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Abstract

My habilitation thesis explores the advanced techniques and applications of thin films and
microfabrication and demonstrates their essential roles in modern planar technologies. Thin
films, known for their unique physical and chemical properties, are crucial when combined with
microfabrication techniques, allowing for precise pattern creation down to the nanometer scale.
| covered fundamental aspects of thin films, their characterization methods, and various
deposition techniques, highlighting their applications in sensors, microfluidics, and other
devices and structures. Furthermore, | examined how thin films are used in sensor technology
and contribute to fabricating complex microfluidic devices for biological and chemical analysis.
Additionally, I discussed the use of thin films in optical and electronic devices and their role in
protective coatings. Microfabrication techniques such as lithography, etching, and doping are
essential for producing these advanced devices. The work | contributed to supports all the
mentioned chapters.
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Abstrakt

V meéhabilita¢ni praci zkouman pokrocilé techniky a aplikace tenkych vrstev a mikroobrabéni
a ukazuji jejich dulezitou roli v modernich plan&n Th technologi £h. Tenkévrstvy, které&jsou
znamé pro své jedinecné fyzikalni a chemické vlastnosti, jsou nezbytné pro kombinaci s
technikami mikroobrabéni, coZ umoznuje piesné vytvareni motivli az do velikosti v fadu
nanometrd. V prai se zabywan z&ladnmi aspekty tenkych vrstev, metodami jejich
charakterizace, riznymi depozi¢nimi technikami a zduraznuje jejich aplikace v senzorech,
mikrofluidice a dalSich zafizenich a strukturach. Dale popisuji vyuziti tenkych vrstev
v technologii senzorti a jak pfispivaji k vyrobé komplexnich mikrofluidnich zafizeni pro
biologickou a chemickou analyzu. V habilita¢ni pr&i takediskutuji vyuziti tenkych vrstev v
optickych a elektronickych zatizenich a jejich roli v ochrannych povlacich. St spojené
techniky mikroobrabéni, jako je litografie, leptani a dopovani, jsou nezbytné pro vyrobu téchto
pokrocilych zafizeni. VSechny zminéné kapitoly jsou podpofeny ¢lanky, na kterych jsem se
pod fel.
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1 INTRODUCTION

Thin films are fundamental elements of modern technologies, significantly contributing to
various applications, from electronics to sensors. In today’s fast-paced technological
advancements, thin films are crucial for developing high-performance materials and devices
that power smartphones, medical devices, and environmental sensors. As new applications and
efforts demand smaller, more efficient, and more powerful devices, the importance of thin film
technology increases rapidly. [1-3]

High-performance sensing devices require specific electrical, mechanical, optical, and
chemical properties, which can be achieved through several microtechnology processes.
Incorporating graphene and other two-dimensional materials into thin films has created highly
responsive sensors capable of detecting subtle changes in environmental conditions. These
sensors have applications in various fields, including environmental monitoring, healthcare
diagnostics, and industrial process control. [4,5]

Thin films also play an essential role in fabricating complex microfluidic devices, providing
precise control over their structural and functional properties. Techniques such as
photolithography, microfabrication or femtosecond laser photoablation, and various coating
and milling methods enable the creation of desired microfluidic channels and structures suitable
for biological and chemical analysis. These advancements are fundamental for developing lab-
on-a-chip (LOC) devices used in point-of-care (POC) and point-of-need (PON) diagnostics
focused on environmental testing and biochemical assays. [3,6,7]

The advancement of optical and electronic devices heavily depends on thin films. Materials
such as indium tin oxide (ITO), zinc oxide (ZnO), and various semiconducting polymers create
thin films with specific electronic and optical properties. These materials are crucial for
producing displays, solar cells, light-emitting diodes (LEDs), and other optoelectronic devices.
The ability to deposit ultra-thin, uniform layers with high precision is essential for achieving
the desired performance characteristics in these devices. [8-10]

Protective coatings are another essential area of interest for thin films, shielding devices,
or materials against corrosion, wear, and other forms of degradation. Hard coatings like titanium
nitride (TiN), aluminum nitride (AIN), including their composites such as TiAIN, and diamond-
like carbon (DLC) are applied on cutting tools, medical implants, and other components to
extend their lifespan and enhance performance. The versatility of thin film deposition
techniques enables the creation of coatings with optimized properties, fulfilling the specific
requirements of various applications. [11-13]

Integration of thin films with micro- and nanostructured materials is widely used to improve
the properties and reliability of advanced applications. Combining thin films with nanoparticles
or nanowires allows for the preparation of composite materials with enhanced properties, such
as increased mechanical strength or improved thermal conductivity. These composites can be
tailored for specific uses, ranging from aerospace components to thermal management systems
in electronics. [14-17]



Microfabrication techniques are crucial in producing thin films and the devices that utilize
them. Standard deposition techniques are divided into two main categories: physical vapor
deposition (PVD) and chemical vapor deposition (CVD). These methods are commonly
employed to create thin films with precise control over their properties. Each method offers
unique advantages but has drawbacks, enabling the fabrication of films with the desired
electrical and mechanical properties, which can be verified by several characterization
techniques ranging from simple electrical measurements to sophisticated material analyses. For
example, CVD allows for the deposition of highly uniform films over large areas, making it
suitable for semiconductor manufacturing. PVD methods are widely used for depositing metal
and dielectric films, which are essential for creating multilayer structures in electronic devices.
Microfabrication involves techniques such as lithography, etching, and doping combined with
thin films to create complex microstructures and devices. Lithography, including
photolithography and electron-beam lithography, patterns high-resolution thin films. Etching
techniques, such as reactive ion etching (RIE), deep reactive ion etching (DRIE), and wet
chemical etching, selectively remove material, creating desired patterns and structures.
Conversely, doping processes modify the electrical properties of semiconductor materials,
enabling the creation of p-n junctions and other electronic components. [18-20]

Therefore, microfabrication techniques became vital in developing microelectromechanical
systems (MEMS) and nanoelectromechanical systems (NEMS), which integrate mechanical
and electrical components at the microscale and nanoscale. MEMS, primarily, are commonly
utilized in a wide range of applications, including sensors, actuators, and communication
devices, where the high precision and versatility of microfabrication techniques are required to
reach exact mechanical and electrical parameters. [21]

Overall, thin films and microfabrication are rapidly evolving, with ongoing research
focused on developing new materials and improving existing technologies. The unique
properties of thin films, combined with the precision and versatility of microfabrication
techniques, offer significant potential for various applications, from electronics and energy
storage to catalysis and biomedical devices. In conclusion, thin films represent an important
area of research and development in modern science and engineering. Their ability to be
precisely engineered and integrated into various devices makes them central in numerous
technological advancements. [13,22]



2 THEORETICAL PART

In this habilitation thesis, | explored the advanced techniques and applications of thin films,
materials characterization, and microfabrication, emphasizing their critical roles in developing
sensors and microfluidic devices based on thin films. Thin films' unique physical and chemical
properties, such as optical transparency with electrical conductivity and chemical resistance as
well as piezoelectric properties, make them essential in modern technology when combined
with microfabrication techniques, which allow us to create patterns at the limiting scale from
units of nanometers to tens of nanometers.

The following sections of this thesis explore the fundamental aspects of thin films, their
characterization and deposition techniques and microfabrication methods, and their
applications in various fields. Additionally, the thesis demonstrates the role of microfabrication
techniques in creating devices and structures based on the material properties of thin films.

2.1 Fundamentals of thin films

Thin films are defined as material layers with thicknesses ranging from a few nanometers
to several micrometers. They can be classified based on their composition (metallic, ceramic,
and organic or polymeric), electrical conductivity (conductors, semi-conductors, or insulators),
or structure (amorphous, polycrystalline, or crystalline). Thin films are used extensively in
electronics, optics, and materials science due to their customizable properties. [1]

2.1.1 Physical and chemical properties

Thin films exhibit different physical and chemical properties than their bulk counterparts,
including electrical conductivity, optical transparency, mechanical strength, and chemical
stability. The control of these properties depends on the chosen deposition method and its
conditions, making them essential for applications in semiconductor devices, photovoltaic cells,
sensors, actuators, protective coatings, and flexible electronics. [1]

The electrical conductivity of thin films can significantly differ from bulk materials due
to film thickness, grain size, and defects or impurities. Depending on the specific application
and the material's properties, these variations can lead to enhanced or diminished conductivity.
For instance, due to scattering at grain boundaries and surfaces, thin films of metals like Au,
Ti, Cu, and Al can exhibit lower conductivity than their bulk counterparts. [23-25]

The modern and straightforward use of thin films is for fabricating thin film transistors
(TFTs). TFTs are critical in modern display technologies, including liquid crystal displays
(LCDs) and organic light-emitting diode (OLED) displays. TFTs enable the control of
individual pixels in these displays, allowing for high resolution and low power consumption.
Additionally, thin films of transparent conductive oxides (TCOs) like ITO and aluminum-doped
zinc oxide (AZO) are widely used in applications requiring transparency and conductivity.
These materials are essential for touchscreens, solar cells, and flat-panel displays. The ability



to deposit these films with uniform thickness and precise control over their electrical properties
is crucial for achieving high operation performance. [26-32]

MEMS and other sensor technologies often rely on metal thin films. Au thin films are
frequently used due to their excellent conductivity and resistance to oxidation, making them
ideal for electrical contacts and interconnections in MEMS devices. Pt is often used in sensors
due to its stability and resistance to high temperatures, which is beneficial for applications such
as temperature sensors and catalytic sensors. Ti and NiCr thin films are utilized for their
mechanical properties and ability to form strong adhesion layers between different materials.
[33-40]

Moreover, conductive polymers such as polyaniline and poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) are increasingly used in thin film applications for their
flexibility, processability, and tunable electrical properties. These materials are found in
flexible electronics, wearable devices, and organic solar cells. [41-43]

The control of electrical conductivity in thin films is also critical for developing sensors and
actuators. For instance, aluminum nitride (AIN) and lead zirconate titanate (PZT) are two
widely used piezoelectric thin films with distinct advantages. AIN is favored for its high thermal
conductivity, chemical stability, and compatibility with silicon-based technologies, making it
suitable for integration into MEMS devices. AIN thin films are commonly used in high-
frequency surface acoustic wave devices, bulk acoustic wave resonators, and as substrates in
microelectronics due to their excellent piezoelectric properties and compatibility with standard
semiconductor processes. [44-48]

On the other hand, PZT offers higher piezoelectric coefficients, which makes it more
effective in converting electrical signals into mechanical movement and vice versa. This
characteristic makes PZT ideal for applications requiring high sensitivity, such as precision
actuators and sensors in NEMS. However, PZT's integration with silicon technology is more
complex due to potential lead contamination and processing difficulties. [49-51]

Thermoelectric thin films, such as bismuth telluride (Bi>Tez) and silicon-germanium (SiGe)
alloys, can generate electricity from temperature gradients, offering potential applications in
energy harvesting and thermal management systems. These films are integral to developing
devices that convert waste heat into usable electrical energy, enhancing the efficiency of various
electronic systems. [52-54]

Mechanical properties of thin films, such as hardness, elasticity (Young’s modulus), and
adhesion, are critical for their performance in various applications. Flexible materials like
parylene, polyimide, and metallic thin films such as Al, Au, or Ti exhibit suitable values of
Young's modulus, making them ideal for use in MEMS and flexible electronics. These materials
are designed to ensure reliability and durability in applications where flexibility and robustness
are essential. Parylene, known for its flexibility and chemical resistance, is widely used as an
insulating layer and protective coating in flexible electronic devices. Polyimide, valued for its
thermal stability, flexibility, and excellent mechanical properties, is commonly employed in
flexible circuits and as an insulating layer. [55-63]



In addition to these materials, silicon nitride (SisN4) is frequently used in MEMS
applications for its high mechanical strength, low internal stress, and excellent thermal and
chemical stability. Silicon carbide (SiC) also applies in environments requiring high hardness
and resistance to wear and thermal degradation. TiN, well-known for its hardness and corrosion
resistance, is also used in protective coatings for tools and components exposed to harsh
conditions. It is often employed in bioelectronics as a neural interface electrode. The
mechanical strength of these films, combined with their flexibility, ensures that they can
withstand mechanical stresses encountered in various technological applications. This
combination of properties makes thin films crucial in the ongoing development of MEMS,
flexible electronics, and other technologies. [64-66]

The optical properties of thin films cover a range of characteristics, including
transparency, reflectivity, absorption, and refractive index, which are crucial for applications in
optoelectronics and photonics. These properties can be precisely engineered by controlling film
composition, thickness, and structure, including surface roughness. Thin films can be tailored
to be optically transparent, making them ideal for applications where light transmission is
essential. [67-69]

Materials such as ITO and ZnO are commonly used as TCOs in photovoltaic cells,
touchscreens, and display technologies. The optical bandgap and carrier concentration can be
tailored to optimize transparency and conductivity by varying the deposition parameters and
doping levels. [70-73]

In addition to transparency, thin films exhibit important reflective properties. Reflectivity
can be controlled through the choice of materials and the design of multilayer structures used
to create mirrors and anti-reflective coatings. For example, dielectric materials, such as silicon
dioxide (SiO2) and titanium dioxide TiO, are often combined to produce Bragg reflectors and
anti-reflective coatings for optical lenses and solar panels. [74-76]

Absorption is another fundamental optical property of thin films that is important for
photodetectors and solar cells. Materials such as cadmium telluride (CdTe) and copper indium
gallium selenide (CIGS) are used in thin film solar cells due to their strong absorption of
sunlight. The absorption coefficient of these materials can be tuned by adjusting the film
thickness and composition, ensuring efficient light harvesting and energy conversion. [68,77-
79]

Additionally, thin metal films like Au and Ag are utilized for their plasmonic properties,
which enhance light absorption and scattering at specific wavelengths, improving the
performance of sensors and photonic devices. [79-81]

On the other hand, materials for simple infrared radiation (IR) absorption are used in
bolometers. Bolometers measure the power of incoming electromagnetic radiation by heating
an absorbing element with an embedded temperature sensor. Transition vanadium oxide (VOx)
and amorphous silicon (a-Si) are common materials for bolometers' temperature sensors. These
materials are chosen for their high-temperature coefficient of resistance and high absorption



coefficients, thus having the ability to convert absorbed radiation into a measurable change in
resistance. [82-84]

The refractive index of thin films is a fundamental optical property influencing light
propagation through the material. Thin films can be designed to manipulate light in various
ways, such as bending, focusing, or filtering, by engineering their refractive index. This is
particularly important in applications like waveguides, optical filters, and lenses. Materials such
as aluminum oxide (Al203) and tantalum pentoxide (Ta2Os) create high-refractive-index layers
in these optical devices, enabling precise control over light propagation and enhancing device
performance. [85-89]

Chemical stability is another important property of thin films that significantly impacts
reliability and stability. Thin films can be designed to resist oxidation, corrosion, and chemical
attack, making them suitable for use in protective coatings and environmental sensors. For
instance, thin films of SisN4, or SiC, are widely used as protective layers in microelectronics to
prevent contamination and degradation of underlying materials. Additionally, in chemical
sensors, thin films of metal oxides like TiO2 and tin dioxide (SnO) are used for their stability
and sensitivity to various gases, enabling the detection of pollutants and hazardous substances.
[90-94]

2.1.2 Deposition techniques

The fabrication of thin films relies on various deposition techniques, each with specific
advantages and applications. These techniques can be divided into physical and chemical
methods.

Physical vapor deposition

PVD is a method for creating thin films and coatings by physically transferring material
from a source to a substrate in a vacuum. Techniques like evaporation and sputtering involve
the physical ejection of atoms or their clusters, condensing on the substrate. PVD is widely used
in electronics, optics, and materials science. [95]

Evaporation is a widely used thin film deposition technique involving a material phase
transition from solid to vapor in a high-vacuum environment. This vapor then condenses on a
substrate, forming a thin film. The evaporation process begins with placing the source material
in a crucible or a boat inside a vacuum chamber. The chamber is usually evacuated to a high
vacuum (pressure is lower than 107 Pa) to reduce contamination. The source material is
typically heated to its vaporization point using resistive (Figure 1A) or electron beam heating
(Figure 1B). As the material evaporates, its atoms or molecules travel through the vacuum due
to the large mean free path and condense on the more relaxed substrate, forming a thin film.
Resistive heating involves an electrical current passing through a resistive element, such as a
tungsten filament, which heats the source material. This method is suitable for materials with
relatively low melting points. Electron beam heating directs a high-energy electron beam onto
the source material, causing localized heating and evaporation. This highly efficient method
can evaporate refractory materials with high melting points, such as Pt or W. [95-100]



The advantages of evaporation include its simplicity, which makes it easy to implement and
operate, and its ability to provide acceptable control over film thickness by adjusting the
evaporation rate and deposition time using quartz crystal microbalance (QCM). Its
measurement precision is required in applications where uniformity and thickness control are
essential, such as optical coatings and semiconductor devices. Additionally, evaporation can
deposit many materials, including metals like Au, Ag, and Al, alloys such as NiFe and NiCr,
dielectrics like SiO2, and some organic compounds. [99,101-109]

A f Shutter \ B f \
/_. Vacuum ]_|
Substrate «— chamber T~| g pstrate

Shutter

Source Resistive
material heater Source
2 Y 2 material Electron
\ Yoy , \ beam
? source
_‘ — — ——
Vacuum Vacuum

Figure 1: Schematic diagrams of two standard thin film deposition techniques: (A) thermal
evaporation method and (B) electron beam evaporation method.

Evaporation is extensively used to produce optical materials, such as anti-reflective
coatings, mirrors, and beam splitters. Magnesium fluoride (MgF2) and TiO2 are commonly
evaporated to create multi-layer coatings with precise optical properties. In the semiconductor
industry, evaporation is typically used to deposit metal layers for electrical contacts and
interconnections. Al and Au are frequently evaporated to form conductive interconnections in
integrated circuits and TFTs. The technique is also employed in fabricating high-performance
thin film solar cells, where materials like CdTe and CIGS are deposited to form the active
layers. The jewelry and watch industries use the evaporation method to deposit thin films of
precious metals, such as Au, Pd, Rh, Pt, or Si, creating aesthetically pleasing and durable
finishes. Moreover, evaporation is used to apply protective coatings to various components,
enhancing their resistance to wear, corrosion, and environmental degradation. While
evaporation offers many advantages, it also has some limitations and challenges. The process
is inherently directional, meaning it deposits material in a line-of-sight manner. This can lead
to non-uniform coatings on complex geometries or substrates with high aspect ratios.
Additionally, some materials, particularly those with very high melting points or decomposed
when heated, are challenging to evaporate, limiting the range of materials that can be deposited
using this technique. Furthermore, the kinetic energy of deposited materials is typically low,
which can negatively influence adhesion by leading to less dense and less adherent films.
However, this lower energy can be advantageous in specific applications, as it minimizes
damage to delicate or temperature-sensitive underlayers. [99,103,109-122]
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Magnetron sputtering is a widely utilized thin film deposition technique that involves the
ejection of atoms or molecules and their clusters from a target material due to the bombardment
of ions generated in a plasma. These ejected atoms travel through the vacuum chamber and
deposit onto a substrate. The magnetron sputtering process begins with introducing an inert gas,
typically Ar, into the vacuum chamber. A high voltage is applied between the target material
(cathode) and the source plate/shield (anode), creating an electric field that ionizes the argon
gas and forms a plasma (Figure 2). This plasma primarily forms near the target surface, which
IS in the strongest electric field. Magnets behind the target generate a magnetic field, confining
the electrons close to the target surface. This confinement increases the probability of collisions
between electrons and argon atoms, enhancing the ionization efficiency and maintaining a
stable plasma. The positively charged argon ions in the plasma are then accelerated toward the
negatively charged target material. When these high-energy ions collide with the target, they
sputter atoms from the target surface. [95,123]

A simple method called direct current (DC) magnetron sputtering is commonly used for
depositing conductive materials. It involves applying a constant direct current to the target,
which is effective for metals and other conductive targets. Radiofrequency (RF) magnetron
sputtering is used for depositing insulating and dielectric materials by applying a high-
frequency alternating current, typically at 13.56 MHz, which maintains the plasma even with
non-conductive targets. Pulsed DC magnetron sputtering combines the benefits of DC and RF
sputtering, allowing for the deposition of both conductive and non-conductive materials by
pulsing the DC power, which prevents charge buildup on the target surface and is effective for
dielectric materials. [124-126]

Magnetron sputtering offers numerous advantages, making it a preferred method for thin
film deposition. It provides excellent film uniformity and better adhesion to the substrate than
evaporation, which is essential for high-performance coatings and devices. This technique can
deposit various materials, including metals, oxides, and nitrides, making it suitable for diverse
applications. Process parameters such as gas pressure, power, and substrate temperature can be
controlled to alter and achieve desired thin film properties, including thickness, density,
microstructure surface roughness, and crystallography. [127-129]
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Figure 2: Schematic diagram of a magnetron sputtering system showing various power sources such as
direct-current (DC), alternating-current (AC), radio-frequency (RF), or high-power impulse magnetron
sputtering (HIPIMS).

Moreover, magnetron sputtering is scalable from small research setups to large industrial
systems and can coat large areas and complex geometries. Magnetron sputtering is employed
across various industries and research fields due to its versatility and reliability. It is extensively
used to deposit metal contacts, interconnects, and barrier layers in integrated circuits and other
semiconductor devices. Materials like Al, Cu, other metals, and electrically conductive nitrides
like TiN, hafnium nitride (HfN), or zirconium nitride (ZrN) are commonly sputtered for these
applications. The technique also produces optical coatings similar to the ones made by
evaporation. Sputtering of materials like ITO and MgF. provides precise control over the optical
properties of the coatings. In addition, reactive magnetron sputtering can be used to apply hard
coatings on tools, and components such as TiN and DLC-based coatings are typical examples.
[130-141]

The method is also employed in fabricating thin film solar cells, where materials like CdTe
and CIGS are deposited to form the active layers that absorb sunlight and generate electricity.
Furthermore, magnetron sputtering produces magnetic thin films such as cobalt alloys. While
magnetron sputtering offers many benefits, it also presents limitations and challenges. In
reactive sputtering, for instance, in the case of oxide or nitride deposition, reactive gases can
“poison” the target material, affecting the deposition rate and film properties. The role of
impurities is significantly higher. Notably, the kinetic energy of the deposited materials by
magnetron sputtering is typically higher than by evaporation. Therefore, the magnetron
sputtered layers have better adhesion than the evaporated ones. [142-147]

lon-beam sputtering is a thin film deposition technique that, like magnetron sputtering,
involves material sputtering from a target. The plasma is generated in an ion-beam source, either
a gridded Kaufman ion-beam source or a gridless end-hall source. Generated ions are
accelerated toward the target material. The ion beam's energy and direction can be finely tuned,
allowing precise control over sputtering. [148]
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Figure 3: Schematic illustration of a dual ion-beam deposition system: (A) overview of the vacuum
chamber, showing positions of primary and secondary Kaufman ion-beam sources and neutralizer;
(B) detailed view of the 3-grid Kaufman ion-beam source.

One of the critical advantages of ion-beam sputtering is that ions are not generated directly
in front of the target, unlike magnetron sputtering (Figure 3A). This separation reduces the
chances of collisions and contamination, leading to higher-purity films. The directional nature
of the ion beam allows for controlled and consistent erosion of the target material, resulting in
films with superior surface quality and homogeneity. This leads to enhanced control of the
process compared to magnetron sputtering, making this method ideal for producing high-
quality thin films with enhanced purity and uniformity. [148]

lon-beam sputtering also offers the flexibility to modify the properties of the deposited film
through ion-beam assisted deposition (IBAD). In this process, a secondary ion beam (Figure
3B) is used to bombard the growing film, enhancing its density, adhesion, and overall quality.
This additional control is beneficial for tailoring the film properties to specific application
requirements. The mentioned dual ion-beam source setup allows for precise control over the
composition and properties of the deposited films, enabling the formation of complex
compounds and alloys such as TiN or AIN. This method is especially useful for creating thin
films of oxides, nitrides, and other compound materials. These are critical in various advanced
technological applications and can provide high-quality layers at low temperatures < 350 <C.
Applications of ion-beam sputtering are diverse and cover several high-tech industries. In
optics, ion-beam sputtering creates anti-reflective coatings, mirrors, waveguides, and filters
with precise optical properties. [148-151]

Moreover, the kinetic energy of the materials deposited in ion-beam sputtering is usually
higher than in the magnetron sputtering process, contributing to better adhesion and denser
films. Still, it can also induce residual compressive stress in the deposited layers. This residual
stress can lead to issues such as film cracking, delamination, and substrate deformation,
particularly in thicker films or when the substrate material has a lower tolerance for stress.
[152,153]

Pulsed laser deposition (PLD) utilizes high-power pulsed lasers to ablate material from a
target, which is then deposited as a thin film on a substrate. The PLD process typically uses an
excimer or Nd laser directed onto the surface of a target material inside a high-vacuum chamber
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(Figure 4). This intense energy rapidly heats, melts, and vaporizes the target material in a
process known as laser ablation. This creates a plasma plume of ions, atoms, and clusters that
expand away from the target. One of the critical advantages of PLD over methods like
evaporation and magnetron sputtering is its ability to reproduce the stoichiometry of complex
oxides and multi-component materials accurately. This precision is crucial for applications in
superconductors, ferroelectrics, and magnetic materials, where exact composition control is
essential. PLD also produces high-purity films due to the absence of working gas and negligible
contamination from the laser ablation process, which is beneficial for the deposition of high-
purity materials for electronic and optoelectronic applications. [154-157]
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Figure 4: Schematic diagram of a pulsed laser deposition (PLD) system.

