1. Multi-cell Thermogalvanic System (MTS): A new type of thermal energy harvester that can be
miniaturized and integrated into chip-based IoT devices. MTS devices offer sufficient energy and
power output for IoT devices without requiring large heat sinks and with less stringent material
constraints compared to other thermal energy harvesters.

2. Thin-Film Lithium-Ion Batteries (TF-LIBs): Utilizing RuO2 as a candidate cathode material,
these batteries offer a relatively large capacity ( 5x LiCoO2) and good cyclability and rate capabil-
ity, making them compatible with integration into silicon-based microelectronic circuits. Addi-
tionally, lithographically-patterned notches have been demonstrated to improve the mechanical
stability of RuO2 thin films, further enhancing their performance in TF-LIBs.

With the continuous advancements in materials and processing techniques, thin-film electronics are
poised to play an increasingly vital role in various microelectronic applications, including transistors,
sensors, memories, energy devices, and coatings [29].

4.1 Thin-Film Sensors

Thin films have found widespread applications in the development of advanced sensors, leveraging
their unique properties and capabilities. One notable example is Kamet’s range of robust thin-film
resistance temperature detectors (RTDs), designed for high-vibration environments. These thin-film
temperature sensors offer several advantages:

« Cost-effectiveness: Kamet’s thin-film temperature sensors are cost-effective solutions for vari-
ous applications.

« Wide Temperature Range: They are stable and accurate over a wide temperature range, from
-200°C to +800°C.

« Versatility: Available in various sizes, shapes, and tolerance options, these sensors cater to diverse
application requirements.

« Fast Response Time: Kamet’s thin-film temperature sensors exhibit a rapid response time, en-
abling real-time monitoring and control.

Kamet offers four main types of thin-film temperature sensors to meet different operational temper-
ature requirements:

1. Cryogenic: Suitable for temperatures ranging from -196°C to +150°C.
2. Low: Designed for temperatures between -50°C and +400°C.

3. Medium: Capable of operating from -70°C to +500°C.

4. High: Suitable for temperatures ranging from -70°C to +850°C.

The thin-film design of these sensors features an ultra-thin layer of platinum deposited on a ce-
ramic substrate, passivated through glass micro-coating. This construction ensures ruggedness and
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resistance to shock, vibration, and environmental influences , making them suitable for demanding
industrial applications such as refining, petrochemical, aerospace, automotive, power generation,
HVAC, and instrumentation (see Fig. 4) [30, 31, 32, 33].
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Figure 4. Interfacial self-assembly method used for the fabrication.

Beyond temperature sensing, thin films have also found applications in various other sensing do-
mains. A special issue published by a scientific journal aims to cover topics related to the synthesis,
characterization, and development of thin-film materials and nanostructure devices for sensing ap-
plications. The issue welcomes original research, short communications, conceptual and review
articles on theoretical, modeling, and experimental aspects of thin-film sensors and nanostructure
devices , highlighting the growing interest and advancements in this field.

4.2 Thin-Film Energy Devices

Thin films have emerged as a promising technology for energy devices, offering unique advantages
and enabling innovative solutions in various domains. One notable application is the development
of thin-film photovoltaic cells, which can be fabricated on substrates using materials like ceramics,
graphite, and metal sheets. These cells have demonstrated impressive conversion efficiency, reach-
ing up to 13%. Among the different thin-film photovoltaic technologies, copper indium gallium
selenide (CIGS) thin films have garnered significant attention due to their strong light absorption,
good power generation stability, high conversion rate, long daytime power generation, low produc-
tion cost, and short energy recovery cycle. As the development of thin-film technologies, especially
CIGS, continues to improve, they are poised to become the mainstream of solar power generation
(see Fig. 5) [34, 35].

Thin-film coatings have also found applications in various advanced technologies beyond photo-
voltaics, including superconductivity, green energy, and 5G networks, representing a revolution-
ary transition from conventional deposition technologies. Ferromagnetic thin films for computer
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Figure 5. Thin-Film Energy Devices.

memory, thin-film drug delivery in pharmaceuticals, and thin-film batteries are some of the new
developments in thin-film technology. Advancements in thin-film technologies have propelled nu-
merous industries forward, including semiconductors, catalysis, solar cells, optoelectronics, flexible
electronics, and protective coatings [36, 37].