PLD is highly versatile and can deposit various materials, including metals,
semiconductors, insulators, and polymers. Its rapid deposition rates and the ability to perform
in-situ monitoring and control, for example, with reflection high-energy electron diffraction,
make it an efficient method for thin film growth. However, the technique also has some
drawbacks, including the formation of particulates or droplets due to the high-energy laser
pulses, which can affect the smoothness and uniformity of the films. [157-161]

Additionally, the small deposition area of the plasma plume makes scaling up for large-area
coatings challenging. PLD is extensively used in various advanced applications, such as the
deposition of high-temperature superconducting films like YBa>CusO7 (YBCO), ferroelectric
materials like PZT for memory devices and sensors, and magnetic thin films for spintronics and
data storage. It is also used to fabricate optoelectronic devices, including LEDs and
photodetectors. [162-166]

Chemical vapor deposition

CVD is a group of methods for creating thin films and coatings by chemically reacting gaseous
precursors on a substrate at a typically elevated temperature. The fundamental CVD process
involves the decomposition of these precursors, resulting in the deposition of material in a
controlled manner (Figure 5). Compared to PVD, CVD often provides better step coverage and
conformity of deposited material. CVD is used to produce uniform films and is important for
fabricating semiconductive and insulation layers in semiconductor devices, protective coatings,
and advanced materials research. It is used to prepare materials such as semiconductors like Si
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and GaAs and dielectrics like SiO2 and SisNa. It can deposit metals such as W and T, metal
nitrides such as TiN, and carbides such as TiC. Additionally, CVD is employed to prepare
oxides like ZnO, composites such as carbon nanotubes (CNTs) or graphene, and
superconductors such as YBCO. [167-169]
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Figure 5: Schematic diagram of a chemical vapor deposition (CVD) system.

Plasma-enhanced chemical vapor deposition (PECVD) is a thin film deposition
technique that uses plasma to enhance chemical reactions, enabling the deposition of thin films
from gaseous precursors. Gaseous precursors are delivered into a vacuum chamber where
plasma is generated using an external power source, typically radio frequency (RF) or
microwave power (Figure 6). The plasma is formed by ionizing the gas molecules, creating a
mixture of ions, electrons, and reactive species. These reactive species then interact with the
substrate surface, resulting in chemical reactions that form a thin film. PECVD is particularly
advantageous because it operates at lower temperatures (typically below 400 <C) than
conventional CVD. The lower temperature operation also reduces thermal stress and potential
damage to the substrate and thin films, enabling the deposition in a broader range of materials,
including polymers and other temperature-sensitive substrates. [167,170-173]
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Figure 6: Schematic diagram of a plasma-enhanced chemical vapor deposition (PECVD) system.

PECVD can deposit a wide variety of Si-based materials, such as oxides (SiO>), nitrides
(SisNa), carbides (SiC), and diamond-like carbon layers (DLC), and polymers. Furthermore,
properties of layers, including thickness, composition, and residual stress, prepared by PECVD
techniques can be tailored by setting the process parameters, such as gas flow rates, plasma
power, and substrate temperature. PECVD-based thin films are usually well-suited for the
fabrication of MEMS or optical coatings and solar cells. PECVD is also widely used in the
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semiconductor industry to produce high-quality dielectric layers, such as SisN4 and SiO2, which
are essential for various applications in semiconductor devices. [167,170,171,174-179]

However, there can be specific cases where the electrical properties of PECVD-grown
layers are not optimal compared to other methods, such as thermal oxidation for SiO2, which is
caused by higher defect densities or different impurity levels in PECVD films, resulting in
worse electrical properties. Furthermore, the energetic species in the plasma can potentially
cause damage to the substrate and thin films on top. [180-182]

Low-pressure chemical vapor deposition (LPCVD) is a thin film deposition technique
that operates under reduced pressure to enhance film uniformity and quality. Gaseous
precursors are introduced into a vacuum chamber where a chemical reaction occurs at the
substrate surface, resulting in thin film deposition. The process operates at a reduced pressure,
typically from 1072 Pa to 107! Pa, which helps to minimize gas-phase reactions and ensures that
the chemical reactions occur primarily at the substrate surface. The substrate is heated to a high
temperature, usually between ~ 300 <T and =~ 800 <C, to facilitate the decomposition of the
precursor gases and the subsequent thin film formation. It produces highly conformal films with
excellent step coverage, which is ideal for coating complex device structures and high aspect
ratio features. This method can deposit various materials, including insulating and
semiconducting films such as SiO», SizN4, and polysilicon (p-Si). LPCVD offers precise control
over the process parameters, such as gas flow rates, chamber pressure, and substrate
temperature, which is necessary for optimal thin film properties. [183-187]

LPCVD is widely used in the semiconductor industry for depositing high-quality dielectric
layers, such as SiO2 and SisN4, essential for dielectric isolation, passivation, and gate dielectrics
in transistors. It is also used to deposit poly-Si layers for gate electrodes of transistors and
interconnects. In addition, LPCVD is employed in the fabrication of MEMS, which is used to
deposit structural and sacrificial layers with precise control over film thickness and properties
critical for MEMS performance. Furthermore, LPCVD is applied in the solar cell industry to
deposit thin films of SisNs and other materials on solar cell wafers to improve surface
passivation and light trapping, leading to higher efficiency of photovoltaic cells. The most
significant disadvantage of the LPCVD method, contrary to PECVD, is the high temperature
required for the processes, which can limit its use with temperature-sensitive materials and
potentially cause thermal stress. [184,186,188-193]

Atomic layer deposition (ALD) is a thin film deposition technique that enables the
formation of extremely thin and uniform films with precise control over thickness at the atomic
scale. This technique relies on the sequential exposure of the substrate to different precursors
in a self-limiting reaction, ensuring that only one atomic layer is deposited during each reaction
cycle. The heated substrate (typically 100 <C — 300 <C) is exposed to the first precursor, which
reacts with the surface to form a monolayer (Figure 7AB). The chamber is then purged to
remove any excess precursor and reaction by-products. Next, the substrate is exposed to the
second precursor, which reacts with the previously adsorbed layer to form the desired material.
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Another purge follows this second exposure. These steps are repeated in cycles until the wanted
film thickness is achieved (Figure 7B). [167,194-196]

ALD offers several advantages such as high uniformity and conformal coverage on complex
and high aspect ratio structures. This makes it ideal for applications requiring precise and high-
quality thin films, such as microelectronics, nanotechnology, and biomedical devices. ALD can
deposit many materials, including oxides such as Al,Oz and HfO; or nitrides such as TiN and
AIN. The addition of plasma into the ALD process (Figure 7A) is called plasma-enhanced ALD
(PEALD). It enhances the reactivity of the precursors, allowing lower deposition temperatures
(in some cases ambient temperature) and improved film properties. [194,197-201]
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Figure 7: (A) Schematic diagram of an (plasma-enhanced) atomic layer deposition (PE)-ALD system.
(B) Detailed illustration of the ALD process cycle.

PEALD is beneficial for depositing materials on temperature-sensitive substrates, such as
polymers or organic materials, where elevated temperatures could cause damage. Additionally,
PEALD can improve film density, reduce impurities, and enhance the electrical and mechanical
properties of the deposited films. ALD and PEALD are widely used in various industries.
Semiconductors use ALD for high-k dielectrics, gate oxides, and diffusion barriers. ALD coats
nanoparticles and nanowires in nanotechnology, providing precise control over material
properties. In biomedical applications, ALD creates biocompatible coatings for implants and
medical devices. The most critical limitation is the process deposition rate given by the
sequential nature of the deposition cycles. However, the ability to produce films with atomic-
scale precision and high conformality makes ALD and PEALD essential for advanced thin film
applications. [201-209]

Metal-organic chemical vapor deposition (MOCVD) is a thin film deposition technique
that utilizes metal-organic compounds as precursors to form high-quality thin films. Gaseous
precursors containing the desired metal and organic ligands are introduced into a reaction
chamber, decomposing or reacting on a heated substrate to form a thin film (Figure 8). The
substrate is typically heated to temperatures ranging from 300 <C to 1,000 <C, depending on
the deposited material. Metal-organic precursors are chosen for their volatility and ability to
decompose at relatively low temperatures, which allows the deposition of films with high purity
and uniformity. [167,210-212]
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Figure 8: Schematic diagram of a metal-organic chemical vapor deposition (MOCVD) system.

One of the significant advantages of MOCVD s its ability to deposit a wide range of
materials, including compound semiconductors (GaAs, InP), oxides (Al>03, Zn0), and nitrides
(GaN, InN, AIN) or piezoelectric materials (PZT, AIN). This versatility makes MOCVD a
crucial technique in the semiconductor industry for fabricating devices such as LEDs, laser
diodes, and high-electron-mobility transistors (HEMTs). MOCVD is also used to produce thin
film for solar cells, where materials like CIGS are deposited to create efficient photovoltaic
devices. The MOCVD process allows excellent control over film composition, thickness, and
doping levels. The ability to precisely control deposition parameters is important for fabricating
heterostructures and superlattices, where layers of different materials are deposited and
controlled to achieve desired electronic and optical properties. MOCVD systems are designed
to operate under low-pressure conditions, which helps to improve the uniformity of the
deposited films and reduces the likelihood of unwanted gas-phase reactions. The process
parameters, such as precursor flow rates, substrate temperature, and reactor pressure, can be
controlled to optimize the growth conditions for specific materials. Additionally, MOCVD can
achieve high deposition rates, making it suitable for large-scale production. Despite its many
advantages, MOCVD also has some limitations. The high temperatures required for the
deposition process can restrict its use with temperature-sensitive substrates. [213-225]

Thermal Oxidation is a process used to grow an oxide layer on the surface of silicon
wafers, usually from units of nm to units of pm, which is an important step in semiconductor
device fabrication. This technique involves exposing Si substrates to an oxidizing environment
at elevated temperatures, typically ~700 € to ~ 1,200 <C, in a furnace. The oxidizing
environment can be composed of dry oxygen (O2) or water vapors (H20), leading to two
oxidation processes: dry and wet oxidation. [226]

Dry oxidation produces high-quality SiO> layers with excellent electrical properties. It is
ideal for gate oxides in metal oxide semiconductor field effect transistor (MOSFET) technology
and other applications requiring thin, high-integrity oxide films. Wet oxidation typically results
in a faster growth rate than dry oxidation. It is often used to grow thicker oxide layers, which is
helpful for applications such as field oxide in isolation structures and as a masking layer during
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ion implantation. One of the primary advantages of thermal oxidation is the excellent interface
quality formed between the Si and the SiO layer. This high-quality interface is crucial for the
performance of semiconductor devices, as it reduces interface states that can trap charge carriers
and degrade device performance. [227-230]

Contrary to other CVD methods, a certain thickness of the Si surface is consumed during
the process. Additionally, thermal oxidation also offers excellent control over the thickness and
uniformity of the SiO> layer. The growth rate of the oxide can be precisely controlled by
adjusting the temperature, oxidizing environment, and process time. However, thermal
oxidation has some limitations. The high temperatures required for the process can introduce
thermal stress and potential damage to the Si wafers. Thus, this process is typically incompatible
with other thin films. Hence, the process is practically limited to Si as the other materials (Ta,
Ti, Al) forming stable oxides at high temperatures are not commonly employed. [231]

2.1.3 Material characterization techniques

Material characterization techniques are essential for understanding the properties of thin
films and fabricated patterns. These techniques range from simple electrical and
electrochemical methods to advanced surface topography and microstructure and composition
analyses. This section provides an overview of several common methods used for material
characterization.

Electrical characterization of thin films involves measuring their electrical properties,
such as resistance, conductivity, and capacitance. Simple methods like current-voltage (I-V)
measurements provide information about the electrical behavior of materials, including
information about their conductivity. Techniques such as four-point probe and Hall effect
measurements are commonly used to evaluate the resistivity and carrier concentration in thin
films, respectively. The four-point probe method involves placing four equally spaced probes
(Figure 9A) on the surface of the film and passing | through the outer probes while measuring
the V between the inner probes. This method eliminates the contact resistance influence and
provides accurate measurements of sheet resistance. The Hall effect measurement on the van
der Pauw pattern involves placing the thin film in a magnetic field and measuring the V
developed perpendicular to the I flow determining the magnetic field amplitude (Figure 9B).
The same structure is also used to get information about the type (n-type or p-type),
concentration, and mobility of charge carriers in the semiconductors. [232-235]
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Figure 9: Schematic of (A) simple four-probe method and (B) van der Pauw method used for Hall effect
measurements.

Additionally, advanced techniques such as impedance spectroscopy are used to study the
frequency-dependent electrical properties of thin films. This method involves applying an AC
voltage to the film and measuring the resulting current to obtain the impedance spectrum. The
impedance data can be analyzed to extract information about the film's dielectric properties,
charge transport mechanisms, and interfacial phenomena. [236-238]

Electrochemical characterization techniques are important for evaluating the
electrochemical properties of thin films and are often used in sensors and energy storage
devices. Methods like cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) are used to study the material redox behavior, charge transfer resistance, and capacitive
properties of thin films. These techniques, commonly based on a three-electrode setup (Figure
10), help to understand the material suitability for applications in batteries, supercapacitors,
electrochemical sensors, and bioelectronics. [239-243]
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Figure 10: Schematic view of common three-electrode setup showing Counter (CE), Working (WE), and
Reference (RE) electrodes connected to potentiostat and their simplified electrical circuit.

CV involves sweeping the potential of the working electrode (thin film) at a fixed rate and
measuring the resulting current. The resulting CV curve provides information about the
oxidation and reduction processes occurring in the layer, as well as the stability and reversibility
of these processes. Peaks in the CV curve correspond to specific redox reactions, and the peak
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currents and potentials provide insights into the kinetics and thermodynamics of these reactions.
[239,240]

EIS measures the impedance of the thin film over a range of frequencies. The resulting
impedance spectrum is typically plotted as a Nyquist plot, which provides information about
the charge transfer resistance, double-layer capacitance, and diffusion processes in the film. By
fitting the impedance data to an equivalent circuit model, one can extract detailed information
about the electrochemical processes occurring in the film. [243,244]

Surface topography analysis provides detailed information about the surface morphology
and roughness of thin films. Techniques such as atomic force microscopy (AFM), profilometry,
and scanning electron microscopy (SEM) are widely used for this purpose. AFM offers imaging
of surface features at the nanoscale, allowing for the measurement of surface roughness and
texture. SEM provides detailed images of the film surface, enabling the observation of surface
defects, grain structure, and overall morphology. [245-247]

AFM operates by scanning a sharp tip with a radius of a few nm or smaller over the surface
of the thin film while measuring the interaction forces between the tip and the surface (Figure
11A). The resulting topographical map provides information about the surface roughness,
texture, and features such as grains, pits, and cracks. AFM can also be used in different modes,
such as contact mode, tapping mode, and non-contact mode, to study various surface properties
including work function determination, piezoelectric properties, electrostatic forces, etc. The
simplified method is a stylus profilometer (Figure 11B), which is well suitable for the
determination of fabricated pattern thickness. It provides worse resolution than AFM, but the
measurements are simpler and more intuitive. [246,248-253]

A B

Transducer Electrical signal

W

Stylus
Surface AD
conversion
Cantilever with
tip

Digitized signal

Position
sensitive Laser
photodiode

Detector and
feedback
electronics

Sample surface——

Figure 11: Schematics showing the principle of (A) AFM and (B) stylus profilometer methods.

SEM uses a focused beam of electrons to scan the surface of the thin film. The electrons
interact with the atoms in the material, producing secondary electrons, backscattered electrons,
and characteristic X-rays. These signals can be detected and used to create high-resolution
images of the surface (Figure 12). SEM provides detailed information about the surface
morphology, sometimes including the size, shape, and distribution of grains, as well as surface
defects and contaminants. [254-256]
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Figure 12: Schematic of SEM instrument showing the vacuum chamber, electron gun, and detectors for
secondary electrons (SE) and back scattered electrons (BSE).

Mechanical properties are important for the evaluation of the material's performance and
its suitability for various technological applications. One of the most widely used methods for
measuring mechanical properties such as hardness and Young’s modulus is nanoindentation.
This technique involves pressing a hard, sharp indenter into the surface of a material under
controlled conditions and measuring the resulting indentation depth and load (Figure 13).
Nanoindentation provides precise and localized measurements of mechanical properties,
making it ideal for thin films and small-scale structures. It allows for the determination of
properties at the nanometer scale, providing detailed insights into the material's behavior under
mechanical stress. This method possesses high accuracy, repeatability, and ability to perform
tests on a wide range of materials, from polymers to metals and ceramics. [257-259]
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Figure 13: Schematic of nanoindentation technique.

Additionally, Guckel rings are another important tool in the determination of mechanical
properties, particularly in MEMS applications. Guckel rings, or stress rings, are used to measure
residual stress in thin films. They consist of a patterned ring structure that deforms under
residual stress, and the deformation is measured to determine the stress within the film. This
technique is beneficial for understanding how thin films will behave under operational
conditions, ensuring reliability and performance in practical applications. Combining
nanoindentation and Guckel rings provides important data about the mechanical properties of
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thin films, showing both intrinsic material properties and residual stress induced during
fabrication processes. [260,261]

The microstructure of the thin films can be determined by the X-ray diffraction (XRD)
technique, which is used for analyzing the crystal structure of thin films. It provides information
about the phase composition, crystallographic orientation, and lattice parameters of the
material. Obtained diffraction patterns are used to determine the degree of crystallinity and
identify any present crystalline phases. This technique is crucial for understanding the structural
properties of thin films used in various applications, from semiconductors to protective
coatings. The basic principle of XRD involves directing X-rays at the thin film and measuring
the intensity of the diffracted X-rays as a function of the diffraction angle. The resulting
diffraction pattern consists of peaks corresponding to the various crystallographic planes in the
material. By analyzing the position, intensity, and width of these peaks, one can obtain
information about the crystal structure, phase composition, residual stress, and crystallite size
of the thin film. The most common X-ray optical setups are parallel beam (PB, Figure 14A) and
Bragg-Brentano (BB, Figure 14B) parafocusing geometry. The BB is often sufficient for thin
films since it is typically faster than PB, but it possesses lower precision of data. Therefore, PB
is more suitable for the examination of monocrystalline structures to obtain highly accurate
data. [262-264]
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Figure 14: Simplified schematic of fundamental parallel beam and Bragg-Brentano XRD optics.

XRD can be performed in different modes, such as 0-20 scans, grazing incidence XRD
(GIXRD), and in-plane XRD, to study various aspects of the film structure. 6-26 scans provide
information about the out-of-plane crystallographic orientation, while GIXRD is used to study
thin films with very low thicknesses. In-plane XRD provides information about the in-plane
crystallographic orientation and strain in the film. Furthermore, the X-ray reflection (XRR)
method can be used to determine the density and thickness of thin films. [262]

The material composition can be determined by X-ray photoelectron Spectroscopy (XPS)
which provides detailed information about the elemental composition and chemical states of
the elements present in thin films. By analyzing the binding energies of core electrons, XPS can
identify the oxidation states and chemical environments of the atoms in the material. This
technique is useful for studying the surface chemistry and electronic structure of thin films and
is extremely important for the development of materials for catalysis, sensors, and electronic
devices. The thin film is irradiated with X-rays, causing the ejection of core electrons from the
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atoms in the material (Figure 15). The kinetic energy of these ejected electrons is measured,
and the binding energy is calculated using the known energy of the incident X-rays. The
resulting XPS spectrum consists of peaks corresponding to the different core levels of the
elements present in the thin film. By analyzing the position and shape of these peaks, we can
obtain information about the elemental composition, chemical states, and electronic structure
of the thin film. XPS can also provide information about the composition of the thin films
through depth profiling. This involves sputtering away successive layers of the film while
performing XPS measurements, allowing for the determination of the composition and
chemical states as a function of depth. This is particularly useful for studying layered structures
and interfaces in thin films. [265-269]
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Figure 15: Schematic of XPS instrument showing the X-ray source and detector for ejected electrons.

Another method usually employed during SEM analysis is energy-dispersive X-ray
spectroscopy (EDX). It provides qualitative and quantitative information about the elements
present in the thin film. EDX is particularly useful for identifying and mapping the distribution
of elements across the sample but is suitable for relatively thick materials due to the penetration
depth of incident electrons. As it was mentioned, electron bombardment of the sample causes
the emission of X-rays which is characteristic of the material. These X-rays are detected and
analyzed to determine the elemental composition. Each element produces X-rays with a unique
set of energy levels, allowing for the identification of the elements present in the sample. The
intensity of the X-rays can be used to estimate the relative concentrations of the elements. [270-
272]

The optical properties of thin films are critical for understanding their structural and
compositional characteristics. These properties, including refractive index, absorption,
scattering, and vibrational modes, provide insights into the material’s molecular structure,
chemical composition, and also thickness. Techniques such as Raman spectroscopy, Fourier
transform IR spectroscopy (FTIR), and ellipsometry are used for characterizing a wide range
of materials, including polymers, semiconductors, and nanomaterials. [273-275]

Raman spectroscopy is an optical technique used to study vibrational modes in materials. It
provides information about the molecular structure, chemical composition, and phase
transitions in thin films. Raman spectra can reveal details about the bonding and molecular
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interactions within the material, making it a valuable tool for characterizing a wide range of
materials, including polymers, ferroelectrics, semiconductors, and nanomaterials. [276,277]

The thin film is irradiated with monochromatic light, typically from a laser. The light
interacts with the molecular vibrations in the material, resulting in the scattering of light at
different frequencies. The Raman spectrum is obtained by measuring the intensity of the
scattered light as a function of frequency shift (Figure 16A). The positions and intensities of
the Raman peaks provide information about the vibrational modes, chemical composition, and
molecular structure of the thin film. Raman spectroscopy is particularly useful for studying
carbon-based materials, such as graphene and carbon nanotubes, as well as semiconductors and
oxides. The technique can provide information about the crystalline quality, defects, and strain
in the material. Additionally, Raman spectroscopy can be used to study phase transitions and
chemical reactions in thin films, making it a versatile tool for material characterization.
[274,277-279]

Furthermore, the FTIR is another optical technique (Figure 16B) used to study the
vibrational properties of thin films. It provides complementary information to Raman
spectroscopy by measuring the absorption of infrared light, which corresponds to the vibrational
frequencies of the chemical bonds in the material. FTIR is particularly useful for identifying
functional groups, studying molecular interactions, and analyzing the chemical composition of
organic and inorganic thin films. Material is irradiated with a wide spectrum of infrared light.
The light is absorbed by the material at specific frequencies corresponding to the vibrational
modes of the chemical bonds. The resulting absorption spectrum provides information about
the functional groups and chemical bonds present in the material. Positions and intensities of
the absorption peaks are used to identify the chemical composition and molecular structure of
the thin film. [280]
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Figure 16: Schematic principle of (A) Raman and (B) FTIR methods showing optics configuration.
FTIR can be performed in different modes, such as transmission, reflection, and attenuated
total reflectance (ATR), to study various aspects of the film. Transmission FTIR involves
passing the infrared light through the film, while reflection FTIR measures the light reflected
from the film surface. ATR-FTIR is particularly useful for studying thin films and surface
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layers, as it involves measuring the light that is internally reflected within the film, providing
information about the surface composition and chemical interactions. [280-282]

The next method is ellipsometry (Figure 17), which is usually employed to determine the
thickness and optical constants (refractive index and extinction coefficient) of thin films. It is
based on the measurement of the changes in the polarization state of light reflected from the
surface of a thin film. This technique is highly sensitive to changes in film thickness and optical
properties, making it an essential tool for thin film characterization. Polarized light is directed
at the thin film surface at an oblique angle. Upon reflection, the light changes its polarization
state, which is detected and analyzed. The change in polarization is described by the parameters
psi (V) and delta (A), which represent the amplitude ratio and phase difference between the p-
and s-polarized light components, respectively. Fitting of measured W and A values to an optical
model can be used for precise determination of the film thickness and its optical constants.
Furthermore, ellipsometry can be used to determine the optical bandgap of thin films by
analyzing the absorption edge in the optical spectrum. [275,283,284]
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Figure 17: Schematic of ellipsometry optical setup.

2.2 Microfabrication techniques

Microfabrication techniques are the critical element of modern microelectronics and MEMS,
enabling the fabrication of complex structures and devices at the micro- and nanoscale. These
techniques include a variety of processes, including photolithography, etching, deposition,
doping, and bonding, each playing an essential role in shaping and defining microstructures on
Si wafers and other substrates. The precision and sophistication of these methods enable the
fabrication of complex, high-performance microdevices to be used in a wide range of
applications, from integrated circuits and sensors to biomedical devices and microfluidic
systems. Understanding microfabrication techniques is essential for advancing technology and
innovation in numerous scientific and industrial fields. [285-287]

2.2.1 Lithography techniques

Photolithography is a crucial microfabrication technique to pattern parts of a thin film or the
bulk of a substrate. It involves the transfer of geometric patterns from a photomask or direct
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laser irradiation (Figure 18A) to a light-sensitive photoresist (PR) on the substrate (Figure 18B).
The PR layer is typically deposited on the substrate by spin-coating methods. Another options
are either spray coating, which is suitable for uneven surfaces and theoretically uses smaller
amounts of photoresist, or dip coating, which coats both sides of the substrate at once.
Photolithography has evolved from simple ultraviolet (UV) lithography to more precise
techniques such as deep UV (DUV) and extreme UV (EUV) lithography, pushing the
boundaries of resolution down to 1 nm. [286,288,289]
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Figure 18: (A) Schematic diagram of photolithography techniques: the mask aligner method (left), the
step and repeat camera technique and direct laser writing (right). (B) Photolithography process for
positive and negative resists.

UV lithography is one of the earliest and most widely used forms of photolithography. It
employs ultraviolet light with wavelengths typically ranging from 365 nm (Hg i-line) to
436 nm (Hg g-line). This technique is well-suited for creating micro-scale features and is
commonly used to fabricate printed circuit boards (PCBs), MEMS, and other pm scale
devices and structures. UV lithography is valued for the instrument's simplicity compared to
other methods. [290]

DUV lithography uses light sources with either 248 nm or 193 nm wavelengths, allowing
for smaller feature sizes than traditional UV lithography. DUV lithography is widely used
in semiconductors to produce integrated circuits with feature sizes of up to ~ 20 nm. The
shorter wavelength enables better control over photochemical reactions in the PR, resulting
in more precise patterning. [291,292]

EUV lithography represents the next milestone in photolithographic technology. It utilizes
even shorter wavelengths of =~ 13.5 nm or less, which belong to the soft X-ray region. This
allows for feature sizes below 10 nm, which is crucial for semiconductor device scaling.
EUV lithography (Figure 19) employs complex reflective mask-based optics to manage the
shorter wavelength light, as there is no transparent material for the wavelength below
157 nm. The EUV wavelength is generated by focusing high-energy laser pulses at an Sn
droplet, creating a plasma that emits EUV radiation. The plasma is then collected and
focused using specialized optics to produce the required radiation for precise
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photolithographic processes. EUV lithography is essential for producing the latest
generation of high-performance integrated circuits. [293,294]
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Figure 19: Schematic diagram and model of an extreme ultraviolet (EUV) lithography system
(source: www.asml.com).

Electron-beam lithography (EBL) is another advanced technique used to create fine patterns,
often at the nanoscale. Unlike photolithography, which uses light, EBL utilizes a focused beam
of electrons to write patterns directly onto an e-beam resist-coated substrate. This allows much
higher resolution and precision, making it suitable for applications requiring smaller features
than photolithography. Nevertheless, EUV lithography is rapidly advancing and now competes
with EBL in terms of feature size. EBL tools are considered rather expensive; however,
compared with EUV or DUV steppers, they are far more cheaper. Also, EBL allows quick
changes to the patterned layout without additional cost. EBL is particularly advantageous for
researching, developing, and fabricating specialized components such as quantum devices,
nanophotonic structures, and advanced sensors. Then, the exposed areas are developed,
similarly to photolithography, to reveal the underlying substrate for further processing. Modern
layout tools also allow for the correction of the proximity effect. [295-297]

Comparison and applications of lithography techniques. Each lithography technique has its
strengths and limitations. Photolithography, particularly with DUV and EUV advancements, is
the main method used by the semiconductor industry due to its high throughput and suitability
for mass production. However, it requires expensive equipment and masks, making it less
flexible for prototyping or low-volume production. Only one company (ASML) can make the
high-end lithography instruments used in the most advanced processes. In contrast, EBL allows
the direct writing of patterns without masks, which offers design flexibility. However, it is a
much slower process, suitable for applications requiring precision rather than high-volume
manufacturing. While photolithography drives large-scale production of semiconductor
devices, EBL enables nanoscale research of a wide spectrum of structures and devices. In
summary, lithography techniques have undergone significant evolution over the last few
decades, especially when we discuss the transformation of photolithography from pm to nm
(Figure 20). [290]
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Figure 20: Evolution timeline of lithography wavelength and resolution advancements from 1985 to
2025. The graph shows the transition from g-line (436 nm) and i-line (365 nm) lithography systems
through KrF (248 nm) and ArF (193 nm) systems, leading to the high-end EUV (13.5 nm) lithography
systems. (source: Www.zeiss.com)

2.2.2 Etching techniques

Etching is a fundamental process in microfabrication, essential for patterning and
structuring materials at the microscopic scale. It is based on removing material from a substrate
to create the desired pattern. Etching techniques can be broadly classified into isotropic (Figure
21A) and anisotropic etching (Figure 21B), with further subdivisions into wet and dry etching
methods (Figure 21C). Each technique has specific advantages, limitations, and applications in

fabricating microelectronic devices, MEMS, and other micro- and nanoscale structures. [287]
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Figure 21: Different etching techniques and their characteristics. (A) Directionality of etching showing
isotropic, anisotropic, and completely anisotropic etching profiles. (B) Anisotropic wet etching of Si
shows the formation of diaphragms, V-grooves, and vertical grooves based on different crystallographic
orientations. (C) Dry etching methods include physical etching (ion milling), plasma or vapor etching,
and reactive ion etching.

Isotropic vs. anisotropic etching
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Isotropic etching removes material uniformly in all directions (Figure 21A), creating
rounded profiles. It is often used when precise etch profile control is not critical. Isotropic
etching can be performed using wet chemical etchants or gaseous etchants and is typically faster
than anisotropic etching. However, its uniform nature can undercut the masking material,
causing undesired etching of material underneath the fabricated pattern. This method is well-
suited for Si etching using XeF» vapors for MEMS fabrication. Furthermore, this all-directional
phenomenon is employed in wet etching to remove sacrificial layers under thin films. [298,299]

Anisotropic etching removes material at different rates in different directions (Figure
21A) allowing for more precise control over the etch profile. This type of etching is essential
for creating structures with well-defined vertical walls. It is widely used to fabricate MEMS
and integrated circuits and can be further employed in various non-conventional applications.
Anisotropic etching can be achieved using both wet and dry etching techniques. Wet etching is
usually based on the crystallographic orientation of the etched material (Figure 21B). In
contrast, dry etching is mainly related to the selected technique and process parameters.
[300,301]

Wet etching

Wet etching involves immersing the substrate in a liquid etchant solution that reacts with
the material, which should be removed. This technique can be isotropic or anisotropic,
depending on the choice of etchant and the material being etched. Wet chemical etching is
relatively simple and cost-effective, making it suitable for many applications in
microfabrication. Common etchants include acids, bases, and solvents, each suitable for
different materials. For example, a hydrofluoric acid (HF) in combination with ammonium
fluoride (NH4F) solution known as buffer oxide etchant (BOE) is used for etching of SiOa,
while potassium hydroxide (KOH) solution is used for Si etching. Wet etching is ideal for
applications requiring smooth surfaces and is usually used with masking PR to protect areas
that should not be etched. However, isotropic wet etching can lead to undercutting of the mask
layer, limiting the precision of the etch profile. Selectivity for wet etching techniques is
generally higher than for dry techniques. [298,302-305]

Dry Etching

Reactive ion etching (RIE) is a type of dry etching that combines physical sputtering
and chemical reactions to remove material from the substrate (Figure 21C). The substrate is
placed in a vacuum chamber, and a gas mixture is introduced. The plasma is generated using
an RF power source, creating reactive species that chemically react with the substrate.
Simultaneously, ions from the plasma bombard the substrate, providing additional energy to
enhance the etching process and partially causing sputtering of the material. RIE offers high
precision and the ability to etch complex patterns with excellent control over the etch profile,
making it suitable for applications requiring anisotropic etching. The process parameters, such
as gas composition and flow rate pressure, substrate temperature, and RF power, can be
controlled to achieve the desired etch rate and selectivity. In the case of material stacks, the

30



process control can be moderate due to the lower selectivity of the etching process in
comparison to wet etching. Therefore, monitoring the process using an optical method called
endpoint detection is necessary. It determines when the desired material has been precisely
etched through. This is typically achieved using techniques such as optical emission
spectroscopy, which analyzes the light emitted by the plasma, or laser interferometry, which
measures changes in the surface reflectivity of the substrate. [300,306,307]

Deep reactive ion etching (DRIE) is an advanced form of RIE designed explicitly for
creating deep, high aspect-ratio structures and trenches with vertical sidewalls. DRIE is
commonly used for MEMS fabrication, modern transistors, and other applications that require
deep trenches or pillars. The process involves alternating cycles of etching and passivation.
During the etching cycle, reactive ions remove material from the substrate. In contrast, the
passivation cycle deposits a protective polymer layer on the sidewalls, which prevents lateral
etching and creates anisotropic profiles. DRIE is known for its high etch rates and excellent
control over etch profiles, making it ideal for fabricating complex structures, including
membranes and cantilevers. Two DRIE methods are applicable, either the faster Bosch process
or the finer cryogenic etch. [306,308,309]

lon milling is a physical etching technique that uses a focused beam of ions to sputter
material from the substrate (Figure 21C). It generally uses ion-beam sources, as mentioned
before. In some cases, it can be referred to as reactive ion-beam etching (RIBE) if a reactive
gas provides chemical etching. Unlike RIE and DRIE, ion milling does not rely on chemical
reactions and is purely a physical process. This makes it suitable for etching materials that are
resistant to chemical etching. Compared to RIE and DRIE, ion milling is a highly directional
technique that precisely controls the etch profile. It is sometimes used for pattern etching over
PR masks for I11-V semiconductors and MEMS fabrication and can be employed for etching
materials such as metals, dielectrics, and composites. It is usually combined with time-of-flight
secondary ion mass spectrometry (TOF-SIMS) to monitor the etching process, allowing for
precise etch-stop to avoid over-etching and damage to the underlying layers. However, this
process is relatively slow compared to RIE and DRIE. [310-312]

2.2.3 Doping and Surface Modification

Doping and surface modification are fundamental in materials science and semiconductor
technology. These techniques are essential for tuning materials' electrical, chemical, and
physical properties for specific applications.

Doping involves the introduction of impurities into a semiconductor to modify its
electrical properties, creating p-type or n-type semiconductors. N-type doping adds elements
with more valence electrons than the host material, like P or As in Si, increasing electron
conductivity. P-type doping, using elements with fewer valence electrons, such as B, increases
hole conductivity (Figure 22). Techniques like ion implantation and diffusion are commonly
used. lon implantation offers precise control over dopant concentration and depth, while
diffusion is more straightforward but less controlled. Another possible method is in-situ doping
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during epitaxy, CVD, or molecular beam epitaxy (MBE) processes, which ensures uniform
doping throughout the deposited layer. Doping is crucial in semiconductor devices and is
necessary for the optimization of electrical parameters of transistors, diodes, and solar cells. A
significant drawback of in situ doping is the requirement to handle highly toxic gases, such as
phosphine, diborane, and arsine, using a facility equipped accordingly. [226,313,314]
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Figure 22: Comparison of intrinsic (undoped) Si on the left and extrinsic (doped; p-type and n-type) Si
on the right.

Surface modification alters the surface properties of materials to achieve desired
characteristics such as increased adhesion, reduced friction, enhanced biocompatibility, or
improved corrosion resistance. Techniques include plasma treatment, which enhances surface
energy and adhesion; chemical functionalization, attaching specific groups to the surface for
further reactions; ion-beam modification, altering surface chemistry and roughness; thermal
treatments, changing crystallinity and hardness; and coating, applying protective or functional
layers via PVD, CVD, or ALD. These modifications are essential in various industries, from
improving the biocompatibility of medical implants to enhancing corrosion resistance in
electronics and durability in aerospace components. [60,315,316]

2.3 Thin films and microfabrication in sensor applications

Thin films are essential in developing various sensor physical and chemical sensors.
Physical sensing mechanisms often involve changes in the thin film's electrical resistance,
capacitance, or optical properties in response to external stimuli such as pressure, temperature,
or light. For example, piezoelectric thin films can convert mechanical stress into an electrical
signal, making them useful for pressure sensors, microphones, or cochlear implants. Chemical
sensing mechanisms rely on the interaction between the thin film and specific analytes, leading
to measurable changes in properties like conductivity or mass. This is commonly seen in gas
sensors where the adsorption of gas molecules on a metal oxide thin film alters its electrical
resistance. Electrochemical sensing mechanisms involve redox reactions at the surface of the
thin film, which can be detected by measuring changes in current or voltage. These mechanisms
are fundamental in biosensors, where thin films of materials such as Au, Pt, TiN, etc., are used
to detect biological molecules through electrochemical signals. [317-319]
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Furthermore, integrating thin films into functional sensor devices requires advanced
microfabrication techniques. Lithography is essential for patterning thin films into precise
micro and nanostructures required for sensor applications. Etching techniques are employed to
define the geometries of thin film sensors, allowing the creation of patterns and structures.
Furthermore, deposition techniques are crucial for the deposition or growth of thin films or
microstructures with the desired parameters. In general, combining the mentioned techniques
enables the development of highly sensitive, reliable, and miniaturized sensors capable of
operating in various environments and applications, from industrial monitoring to healthcare
diagnostics. [320-322]

2.3.1 Residual stress control in Ti thin films prepared by Kaufman ion-beam source
deposition for MEMS devices (Manuscript 1)

Manuscript title: Stress-free deposition of [001] preferentially oriented titanium thin film by
Kaufman ion-beam source. [323]

Authors: GABLECH, 1.; CAHA, O.; SVATOS, V.; PEKAREK, J.; NEUZIL, P.; SIKOLA, T.
Contribution: Inventor of the idea, preparation of thin films, and material analyses.
Motivation

Managing and reducing residual stress in thin films is crucial for MEMS fabrication, as high-
stress levels can cause cracking and buckling, compromising device integrity. This manuscript
focuses on residual stress in Ti thin films, which are favored for their mechanical strength,
corrosion resistance, and biocompatibility. However, Ti thin films often suffer from
compressive residual stress. Conventional methods like magnetron sputtering and evaporation
usually do not induce compressive stress due to the sputtered materials with lower Kkinetic
energy than ion-beam sputtering. On the other hand, they cannot provide a high level of
crystallinity with preferential orientation, which can be essential for the growth or deposition
of other materials with desired crystallographic orientation. This study explores RFICP
Kaufman ion-beam source deposition, focusing on temperature control to achieve stress-free
(001) preferentially oriented Ti thin films. We aimed to reduce residual stress by varying
deposition temperature, which can eliminate compressive residual stress while keeping the
process temperature in the compatible range (typically below ~ 475 <C) of standard CMOS
technology.

Conclusion

Our research demonstrated that precise temperature control during RFICP Kaufman ion-beam
deposition is critical for achieving stress-free, (001) preferentially oriented Ti thin films. This
method mitigates the compressive stress associated with high kinetic energy deposition
techniques. Maintaining a lower deposition temperature compatible with CMOS processes
significantly reduces thermal expansion-induced stress and enhances the reliability and
durability of Ti thin films in MEMS fabrication. Results demonstrate that Kaufman ion-beam
source deposition can prepare high-quality, stress-free thin films with preferential
crystallographic orientation. Such optimized Ti layers were further used to fabricate MEMS
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micro-bolometers and AIN-based piezoelectric resonators and harvesters, where the
crystallography of the underlayer is critical.

2.3.2 Preparation of AIN piezoelectric thin films using a dual Kaufman ion-beam

source setup (Manuscript 2)

Manuscript title: Preparation of high-quality stress-free (001) aluminum nitride thin film using
a dual Kaufman ion-beam source setup. [47]

Authors: GABLECH, I; SVATOS, V.; CAHA, O.; DUBROKA, A.; PEKAREK, J;
KLEMPA, J.; NEUZIL, P.; SCHNEIDER, M.; SIKOLA, T.

Contribution: Inventor of the idea, preparation of thin films, fabrication of structures, material
analyses, and manuscript writing.

The motivation

Achieving high-quality, stress-free aluminum nitride (AIN) thin films is essential for various
electronic and optoelectronic applications, mainly in MEMS-based piezoelectric devices. AIN
is known for its excellent thermal conductivity, high acoustic velocity, and electrical insulation
properties. However, conventional PVVD-based deposition techniques often result in residual
stress and poor stoichiometry, which results in worse electrical and mechanical properties and
often leads to low performance of the thin films. This study explores the preparation of high-
quality, stress-free (001) oriented AIN thin films using a dual Kaufman ion-beam source setup.
Such a setup allows complex control of deposition parameters, which is critical for deposition
process optimization. This approach aimed to minimize residual stress and enhance film quality
and electrical properties. The deposition process was done under standard processing
compatibility, including CMOS technology, which is important for developing high-
performance devices.

Conclusion

Our findings demonstrated that the dual Kaufman ion-beam source setup effectively prepares
high-quality, stress-free (001) oriented AIN thin films. This method significantly reduces
residual stress compared to traditional deposition techniques, ensuring the structural integrity
and reliability of the films in demanding applications. The complex control of ion-beam
parameters during deposition leads to uniform film growth, superior crystalline quality, and a
high piezoelectric coefficient value. The crystallinity level was incomparably better compared
to other published results where AIN was prepared using other PVVD methods. The optimized
stress-free AIN reached a high value of the piezoelectric coefficient (dzs)=(7.33 +0.08)
pC N1

2.3.3 Utilization of MEMS-based micro-bolometers for energy monitoring of surface
plasmon resonance of silver nanoparticles (Manuscript 3)

Manuscript title: The collective photothermal effect of silver nanoparticles probed by
a microbolometer. [324]
Authors: ZHU, H.; GABLECH, E.; GABLECH, 1.; NEUZIL, P.
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Contribution: Co-inventor of the idea, bolometer characterization, image capturing, data
evaluation, and manuscript writing.

The motivation

Understanding the photothermal effects of nanoparticles is essential for advancing applications
in nanotechnology, biomedical diagnostics, and environmental sensing. The interaction of light
with silver nanoparticles (AgNPs) leads to localized surface plasmon resonance (LSPR),
resulting in significant heat generation. This heat can be measured precisely in situ using
sensitive devices like microbolometers, enabling us to monitor nanoparticles' thermal properties
and behavior under various conditions. Our work aimed to explore these photothermal effects
and provide insight into the fundamental heat generation mechanisms.

The conclusion

This study demonstrated the capability of microbolometers to measure the collective
photothermal effect of AgNPs accurately. We observed significant thermal responses correlated
with the LSPR of AgNPs, which verifies the sensitivity and precision of MEMS
microbolometers. These findings allowed us to calculate the heat generated by one AgNP and
show the possible ways in which innovations in applications require precise thermal
management and monitoring at the nanoscale could be made. The outcomes gained from this
research are promising for advanced development in nanotechnology, medical diagnostics, and
environmental monitoring.

2.3.4 MEMS-based cantilevers for investigation of graphene electrical properties
changes due to induced mechanical strain (Manuscript 4)

Manuscript title: Mechanical strain and electric-field modulation of graphene transistors
integrated on MEMS cantilevers. [325]

Authors: GABLECH, 1.; BRODSKY, J.; VYROUBAL, P.; PIASTEK, J.; BARTOSIK, M.;
PEKAREK, J.

Contribution: Inventor of the idea, fabrication of devices and their characterization, data
evaluation, and manuscript writing.

The motivation

Integrating graphene field effect transistors (FETs) with MEMS offers exciting possibilities for
advanced sensing applications. With its exceptional electrical, mechanical, and thermal
properties, graphene has significant potential for developing high-performance transistors that
can be modulated by mechanical strain and electric fields. It has already been demonstrated that
mechanical strain can effectively modulate the electronic properties of graphene, which makes
it a promising candidate for strain-sensitive devices or gas sensors that can alter sensitivity and
selectivity. Therefore, integrating graphene with MEMS cantilevers presents an innovative
approach to creating highly sensitive and tunable sensors. This study explored the synergistic
effects of mechanical strain and electric-field modulation on graphene transistors integrated
into MEMS cantilevers.

The conclusion
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We demonstrated that mechanical strain and electric-field modulation can effectively alter the
electrical properties of graphene transistors integrated with the MEMS cantilevers. The
graphene transistors exhibited significant conductivity and carrier mobility changes when
subjected to mechanical strain. This integration resulted in a platform capable of detecting
mechanical deformations and electric field variations. These devices can be suitable for
applications in flexible electronics, wearable sensors, biomedical devices, and environmental
monitoring.

2.3.5 Technology for fabrication of piezoelectric harvesters without the need of silicon-
on-insulator wafers (Manuscript 5)

Manuscript title: Simple and efficient AIN-based piezoelectric energy harvesters. [46]
Authors: GABLECH, I.; KLEMPA, J.; PEKAREK, J.; VYROUBAL, P.; HRABINA, J;
HOLA, M.; KUNZ, J.; BRODSKY, J.; NEUZIL, P.

Contribution: Inventor of the idea, fabrication of devices, material characterization, physical
simulations, data evaluation, and manuscript writing.

Motivation

Interest in energy harvesting systems has significantly increased, primarily due to the rising
demand for sustainable and renewable energy sources. Among the various methods,
piezoelectric energy harvesting stands out because it converts mechanical energy into electrical
energy efficiently. Traditional devices often rely on silicon-on-insulator (SOI) wafers, which
are high-cost and usually require more complex fabrication processes. This study introduces a
simple and efficient approach to developing piezoelectric energy harvesters using AIN thin
films with standard microfabrication techniques. The primary technological idea employs the
precise control of DRIE etching, thus removing the necessity of expensive SOI wafers.
Conclusion

Development of our AIN-based piezoelectric energy harvesters showed a new, more
straightforward approach to fabricating Si-based energy harvesters. The experimental results
demonstrated that the AIN thin films achieved higher normalized power density than the
published results of harvesters with AIN layers. Finite element model physical simulations
verified all results with negligible deviation from the determined normalized power density.
Notably, using an optimized DRIE protocol allowed us to precisely control the harvester beam's
thickness, achieving high performance without the high costs associated with SOI wafers.

2.3.6 Selective wet etching of SiOz sacrificial layer for MEMS devices (Manuscript 6)

Manuscript title: Infinite selectivity of wet SiO> etching in respect to Al. [305]

Authors: GABLECH, 1.; BRODSKY, J.; PEKAREK, J.; NEUZIL, P.

Contribution: Fabrication of chips, profile measurements, image capturing, data evaluation,
and manuscript writing.

The motivation
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Wet etching processes are still very important due to the demand for selective material removal
in microfabrication. Among various etching techniques, achieving high selectivity between
different materials is critical for ensuring the integrity and performance of microfabricated
devices. Traditional etching processes often face challenges in selectively etching SiO» without
affecting other materials like Al, commonly used in semiconductor devices. This study
introduces a wet etching process that offers practically infinite selectivity of SiO2 etching
concerning Al.

Conclusion

The infinitely selective wet etching process for SiO» concerning Al presents a new approach
suitable for microfabrication technology. The experimental results demonstrated that the
optimized etching solution, consisting of a mixture of 48 % HF and 20 % oleum in a ratio of
1:1, is ideal for SiO2 while leaving the Al layers unaffected. This was verified through various
analytical techniques, confirming the integrity of the Al layers. We performed optical imaging
and electrical measurements to verify that the Al layer was not etched. This approach is suitable
for the fabrication of complex microelectronic and MEMS devices.

2.3.7 Nanostructures-based gas sensor for H2 and NO2 (Manuscript 7)

Manuscript title: ChemFET gas nanosensor arrays with alignment windows for assembly of
single nanowires. [326]

Authors: CHMELA, O.; GABLECH, |.; SADLEK, J.; BRODSKY, J.; VALLEJOS
VARGAS, S.

Contribution: Electrical characterization of devices, data evaluation, and manuscript writing.
The motivation

The increased demand for highly sensitive and selective gas sensors capable of detecting low
concentrations of hazardous gases in various environments is still real. Gas sensors often
struggle with sensitivity, selectivity, and the integration of nanoscale components. Chemically
sensitive field-effect transistors (ChemFETSs) have shown promise in addressing these
challenges due to their ability to provide real-time, highly sensitive detection of gas molecules.
This study aimed to further enhance ChemFET performance by integrating gas nanosensor
arrays with alignment windows designed to assemble single nanowires precisely. The research
focuses on reliable and efficient nanostructures-based gas sensor development by improving
the alignment and positioning of nanowires.

The conclusion

We demonstrated the effectiveness of ChemFET-based gas nanosensor arrays equipped with
alignment windows to assemble single nanowires precisely. The developed sensor arrays
exhibited high sensitivity and detected H. and NO>, confirming their potential for advanced gas
sensing applications. The alignment windows significantly improved the accurate positioning
of nanowires, which resulted in the reliability of the technology and sensor fabrication. Such
structures can be suitable for environmental monitoring, industrial safety, and healthcare
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diagnostics. The study shows the possibilities of nanostructure utilization in thin film
technology and sensors.