In the realm of energy storage, novel materials development, alternative battery manufacturing pro-
cesses, and innovative architectures are needed to transform current electrical energy storage tech-
nologies to meet upcoming demands. Thin-film technology can enable the utilization of advanced
high-energy electrode materials like:

« Li, Na, Mg metal anodes
« Conversion/alloy high-capacity electrodes
« High-voltage cathodes

This can be achieved through the design of thin artificial interphases or protective layers. Addi-
tionally, thin-film technology can tackle key scientific challenges at the nanoscale interfaces and
mesoscale architectures through controlled patterning of electrode and electrolyte shapes and con-
nectivity, enabling:

« Simultaneous high-energy and high-power
+ 3D nano/micro configurations
« Flexible form factors

This Research Topic examines how thin-film technologies may play important roles in the future
design, architecture, and manufacturing of batteries, supercapacitors, and electrical capacitors. Key
themes include:

« Thin-film coatings and interfaces
« Mechanically flexible thin films

« Computational design
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« Thin-film integration of solid-state, micro/nano battery/supercapacitor

5. Thin-Film Characterization Techniques

Characterizing the properties of advanced thin films is crucial for understanding their behavior and
optimizing their performance in various applications. Several techniques have been developed to
analyze the structural, chemical, and physical properties of these ultra-thin materials. A combination
of multiple characterization methods is often required to gain a comprehensive understanding of thin
film properties (see Fig. 6) [21].

3D-printed PEDOTPSS neural probe
PDMS substrate & insulation

Figure 6. Probe layout.

1. X-ray Reflectometry (XRR): This non-destructive technique can determine the thickness, den-
sity, and roughness of thin films, even for multilayer structures. XRR involves measuring the
intensity of X-rays reflected from the film surface at grazing incidence angles, providing valuable
information about the film’s vertical structure.

2. Spectroscopic Ellipsometry (SE): Ellipsometry is a powerful optical technique that can quickly
measure the thickness and dielectric properties, such as the refractive index, of thin films. It works
by analyzing the change in polarization state of light reflected from the film surface, making it a
non-destructive and highly sensitive method.

3. Energy-Dispersive X-ray Spectroscopy (EDS): This analytical technique measures the ele-
mental composition of thin films by analyzing the characteristic X-ray emissions produced when
the sample is bombarded with a focused electron beam. EDS can provide quantitative information
about the elemental distribution within the film.

4. Quartz Crystal Microbalance (QCM): QCM is a highly sensitive technique that can monitor
the mass gain during film growth, allowing for the determination of film thickness in real-time.
It relies on the change in resonant frequency of a quartz crystal as material is deposited on its
surface.

5. Scanning Electron Microscopy (SEM): SEM can be used to image cross-sections of thin films,
providing a visual representation of the film thickness and morphology. This technique utilizes
a focused electron beam to scan the sample surface, generating high-resolution images with ex-
cellent depth of field.

6. Time-of-Flight Elastic Recoil Detection Analysis (TOF-ERDA): TOF-ERDA is a highly ac-
curate technique that can detect all elements present in a thin film and provide depth profiles of
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their distribution. It involves bombarding the sample with high-energy ions and analyzing the
energy and time-of-flight of the recoiled atoms.

7. X-ray Diffraction (XRD): XRD is a powerful technique for analyzing the crystalline structure
and phase of thin films. It involves measuring the intensity of X-rays diffracted from the film at
specific angles, providing information about the atomic arrangement and crystallographic prop-
erties.

8. Low-Energy Electron Diffraction (LEED): LEED provides detailed analysis of the atomic or-
dering in crystalline thin films by studying the diffraction patterns of low-energy electrons scat-
tered from the film surface. It is particularly useful for studying surface structures and epitaxial
growth.