2.4 Applications in Microfluidics

Microfluidic devices are essential in various scientific and industrial fields because they can
precisely manipulate small fluid volumes within microscale or nanoscale channels.
Additionally, thin films can be an essential part of these microfluidic systems since they enable
the development and fabrication of sophisticated structures with complex functionality of
devices used in chemical analysis, biological assays, and environmental monitoring.
Fabricating microfluidic devices involves combining lithography, etching, and deposition
techniques to define and fabricate a network of channels and reservoirs. Sealing of the channels
can be done using various methods, including the fabrication of buried channels or anodic
bonding (glass to Si), which perfectly fits requirements for biochemical systems and allows
optical in-situ monitoring. Common materials such as Si, SiOz, polymers (parylene, PMMA,
polyimide, etc.), and metals form substrates and channels, while films are often employed as
coatings or functional layers to improve performance. [327-330]

For instance, thin films of hydrophobic or hydrophilic materials can be deposited to control
fluid flow within the channels. Hydrophobic coatings, often made of Teflon-like materials or
parylene, prevent fluid adhesion to the channel walls, ensuring smooth flow and reducing the
risk of clogging. Conversely, hydrophilic coatings enhance fluid wettability. Another important
application of thin films in microfluidics is the development of LOC devices. These devices
integrate multiple laboratory functions onto a single chip, allowing for high-throughput
screening, POC or PON diagnostics, and environmental monitoring. Thin films of materials
such as silicon dioxide, silicon nitride, and various metals create sensors and actuators within
these chips, providing the necessary sensitivity and selectivity for detecting biological and
chemical analytes. [330-333]

Moreover, thin films are employed in microfluidic devices designed for thermal
management. In applications requiring precise temperature control, such as polymerase chain
reaction (PCR) or other biochemical reactions, thin films of metals like Pt are used as heating
elements or temperature sensors. These films offer excellent thermal conductivity and stability,
ensuring accurate temperature regulation and uniform heat distribution across the microfluidic
device. [60,334,335]

2.4.1 Design and fabrication of complex microfluidic geometries (Manuscript 8)

Manuscript title: Nanolithography Toolbox - Simplifying the design complexity of
microfluidic chips.[336]

Authors: ZHANG, H.; PEKAREK, J.; FENG, J.; LIU, X.; Li, H.; ZHU, H.; SVATOS, V.;
GABLECH, L; PODESVA, P.; NI, S.; YOBAS, L.; NEUZIL, P.

Contribution: Design and fabrication of devices, as well as manuscript writing.

Motivation
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This work focused on simplifying the design and fabrication processes of microfluidic chip
layout. VVarious geometries are necessary for applications ranging from simple mixing channels
to more complex biological assays. The complexity and costs associated with the design and
fabrication of complex devices are often extremely time-consuming and expensive; therefore,
our research aimed to address these challenges by developing methods to streamline the design
process and reduce risk factors of microfluidic chip design and fabrication. This processing
simplification allows us to make microfluidic technology more accessible and cost-effective.
Conclusion

We showed a practical approach for designing complex microfluidic channels and structures
on chips with a positive influence on fabrication difficulty, functionality, and time consumption,
covering the period from design to fabrication. We demonstrated that producing high-quality
microfluidic devices with reduced time and costs is possible. Experimental results confirm that
this simplified attitude does not compromise the performance and reliability of microfluidic
systems. It offers a simple framework for developing versatile microfluidic platforms. Such
methodology can be well-suited for various physical, chemical, and biochemical applications,
including solutions, particles, living organisms, or cells.

2.4.2 Microfluidics heat transfer (Manuscript 9)

Manuscript title: Heat transfer time determination based on DNA melting curve analysis.
[337]

Authors: ZHU, H.; LI, H.; ZHANG, H.; FOHLEROVA, Z.; NI, S.; YOBAS, L.; KLEMPA,
J.; GABLECH, |.; HUBALEK, J.; CHANG, H.; NEUZIL, P.

Contribution: Device design and fabrication, as well as manuscript writing.

Motivation

The motivation of this study is to analyze the importance of precise heat transfer measurements
in biological systems, such as deoxyribonucleic acid (DNA) analysis. Understanding DNA's
thermal properties, such as melting temperature, is fundamental for various applications in
genomics, molecular biology, and medical diagnostics. The DNA melting curve describes the
denaturation process of double-stranded DNA into single strands as temperature increases and
provides information about the system stability and composition of DNA sequences. Accurate
determination of heat transfer time is essential for optimizing thermal cycling protocols in
techniques such as polymerase chain reaction (PCR) and developing advanced thermal
management systems in DNA analysis equipment. This study aimed to enhance the accuracy
of heat transfer time measurements using known DNA melting temperature of the dSDNA and
contribute to developing a more efficient and precise microfluidics system.

Conclusion

This study demonstrated the capability of precise determination of heat transfer times based on
DNA melting curve analysis. The results highlight the importance of precise thermal profiling
in DNA analysis, which is critical for the effectiveness of PCR and other genomic applications.
This research provides precise data about DNA thermal properties and offers practical insights
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for developing more advanced diagnostic tools. The improved measurement techniques can
lead to better thermal management in DNA analysis instruments.

2.4.3 Microfluidics with embedded heater for cryogenic experiments (Manuscript 10)

Manuscript title: Parylene-bonded micro-fluidic channels for cryogenic experiments at
superfluid He-4 temperatures. [338]

Authors: MIDLIK, S.; GABLECH, 1.; GOLENA, M.; BRODSKY, J.; SCHMORANZER, D.
Contribution: Co-inventor of device technology, device fabrication, and manuscript writing.
Motivation

Superfluid He-4 has significant potential to investigate quantum fluid dynamics and low-
temperature physics. Superfluid He-4 possesses intriguing properties for research, such as null
viscosity, high thermal conductivity, and the ability to flow without dissipating energy.
However, conducting precise experiments at these temperatures requires advanced microfluidic
systems that can withstand extreme conditions. Traditional materials and designs must often
maintain integrity and performance at cryogenic temperatures. Parylene, Si, and Pt are
promising candidates for creating robust microfluidic channels that can withstand low-
temperature environments. This study aimed to develop perylene-bonded microfluidic channels
capable of operating reliably in superfluid He-4 environments to provide controlled cryogenic
experiments.

The conclusion

We demonstrated the feasibility of using a parylene-bonded Si/SiO2/Pt microfluidic system for
cryogenic experiments at superfluid He-4 temperatures. Experimental results showed that
parylene can provide excellent structural integrity and functionality of the microfluidic channels
under extreme cryogenic conditions. The developed system exhibited reliable performance
while maintaining stable behavior during the experiments without noticeable He-4 leaks. This
technological advancement enabled more precise and controlled studies of superfluid He-4 and
can also serve as a guide for low-temperature physics experiments at the microscale level.

2.5 Protective coatings and biomedical applications

Protective coatings and biomedical applications represent critical areas where thin films
enhance performance, durability, and functionality. These applications exploit the unique
properties of thin films to provide protective mechanical and chemical barriers, improve
biocompatibility, and enable the fabrication of advanced biomedical devices for acute and
chronic utilization. Protective coatings are essential in extending the lifespan and performance
of various components exposed to harsh environments. [339]

Thin films are widely used as protective layers due to their excellent resistance to wear,
corrosion, and high temperatures. Common materials for protective coatings include TiN, DLC,
and Al>O3. These coatings are applied using techniques such as PVD and CVD. For instance,
in the automotive and aerospace industries, thin film coatings protect engine components,
turbine blades, and other critical parts from extreme conditions. TiN coatings often enhance
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the wear resistance of cutting tools and mechanical components. In contrast, DLC coatings
provide low friction and elevated surface hardness, which is ideal for reducing wear in high-
stress applications. [339-341]

In the biomedical field, thin films are utilized to improve the biocompatibility and
functionality of medical devices. Materials such as parylene, Ti, Pt, AIN, TiN, ITO, or PEDOT
are commonly used for coating implants, sensors, and other medical devices. Parylene, for
instance, is known for its excellent biocompatibility, chemical resistance, and barrier properties,
which makes it a popular choice for coating stents, catheters, and pacemakers. Polyimide can
also give similar properties, where its biocompatibility depends on the preparation formula.
[342-345]

Thin film coatings in biomedical applications serve multiple purposes. They can provide a
biocompatible interface between the device and the biological environment, reducing the risk
of undesired reactions and promoting tissue integration. Additionally, coatings can enhance the
mechanical properties of implants, such as increasing their wear resistance and reducing the
risk of failure. Functional coatings, such as those incorporating antimicrobial agents, can also
help prevent infections and improve the overall performance of medical devices. One of the
critical advancements in biomedical thin films is the development of drug-eluting coatings.
These coatings are designed to release therapeutic agents over time, leading to targeted drug
delivery directly at the implantation site. This approach is particularly beneficial for preventing
restenosis in stents or delivering localized chemotherapy in cancer treatments. [342]

2.5.1 Development of high-performance microelectrode arrays (Manuscript 11)

Manuscript title: High-Conductivity Stoichiometric Titanium Nitride for Bioelectronics.
[346]

Authors: GABLECH, I.; MIGLIACCIO, L.; BRODSKY, J.; HAVLICEK, M.; PODESVA, P.;
HRDY, R.; EHLICH, J.; GRYSZEL, M.; GLOWACKI, E.

Contribution: Inventor of the idea, device fabrication and characterization, data evaluation,
and manuscript writing.

Motivation

The growing demand pushes development in bioelectronics for materials that can enhance the
performance and reliability of bioelectronic devices. TiN is a promising material due to its
excellent electrical conductivity, chemical stability, and biocompatibility. Additionally, the
price of TiN is much lower than the cost of popular materials such as iridium oxide (IrOx) or
Pt. High-conductivity materials are critical to ensure efficient signal transmission and durability
in biological environments. Bioelectronic devices often struggle with material degradation and
poor electrical properties, limiting their functionality and lifespan. This study aimed to
investigate the properties of stoichiometric TiN, focusing on its potential to improve the
performance of bioelectronic devices. TiN is one of the leading materials in developing next-
generation bioelectronic interfaces, sensors, and implants. Encapsulation is another important
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aspect and is often problematic in guaranteeing device reliability for chronic experiments.
Therefore, we also investigated the combination of AIN and parylene.

Conclusion

We fabricated high-performance microelectrode arrays (MEASs) utilizing microstructured
surfaces with TiN as electrode material showcasing low-impedance optimal for signal
recording. We showed that stoichiometric TiN exhibits high conductivity and excellent
stability, making it suitable for bioelectronic applications. Experimental results showed that
TiN maintains its electrical properties and structural integrity in stimulated biological
conditions and accelerated aging tests. We confirmed its potential for long-term use in
bioelectronic devices. The high conductivity of TiN enhances signal transmission, which is
crucial for the efficient functioning of sensors and implants, especially where the electrode
diameter is usually in tens of pm. Furthermore, combining AIN and parylene-C as an
encapsulation layer proved its durability compared to commercial MEAs, which are
encapsulated with SisNs. This study underscores the significance of material selection in
bioelectronics and highlights TiN and AIN with parylene-C capabilities in improving device
performance and reliability.

2.5.2 Development of sub-micrometer PEDOT transistors for signal recording
(Manuscript 12)

Manuscript title: Downsizing the Channel Length of Vertical Organic Electrochemical
Transistors. [346]

Authors: BRODSKY, J.; GABLECH, 1.; MIGLIACCIO, L.; HAVLICEK, M.; DONAHUE,
M.; GLOWACKI, E.

Contribution: Co-inventor of idea, device fabrication and characterization, and manuscript
writing.

The motivation

The advancement of organic electrochemical transistors (OECTS) is vital for improving their
performance and sensing weak signals. Downsizing the channel length is one possibility for
improving the electrical properties of OECTSs, such as speed and sensitivity, which is important
in the constantly evolving field of biomedicine. OECTs face limitations due to relatively long
channel lengths, which can decrease their response times and sensitivity. This study addressed
these challenges by employing advanced fabrication technologies to develop vertical OECTs
(VOECTS) with reduced channel lengths lower than one micrometer. By employing precise
microfabrication techniques, this research focuses on developing high-performance vVOECTs
with significantly improved electrical characteristics compared to their planar alternatives.

Conclusion

We developed a new technique for fabricating sub-micrometer channel length of = 350 nm
VOECTs using advanced microfabrication techniques. We also compared spin-coated
PEDOT:PSS and electropolymerized PEDOT:PFs, both showing excellent performance.
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Experimental results showed a marked improvement in the performance in the OECTSs field.
Reduced channel lengths lead to faster response times and enhanced sensitivity. Our vVOECTS
with sub-micrometer channels exhibited excellent electrical characteristics with an ON/OFF
ratio of = 8.6 x10%, making them suitable for applications in bioelectronics, including
biosensors and neural interfaces. This research demonstrates the critical role of advanced
microfabrication techniques in enhancing the performance of organic electronic devices.

2.6 Micro- and nanostructured surfaces

Microstructured and nanostructured surfaces have become essential in scientific and
industrial research due to their unique properties related to specific geometries. These surfaces
are often created from thin films prepared by PVD and CVD techniques and offer enhanced
functionalities that can be modified for specific applications ranging from optical devices to
biomedical implants. Fabricating microstructured surfaces usually relies on advanced
microfabrication techniques described above, including dry and wet etching or anodization
processes. [347-350]

These surfaces' electrical and mechanical properties are significantly influenced by the
material composition and shape, size, and aspect ratio, which affect their interaction with light,
fluids, and biological entities. Microstructured surfaces can exhibit optical properties such as
anti-reflective behavior, light trapping, and diffraction effects. These properties are suitable for
applications like solar cells to enhance light absorption and efficiency. Similarly,
microstructured surfaces improve performance in optical sensors and display technologies by
controlling light propagation and reducing glare. [351-356]

The interaction of fluids with microstructured surfaces differs from that with flat surfaces.
Microstructures can induce superhydrophobicity or superhydrophilicity, affecting fluid flow,
droplet formation, and evaporation rates. These properties can be used in the development of
microfluidic devices. Mechanical properties, such as hardness and elasticity, can be tuned by
adjusting the geometry and selection of material or its composition. In biomedical applications,
the topography created by microstructures influences cell behavior, including adhesion,
proliferation, and differentiation. Microstructured and nanostructured surfaces can also be used
in implants and tissue engineering scaffolds to promote desirable cellular interactions and
improve biocompatibility. [260,351,354,357,358]

2.6.1 Micropillars for cellular traction force evaluation (Manuscript 13)

Manuscript title: SiO2-Decorated Parylene C Micropillars Designed to Probe Cellular Force.
[350]

Authors: FOHLEROVA, Z.; GABLECH, I.; OTAHAL, A.; FECKO, P.

Contribution: Inventor of structures fabrication technology, micropillars fabrication and
characterization, and manuscript writing.

Motivation
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This study aimed to develop an advanced tool for probing cellular traction forces with high
precision and sensitivity. Cellular force measurement is essential for understanding various
biological processes, such as cell migration and differentiation. Traditional methods for
measuring cellular forces often lack the required sensitivity or resolution. The integration of
SiO»-decorated parylene-C micropillars offers a novel approach to enhance the sensitivity and
specificity of these measurements. Parylene-C was chosen for its excellent biocompatibility and
mechanical properties, while the SiO2 decoration improves the surface characteristics and
interaction with cells since it allows covalent binding with proteins. Therefore, we designed
and fabricated chips for probing cellular forces to observe cellular mechanics.

Conclusion

The experimental results demonstrated that our SiO>-decorated parylene-C micropillars
achieved high sensitivity and accuracy in determining cellular traction forces. The top-down
fabrication approach, including photolithography, RIE, and IBE, proved straightforward and
adaptable for developing these and other similar structures. The experiments confirmed the
patterning of micropillars via the selective chemistry of the SiO interface and the surface
chemistry of the parylene-C sidewalls. The main benefit of this technological advancement is
eliminating the need for micro-contact printing of proteins on the micropillar array tops.
Furthermore, the cytocompatibility of the micropillars was validated through the morphology
of 3T3-fibroblasts adhered to the micropillar arrays, and we evaluated cell spread area, cell
proliferation, qualitative evaluations of the cytoskeleton, and the development of focal contacts.
In summary, micropillars exhibited excellent mechanical stability and consistent performance.
Our findings highlight the potential of this technology in tissue engineering and fundamental
cell biology research. We introduced an innovative method for flexible micropillar substrate
fabrication, enabling cell traction forces to be quantified.

2.6.2 Development of hydrophilic and superhydrophobic surfaces (Manuscript 14)

Manuscript title: Nature-inspired parylene/SiO> core-shell micro-nano pillars: Effect of
topography and surface chemistry. [351]

Authors: LIU, X.; FOHLEROVA, Z.: GABLECH, I.; PUMERA, M.; NEUZIL, P.
Contribution: Structures fabrication, data evaluation, and manuscript writing.

Motivation:

An attractive scientific area is the imitation of various natural phenomena, which can be carried
out using advanced micro- and nanostructured surfaces that mimic the sophisticated
functionalities observed in nature. Natural systems often exhibit hierarchical structures that
enhance mechanical, optical, and chemical properties, making them highly efficient and
adaptable to various environments. Therefore, researchers aim to create materials with superior
properties observed in nature suitable for a wide range of applications. Parylene/SiO> core-shell
micropillars represent a significant advancement in this area because they combine the
advantages of both materials to achieve desired properties. Integrating these materials into core-
shell structures enables the creation of surfaces that mimic natural topographies and exhibit
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enhanced functionality due to their flexibility. Therefore, this study aimed to explore the effects
of topography and surface chemistry on wettability. Furthermore, the specific topography can
lead to increased sensitivity and selectivity of sensors. In summary, this study aimed to
contribute to developing next-generation materials that enhance natural design principles to
achieve superior performance and functionality in terms of surface wettability.

Conclusion

We investigated topography and surface chemistry modifications via silanes of nature-inspired
Parylene/SiO. core-shell micropillars and their influence on surface properties, leading to
different levels of wettability and adhesion force. Experimental results based on force-distance
measurement probed by AFM and water droplet contact angle measurements revealed that these
micro pillars offer unique properties comparable to one of the gecko setae commonly observed
in nature. We could generally create surfaces with varying properties, from hydrophilic to
superhydrophobic. Overall, the Parylene/SiO> core-shell structures show great potential for a
wide range of modifications, resulting in surfaces with specific properties suitable for functional
materials and surface engineering.

3 CONCLUSION

This habilitation thesis investigates the critical role of thin films, characterization methods,
and microfabrication techniques in advanced materials science and modern electronics. The
unique properties of thin films and the precision offered by microfabrication methods were
demonstrated to be vital in numerous applications. Thin films are necessary for materials and
device development thanks to their unique and specific physical and chemical properties, such
as electrical conductivity, optical transparency, mechanical strength, and chemical stability.
These properties can be controlled by choosing the optimal technique and its deposition process
parameters.

Microfabrication techniques, including photolithography, etching, and doping, are
fundamental in fabricating complex electronic devices, MEMS, microfluidic systems, and
microstructures. Well-optimized thin films and photolithography evolution are essential for
developing advanced devices with improved performance and reduced size. This is essential to
developing high-performance transistors, diodes, and integrated circuits, which are
fundamental entities of modern electronic devices. Furthermore, the integration of thin films
into sensor technology has also led to significant improvements in performance and reliability.
Thin films enhance the sensitivity and selectivity of sensors, making them suitable for
environmental monitoring, industrial safety, and healthcare diagnostics by recognizing many
physical and chemical changes. Additionally, thin films such as nitrides, oxides, and carbides
can offer excellent resistance to wear, corrosion, and high temperatures, positively influencing
the lifespan and performance of devices in harsh environments. Several thin films also enhance
the biocompatibility and functionality of medical devices, which is crucial for many in-vivo
devices. Microstructured surfaces, fabricated from thin films, exhibit unique properties due to
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their complex geometries and material properties. These surfaces offer enhanced functionalities
optimized for specific applications, such as optical or biomedical devices.

In summary, the content of this thesis shows the impact of thin films and microfabrication
techniques on modern technology and science. The evolution of all techniques pushes the
development of devices forward and is an indispensable and fast-growing part of the current
technology-based world. This progress is necessary for high-performance and reliable devices
critical for future technologies.
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We proposed a method to control and minimize residual stress in [001] preferentially oriented Ti thin films depos-
ited by a Kaufman ion-beam source using a substrate temperature during deposition (T) as the parameter. We de-
termined the residual stress, corresponding lattice parameters, and thickness of deposited films using X-ray
diffraction and X-ray reflectivity measurements. We showed that the Ti film deposited at T =~ 273 °C was stress-
free with corresponding lattice parameters ao and ¢, of (2.954 = 0.003) A and (4.695 + 0.001) A, respectively.
The stress-free sample has the superior crystallographic quality and pure [001] orientation. The Ti thin films
were oriented with the c-axis parallel to the surface normal. We also investigated root mean square of surface
roughness of deposited films by atomic force microscopy and it was in the range from ~0.58 nm to ~0.71 nm.
Such smooth and stress-free layers are suitable for microelectromechanical systems.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Ti is a commonly used material in planar technologies either for the
fabrication of integrated circuits, microelectromechanical systems
(MEMS) or microfluidic systems. Ti has a reasonably good electrical con-
ductivity, an excellent thermal stability, high hardness, high melting
point, high elasticity and a very low concentration of crystallographic im-
perfections [1]. Ti belongs to a group of biocompatible materials and is
also compatible with the complementary-metal-oxide-semiconductor
(CMOS) process; thus, it is capable of being used in fabrication lines ded-
icated to CMOS production and research [2]. Ti thin films are used in
MEMS applications such as cochlear implants [3], infrared bolometers
[4-6], flexible and wearable heartbeat sensors [7], piezoelectric energy
harvesters [8], microfluidic devices [9], and piezoelectric resonators
[10]. Layers used in MEMS technologies are typically required to have
minimal residual stress as this significantly affects the mechanical [11]
and electrical [12] properties of a final device. Once the stress level ex-
ceeds a certain limit it can even cause damage to the structural integrity
of the device [13].

* Corresponding author at: Central European Institute of Technology, Brno University of
Technology, Purkyfiova 123, CZ-61200 Brno, Czech Republic.
E-mail address: imrich.gablech@ceitec.vutbr.cz (I. Gablech).
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0040-6090/© 2017 Elsevier B.V. All rights reserved.

Ti thin films are usually deposited by processes such as physical vapor
deposition, including thermal and electron beam evaporation, pulsed
laser deposition, or sputtering, either magnetron or ion-beam based.
Each technique results in the formation of layers with different proper-
ties, such as crystallographic parameters, roughness, residual stress, elec-
trical sheet resistance, and thermal coefficient of resistance [14]. Control
of the Ti crystallographic orientation is of crucial significance as it directly
affects its properties and, together with surface roughness, it is important
for properties of layers subsequently deposited on top of the Ti layer,
such as AIN piezoelectric material [10,15,16]. The magnetron sputtering
technique allows residual stress control by modulating Ar gas pressure,
magnetron power, or substrate deposition temperature (T) [17]. Unfor-
tunately, these parameters cannot be set independently from each
other. The other extended technique employing the assisted ion-beam
source for concurrent substrate ion-beam bombardment during the
layer growth allows only limited control of residual stress [18].

Here, we report on the preparation of stress-free highly [001] orient-
ed Ti thin films deposited using a 3-grid radio frequency-inductively
coupled plasma (RFICP) Kaufman ion-beam source. The major advantage
of this ion-beam source type is a well-defined process control that allows
us, contrary to conventional deposition techniques, to set parameters
like ion-beam energy and atomic sputtering direction independently,
and also in one order magnitude lower operational pressure compared
with magnetron sputtering [1]. On the other hand, its disadvantage is a
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rather more complex control of residual stress. In our work, we concen-
trated on the investigation of the control of residual stress by T and its in-
fluence on crystallography and surface roughness of a Ti layer deposited
on a plasma enhanced chemical vapor deposited (PECVD) SiO, layer.

2. Experimental details
2.1. Titanium deposition process

For all experiments, we used p-type Si wafers with diameter of
=~ 100 mm, crystallographic orientation of [100], thickness of ~375 pm,
and specific resistivity in the range from ~6 () cm to ~12 () cm covered
with PECVD SiO, with a thickness of ~200 nm. These wafers were diced
into individual substrates with dimensions of ~20 mm x =20 mm.

The Ti layers were deposited by an ion-beam sputtering system in-
side a vacuum chamber with the RFICP Kaufman ion-beam source (Kauf-
man & Robinson—KRI®) with a = 4 cm diameter Mo 3-grid dished
focused ion optics with an =~45° ellipse pattern. We used an Ar ion-
beam with purity of 99.99999% to provide the bombardment of an
~100 mm x ~ 100 mm Ti target with the purity of 99.995% under an in-
cidence angle of ~45°. Reduction of the ion-beam space charge was pro-
vided by a KRILEN 2000 charge neutralizer (KRI®). The vacuum chamber
was evacuated to the pressure of ~5-1077 Pa before each deposition
process. The final Ti thickness (tf) of (80 & 1) nm was monitored in-
situ by quartz crystal microbalance method and subsequently verified
by X-ray reflectivity (XRR) measurement.

The deposition parameters were selected under conditions deter-
mined in our previously reported work [1]. We set the ion-beam energy
to ~200 eV, acceleration voltage to ~—220 V to control the extraction
and optical parameters of the ion-beam, ion-beam current to ~5 mA
at the target, radio frequency power to =70 W supplied to the plasma
discharge, Ar flow to ~2.2 sccm, and T was used as the parameter. We
performed a contact temperature measurement using a type K thermo-
couple during the sputter deposition process to investigate the T caused
by the combination of deposited material energy and the built-in sub-
strate heater. The lowest value of T was ~105 °C which is generated
only by the deposited material flux with no additional heating. We con-
trolled the T in the range from =~ 105 °C to ~295 °C with an accuracy of
+3 °C. The pressure during the all depositions was constant with the
value of ~9-1073 Pa.

2.2. X-ray scattering methods

We characterized the Ti layers by several X-ray diffraction (XRD)
methods (Fig. 1). We used a Rigaku SmartLab system with a Cu X-ray
tube.

We used the standard Bragg-Brentano setup (Fig. 1A) to determine
the lattice parameter (c) of the planes parallel to the surface. The lattice

A) Bragg-Brentano

parameter (a) in the perpendicular direction was measured in a grazing-
incidence setup (Fig. 1B) using a parabolic multilayer mirror as a mono-
chromator and parallel plate collimator with a divergence of ~0.15° and
~0.11° in the incident and the scattered beam, respectively. We per-
formed this measurement at an angle of incidence (o) of 0.3°, which is
close to the critical angle of total external reflection of 0.298°. The
diffracted signal was integrated over the exit angle (o) from 0° up to
2°. We extracted values of lattice parameters by curve fitting using
Rigaku PDXL2 software.

We measured the t;in the XRR configuration using a two bounce Ge
(220) channel cut monochromator.

We determined the preferential orientation of the Ti lattice via the
pole figures measurement. We performed the measurement with the
parallel beam and the parallel plate collimator as in the grazing incidence
setup (Fig. 1B). The diffractometer with an in-plane arm allowed to map
the full half space above the sample's surface. The background of pole fig-
ure was measured 2° off the peak position.

We measured the curvature (Fig. 1C) of the Si substrate before (Rg)
and after (R) Ti deposition to determine the elastic stress of Ti layers.
The curvature radius was determined from the dependence of Bragg
angle (0) on the substrate position. Its slope is inversely proportional to
the curvature radius of crystallographic planes. The stress of a Ti layer
(0f) can be calculated by the Stoney formula (Eq. (1)) for [001] oriented
Si[19]:

h1 1 1
e "6 sitsn (ﬁ_fo> M

where h is the substrate thickness and s;1 and sy, are the components of
the Si elastic compliance tensor. We used a four bounce Ge (220) Bartels-
type monochromator and measured the position of Si 004 diffraction
peak dependence on the sample position.

2.3. Surface roughness measurement method

We determined the root mean square of surface roughness (Rrums)
from surface scanning by atomic force microscope (AFM) Dimension
Icon by Bruker in the ScanAsyst®-Air mode. We used the ScanAsyst-Air
probe with a cantilever spring constant of ~0.4 N-m~ ! and tip radius
of ~2 nm.
3. Results and discussion
3.1. Crystallography and stress characterization

We performed phase analysis measurement using XRD in the Bragg-
Brentano setup with the 26 angle in the range from 30° to 85° for all

layers with T as the parameter. The interval from 60° to 78° was excluded

B) Grazing-incidence in—plane

s TG O

C) Curvature measurement

[

o . P

©®
~1/R

X

Fig. 1. Setup of the XRD experimental methods: A) Bragg-Brentano setup to measure the out-of-plane c lattice parameter; B) In-plane diffraction for a lattice parameter determination was
measured with the parallel plate collimator and analyzer shown in the figure; C) Curvature measurement determines average Or in the layer. The angle of incidence with respect to the

mean surface is noted as .
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Fig. 2. A) X-ray diffractograms of deposited thin films obtained at different T. The range from 60° to 78° was excluded due to Si 400 diffraction with intensity of several orders of magnitude

higher than of the Ti peaks; B) RC-FWHM and T dependence on T.

to avoid the high intensity of Si 400 diffraction in this range. We detected
the diffraction peaks that belongs to the (100), (001) and (101) crystal-
lographic planes. We detected the 2nd order 002 and the 4th order 004
diffraction peaks since the 1st order diffraction is forbidden (Fig. 2A)
for the (001) crystallographic plane (Fig. 2A). We used XRD in the paral-
lel beam setup to determine the rocking curve (RC) width (Fig. 2B). We
calculated the minimal average crystallite size (T) using the Scherrer
equation [20] (Eq. (2)) from the full width at half maximum (FWHM)
of the 002 diffraction peak in the Bragg-Brentano setup (Fig. 2B):

K-\
TR cos(6) ?

where K is the Scherrer constant, \ is the X-ray wavelength, and 3 is the
line broadening at half the maximum intensity. The 004 diffraction peak
was not resolved at all samples, thus the inhomogeneous strain induced
peak widening could not be determined.

The Bragg-Brentano analysis results proved that the crystallites in all
deposited layers had the [001] preferential orientation. We also observed
a small contribution of the (100) plane belonging to the samples depos-
ited with T from =105 °C to =155 °C. Only one (001) crystallographic
plane was presented for samples deposited in the range from ~180 °C
to ~273 °C. The small contribution of the (101) plane was presented
for the highest T ~ 295 °C.

Tincreased from =~ 155 °C to ~273 °C, resulting in increased diffrac-
tion peak intensity and decreased RC width. We observed the highest dif-
fraction intensity with the lowest FWHM value of ~0.27° and the lowest
RC width with FWHM ~4.4° at T~ 273 °C. Increasing T from ~ 105 °C to
~295 °C also resulted in the increase of T from ~19 nm to ~31 nm.

The dependence of the lattice parameters on Tis shown in Fig. 3B. The
strain g;; was calculated (Eq. (3)) using experimental and tabulated
values of the lattice parameters:

Qexp—0o Cexp —Co

Ex=———,Eg=——— 3
Xx P p 3)
where x and z, respectively, are the in-plane and out-of-plane coordi-
nates, dexp, Cexp the experimental lattice parameters and a, ¢o the tabu-
lated values of the unstrained lattice. Then assuming in-plane isotropy,
the in-plane and out-of-plane stress components can be calculated as

(Eq. (4)):
Oxx = (C11 +C12) - &xx + C13 - €22,02, = 2C13 - & + (33 - €2 =0 (4)

where Cj; are the components of the Ti elastic stiffness tensor [21], the in-
plane Oy, and the out-of-plane o, stress components equal zero since
the surface is stress-free. However, the tabulated values of the lattice pa-
rameters vary in a relatively broad range and, therefore the uncertainty
of the calculated stress would be in the order of GPa and, therefore, not
acceptable for MEMS applications. Thus, we measured the o via the cur-
vature of the substrate; the measured of dependence on T is plotted in
Fig. 3A. The o¢ has the same qualitative dependence as the a and opposite
one as the c in agreement with the previous equations (Eq. (4)).

The Ti thin film deposited at T =~ 273 °C exhibits the zero residual o¢
value within the experimental precision of 0.1 GPa. Corresponding ag
and c, of this unstrained Ti film are (2.954 + 0.003) A and (4.695 +
0.001) A, respectively and their ratio c/a is (1.5891 + 0.0015). Using
these values of Ti lattice parameters, we calculated the average ampli-
tudes of 04 and 0, using formulas (Eq. (3)) and (Eq. (4)). We obtained
values which were in good agreement with the ones determined by the
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Fig. 3. A) Stress o dependence of measured or and calculated Oxx 0., and oy values (Eq. (4)) on T; B) Dependence of measured a and c of deposited Ti thin films on T.
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Fig. 4. Pole figures of three diffractions 100, 002 [second order diffraction on the (001) crystallographic planes], and 101 are plotted in the left, center, and right column, respectively: A, B,
C) The sample grown at T~ 105 °C with the compressive stress; D, E, F) The sample grown at T = 273 °C with no residual stress; G, H, I) The sample grown at T = 295 °C with tensile stress.

independent curvature measurements (Fig. 3A). The tensile stress for the larger than for the Si by ~6-107% K~ . This corresponds to a thermally
layers deposited at high T can be explained by the different thermal ex- induced stress (0r) of 0.3 GPa for the T ~ 295 °C, which is in good
pansion of Si and Ti material. The Ti thermal expansion coefficient is agreement with the experimental value (Fig. 3A). The layers deposited
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at lower T were compressively stressed, with the highest stress value
reached at T= 155 °C. Higher Tresulted in stress relaxation. The layer de-
posited at T ~ 295 °C was grown as stress-free and the tensile stress was
induced during cooling down to the ambient temperature.

3.2. Pole figure analysis

The Bragg-Brentano setup showed the crystallographic planes paral-
lel to the surface. We performed pole figure analyses to obtain full infor-
mation of the preferential orientation of the layer. The pole figures were
measured on three selected samples with different symmetric diffraction
patterns and stress (Fig. 4). The first one was grown at T =~ 105 °C ex-
hibits the (100) and (001) crystallographic planes oriented preferentially
in crystallites parallel to a surface and the stress was compressive. The
second, grown at T = 273 °C, was purely [001] oriented and stress-free.
The third one has the (001) and (101) planes parallel to a surface and
the layer possess tensile stress.

The sample grown at optimal T =~ 273 °C (Fig. 4D, E, F) shows that the
(001) crystallographic planes are oriented in crystallites exclusively par-
allel to the sample surface, noted as a peak in the center of the circular
stereographic projection. The (100) planes are randomly oriented per-
pendicular to the surface, shown as a ring at the outer circle boundary,
the (101) planes are oriented with a theoretical angle of ~61° with re-
spect to the surface. The other samples show the major contribution of
the [001] orientation giving rise to the result equivalent to the optimal
T. The samples grown at low and high T show an additional minor contri-
bution of another orientation. The sample grown at a lower T =~ 105 °C
shows the (100) planes in two preferential orientations: parallel to the
surface [[100] oriented crystallites] and perpendicular to the surface
[[001] oriented crystallites]; the ring at angle of ~60° with respect to
the surface corresponds also to the [100] orientation since 60° is an
angle between various equivalent [17] crystallographic planes (Fig. 4A,
B). The (101) planes also show two orientations (Fig. 4C): the more in-
tensive ring at angle of =~61° corresponds to the crystallites with the
[001] orientation and the weaker one at ~29° corresponds to the [100]
oriented crystallites. The sample deposited at T ~ 295 °C has the major
[001] orientation of crystallites and minor contribution of the [101] ori-
entation (Fig. 4G, H, I). The 100 pole figure shows except of the most in-
tensive ring perpendicular to the surface two weak rings at angles of
~29° and =~ 64° corresponding to the angles of the (100) planes with re-
spect to the (101) equivalent planes.

The pole figures analysis confirmed that the deposition at T~ 105 °C
with a compressive stress has mixed [001] and [100] orientation. The
stress-free Ti thin film exhibits only [001] orientation at optimum
growth T =~ 273 °C. The highest T ~ 295 °C results in a tensile stress
and preferential orientations [001] and [101].
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All XRD analyses showed the sample grown at the optimal T has [001]
preferential orientation, with the narrowest rocking curve RC with RC-
FWHM of ~4.4° and big crystallites with size of ~30 nm. Thus, we con-
cluded this sample had the superior microstructure quality from all
samples.

3.3. Surface roughness characterization

We performed AFM topography scans by using the ScanAsyst®-Air
mode to study the surface roughness of Ti thin films deposited at differ-
ent T. The obtained amplitude of Rgys with T as the parameter indicates a
certain correlation with the curve that describes the dependence of RC-
FWHM on T as shown in Fig. 2B.

Nevertheless, all samples had a rather smooth surface with Rgys in
the range from ~0.58 nm to ~0.71 nm (Fig. 5A). The surface topogra-
phy of the stress-free sample deposited at T ~ 273 °C and having the
lowest Rgys value is shown in Fig. 5B.

4. Conclusions

We presented a method to modulate the residual stress in [001] pref-
erentially oriented Ti thin films deposited using the Kaufman ion-beam
source by changing T. The experiments showed that T has an essential in-
fluence on the residual stress and lattice parameters of deposited Ti thin
films. At low T, compressive residual stress was obtained, which de-
creased with increasing T from ~ 155 °C up to ~273 °C, when zero resid-
ual stress was achieved. The corresponding lattice parameters for this
stress-free film were ap = (2.954 + 0.003) A and ¢y = (4.695 +
0.001) A. At T = 295 °C, the tensile residual stress was measured due
to differences in thermal expansion coefficients of the Ti and Si substrate.
The layers have a very well defined preferential orientation, with the c-
axis oriented perpendicular to the surface with a negligible contribution
of other orientation at T between ~ 155 °C and ~273 °C. At T lower than
~155 °C,[100] oriented crystallites are present, whereas at T higher than
=273 °C[101] oriented crystallites were detected. The sample grown at
T = 273 °C showed not only zero residual stress, but also a superior crys-
tallographic quality and the lowest Rgy;s value of ~0.58 nm among the
whole sample series.
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We proposed and demonstrated a preparation method of (001) preferentially oriented stress-free AIN piezo-
electric thin films. The AIN thin films were deposited by a reactive sputtering technique at substrate tempera-
tures up to 330 °C using a dual Kaufman ion-beam source setup. We deposited the AIN on Si (100), Si (111),
amorphous SiO,, and a (001) preferentially oriented Ti thin film and compared their crystallographic, optical,
and piezoelectric properties. The AIN thin films deposited on the (001) preferentially oriented Ti thin films have
the highest crystallographic quality. The stress-free AIN reached a high value of the piezoelectric coefficient
dss = (7.33 = 0.08) pCN ™. The properties of the AIN thin film prepared at such low temperatures are suitable
for numerous microelectromechanical systems, piezoelectric sensors, and actuators monolithically integrated

with complementary metal-oxide-semiconductor signal-processing circuits.

1. Introduction

Piezoelectric materials have huge potential in many common ap-
plications. Lead zirconate titanate (PZT), quartz, lithium niobate, li-
thium tantalate, aluminum nitride (AIN), or zinc oxide (ZnO) is gen-
erally used [1-4]. They often have to be integrated with
complementary metal-oxide-semiconductor (CMOS) devices. The cru-
cial requirement for this technology is to deposit thin films at substrate
temperatures below 450 °C using such techniques as physical vapor
deposition. AIN is a CMOS-compatible material, thus eliminating the
contamination risk of the fabrication line compared with PZT and ZnO
[5,6]. AN is also popular due to its bio-compatibility [7].

The AIN thin films have been already employed in various technical
fields as an insulator and a passivation layer for thin film applications
[8,9], as energy harvesters [10,11], mass sensors [12-15], acoustic
sensors [16,17], wave guides [18], optoelectronic devices [19,20],
tunable resonators [21], and many others. Excluding the piezo-
electricity, there are some extraordinary properties of AIN thin films
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such as high thermal conductivity (320 WmK ™! at a temperature of

300K), low thermal expansion coefficient at high temperatures, wide
bandgap (6.2 eV), and high electric resistance (10*3 Q-cm), which re-
sults in a relatively high dielectric constant, mechanical stiffness, and
high elasticity [22-24]. The AIN thin film is typically a wurtzite
structured material and shows the major piezoelectric response along
(001) direction, usually with the piezoelectric coefficient up to 6
pCN~! [24,25]. The piezoelectric coefficients of AIN are highly de-
pendent on the crystal orientation and its misorientation. For instance,
deposition conditions of magnetron sputtering such as pressure, power,
bias, and deposition temperature directly influence crystallography.
The most important condition is to achieve a low value of misorienta-
tion which increases piezoelectric coefficients [5,26]. Such properties
can be modified at temperatures above 1000 °C [27,28], which is not
compatible with standard CMOS technology, after the deposition pro-
cess is complete.

Numerous techniques of AIN deposition have been previously em-
ployed. They can be sorted into two major groups. The first uses a high
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deposition substrate temperature up to 1000 °C and the second uses a
lower substrate temperature. The first group contains deposition
methods such as metalorganic chemical vapor deposition (MOCVD)
[29-31], molecular beam epitaxy [32], and hydride vapor phase epi-
taxy [33]. The second one consists of such methods as reactive sput-
tering and evaporation, often assisted with ion-beam [34], pulsed laser
deposition [35,36], and plasma enhanced atomic layer deposition [37].
The piezoelectric properties and internal stress are sensitive to de-
position process parameters [28].

In the present study, we investigated AIN thin films with (001)
preferential crystallographic orientation deposited on Si (100), Si (111),
amorphous SiO,, and a (001) preferentially oriented Ti thin film,
comparing their properties for various deposition conditions. Our aim
was to grow AIN thin films for potential microelectromechanical sys-
tems (MEMS) application. The requirements were to achieve (i) high
piezoelectric coefficient, (ii) zero residual stress at room temperature,
(iii) grow at conductive substrate serving as a bottom electrode, and
(iiii) deposition process at low temperature. Titanium (001) pre-
ferentially oriented substrate was studied the most since it can serve
both as a bottom electrode and as a seed layer for AIN growth im-
proving preferential orientation of AIN (001). Highly preferentially
orientated layers also benefit from high piezoelectric coefficients. Other
substrates can also be used for MEMS applications where the bottom
electrode is not metal or is not required. We used these substrates as a
reference. All thin films presented in this report were deposited by a
Kaufman ion-beam source (IBS) utilizing radio frequency inductively
coupled plasma (RFICP) and, optionally, a secondary RFICP Kaufman
IBS. We controlled the deposition substrate temperature in the range
from 100°C to 340°C. We also varied the ion-beam current and its
energy, which affected the kinetic energy of atoms of the sputtered
material and deposition rate. We determined the material properties
such as crystallographic parameters, residual stress, optical properties,
and piezoelectric coefficient.

2. Experimental details
2.1. Aluminum nitride deposition process

We deposited 200 nm AIN thin films on square-shaped substrates
with a size of 20 mm x 20 mm diced from silicon wafers with a dia-
meter of 100 mm and thickness of 525 um. The deposition was per-
formed on four different Si wafers: two bare wafers Si (111) and Si
(100), Si (100) wafer covered with an amorphous layer of SiO, with a
thickness of 100 nm, and the same one covered with a layer of (001)
preferentially oriented Ti [38,39] with a thickness of 80 nm. All the
substrates were pre-cleaned prior to the actual deposition by Ar ion
bombardment from the secondary RFICP Kaufman IBS with a 2-grid p-
dished collimated ion optics with a diameter of 40 mm. The pre-
cleaning parameters were set as follows: ion-beam energy (BE) - 30 eV,
ion-beam current (BC) - 15mA, and sputter time - 180s.

All thin films were deposited either by using the primary RFICP
Kaufman IBS (KRI®) with a 3-grid dished focused ion optics (4 cm in
diameter and with 45° ellipse pattern) only, or concurrent using the
primary and secondary IBS (KRI®) for the ion-beam assisted deposition
described above (Fig. 1).

We used an aluminum square-shaped target with a size of
100 mm X 100mm and 99.999% purity for AIN deposition by Ar
sputtering assisted with N5 or Ar gas or their mixtures, both gases with
99.99999% purity. The deposition parameters are listed in Table 1.
Reduction of the ion-beam space charge was achieved by a KRI LFN
2000 charge neutralizer (KRI®). The sputtering chamber was evacuated
to a base pressure of 51077 Pa by a turbomolecular pump with a
pumping speed of 1200 I's~* backed by a dry scroll vacuum pump. The
process pressure was in the range from 8.5107>Pa to 1.5:10 % Pa. We
monitored the AIN deposition rate and film thickness in situ using a
quartz crystal sensor. Finally, the thickness was verified ex situ by
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ellipsometry and the average thickness was (195.9 + 8.2) nm. We
employed atomic force microscopy (AFM) using a Dimension Icon,
Bruker, for surface roughness measurement. The surface roughness of
all deposited AIN films was investigated in the ScanAsyst® — air mea-
suring mode of AFM. The average surface roughness of all samples was
(1.2 = 0.3) nm with no evident dependence on the deposition para-
meters.

2.2. X-ray diffraction methods

We characterized the deposited AIN thin films using four X-ray
diffraction (XRD) methods [38]. The first three methods were carried
out by a Rigaku SmartLab system with a Cu X-ray tube containing a
linear D/teX Ultra detector. The fourth method was conducted by a
home-assembled diffractometer with a Cu X-ray tube, Bartels-type Ge
4 x (220) monochromator, and scintillation detector.

The first method was based on the Bragg-Brentano (BB) geometry
used to determine the lattice parameter of the planes parallel to the
sample surface. The scanning speed was 5°min~'. The width of the
diffraction peak is inversely proportional to the coherently diffracting
domain size (roughly grain size) and includes other contributions,
namely resolution, wavelength spread, and inhomogeneous strain dis-
tribution. Since we were able to measure only a single diffraction peak,
full analysis is not possible, and we report only full width at half
maximum (FWHM) of the diffraction peaks as a measure of layer
quality.

The second one, the grazing-incidence (GIXRD) method, was then
used to measure the lattice parameter in the perpendicular direction to
the sample surface with scanning speed of 1°min~'. This in-plane
measurement employed a parabolic multilayer mirror as a mono-
chromator and parallel plate collimators with a divergence of 0.15° and
0.11° in the incident and scattered beam, respectively.

The third method was the rocking curve (RC) measurement with
scanning speed of 3*min~! in a standard parallel-beam (PB) setup
using a 0.114° parallel slit analyzer. We fitted the measured data by the
Rigaku PDXL2 software. The width of the rocking curve is a measure of
the preferential orientation; rocking curve width is roughly equal to the
mean misorientation of the individual grains with respect to the surface
normal.

The fourth method was used to extract the elastic stress o of de-
posited AIN thin films. The stress was determined from the curvature
difference of the Si (100) substrate before and after AIN deposition. The
scanning speed was 0.6°min ~*. The curvature radius of the sample was
extracted from the Bragg angle dependence on the sample position. Its
slope is inversely proportional to the curvature radius of crystal-
lographic planes. The value of o was calculated from the Stoney for-
mula (Eq. 1) for Si (001) [40]:

h? 1 1 1

6 S11 + S12 R R() (1)
where t; is the layer thickness, h the substrate thickness, Ry and R the
initial and final substrate curvature radii, and s;; and s, are the
components of the silicon elastic compliance tensor. This method was

conducted to determine the Si 004 diffraction peak position as a func-
tion of sample coordinates.

oty =

2.3. Ellipsometry

The optical properties were probed in the range from near infrared
(0.6 eV) to ultraviolet (6.5 eV) energy by variable angle spectroscopy
ellipsometry using a J.A. Woollam VASE ellipsometer equipped with a
photomultiplier. The resolution of the spectrometer was set to 0.7 nm.
We have collected the ellipsometric angles y and A and depolarization
at angles of incidence 50°, 60°, 70°, and 80°. The results were then
analyzed by the WVASE software.
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Fig. 1. Schematic of sputtering apparatus geometry with Kaufman ion-beam sources.

2.4. Quasi-static measurement

We determined the piezoelectric coefficient (ds3) using a system for
quasi-static measurement while applying a force in the c-axis and
measuring the generated charge between electrodes in the same di-
rection. We used the PiezoMeter PM300 from Piezotest. The measure-
ment was realized in a very low range mode for expected values in the
range from 0 pC-N ! to 10 pCN ™! with an accuracy of + 2%. The set

parameters of force amplitude and test frequency amplitude were
0.25N and 110 Hz, respectively.

3. Results and discussion
3.1. Crystallography

First, we investigated the influence of the primary IBS energy and
substrate temperature on the crystallographic quality of AIN layers
deposited on various substrates. Here, we used only nitrogen ions and
the secondary IBS was off. We used XRD in the BB setup with the 26
angle ranging from 30° to 60° to perform the phase analysis of all thin
films deposited at various deposition temperatures, BEs, and substrates.

All thin films exhibited only a second-order 002 diffraction peak
corresponding to the (001) crystallographic AIN plane. In the sample

Table 1

deposited on the Ti underlayer, the Ti (001) crystallographic plane was
also detected. The AIN thin films different from those deposited on Si
(100), Si (111), and SiO, at the BE above 1keV and substrate tem-
peratures below 150 °C exhibited only the c-axis orientation. The thin
films deposited on Si (100), Si (111), and SiO, at the BE above 1 keV
and substrate temperature below 150 °C did not have any preferential
orientation. We also performed the RC measurement in the PB setup to
determine average misorientation of individual crystallites.

Fig. 2A shows the highest diffraction intensity of the AIN (001)
appears for the AIN thin film deposited on the (001) preferentially or-
iented Ti thin film, and it is also = 1.8 X and 2.5 X higher than that one
related to this film deposited on the SiO, and bare silicon surfaces,
respectively. The highest peak intensity from the film deposited on the
(001) preferentially oriented Ti thin film is caused by the similarity of
unstrained Ti crystal lattice parameters [38] to those of AIN [41].

Fig. 3A shows that the smallest BB-(FWHM and RC-FWHM of the AIN
(001) were achieved for the AIN thin film deposited on the (001) pre-
ferentially oriented Ti thin film, hence all further experiments discussed
in this part are the thin films deposited on this film. Fig. 2B,C show the
positive effect of lower BEs and higher substrate temperatures on the
peak intensity and its shift toward a tabulated value of 36.06° [42,43].
This phenomenon is described in the following section. Higher tem-
peratures and BEs below 1000 eV have a positive influence on the BB-

Description of realized experiments. Experiments were optimized according to peak shift toward to tabulated values. 1st series was conducted to the optimization of
BE and T. The 2nd series was aimed at the optimization of secondary IBS parameters which partly eliminated stress. The 3rd series was focused on getting stress-free

thin films using different Ar: N, gas ratios.

Experiment series Primary IBS Secondary IBS T (°C)
BE (eV) BC (mA) Ar flow (sccm) N, flow (scem) BE (eV) BC (mA) Ar flow (sccm) N, flow (scem)
1 1200 65 0 8.0 IBS OFF 100
1000 50 6.5 150
800 36 6.0 200
600 23 5.5 250
500 18 5.2 300
400 13 5.0
2 400 13 0 5.0 20 6 10 0 330
0 10
30 7 10 0 340
0 10
3 400 13 0 5.0 20 6 0 10 330
1.5 3.5
2.5 2.5
3.5 1.5
5.0 0




L. Gablech et al.

Thin Solid Films 670 (2019) 105-112

1.64{——AIN (001) on Ti (001)  4—— 100 °C {——1200 eV .

—— AIN (001) on Si (100)
_149—— AN (001) on Si (111) T
1.2]—AIN (001) on SiO,

o8] A -

Fig. 2. X-ray diffractograms showing influence of
various deposition parameters on AIN (with a thick-
4 ness of 200nm) 002 diffraction peak belonging to
(001) plane: A) deposition on various surfaces with
the constant BE 400 eV and substrate temperature
100 °C; B) depositions at various substrate tempera-
tures on the (001) preferentially oriented Ti thin film
at the constant BE = 400 eV; C) depositions at var-
ious BEs and at substrate temperature of 300 °C for
thin films grown on the (001) preferentially oriented
4 Ti thin film.