9. X-ray Photoelectron Spectroscopy (XPS): XPS determines the chemical bonding environment
of elements in thin films by analyzing the kinetic energy and intensity of photoelectrons emitted
from the sample upon exposure to X-rays. It provides valuable information about the chemical
state and composition of the film.

The structure and morphology of thin films can be amorphous, polycrystalline, or epitaxial, de-
pending on the growth mechanism and deposition parameters. In-depth analysis often requires a
combination of multiple characterization techniques to fully understand the thin film properties and
ensure their optimal performance in various applications [15], [23].

6. Emerging Thin-Film Technologies

The field of thin-film technology is rapidly evolving, with researchers and industries exploring novel
applications and pushing the boundaries of what is possible. Some of the key emerging areas in this
domain include (see Fig. 7):
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Figure 7. Sensitivity calibration.

1. Biomedical Applications: Thin films are finding increasing applications in the biomedical field,
such as in drug delivery systems, biosensors, and tissue engineering scaffolds. For instance, re-
searchers are investigating the use of thin-film coatings to enhance the biocompatibility and func-
tionality of implantable medical devices.

2. Flexible and Wearable Electronics: The development of flexible and wearable electronic de-
vices has been facilitated by advancements in thin-film technology. Thin-film transistors, sen-
sors, and energy storage devices can be integrated into flexible substrates, enabling the creation
of bendable displays, wearable health monitors, and other innovative products.
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3. Energy Harvesting and Storage: Thin films play a crucial role in the development of energy
harvesting and storage technologies. Thin-film solar cells, thermoelectric generators, and thin-
film batteries are being explored for applications in renewable energy generation, energy-efficient
buildings, and portable electronics.

4. Functional Coatings: The unique properties of thin films make them ideal for various functional
coatings, such as:

» Protective Coatings: Thin-film coatings can provide protection against corrosion, wear, and
oxidation, extending the lifespan of critical components in industries like aerospace, automo-
tive, and manufacturing.

+ Hydrophobic Coatings: Self-cleaning and water-repellent surfaces can be achieved through
the deposition of hydrophobic thin films, with applications in buildings, textiles, and consumer
products.

« Optical Coatings: Advanced optical coatings based on thin films are being developed for ap-
plications in augmented reality, virtual reality, and display technologies, enabling enhanced
visual experiences.

5. Sustainable Manufacturing: As environmental concerns grow, researchers are exploring sus-
tainable and eco-friendly alternatives for thin-film deposition processes. This includes the devel-
opment of low-temperature deposition techniques, the use of environmentally friendly precur-
sors, and the implementation of closed-loop systems to minimize waste.

6. Integrated Devices: The integration of multiple functional thin films on a single substrate is
enabling the development of compact and multifunctional devices. For example, researchers are
exploring the integration of thin-film sensors, electronics, and energy storage components into a
single device for applications in the Internet of Things (IoT) and smart systems.

These emerging areas highlight the versatility and potential of thin-film technology, paving the way
for innovative solutions across various industries and addressing global challenges in areas such as
energy, healthcare, and environmental sustainability.

7. Conclusion

The world of advanced thin films is a realm of boundless possibilities, where cutting-edge materi-
als and deposition techniques converge to revolutionize modern technology. From enabling high-
performance optics and electronics to driving innovations in energy, sensing, and biomedical ap-
plications, thin films have proven their versatility and significance across diverse domains. As re-
searchers continue to push the boundaries, emerging thin-film technologies hold the promise of
addressing global challenges and transforming industries through sustainable, eco-friendly, and mul-
tifunctional solutions. While the journey of thin-film exploration has yielded remarkable achieve-
ments, the future beckons with even greater opportunities. Interdisciplinary collaborations, ad-
vanced computational modeling, and the integration of novel materials will pave the way for ground-
breaking discoveries and applications that can shape the world we live in. The continued pursuit
of thin-film innovation will undoubtedly unlock new frontiers, redefining the boundaries of what is
possible and propelling humanity towards a future of technological excellence.
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