20 (°) 20 (%)

FWHM and RC-FWHM of the AIN (001) (Fig. 3B,C).

We analyzed the previous results, and then we set the deposition
parameters as BE = 400 eV and temperature 300 °C. We also employed
the secondary IBS and investigated the effect of related BE and type of
the working gas (see Fig. 4).

The ion-beam bombardment of the substrate from the secondary IBS
had a positive influence on decreasing the BB-FWHM and the RC-
FWHM of the AIN (001) (Fig. 4). Two effects occured during this AIN
deposition. First, this bombardment at the BE below 100 eV reduced the
tensile stress and caused compressive stress [44]. Second, the low en-
ergy (< 100 eV) ion-beam bombardment provided continuous cleaning
of physisorbed impurities, eliminating the compressive stress. We show
that the bombardment at BE = 30 eV in comparison to the one at 20 eV
shifts the AIN diffraction peak to the smaller values of the diffraction
angle (Fig. 4A). The thin films deposited under assisting ion beams of
BE = 30eV resulted in the diffraction peaks of slightly higher in-
tensities than of those related to the films deposited at BE = 20 eV. The
deposition without the secondary IBS resulted in a diffraction peak shift
to lower values of the diffraction angle.

Because the peak position differs from the optimal one by 0.04° to
0.06°, we decided to optimize the deposition parameters. The secondary
IBS parameters such as BE and gas types were fixed to a value of 20 eV
and pure N,, respectively. We then investigated the influence of the
No:Ar ratio in the primary IBS (Table 1) leading to the optimal dif-
fraction peak angle (Fig. 5).

The Ny:Ar ratio causes a minimal change in the BB-FWHM of the
AIN (001) in the order of 1/1000, and the RC-FWHM of the AIN (001) is
marginally decreased for higher Ar concentration (Fig. 5B) while the
diffraction peak shift is more pronounced (Fig. 5A). Higher Ar con-
centration during the deposition resulted in the change of stress values
from compressive to tensile. Such phenomenon is also generally known
from magnetron sputtering technique [28]. We observed that the thin
film deposited at the same N, and Ar flow rates, both of 2.5 sccm,

354 356 358 36.0 36.2 354 356 358 36.0 36.2 354 356 358 36.0 36.2

20(°)

resulted in a diffraction peak position of 36.06°, which is in good
agreement with the tabulated value.

We also deposited 400 nm, 600 nm, 800 nm, and 1000 nm thick AIN
layers with a preferential orientation of (001) to prove there is no peak
shift related to layer thickness (Fig. 6A). We observed both decreasing
BB-FWHM and RC-FWHM of the AIN (001) with the increasing thick-
ness of the thin films (Fig. 6B).

3.2. Stress characterization

Stress in thin films for MEMS applications is one of the most im-
portant parameters. The investigated AIN thin film was deposited on a
Si (100) substrate and characterized by an XRD curvature measure-
ment. We chose several samples from the previous experiments pos-
sessing different 20 (BB) peak positions to demonstrate the dependence
of the peak position on the residual stress (Fig. 7).

Fig. 7A shows the linear dependence of the 26 (BB) position of the
002 diffraction peak corresponding to the c lattice parameter and 20
(in-plane) position of the 110 diffraction peak for corresponding to the
a lattice parameter on the residual stress. The residual stress can then be
determined from the diffraction peak position. We found the 002 and
110 diffraction angles for the zero-stress thin film to be
(36.059 + 0.005)° and (59.327 + 0.006)°, respectively. We used
those values to calculate the lattice parameters using Bragg's law. We
obtained ¢ = (4.978 = 0.001) A and a = (3.113 = 0.001) A, where
uncertainties in the brackets are given by fitting errors, which is in good
agreement with the tabulated values a = 3.111A and ¢ = 4.979A
[42,43]. We also found that the residual stress is independent of thin
film thickness (Fig. 7B).

Consequently, we fabricated a stress-testing diamond ring structure
[45] to prove there is no buckling of the deposited layer. The deposition
parameters were set to achieve an AIN stress-free thin film with a
thickness of = 1000 nm on the Si (100) substrate. Fig. 8 shows the

: " — — . . : . . . . . . 6.0 Fig. 3. Extracted data of BB - FWHM and RC -
0.30 i L4 t FWHM of the AIN (001) for previously mentioned
A B Cc ;
5.5 samples: A) influence of the substrate surface for
0.28 t films deposited at the constant BE = 400eV and
0264 8 5.0 ~ substrate temperature 100 °C; B) influence of BE for a
3§—f - . r ; constant substrate temperature of 300 °C grown on
T 0.244 = BB-FWHM —m— BB - FWHM —a— BB - FWHM r45F  the (001) pre.ferentlally oriented Ti thin film; .C) in-
= e RC-FWHM —e—RC - FWHM —e—RC-FWHM I E fluence of different substrate temperatures in the
H 0.2+ . 5 o 4.0 range from 100°C to 300°C at the constant
@ 0.20 / \\. r E:) BE = 400 eV grown on the (001) preferentially or-
s 3.5 iented Ti thin film.
0.18 . o ST -
0164 o—::=><: o |
T T T T T T T T T T T T 2.5
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scanning electron microscopy (SEM) images of the fabricated structure
with no evident buckling of the layer.

3.3. The optical response

The optical response of AIN thin films was investigated by ellipso-
metry for the wavelengths from 0.6eV to 6.5eV. Fig. 9A,B show an
example of the spectra of the ellipsometric angles W and A, respectively,
obtained for the AIN layer deposited on Si (111) at various angles of
incidence. The sharp structures in the spectra are fringes caused by
interference in the AIN thin film that disappears above 6 eV where the
interband absorption sets in. We analyzed the data with a model of
coherent interferences in the AIN thin film on a substrate. The aniso-
tropic properties of the AIN layer were taken into account with a uni-
axial model with the ordinary and extraordinary axis oriented in- and
out-of-plane, respectively. The dielectric functions in both axes were
modeled with a set of Kramers—Kronig consistent oscillators. The
spectra exhibit a weak intraband absorption that was modeled with a
Gaussian oscillator centered at 6.5 eV. A small thickness inhomogeneity
of 1% was taken into consideration. The surface and interface rough-
ness were modeled with the effective medium approximation (Brug-
geman model) [46]. The model spectra are displayed as solid lines in
Fig. 9. The measured and modeled data are in good agreement for all
angles of incidence.

Fig. 10A shows the real part of the dielectric function along the
ordinary (black solid line) and the extraordinary (red solid line) axis,
respectively, obtained for AIN grown on Si (111). The spectra display
the well-known anisotropy [47]. The obtained values are in good
agreement with the results reported earlier [48] being displayed as
dotted lines.

Fig. 10B displays the imaginary part of the ordinary dielectric
function of AIN thin films deposited on all four substrates (solid lines).
The extraordinary spectrum for the AIN (001) thin film deposited on Si

(111) (dashed line) is shown for comparison as well. The strong ab-
sorption above 6 eV is due to the direct interband absorption that sets in
6.1 eV in the ordinary direction and at 5.8 eV in the extraordinary di-
rection. These values are slightly lower compared with the values ob-
tained on MOCVD grown samples [47]. Below the bandgap, the ab-
sorption does not drop to zero but down to 3.5eV exhibits values
significantly high above the sensitivity limits of the measurements
(about 0.01). This intragap absorption is well known [49] and was
attributed to Al interstitials [43]. Interestingly, this absorption is ap-
prox. 3 X smaller in the thin film deposited on the substrate with the
(001) preferentially oriented Ti thin film (black solid line) than in the
thin films deposited on the other substrates. These results correlate well
with the higher structural quality as seen in the X-ray data and can be
interpreted as a result of smaller concentration of Al interstitials in AIN
grown on the (001) preferentially oriented Ti thin film. Note that this
intragap absorption is essentially absent in thin films grown by MOCVD
[47].

3.4. Determination of d33 piezoelectric coefficient

We measured the ds3; piezoelectric coefficient of seven chosen
samples using the quasi-static method. All measured AIN thin films
were deposited on the (001) preferentially oriented Ti thin films that
also serve as a bottom electrode. The samples were chosen according to
their different RC-FWHM and oy. The measured ds3 values of thin films
and a description of their deposition parameters are listed in Table 2.

All the samples have the (001) preferential orientation while the
difference between these samples is in their value of RC-FWHM in the
PB setup and residual stress. The first sample has the highest RC-FWHM
of the AIN (001) in PB and has the lowest value of d33 in comparison
with sample numbers 5, 6, and 7 with the lowest RC. The RC-FWHM of
the last three samples is almost the same while the change of RC-FWHM
between samples 5 and 7 is approx. 0.15°. The only difference between
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Fig. 5. Influence of the N:Ar ratio in the primary IBS: A) X-ray diffractogram of AIN (001); B) extracted data of BB - FWHM and RC — FWHM of the AIN (001) from

the X-ray diffractogram and RC measurement.
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Fig. 8. SEM images AIN diamond ring structure with no buckling: A) top view; B) tilted view at 45°; C) cross-section image of suspended structure showing a
measured thickness of 1026 nm.
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Fig. 9. Spectra of the ellipsometric angles A) y and B) A for the AIN (001) thin film deposited on Si (111) measured at angles of incidence 50°, 60°, 70°, and 80°
(dashed lines represent the measured data and solid lines correspond to the model specified in the text).
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Table 2

T
4.0

T T

T T
4.5 5.0 5.5 6.0 article.)

Photon energy (eV)

Measured ds3 values of selected samples and their fabrication parameters. Samples for quasi-static measurement were selected to show the influence of different
deposition conditions on dsz3. The experiment number corresponds to the experiment series in Table 1.

Sample/experiment da3 (pC~N’1) Primary IBS Secondary IBS T (°C) BB-FWHM (°) RC-FWHM (°) of (GPa)
BE (eV) Ar flow N, flow BE (eV) Ar flow N, flow
(sccm) (sccm) (sccm) (sccm)
1/1 6.53 = 0.13 1200 0 8.0 IBS OFF 100 0.68 8.2 7.0
2/1 6.78 = 0.12 800 0 6.0 IBS OFF 250 0.21 3.2 5.4
3/1 6.95 = 0.14 500 0 5.2 IBS OFF 200 0.19 3.2 3.8
4/1 7.11 = 0.12 400 0 5.0 IBS OFF 250 0.19 3.1 2.6
5/2 7.32 = 0.10 400 0 5.0 20 0 10 330 0.15 2.5 0.9
6/3 7.33 = 0.08 400 2.5 2.5 20 0 10 330 0.15 2.4 0
7/3 7.33 = 0.09 400 5.0 0 20 0 10 330 0.16 2.4 -0.2

the samples is their residual stress. Although the difference in residual
stress between samples 5 and 7 is 1.1 GPa, there is no evident influence
of residual stress on the d3; values. We can see that the ds3 values of all
samples are high although their thin films were prepared under non-
optimal deposition parameters. The best optimized layer with no re-
sidual stress (sample 6) has the highest obtained value of
ds3 = (7.33 = 0.08) pC‘N’l, which is essential for the fabrication of
MEMS.

4. Conclusions

We have presented a method suitable for the deposition of high-
quality (001) preferentially oriented AIN thin films with a high value of
the ds3 piezoelectric coefficient for MEMS applications using primary
and assisted Kaufman ion-beam sources. During the experiment, we
controlled the operational parameters of these ion-beam sources and
also substrate temperature via a built-in substrate heater.

The first part of the experiments showed that lower BE of the pri-
mary IBS and higher T have a positive influence on all important
parameters as BB-FWHM, RC-FWHM, and residual stress, which leads to
a higher value of ds;. In the second part of the experiments, the sec-
ondary IBS was used for ion-beam bombardment of growing thin films
by Ar or N, ions with BE of 20 eV and 30 eV, respectively. We found
that the bombardment by N, ions at a lower BE value of 20 eV has a
positive influence on reducing the compressive stress. In the last ex-
periments, we changed only the gas ratio between Ar and N, in the
primary IBS, which led to a change of compressive stress to tensile
residual stress while the other parameters as BB-FWHM and RC-FWHM
remained almost unchanged. These experiments provided complex in-
formation about the method for preparation of high-quality (001)
preferentially oriented AIN thin films suitable for MEMS applications.

During these experiments, we obtained the linear dependence of ¢
and a lattice parameters on the residual stress among a series of 14
samples. The dependence of the diffraction peak shift on the residual

stress can be described by functions y = 36.059 + 0.77x and
y = 59.327-0.95 x for the 002 and 110 diffractions, respectively. These
expressions give us the values of the unstrained lattice parameters cq
and ao for x = 0. These values perfectly fit the measured lattice para-
meters of the sample without residual stress which also has the best
parameters from the whole set of experiments. This sample belongs to
one of three samples with the highest ds3, such as (7.33 + 0.08)
pCN ™1, and the best crystallographic parameters as the lowest values
of BB-FWHM 0.15° and RC-FWHM 2.4° for a thin film thickness of
200 nm. We also investigated the optical properties of AIN thin films
using ellipsometry. The obtained spectra exhibit a direct bandgap at
6.1 eV in the ordinary direction and at 5.8 eV in the extraordinary di-
rection, which are values close to those previously published [47]. In
addition, the spectra exhibit an intragap absorption due to Al inter-
stitials. This absorption is the lowest in the AIN thin films deposited on
the (001) preferentially oriented Ti thin films that correlate with the
highest structural quality as seen from the XRD analysis. This is prob-
ably caused by the fact that both Ti and AIN thin films possess a hex-
agonal structure with similar lattice parameters.
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Nanoparticles have become a significant area of research, offering properties that bridge the gap
between bulk materials and atomic structures. Silver nanoparticles (AgNPs), specifically, have shown
promise due to their plasmonic properties. Despite extensive studies, capturing the photon-to-heat
conversion efficiency of individual nanoparticles has been challenging. Here, we present an approach
to determine these properties using an ultra-sensitive bolometer with a power resolution of ~26 pW.
Ourinvestigations reveal that a single AQNP can dissipate power with a magnitude between ~101.3 fW
and =205.3 fW, an observation that underscores the potential of these particles for efficient energy
conversion. This finding enhances the understanding of AQNPs’ behavior and pushes the field of
nanoparticle plasmon physics forward. Therefore, the refined use of such nanoparticles could bring
advancements across a range of applications, from high-resolution imaging and advanced
spectroscopy to environmental surveillance and innovative medical treatments.

Plasmonic nanoparticles, with their distinctive optical properties, have
garnered significant attention in many scientific domains", from biome-
dicine to environmental science™. Among all nanoparticles, silver nano-
particles (AgNPs) attract attention due to their pronounced localized
surface plasmon resonance (LSPR) capabilities*. This LSPR phenomenon,
a collective oscillation of conduction electrons stimulated by incoming light,
grants AgNPs the remarkable capability to amplify and confine electro-
magnetic fields at the nanoscale’, rendering them applicable to diverse
sectors”. Furthermore, these nanoparticles can transform absorbed light
energy into heat through the photothermal effect (PTE)>"’. This feature has
been instrumental in various domains, including cancer treatment, where
light-induced heating targets and eradicates cancer cells'"".

Bolometers, known for their ultra-sensitive heat detection capable of
sensing heat from a human even from considerable distances'”™'*, operate by
converting thermal variations into changes in electrical resistance. Their
versatile applications span infrared astronomy"’, thermal imaging', mate-
rials characterization', preventive maintenance', and, in recent years,
thermal imaging of newly constructed homes".

Introducing AgNPs to bolometer membrane surfaces seems promis-
ing, given bolometers’ power sensitivity and resolution. Unfortunately,

bolometers cannot measure individually local events on their membrane,
only a global membrane dynamic and static temperature response. The
deposition process of AgNPs is influenced by electrostatic adsorption
between the bolometer membrane and the AgNPs. This adsorption is
subject to the surface charges of both entities, which can be modulated by the
environmental pH value. As pH levels shift, the activity of hydroxonium
ions (H;0") changes, potentially impacting the surface charge through
protonation or deprotonation events. Harnessing the heat-conversion
capability of AgNPs could further optimize bolometer power efficiency.

In this study, we provide a comprehensive examination of the power
dissipated at the bolometer surface after illumination due to the presence of
attached AgNPs. Investigation into resulting changes in the bolometers’
thermal and spectral behaviors enabled us to estimate the power dissipated
by a single AgNP. Furthermore, we explored the influence of pH values on
the deposition process of AgNPs on bolometer surfaces. Evaluations con-
sidering the distribution and size effects of AgNPs on bolometer response
are also shared. Our findings elucidate the potential of AgNPs to probe
plasmonic properties and enhance bolometer efficiency. We anticipate that
our insights will inspire further exploration in this innovative field of
nanotechnology.
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Results and discussion

Design and characterization of the high-sensitive bolometer
The bolometer employed in this study builds on previous designs*"*, refined
using the Nanolithography Toolbox™** for layout generation. Our bol-
ometer membrane, with a designed sensitive area of (25 x 25) um’®, was
anchored by two SiO, legs to improve the thermal insulation. The sensing
element of the bolometer was in a resistance temperature detector (RTD)
made from Ti in the suspended area. The bolometer membrane was ultra-
sensitive to radiation power; here, it functioned as a temperature sensor to
study the PTE of AgNPs (Fig. 1a). We fabricated the bolometers through
micromachining technology and modified AgNPs on their surface using the
electrostatic deposition method (Fig. 1b). Each chip featured 48 individual
bolometers at the center, and each bolometer had its extension leads and
pads for further wire bonding (Fig. 1c and d). Our final bolometer legs each
had measured dimensions of =1.2 um for width, ~0.424 um for thickness,
and =62 pm for length for excellent thermal isolation.

The device, comprising two Si chips, each housing 48 bolometers,
having one device with and the other without the AgNPs paired together,
was positioned in a vacuum chamber. Each bolometer had an independent
electrical connection. Two bolometers, one with and one without AgNPs
and both with a resistance (R) of = 10.86 kQ, were incorporated into an
AC-powered Wheatstone bridge under a voltage bias(V3) in differential
mode. The differential voltage (AV=V,—V,) derived from the bridge
outputs was further processed by a lock-in amplifier, with the result (AV7)
being recorded by an oscilloscope (Fig. 2a)*°. The bolometers were exposed
to light from an Xe lamp via a grating monochromator and liquid core
optical fiber. The vacuum chamber was thermally shielded and maintained
an internal pressure of ~12mPa, reducing the bolometer membrane’s
temperature fluctuations.

The PTE of AgNPs was evaluated by monitoring the dissipated power
by bolometer when shining light on the AgNPs deposited membrane. We
used an Xe lamp providing light with a spectrum wavelength from 260 to
1000 nm. This light source was connected via liquid core optical fiber to a
grating monochromator to select the desired wavelength to illuminate the
bolometer in the vacuum chamber (Fig. 2b). During the PTE measurement,

| e i el » ]
Ij\ch chip with 48 bolometeri!

Single bolometer

the scanning step duration for each photon wavelength (1) was set to 10's,
with an additional =1 s needed for changing values and stabilization of the
monochromator. A MATLAB script was used to compute the average value
for each wavelength, with data processing undertaken using the Origin
software (Fig. 2¢).

The temperature coefficient of resistance TCR («) of the bolometer was
characterized using the method mentioned in the previous section, and the
results of R as a function of temperature (T) were plotted. We adopted a
linear curve fitting as the resistance (R) varied with temperature (AT) can be
approximated this way:

R=Ry(1+a-AT), 1)

where R, is the sensor’s resistance at 0 °C, and « represents the TCR. The
calculated values, R, and a, of the tested bolometer were
(9.98 £ 1.14 x 107°) kQ and (0.27 £7.63 x 107*) % K, respectively, both
with (mean value = fitting error) (Fig. S1 in Supplementary section 1). We
then formed the Wheatstone bridge consisting of a single bolometer and
three fixed resistors and powered it with V5 set to 50 mV, resulting in a P; of
~58.6 nW, per Eq. (2) in the “Methods” section, and a bolometer tem-
perature rise of =~1.47 °C, per Eq. (3) in the “Methods” section. The self-
heating method facilitated the measurement of the bolometer’s thermal
parameters using short Vi pulses with variable Vpc bias” (Fig. S2a, b in
Supplementary Section 2). Measurements from three bolometer sets
revealed the following both thermal capacitance (H) and conductance (G),
as well as the time constant (7) as ~0.84nJ K, =45.95nW K, and
7~18.32ms, respectively (Fig. S2c in Supplementary Section 2). All
measured thermal parameters of the different bolometers are listed in
Table 1.

The resolution of the bolometer was influenced by two key aspects:
thermal isolation evaluated by the G magnitude and the temperature noise
of the system. The bolometer used was well isolated by the “L” shaped legs,
obtaining a G value of =45.95 n\W K !'in a vacuum test chamber. Thus, the
resolution of our bolometer depended on the temperature noise, including
electrical noise in the test circuit and heat fluctuation in the test
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Si substrate with SiO, layer
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Ti sensor patterning SiO, etching
(v) Q (vi)
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si sio, Ti Al

AgNPs

Bonded AgNPs after drying

Fig. 1| Schematic of the bolometer design and its fabrication. a Schematic of the single bolometer structure with silver nanoparticles (AgNPs). b Fabrication process flow of
the bolometer device and AgNPs deposition. ¢ Photograph of two Si chips, each with 48 individual bolometers and d its top view.
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Fig. 2 | Measurement setup using a bolometer for heat detection. a Reference and
testing bolometer was connected to a Wheatstone bridge with its outputs processed
by a differential amplifier (V;—V,) and subsequently by a lock-in amplifier with its
output (AVy) recorded by an oscilloscope. b Two Si chips with bolometers, one with
and one without silver nanoparticles (AgNPs), were placed into a vacuum chamber,
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and the whole chamber was located in a temperature-controlled thermally shielded
box. Light projected onto the bolometers originated from an Xe lamp, with a par-
ticular wavelength selected by a monochromator and delivered via a liquid core fiber.
¢ Measurement output demonstrated an observed response to monochromatic light
across various wavelengths.

environment. The temperature stability of the thermal isolation box was
characterized using a thermometer with a resolution of =1 mK, which
showed a fluctuation of =0.3 K at =296.15K (=23 °C) throughout =2.8 h.
This fluctuation of the environment was further decreased by the employ-
ment of the vacuum chamber, thus lowering the temperature noise. We
measured the temperature noise with settings adjusted to Vg, lock-in
amplifier gain factor (S), and differential amplifier gain factor (B) values of
50, 1mV, and 10,000, respectively, and the T valve acquired as
=3.41kV K", per Eq. (5) in the “Methods” section. The system noise was
captured and calculated at 1.381 V, obtaining the temperature noise and
resolution of ~404.7 uK and =26 pW, respectively (Fig. S2d in Supple-
mentary Section 2). Maintaining a consistent temperature is essential for
accurate measurements, especially when assessing minute changes that can
significantly impact readings.

The power sensitivity of the bolometer was evaluated using light
radiation on the membrane. We utilized bolometer “d” with a resistance (R,)
of =12.06 kQ and a G value of ~39.96 nW K™ for this measurement. It was
determined to be =12.74 uV K™, using Eq. (5). A light source was used for
calibrating the bolometer’s response. We employed a blue light-emitting

Table 1 | Thermal parameters and number of AgNPs on the
membrane of each microbolometer used in the experiment

Number R, (kQ) G(WK") t(ms) Number Total P of
of AgNPs P (nW) AgNP (fW)

a 11.07  73.01 14.80 7049 1.2 170.2

b 11.37  55.63 15.78 8196 0.83 101.3

C 11.52 45.06 22.23 6576 1.23 187.0

d 12.06 39.96 22.99 7063 1.45 205.3

lal 10.15  41.02 2034 0 \ \

r2 10.17  40.78 20.80 O \ \

diode (LED) with a wavelength of 490 nm as the radiation source. The LED
power was quantified using an optical power meter at a distance between the
light probe and the fiber of ~12 mm. The lighting power density (D) was
then calculated by dividing the power meter detector area (0.79 cm®). After
positioning the fiber above the vacuum chamber, we illuminated the bol-
ometer surface. The power induced in the bolometer (Ppy) by radiation was
calculated based on its area and the lighting power density (Fig. S3a and
Table S1 in Supplementary Section 3). The lock-in amplifiers’ time constant
was set to 1 ms, enabling the recording of thermal response and extraction of
the 7 value using exponential curve fitting. Subsequently, V3, S, and B were
set to 50, 500 mV, and 2000, respectively, resulting in a T of =1.365 VK™
and a power transformation coefficient (Tp) of =34.16 mV nW " (Fig. S3bin
Supplementary Section 3).

Evaluation of the AgNPs distribution on the bolometer membrane
The electrostatic adsorption of silver nanoparticles (AgNPs) onto bolometer
membranes is influenced by the interplay of surface potentials initiated by
the addition of diluted HCIL This process is significantly affected by the
surface charge of Ti and Si materials, which are vital for interaction with
citrate-stabilized AgNPs. These interactions are dependent on the isoelectric
points of the natively oxidized surfaces (like TiO, and SiO,) and the pH level
of the AgNP dispersion. Effective surface interaction is expected in condi-
tions where citrate remains deprotonated (pK, > 3.1), and the surface gains a
positive charge through protonation. We used a scanning electron micro-
scopy (SEM) type MIRA II SEM instrument (Tescan a.s.), setting its para-
meters, such as working distance and magnifications, to ~4.3 mm and
x7220, respectively, resulting in a field of view of 30 um. The SEM images
were used to confirm the immobilization of AgNPs onto the micro-
bolometer membranes at various pH levels by counting the number of
particles using Image ] software’. The number of AgNPs was calculated
based on the total area occupied by them. Per the datasheet, the size of the
AgNP was ~100 nm. Thus the area of each particle was ~7850 nm’, serving
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Fig. 3 | Characterization of the deposited AgNPs on the bolometer membrane.
a SEM images of the bolometer membrane with adsorbed AgNPs at different pH
values from 3.0 to 6.9 showing an optimized results at a pH of 3.5. b Measured
relative light absorbance by scanning near-field optical microscopy (SNOM) at three
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different spots at four bolometers having the AgNPs adsorbed at the membrane at
pH of =3.5 as well as SNOM measurement at the membrane without AgNPs as
background reference. ¢ The SNOM measurement from a single device at three spots
is marked in the SEM image of AgNPs in pH 3.5.

as the reference for the subsequent counting processes. Each SEM image was
analyzed three times, and the average value of the number of AgNPs was
obtained (Table 1).

The SEM images revealed that the AgNPs tend to aggregate below a pH
of 3.5, a phenomenon likely due to the complete protonation of citrate
molecules surrounding the nanoparticles. The concentration of H;0" ions
in the surrounding environment crucially impacts the chemical equilibrium,
causing changes in surface charge due to protonation or deprotonation. This
change enhances the electrostatic interaction between the SiO, on the
bolometer surface and the AgNPs. We demonstrated the influence of the pH
with AgNPs suspension to achieve the optimized spread of AgNPs across
the membrane. Our focus was getting large area coverage without the for-
mation of clusters. The best results were obtained using suspension with a
pH of 3.5, as is shown in Fig. 3a.

The quantity of AgNPs adsorbed on the bolometer membrane
increased as the pH of the colloidal suspension decreased, with aggregation
observed below pH 3.5 and above 4.5. For light scanning measurements, we
evaluated bolometer membranes with both high and low AgNP densities,
prepared at pH 3.5 and 4.5, respectively. This approach allowed us to assess
the signal from varying particle densities. Bolometers with aggregated
AgNPs, especially those outside the ideal pH range, were excluded from
further testing due to their adverse impact on the localized surface plasmon
resonance (LSPR) effect. Our findings highlight the delicate balance

required in pH manipulation to optimize the adsorption of AgNPs onto
bolometer membranes, underscoring the nuanced interplay between
nanoparticle chemistry and surface physics. This understanding is crucial
for advancing applications in high-precision sensors and nanoscale thermal
imaging.

Optical absorbance measurements were performed using the Multi-
View 4000 scanning near-field optical microscope (Nanonics Imaging Ltd.)
in dark field observation mode. These measurements were conducted on
three distinct spots, as shown in Fig. 3a, of a single bolometer, evaluated both
with and without silver nanoparticles (AgNPs), to assess the uniformity of
the measurements using an objective with 100x magnification.

The absorbance spectrum revealed the immobilization of 100 nm
AgNPs on the bolometer membrane at a pH of =~3.5 measured at four
different bolometers showed a peak absorbance at =380 nm (Fig. 3b).
Moreover, a noticeable dip in absorbance was observed, reaching its lowest
point at ~460 nm. In contrast, the bolometer without AgNPs displayed a flat
absorption curve, missing significant peaks, thus conclusively confirming
the presence of AgNPs on the membrane. Details measured at the device
with adsorption performed at a pH of 3.5 having an SEM image in (Fig. 3a)
are shown in (Fig. 3¢) and all measurements at 23 bolometers in Fig. $4 of
Supplementary Section 4.

The variation in amplitude =460 nm could be attributed to impurities
associated with the immobilization of AgNPs and the scattering effect,
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Fig. 4 | Photothermal effect measurement of silver nanoparticles (AgNPs) using
bolometer. a Principal diagram of heat generation and transfer on bolometer
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scanning in different A. ¢ The bolometers have identical responses when A below

T T
100 200

T T T T
400 500 600 350

340 nm, and the difference increases with the changing of A. d The response of
monochromatic light back to the same level with A of 680 nm for bolometer with and
without AgNPs.

which may contribute to reflectance. This variation could also be due to
changes in the roughness of the Si surface beneath the membrane following
XeF, etching”. It should be noted that the negative part of the spectra,
although overlapping with the absorption maximum of AgNPs, does not
hold significant meaning, as the device’s construction did not allow for
detailed analysis such as transmission spectra. The issue of the rough surface
on the Si substrate beneath the membrane might be mitigated by prolonging
the etching duration of Si, thereby distancing the substrate surface from the
membrane. However, this method poses a substantial risk of under-etching
the bolometer leads, potentially resulting in membrane collapse. A prefer-
able strategy might involve adopting a different fabrication technology,
which includes exposing the substrate from the backside to reduce scattered
light and utilizing a silicon-on-insulator wafer as the substrate for bolometer
fabrication. The actual SPR absorption maximum is not at =380 nm but
rather higher, as later confirmed by power dissipation measurements.
Manufacturer data indicates the maximum absorption range to be between
490 and 515 nm. Hence, the apparent discrepancy can likely be attributed to
the aforementioned optical effects and the rough Si substrate beneath the
bolometer membrane.

Calorimetry for localized surface plasmon resonance effect

of AgNPs

The AgNPs utilized in our experiment exhibited a strong plasmonic reso-
nance at a specific wavelength (SPR absorbance maxima) within the visible
range. When illuminated with light that matched this SPR absorbance
maximum, efficient photon-to-heat conversion occurred due to LSPR. This
increased the temperature within the AgNPs, which was then immediately
transferred to the bolometer membrane and measured by the temperature
sensor (Fig. 4a). For reference, we also utilized a bolometer without AgNPs
to respond directly to light. We investigated the bolometer’s response to
varying light wavelengths, particle counts, and sizes. The power detection
limit of the employed bolometer was calculated to be =26 pW. We used a
broadband light source from an Xe lamp with a nominal power of 100 W for

illumination and light detection. The light source was connected via a
monochromator and spectrum analyzer, respectively (Fig. S5 in Supple-
mentary Section 5).

The liquid core fiber was directly in contact with the optical window on
the vacuum chamber, ensuring a constant distance between the fiber and the
device. This maintained identical light conditions for different measure-
ments. The X of the light illuminating the bolometer membrane was varied
from 300 to 800 nm in increments of 10 nm. Each wavelength was held for
10 s, allowing the bolometer to reach a stabilized state with a 7 of ~18 ms.
The filters inside the monochromator were adjusted based on the desired A
and duration. The response of the bolometer heating varied depending on
the interrogating wavelength, so we used a bolometer without AgNPs as a
benchmark to detect the effect of AgNPs’ presence. We compared the
measurements of the bolometer with and without AgNPs to observe the
differences caused by the presence of nanoparticles (Fig. 4b). The response
of the light scanning for A below 350 nm was identical in both cases, with a
similar increase observed for A of 340 nm. However, the heat generation on
the bolometer with AgNPs exhibited different behavior to the bolometer
without AgNPs, from 350 to 680 nm (Fig. 4c and d). The additional heat
generation was caused by enhanced light absorption when the AgNPs were
presented at the surface.

Photothermal power output from a single AGNP

We performed measurements on various bolometers with different para-
meters and AgNPs, as listed in Table 1, to assess the response of the PTE.
Four bolometers with varying distributions of AgNPs, along with two
without AgNPs, were measured under identical conditions and settings.
Each measurement was repeated four times (Fig. 5a). The bolometers
without AgNPs exhibited good repeatability for A ranging from =300 to
~780 nm, with negligible differences observed for A values exceeding
~500 nm. The increase in response observed on the bolometer without
AgNPs during A scanning can be attributed to nonuniformity in mono-
chromatic light intensity. Consequently, the average value obtained from
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wide wavelength range sensitive to light. ¢ Total power generated on the bolometer
(green) and counted AgNPs on their surface (red), resulting in an average power
generated from a single AgNP of (101.3-205.3) fW (data from four devices).

the measurements on bolometers without AgNPs was considered as a
baseline for extracting heat generation by the PTE (Fig. 5b). Our results
reveal that the absorption maxima of the AgNPs are between 400 and
500 nm. Results from all four bolometers are shown in Fig. 5c. We selected
bolometer “d” for a detail description of the measurements. This device had
a total 7063 AgNPs at its membrane and reached a maximum heat gen-
eration of =1.45 nW, corresponding to the heat generation by a single AgNP
of =205 fW (Fig. 5¢). The average AgNPs has a nominal diameter of 100 nm,
corresponding to the area of 7854 nm?, which is 7.85 x 107> m% Then, we
can recalculate the heat generation at the unit of area of the AgNPs as
=229 Wm™.

Our study revealed the interactions between the bolometer membrane
and AgNPs. A central finding of our research is the precise determination of
the power dissipated in a single AgNP, which was found to be between
~101.3 and =~205.3 fW. The enhanced PTE of AgNPs on the surface of a
bolometer is based on the unique surface plasmon resonance properties of
AgNPs. In addition to being influenced by the light source, it also sig-
nificantly relates to the uniformity, density, and inter-particle spacing of the
particles on the bolometer surface. Our process achieves the distribution of
AgNPs on the bolometer surface by adjusting the pH value of AgNP col-
loidal dispersion. The adhesion behavior of AgNPs depends on both the
bolometer membrane’s surface potential and the pH of the suspension
containing the AgNPs. Effective adsorption of AgNPs was observed within
the pH range of =3.5 to =4.5. Outside this window, the nanoparticles tended
to cluster. In terms of plasmonic properties, integrating AgNPs with
micromachined bolometer membranes led to a marked increase in power
dissipation when exposed to light near their resonance frequency. Our
studies identified the peak of power dissipation to be =460 nm, even though
the SNOM measurement showed that the resonance frequency is at a
wavelength of ~480 nm. However, even within the same batch of chips,
there are differences in the distribution of AgNPs during self-assembly,
leading to variations in photothermal power with the same light source.
Therefore, representing the photothermal power of individual nanoparticles
in terms of a range is more scientific than using a standard deviation. This
significant achievement paves the way for a variety of practical applications
and provides a clearer understanding of nanoparticle behavior at a sin-
gle level.

The ability to measure and harness power from individual nano-
particles might revolutionize several fields”. Enhanced absorption and
dissipation properties of AgNPs could significantly improve medical ima-
ging tools, leading to clearer magnetic resonance imaging outputs. More-
over, the photon-to-heat conversion capability of AgNPs might play a
crucial role in cancer treatments, offering a method to eliminate cancer cells
while sparing healthy ones’*. This phenomenon has paved the way for
innovative developments, such as a new generation of polymerase chain
reaction systems known as photonic PCR™”. Outside the realm of

healthcare, AgNPs promise to transform environmental sensing with ultra-
sensitive pollutant detectors and to advance spectroscopy across various
sectors. Our study has brought to light the extraordinary attributes of
AgNPs, especially when examined with an ultra-sensitive bolometer that
possesses a power resolution of =26 pW. A pivotal discovery of our research
is that a single AgNP can dissipate power with an amplitude between ~101.3
and =~205.3 fW, demonstrating the efficiency of its energy conversion from
photon to heat. Conversely, the device enables the measurement of total
dissipated power, facilitating the estimation of the number of AgNPs pre-
sent on the bolometer surface. These insights provide a strong basis for
further exploration into the physics of nanoparticle plasmons. The unique
qualities of nanoparticles hold great promise for sparking innovations across
a wide spectrum of fields, including imaging, spectroscopy, environmental
monitoring, and medical treatments.

Methods

Bolometer fabrication

We initiated the lithography process by priming the substrate surface with
hexamethyldisilazane (HMDS) vapor. We used a vacuum over setting the
temperature to 150°C and performed the recommended sequence of
pumping the oven to vacuum, purging with N, and pumping again several
times. Then we applied vapor of HMDS for 30 s, purged several times again
and then vented.

We always used an i-line photoresist (PR) for lithography through the
spin-coating process using =~4000 RPM, achieving its recommended
thickness of ~0.9 um after pre-baking at =110 °C for =60 s. The PR was
exposed by a 5:1 stepper and then post-based using identical conditions as
we used for pre-baking. The lithography process concluded with PR
development using a tetramethylammonium hydroxide-based developer
solution and the subsequent removal of any residual undeveloped PR using
O, plasma for =30 s.

First, we formed the fiducial alignment marks in bare Si substrate by
etching it after the lithography into a depth of 0.1 um using SF¢/O,-based
plasma. Then, we removed the PR and cleaned the wafers.

The first device fabrication step was the deposition of a 0.25 um layer
of SiO, through a plasma-enhanced chemical vapor deposition process
(PECVD) (Fig. 1b [i]) followed by sputter-deposition of a =0.9 um Al layer
subsequently patterned to create bond pads and lead-outs (Fig. 1b [ii]). We
sputter-deposited a ~ 0 nm-thick Ti layer, which, after undergoing reactive
ion etching, served as the temperature sensor on the bolometer membrane
(Fig. 1b [iii]). A protective ~0.25 um-thick SiO, layer covered the Ti sensor
layer by PECVD. After patterning this layer to expose the bonding pads, we
created Si substrate access holes for subsequent Si etching (Fig. 1b [iv]). XeF,
vapor etching of the bolometer substrate isolated the bolometer membrane,
minimizing heat losses to the Si substrate (Fig. 1b [v]). The process used here
was the same as the one used before”***.
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AgNPs deposition

Chemicals employed in the electrostatic deposition of AgNPs on the chips
with bolometers encompassed an AgNP dispersion with a concentration of
~20pugml ™' and a nominal diameter of =100 nm, sourced from Sigma-
Aldrich. This dispersion, stabilized using sodium citrate, presented a pH
value near 6.9 and had a maximum extinction wavelength of ~480 nm, as
indicated by the material data sheet. Additional chemicals included HCI
with a concentration of =37%, propane-2-ol (commonly known as iso-
propanol or IPA) with a purity of 99.98%, acetone with 99.5% purity, and
deionized water (DI H,O). For pH adjustment purposes, the HCl was
diluted with DI H,O in a 1:100 ratio. The AgNP working solutions were
prepared by mixing ~1.5 mL of AgNP colloidal dispersion with the calcu-
lated quantity of diluted HCI. This ensured the adjustment of its pH to the
specific values of 3, 3.5, 4, 4.5, 5, 5.5, 6, and 6.9.

The process of depositing AgNPs on the bolometer’s surface involved
an electrostatic adsorption technique using AgNP colloidal dispersion with
different pH values. First, we cleaned the chips with bolometers using
acetone to effectively remove organic residues and then cleaned them with
IPA to eliminate any acetone traces. After being cleaned, the chips under-
went a drying process using compressed N,. Each cleaned chip with bol-
ometers was then submerged into one of these AgNPs colloidal suspensions
for a duration of =2 h (Fig. 1b [vi]). Post-immersion, the bolometer chips
were cleaned with DI H,O and then dried using compressed N, (Fig. 1b
[vii]). This methodological approach to fabrication was important in rea-
lizing a device of high performance, providing important insights into the
photothermal dynamics related to AgNPs.

Characterization of the bolometer

The RTD, made from Ti thin film, was utilized as the temperature sensing
element”. We first evaluated its TCR. The bolometer chip was placed on a
hotplate and its resistance was measured as a function of temperature using
the four-point probe method. This resistance (R) varied with temperature
(AT) can be approximated by Eq. (1). Bolometer heat balance consists of
dissipated Joule heat (Py), convection loss (Pcy), radiation (Pg), and con-
duction (Pcp), achieved with Eq. (2):

V2
Plzﬁ:PR‘*‘Pcv‘*‘PCD:PCD- 2
T

In the vacuum testing environment, Pcy and Py were negligible due to
the calculated low G value of the bolometer device and the absence of a
gaseous environment, respectively. The thermal conductance (G), capaci-
tance (H), and temperature difference (AT) between the microbolometer
membrane and the substrate chip define Pcp, as per Eq. (3):

AT
PCD:H%+G~AT, (3

The Wheatstone bridge output (AV) is achieved with Eq. (4):

10-B-P-a-Vy 10-B-a-Vy
AV = =
L 4-S-G 4.5

AT =Ty AT, (4

where B represents the amplifier gain, S is the lock-in amplifier sensitivity,
and Tr is the transformation coefficient of temperature. T is then achieved
with Eq. (5)**

_10-B-a-Vy

T, = 5
T 4S ) ()

allowing for converting measured AV7, into T.

Data availability

Data are available upon request.
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Introduction

Graphene as a unique material is used for physical
and chemical sensing. Several types of gas and vapor
nanosensors employing graphene were reported
[1, 2]. To this end, graphene is most often deployed in
resistive sensors [3], Field effect transistors (FET) [4],
Surface acoustic wave (SAW) sensors [5], Quartz
crystal microbalance (QCM) sensors [6], Microelec-
tromechanical systems (MEMS) or Nanoelectrome-
chanical systems (NEMS), gravimetric sensors [7],
MEMS or NEMS Infrared (IR) detectors [8], and
semiconductor modified hybrid sensors [9].

A single layer of carbon atoms in the sp”
hybridization arranged in a hexagonal (honeycomb)
lattice called graphene was first calculated using the
tight-binding method by Wallace as a model for
graphite in 1946 [10] and prepared by Geim and
Novoselov in 2004 [11]. It has been an extensively
studied material with numerous interesting thermal,
mechanical, electrical, and optical properties [12-14].
As a monatomic layer, it exhibits a high mechanical
flexibility and ambipolar electrical charge transport
[14].

Furthermore, its electronic properties, such as
electrical charge mobility, can be greatly influenced
by induced strain. Stretching graphene results in
changes of the bond length between neighboring
atoms in its lattice. This has a strong effect on the
electronic transport properties of graphene. This
influence is not yet completely understood, and it is
an avenue of many possibilities worth exploring [15].
Measurement of graphene properties as a function of
the controlled induced strain can be used for deter-
mination of the strain’s influence on the graphene’s
electrical properties. Charge carrier mobility is an
essential part of any electronic device, and altering it
means that we can tailor the device parameters. The
electrical conductivity and mechanical strength of
graphene in the in-plane direction are much higher
than those in the out-plane direction. Thus, the ani-
sotropy in the physical properties of graphene can be
obtained by its orientation [16].

Uniaxial and biaxial strain on graphene has been
studied using a variety of methods, schematized in
Fig. 1. Uniaxial strain was induced by bending gra-
phene on a deformable substrate (Fig. 1A) and sub-
sequently characterized using Raman spectroscopy to
probe its phonon modes [17, 18]. The uniaxial strain
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moves the relative positions of the Dirac points and
has a significant influence on the intervalley double-
resonance processes (D and 2D peaks).

Biaxial strain is more suited to studying the strain
effects on the double-resonance processes since it
mimics the realistic experimental conditions where
the graphene is supported by a planar substrate.
Biaxial strain in graphene can be intentionally
induced and controlled by three commonly used
methods:

1. The graphene is placed on a material with a
different thermal coefficient of expansion and is
subjected to temperature changes, causing the
graphene to stretch (Fig. 1B) [19].

2. The graphene is clamped across a hole in a

substrate, and it is mechanically stretched by
pushing the graphene into the hole using an
atomic force microscopy tip (Fig. 1C) [20] or
electrostatically [21].

3. The graphene can be transferred onto a piezo-

electric substrate, which is controllably shrunk or
elongated by applying a bias voltage. It results in
the graphene having a uniform biaxial strain
(Fig. 1D) [22].

Graphene is known as an excellent material cap-
able of sustaining reversible elastic tensile strain as
large as 25% [23]. This feature can be used to control
graphene’s electrical properties either statically or
dynamically by integrating them with cantilevers
leading to the novel applications of graphene [23].
These cantilevers based on MEMS or NEMS can be
made of various materials. They can significantly
impact the final structural properties, such as resid-
ual stress, stiffness, strain, resonance frequency, and
quality factor. The structure should be fabricated by
planar technology as it is a MEMS/NEMS process.
Planar process compatibility offers monolithic inte-
gration of a sensing part with readout electronic cir-
cuits [24]. Biocompatibility further increases its
attractiveness as it can be used in healthcare [25] to
measure and detect cells, enzymes, amino acids,
deoxyribonucleic acid, ribonucleic acid, etc. [26].
MEMS-based cantilever sensors have been demon-
strated as feasible alternative solutions to the con-
ventional assaying tools due to advantages such as
compactness, lower detection limits, better sensitiv-
ity, cost-effectiveness, and real-time operation [27].

In this work, we studied the graphene monolayer
through the simple Complementary metal-oxide
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Figure 1 Schematic of engineering strain on graphene: A uniaxial
straining on a flexible substrate, B thermal expansion and
contraction of graphene on thermally heated or cooled SiO,

semiconductor (CMOS)-compatible MEMS cantilever
with planar 2D-FET structure. We electrically char-
acterized graphene on the cantilever under different
conditions such as an applied electric field and uni-
axial strain. These characterizations are supported by
ANSYS® Workbench mechanical analysis. We con-
firmed the quality of the prepared graphene by
measuring its Raman spectroscopy and showing the
significant peaks. Here, we demonstrate the techno-
logical processing and the utilization of the proposed
structure for 2D-material strain engineering.

Experimental details

This chapter focuses on experimental details
describing the most important aspects for device
functionality and its fabrication to achieve graphene
properties modulation in Si-based technology. Fig-
ure 2 represents the idea of device used for graphene
behavior modification via electrical and mechanical
stimuli.

Device design

Our goal was to fabricate a single-clamped beam
(cantilever) with 2D-FET structure for the electrical
measurement of graphene subjected to mechanical
strain in static mode. Here, we discuss a few

substrate, C suspended graphene membrane nanoindentation,
D the electromechanical device for inducing in-plane biaxial
strain to the graphene.

important layout parameters related to the cantilever.
We designed a device with (6 x 6) mm? dimensions
containing the array of 64 cantilevers (Fig. 3). The
width and length of the cantilevers were 60 um and
100 pm, respectively. The dimensions of the can-
tilever were chosen and based on our fabrication
experience to make this structure easily fabricated
with no critical dimensions. The length was set
according to maximum achievable displacement of
the micromanipulator used for cantilever bending.
These dimensions do not affect the bending profile of
the cantilever as much as the (3.0 £+ 0.5) pm thickness
of Si, causing the high value of stiffness with the
largest strain values on the fixed-end of cantilever.
The cantilevers contain two electrodes for graphene
connection placed at the clamped end of the can-
tilever. The gap between the electrodes determined
the length of the graphene FET was set to 25 um.
Finally, the graphene width was set to 10 um. The
relatively large size of the cantilever allowed us to
precisely place a micromanipulator tip for bending
on the free end of the cantilever. The gate electrode is
electrically contacted from the top side through the
(100 x 100) pm* window in the top gate SiO, layer.
We also employed van der Pauw structures allowing
us to measure and evaluate sheet resistance of the
metal layer. The dimension of all pads for probe
contacts was (100 x 100) pm?.

@ Springer
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Figure 2 A Simple one-clamped cantilever; B simplified graphene FET; C schematic of proposed device, a combination of cantilever with
graphene FET; D transfer characteristics shift as a result of inducted strain in graphene.

Figure 3 Layout of 2D-FET
device with structures for
graphene strain modulation:
A whole device with

(b)

=

(c)

dimensions of (6 x 6) mm?;

B cantilever array;
C electrodes connected to
shaped graphene.

E%ﬂmﬁm.-
L

Gate contact 7] Topside cantilever shaping 2 Graphene
Cr/Au electrodes Backside cantilever etching

Fabrication conductive with resistivity < 0.005 Qecm. As the first

step, we grew &~ 100 nm of SiO; on both sides of the

The fabrication of the device was done using five
lithography steps (Fig. 4), including graphene pat-
terning. The chosen substrate was Silicon on Insula-
tor (SOI) wafer with structural (handle) Si thickness
of (500 + 10) um and diameter of (100.0 £+ 0.5) mm,
while the insulation (buried SiO,) layer was
(0.50 £ 0.25) pm thick. N-doped device Si (100) layer
with thickness of (3.0 £ 0.5 um was highly

@ Springer

substrate using the thermal oxidation process.

Next, we coated bottom resist AR-BR 5480 and
positive photoresist (PR) AZ 5214 E enabling etching
of SiO, window and lift-off process employing one
lithography step to fabricate contacts to the gate
electrode. The gate electrode was formed by the
device Si layer of SOI wafer. SiO, was etched by
CHF;/Ar/O; plasma in a Reactive ion etching (RIE)
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Figure 4 Fabrication flow of (a)
cantilever with 2D-FET
structure for graphene strain
engineering: A substrate with
deposited SiO, layer; B gate
contact after SiO, etching and
Ti/Au lift-off; C shaping of the
cantilever from topside;

D graphene shaping; E Ct/Au i)
electrode lift-off; F releasing

the cantilever from the bottom

side.

Device Si ..

@8 Top SiO,

system. Subsequently, we deposited ~ 3 nm of Ti
and ~ 50 nm of Au and lift-off process was per-
formed in 1-Methyl-2-pyrrolidone (NMP) solution at
~ 80 °C rinsed in propan-2-ol (IPA) and finished
with O, plasma cleaning (Fig. 4B). In the second step,
we coated the substrate with the same positive PR as
before. Then, we used Deep reactive ion etch-
ing (DRIE) of the device Si layer to shape the can-
tilevers from top side (Fig. 4C). This process was
followed by the same cleaning procedure as before.

In the next step, we transferred graphene via the
wet-transfer method. The CVD-grown single-layer
graphene on ~ 100 mm of Cu foil (fabricated by
Graphenea S.A., Spain) was coated with a double-
layer of polymethyl methacrylate (PMMA), and the
non-coated side of the Cu foil was cleansed with O,
plasma. We dissolved the Cu layer through wet
etching in an FeNO; solution. The floated PMMA /-
graphene stack layer was scooped out and displaced
into a beaker filled with deionized (DI) water purified
by the Millipore system to wash the solution residues
out. Finally, the PMMA /graphene layer was trans-
ferred onto fabricated device and dried under a low
flux of N». The transfer process was completed with
the removal of the PMMA layer in an acetone bath
overnight at &~ 53 °C, followed by washing with IPA
and DI water and drying with N,. The CVD method
is the most suitable for tasks in this framework due to
the sufficient quality of graphene and the ability to
cover a large area.

N

Handle Si

N

Si @ Buried SiO, ll Graphene
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The  graphene  was  subsequently  pat-
terned (Fig. 4D) using lithography with the PMMA
AR-P 639.04 and AZ 5214 E PR. After the develop-
ment, we used RIE, employing O, plasma to etch the
PMMA and graphene, which took 300 s with power
of ~ 50 W at constant pressure of ~ 0.25 Pa. Sub-
sequently, we cleaned the wafer in acetone at ~
35 °C and dried it with N,. The patterning was fol-
lowed by the same lift-off process as before to create
contact electrodes (Fig. 4E) for graphene. In this step,
we evaporated ~ 3 nm of Cr and = 100 nm of Au,
followed by the same cleaning procedure as before
excluding the O, cleaning step. The last lithography
step was aimed at shaping the cantilever (Fig. 4F)
from the backside of the wafer using etching of SiO,/
handle Si/SiO, via DRIE. The wafer was split into
single devices during the last etching step, meaning
no dice cutting was necessary. The fabricated device
is shown in Fig. 5. The PR was removed in NMP
solution and rinsed by IPA after these steps. After
these steps, we mounted devices into a leadless car-
rier chip with 68 pads (LCC68) using epoxy paste
EPOTEK H31-D and dried the whole device at ~
95 °C for 4 h in the vacuum furnace at pressure of ~
5 x 107* Pa to ensure stable mechanical connection,
which is sufficient for using the device in tempera-
tures up to ~ 200 °C. The last step of fabrication was
wire-bonding using Au wire with a diameter of ~
25 pm, and the package with the device was placed

@ Springer
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Figure 5 A Optical image of
fabricated device; B SEM T Tl H.‘.T
image of cantilever from i \'\\\l\\\\ \
topside; C SEM image of S \ S W

cantilever tilted by 55°.
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into a socket on printed circuit board with SMA
terminals.

Finite element analysis

We performed static structural analysis using
ANSYS® Workbench to determine the value of stress
and strain induced to the fixed end of the cantilever.
A Finite element method (FEM) was used for analysis
of the single-clamped cantilever. The corresponding
material properties were set for each part of the
model.

We chose the following types of elements for mesh
generation. We used quadratic element type
SOLID186, which is higher order 3D 20-node solid
element that exhibits quadratic displacement behav-
ior. Additionally, the contacts between parts were
bonded to each layer, which is due to the chip con-
struction, so the layers could not slip separately onto
each other. Thus, we used the CONTA174 element,
representing behavior of the contact and the slide
between 3D target surfaces and a deformable surface,
and TARGE170, which represents the 3D target sur-
faces for the associated contact elements. We also
used SHELL281, which is suitable for analyzing thin
to moderately thick shell structures. This element has
eight nodes with six degrees of freedom at each node.
This element was used for thin graphene geometry
because of structure thickness of ~ 340 pm, with
lower order thickness than the rest of the model, so it
must be modeled as a thin-walled entity.

We set the steady-state numerical model with 15
sub-steps, defining the displacement in ranges
from — 70 pm to 70 pm with two boundary
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l,.l-

N

conditions (Fig. 6). The left side of the cantilever,
with the graphene, was set as fixed support, and the
right side of the cantilever was attributed to dis-
placement sweeping.

Raman spectra of graphene

We measured the Raman spectra of graphene once
the device was fabricated. We used the Confocal
Raman imaging system Alpha 300R by WITEC,
which employs a green laser with a wavelength of ~
532 nm and an optical microscope with objective
magnification of 100 x (numerical aperture of 0.9
and working distance of 0.31 mm). Grating with
600 grooves-mm ' was used. Integration time was
set to 2 s with number of accumulations set to 20 to
suppress the distortion in obtained spectra.

Electrical measurement

We measured the current between the source and
drain electrodes (Ips) by changing drain-source

L,
2
U
10 pm :

Figure 6 3D model of structure for ANSYS® Workbench
computation showing the boundary conditions.
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voltage (Vpg) at different gate-source voltages (Vgs).
We also monitored the gate current (Ig) to inspect
eventual current leak through the dielectric SiO,
layer. The measurements were done in a N, atmo-
sphere to avoid Ips fluctuations due to unstable air
humidity and for preventing other sorption phe-
nomena on local graphene defects. We used a probe
station MPS 150 (Cascade Microtech, USA) connected
with the parameter analyzer 4200A SCS (Keithley
instruments, USA). In case of the dependency of Ipg
on mechanical strain induced by cantilever and Vg,
we used the micromanipulator with tip which was
aimed perpendicularly to the end of the cantilever.

Results and discussion
Quality of transferred graphene

Since the devices with graphene were prepared, we
wanted to check the number of graphene layers and
their quality. Thus, we employed Raman spec-
troscopy to obtain significant graphene peaks in the
Raman spectrum. We set the laser power to 5 mW,
since it has been experimentally proven that higher
power damages the graphene. Recorded Raman
spectrum and maps are depicted in Fig. 7.

The peak position of the G and 2D peaks was at
~ 1592 ecm™' and & 2677 cm™',  respectively.
Obtained Raman spectra show the high quality of the
transferred graphene. The ratio of the G and 2D

1929

peaks (= 1:2) proves that the transferred graphene is
single-layered [28]. The low intensity of the D peak
shows very low presence of defects [29]. However, as
seen in Fig. 7B, the intensity of D peak is higher in
specific locations, suggesting local abnormalities in
graphene disorder, which is also visible in the optical
image (Fig. 7E). That being said, the quality of the
patterned graphene area is still more than sufficient,
since most of the area has very low D-peak intensity
and the defects accumulate only in local spots. Such
quality is enough for intended application focused on
stretching of the graphene and evaluation of the
change in electrical properties.

Simulation of strain and stress

We applied mechanical force emulating the tip of the
micromanipulator, causing strain through the bend-
ing of the free end of the cantilever. We did the
simulation (Fig. 8) for the cantilever with a length of
100 pm with an etched hole underneath of ~ 70 pum,
which was experimentally determined by a contact
profilometer. Thus, we simulated the influence of
displacement on the free end of the cantilever along
the z axis (d,) with a range from — 70 pm to + 70 pm
on the induced strain and stress (Fig. 8).

Normal elastic strain (¢) and stress (c) were eval-
uated on the model. The values of &,,x dependency
on d, are plotted in Fig. 9A. From the o/¢ curve
(Fig. 9B), the highest value of gpax and Gmax On the
model was at maximal d, of — 70 pm and + 70 um at
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Figure 7 Raman spectra of graphene on structure after patterning: A single spectra after patterning; Raman map of B D peak, C G peak;

D 2D peak; E optical image of electrode with graphene.
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Figure 8 Obtained &, values from ANSYS® Workbench for the cantilever: A bent down to — 70 um causing tensile strain to

graphene; B bent up to + 70 um along z-axis causing compressive strain to graphene.

the fixed end of the cantilever. These values of g,
and Gp. for the downward bent cantilever were
~ 0.53% and = 2.59 GPa, respectively. The maximal
values for the bend in the opposite direction were
~ — 041% and ~ — 2.58 GPa, respectively. Such a
value of 0.y can be achieved and further controlled
by deposition parameters, which will allow the fab-
rication of device containing structures with pre-
stressed layers and will cause the bending of struc-
ture upon releasing.

Electrical characterization of the 2D-FET
structure

We measured Ips dependence on Vpg for different
Vs of 2D-FET graphene-based structures after the
device was fabricated. Prior to electrical measure-
ments, the sample was soaked in acetone for 24 h and
also annealed in vacuum furnace at 150 °C for
36 h with low temperature ramp of !

~
~

~

~

3 °Cmin™ .

Dirac point voltage (Vpiac) of pristine graphene
should be at value of Vgg ~ 0 V. However, when
exposed to air, the graphene becomes p-doped
[30, 31] and the Dirac point moves towards higher
values of Vgs. This is related to the adsorption of
water from air humidity. The cleaning of graphene
samples in acetone and annealing partly restores the
original position of Dirac point which is described in
the next chapter.

We wanted to prove the behavior of graphene
employed as 2D-FET structure. We also measured the
Ips dependence on Vg (transfer characteristics). The
output characteristics were measured for Vpg in a
range from — 1 V to + 1 V. Because of the excellent
quality of the SiO, serving as the gate dielectric, we
were able to sweep the Vg in a range from — 50 V
to 4+ 50 V with 10 V step, without any significant
leakage current (Ig), which was monitored during all
experiments and was in the order of pA units.
Throughout these measurements, we verified the

(a)06 T T T T T T T (b)3.0
0.5- : 1 25
0.4- 1 204
0.3- ]l 15
02 1 104
S 051
E 0.1 - Q; 00,
© 007 1 E-05]
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Figure 9 Obtained g&,,,x values from ANSYS® Workbench for the cantilever: A bent down to — 70 pm; B bent up to + 70 pum along

Z-axis.
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functionality of 2D-FET structure with corresponding
output characteristics that are shown in Fig. 10. We
observed normal behavior of gated p-doped gra-
phene [30, 31], showing a decrease in conductivity
with positive Vg near Dirac point of graphene. The
p-doping can be attributed to the residual water
molecules [30] as a consequence of sample manipu-
lation and measurement at atmospheric conditions.
The conductivity is in range from x 219 uSem™' to
~ 688 pSem~! and the lowest value is for Vs
=0Vand 10V (Fig. 10) which are close to Dirac
point as expected. This is discussed in the next
chapter and shown in Fig. 11.

Influence of the cantilever bending on IDS

As the last step, we measured Ips during the can-
tilever bending along the z-axis at constant Vps.
=1V. We also changed the Vgg within the same
range of previous measurements. The free end of the
cantilever was firmly bent by the microtip fixed on
sliding table with possible movement in the range
from — 70 pm to + 70 pm along the z-axis. We
observed a significant change of Ipg (Fig. 12), which
was dependent on the bending. For the first set of
measurements, we used a bent probe with adhesive
on the tip to bend the cantilever first in downwards
direction and then in the upwards direction, hence,
such measurement is not so accurate, but important
prediction for next experiment.

T T T
300 [——Vgg=-50V i
—— Vg =-30V
——Vgs = -10V
200 + ——Vgs= 0V
——Vgs= 10V
1004 |—Ves= 30V
—~ ——Vgs= 50V
! —
» 0 = Dirac point-
o
= 90
-100 — i
£ 60
8
-200 30 i}
-300 0 025 05 075 1 |
300 Vos (V)
T T T
-1 05 0 0.5 1

Vos (V)

Figure 10 Output characteristics of graphene-based FET structure
in range of Vpg from — 1 V to 1 V for different Vg. The detail
of Ipg in dependence on Vpg for Vg in the range from 0 to 1 V is
depicted in the inset.
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Figure 11 Time dependence of strain induction into graphene at
constant Vpg =1 Vand Vgs = — 3 V: region A from =~ 0 s to
~ 8 s: cantilever in straight position with d, = 0 um; region
B from = 8s to =~ 12s: cantilever is bending down to
d,= — 70 um; region C from =~ 12s to &~ 19 s: cantilever
bent at the position d,= — 70 pm; region D from =~ 19 s
to & 25 s: cantilever is bending up to 4+ 70 pum; region E from
~ 25 sto &~ 35 s: cantilever bent at the position d, = + 70 pum.

For the second set of measurements, more precise
control over the bend depth was introduced. We used
probes which were placed on top at the free end of
the cantilever in the perpendicular direction to its
surface. These probes were controlled by a micro-
manipulator with ~ 0.5 um precision. We deter-
mined the distance per rotation of the microslider in
the z-axis, enabling us to control the bending in the
range of pm (Fig. 13).

To show the repeatability of the process, we bent
the cantilever 5 x during one continuous experiment
with d, of ~ — 30 um. The result can be seen in
Fig. 13.

Position of the Dirac point voltage was determined
in N, atmosphere, which ensured that no more
undesired doping from air humidity took place. On
one sample, the effect of Dirac point voltage shift was
observed after exposing the sample to air atmo-
sphere, as shown in (Fig. 11A).

During the first measurement (Fig. 11B) before
bending of the cantilever, the Vpj,c of graphene was
found at Vs ~ 9.3 V (p-doping 2010'% cm™2). After
bending of the cantilever in downwards direction,
the shift of Vpirac by = 4.9 V was observed towards
Ves = 4.4V (p-doping 110> cm™), as captured in
second sweep of the transfer characteristic. For the
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Figure 13 Repeatable decrease of Ipg at bending depth of
~ — 30 pm.

last sweep, the cantilever was returned to its original
position. The Vs was almost fully recovered to the
same position as in the first measurement. The
observed shift is a direct result of bending of the
graphene sheet. The shift towards lesser values of
Vis means that the concentration of doped charge
carriers (holes) is decreasing. Bending of the can-
tilever downwards induces tensile strain into the
graphene, elongating the channel. This changes the
distances between the atoms in crystal lattice and
polarization occurs. The polarization creates electrical

@ Springer

field in the channel. In order to compensate for the
induced field, accumulation of electrons has to take
place. These electrons recombine with holes; there-
fore, the concentration of holes decreases. This leads
to the shift of Vpiac. When the cantilever is bent
upwards, the vector of polarization has the opposite
direction. To compensate for the induced field,
charge carriers of opposite polarity have to accumu-
late [32].

We observed that maximum tensile g&.., of
~ 0.53% with corresponding Gm.x of &~ 2.59 GPa
induced into graphene, caused a decrease of the Ipg
by &~ 10.9%. On the other side, the maximum &, Of
~ - 0.41% with corresponding compressive Gpax Of
~ —2.58 GPa increased the Ips by =~ 4.1%. Our
obtained results correspond well to results in other
publications where the graphene was strained in
uniaxial directions on other non-silicon substrates
[33]. These obtained results of Ipg in combination
with opmax values predict the possibility of device
fabrication with built-in stress. It is generally known
that the values of residual stress, in order of GPa, are
possible to fabricate. Additionally, there have been
many papers describing the control of residual stress,
well-suited for the fabrication of structures with
built-in stress that bend after cantilever release. Such
phenomena will cause induced strain in the gra-
phene, and there will be no need to bend the can-
tilever manually by tip or any other method. The
induced strain in graphene can be adjusted for the
sensitivity and/or selectivity of sensor-based



J Mater Sci (2022) 57:1923-1935

(a) T T T T T
16 -
14 B
12 1 -
g
X 10 -
=
@
8 4
6 .
—— N, atmosphere, 1st measurement
4 —— N, atmosphere, 2nd measurement after 5 minutes -
—— Air atmosphere, 1st measurement
——— Air atmosphere, 2nd measurement after 5 minutes
2 T T T T T
-60 -40 -20 0 20 40 60

Ves (V)

1933
(b) - - . . .
141/ —— Before bending b
—— Bent down, 35 um
12 4 — After straightening i
10
@]
=
X 8-
6 -
4 4
s 4 0 4 8 12
2 Ves (V)
T T T T i ]
-40 2 0 20 40
Ves (V)

Figure 14 Transfer characteristics of graphene. A Effect of atmosphere on Dirac point voltage; B Shifting of the V. due to induced

mechanical strain by bending.

platforms [34]. The induced strain should modify the
adsorption behavior on the surface of graphene. It
was shown that the selectivity towards certain gases
may be improved because of the strain [35]. Control
over the doping level, with the shift of Dirac point,
could be important for wearable mechanical sensors
and flexible electric devices [32]. Moreover, the work
shows the magnitude of conductivity changes is in
order of percent, which is comparable to a standard
response of graphene FET-based gas and biosensors.
Therefore, the induced strain artificially prepared, or
as a result of a production process, must be
considered.

Conclusions

We proposed and proved a new method for stretch-
ing of graphene 2DFET structure on a simple MEMS
cantilever in Si technology. The bending of the can-
tilever with graphene was done using a microma-
nipulator with a micro-hook, which allowed us to
bend the cantilever up and down along the z-axis but
with moderate precision; nevertheless, it proved the
functionality of structure. We achieved gax and Gpax
values of ~ 0.53% and = 2.59 GPa, respectively,
while the cantilever was bent down to — 70 pum. When
we bent the cantilever to the opposite side, up to +
70 pm, we achieved an gy, of ~ —0.41% and an
Omax Of & — 2.58 GPa, respectively. Next, we evalu-
ated downward cantilever bending using a

micromanipulator with a very thin and sharp tip with
precision of £+ 0.125 um, which was placed on the
cantilever end in the perpendicular direction. We
were able to control the bending with 4, in the range
from =~ 0 pym to the ~ — 35 pum. Such stimuli had
direct influence on resistivity and position of Dirac
point. We observed significant changes in Ipg while
the cantilever was bending; Vs did not influence the
perceptual change of Ipg because it only caused the
shift along x-axis meaning the shift of Dirac point
which is accompanied with change of physical
properties mainly due to changes of atomic spacing
causing the induction of local electric field. This
results in the change of charge carrier concentration.

Our experiment proves the possibility of MEMS
fabrication with controlled built-in residual stress,
which will modulate the graphene’s mechanical
properties after the cantilever is released. Such a
structure can be bent up or down according to the
value of built-in stress, which can be comfortably
controlled in order of GPa with utilization of stan-
dard physical vapor deposition methods, such as
evaporation or sputtering. This work opens the door
for sensitivity and selectivity selection by tuning the
physical properties in graphene-based sensors, or
alternatively, the same structures can be adapted to
other 2DFET materials in silicon or eventually
CMOS-based technology.
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Abstract: In this work, we demonstrate the simple fabrication process of AIN-based piezoelectric
energy harvesters (PEH), which are made of cantilevers consisting of a multilayer ion beam-assisted
deposition. The preferentially (001) orientated AIN thin films possess exceptionally high piezoelectric
coefficients ds3 of (7.33 + 0.08) pC-N_l. The fabrication of PEH was completed using just three
lithography steps, conventional silicon substrate with full control of the cantilever thickness, in addition
to the thickness of the proof mass. As the AIN deposition was conducted at a temperature of
~330 °C, the process can be implemented into standard complementary metal oxide semiconductor
(CMOS) technology, as well as the CMOS wafer post-processing. The PEH cantilever deflection and
efficiency were characterized using both laser interferometry, and a vibration shaker, respectively.
This technology could become a core feature for future CMOS-based energy harvesters.

Keywords: AIN; micro-electro-mechanical systems (MEMS) cantilever; complementary metal oxide
semiconductor (CMOS) compatible; energy harvesting; high performance

1. Introduction

Energy harvesting has recently attracted significant attention as a key power source where changing
batteries in applications is not practical, or in low-power autonomous sensors and micro-devices, as a
replacement of electrochemical batteries.

Several methods of harvesting ambient energies have been investigated, including solar energy,
wind, flowing water, waste heat, electromagnetic waves, or vibrations [1,2]. However, most of them
require the outside environment. The utilization of mechanical vibrations represent a suitable alternative
for any environment, including indoors, as well as low-power autonomous sensors and microdevices [3].

Electrostatic and electromagnetic induction, and piezoelectricity can all typically be exploited
as transducing mechanisms to convert mechanical energy into electrical [4]. However, from these,
piezoelectric energy harvesters (PEHs) exhibit high-energy density and are, therefore, more suitable
for practical applications [5]. Moreover, piezoelectric materials have an inherent capability to directly
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convert mechanical stress/strain energy into electrical energy, therefore, such devices are compact and
possess simpler designs, compared to their electromagnetic and electrostatic counterparts. Furthermore,
such devices can be fabricated by micromachining techniques and directly integrated into monolithic,
micro-electro-mechanical systems (MEMS) [6].

Numerous piezoelectric materials were investigated for energy harvesting in MEMS applications,
but the most commonly used are ZnO [7], lead zirconate titanate (PZT) [8,9], polyvinylidene fluoride
(PVDF) [10], and AIN [11]. In particular, AIN, prepared by sputtering, can be implemented in
standard complementary metal oxide semiconductor (CMOS) technology, as well as the CMOS wafer
post-processing [12], thereby, enabling the integration of PEH with active devices. Other piezoelectric
materials such as PZT, ZnO, and PVDF possess contamination risks for CMOS processing lines [13],
while AIN, deposited by the metal-organic chemical vapor deposition (MOCVD) technique, requires
high temperature, which prohibits its integration with CMOS devices.

Sputtered AIN is a promising material for PEH applications, due to low-temperature preparation,
unique physical properties (such as a high thermal stability, with a melting point of #2100 °C and
piezoelectric effect up to temperatures of ~1150 °C; high longitudinal velocity of 11,000 m's~!; and wide
band gap of 6.2 eV), high level of mechanical stiffness, and good piezoelectric and dielectric properties [11].

The single side clamped cantilever structure, due to its simple design and fabrication, is a
convenient device to characterize properties of PEHs: It can produce large mechanical strain within
the piezoelectric layer with its vibrations [14]. The amplitude of generated piezoelectric voltage and
power depends on the device’s working frequency, as well as the value of induced strain. The first
resonance frequency (f;) of a cantilever is the lowest vibrational mode, exhibiting the highest achievable
strain and displacement. The goal of the harvester design is to operate at the f; to achieve maximum
power output.

Normalized power density (NPD), together with output power (P) and frequency range, also
known as bandwidth (BW), are the most widely used metrics to evaluate the performance of PEH [15].
They enable the comparison of different PEHs and provide necessary information for figure of merit
(FoM) calculations [16],

FoM = NPD x BW (1)

where the NPD is defined as P divided by the effective volume (V) and the square of the input
acceleration (A),

P
NPD = —— 2
V.A? @
and where BW is defined as,
BW=f,-fi 3)

where f1, are half-power, cut-off frequencies, also known as full width at half maximum (FWHM).
Bandwidth comparison is often complicated, as its definition is not standardized: Sometimes it is defined
by frequencies at FWHM of the spectrum, by 1 dB or 3 dB bandwidth, or the data is not available.
Fabrication of PEHs is notoriously complex, requiring five or more lithography steps, in addition
to expensive silicon-on-insulator (SOI) substrates. Here we show a simple method to prepare PEH with
a high value of piezoelectric coefficients of (7.33 + 0.08) pC-N~!, using low temperature ion-assisted
deposition, making it fully CMOS-compatible, including the CMOS wafer post-processing.

2. Materials and Methods

2.1. Chip Design and Fabrication

Technology flow and layout were designed to allow all thin films to be deposited sequential
inside the sputtering system. This is a key feature, as it enables the deposition of all layers without
breaking the vacuum, thereby, resulting in high-quality layers and good adhesion between them,
while eliminating contamination and achieving a high performance in the piezoelectric layer.
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The beam and proof mass had dimensions of 2000 um x 4000 pm and 2000 pm X 2000 pm,
respectively. A piezoelectric layer between two electrodes, with dimensions of 1500 pm x 2000 pm,
is placed on one end close to the fixed edge (Figure 1).

b)

Al - 500 nm
@ AN - 1000 nm
M Ti-80nm

Ti/Al — 15/500 nm|

2000 ym bl 2000 ym

« 1900 um ,

>
)

|
>

4000 pm

»
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Figure 1. Layer composition and their dimensions of piezoelectric energy harvesters (PEH) (not to
scale): (a) side view; (b) top view.

We had to remove a relatively large area of Si substrate, as its direct etching would result in a
high loading factor and etching process instability. We designed 40 um wide trenches around the PEH
beams, on the both sides of the substrate. Once the deep reactive ion etching (DRIE) from both sides
was completed, the area surrounded by the trenches fell away from the substrate without the necessity
to etch it, as demonstrated in the design in supplementary materials of previously published work [17].
A large-area substrate removal around the PEH beams led to their unobstructed movement.

The fabrication was conducted using double-side polished Si (100) N-doped wafers with a diameter
of 100 mm, thickness of 370 um, and resistivity of <0.005 ()-cm. We deposited all sequential thin
films, layer by layer (Figure 2a), using an ion-beam assisted deposition (IBAD) instrument, without
breaking the vacuum between depositions. The wafers were loaded into the IBAD instrument and
the system was evacuated to a base pressure of ~9 X 107 Pa. Wafers were then pre-cleaned using
a secondary ion-beam source with Ar plasma with 30 V beam voltage (BV), for a duration of 300 s.
We then deposited ~80 nm of Ti, serving as a seed layer for consequent AIN (001) deposition, as well
as an electrical connection between the AIN and Si substrate. We activated the primary Kaufman
ion-beam source, using a BV of 200 V, resulting in a (001) oriented layer of Ti [18,19]. This was followed
with a change in the BV to 400 V and the addition of N to the primary ion-beam source, with a ratio of
1:1 to Ar. In addition, we employed the secondary ion-beam source for substrate bombardment, using
N; plasma at a BV = 30 V and performed reactive sputtering of highly (001) oriented AIN from the Al
target, to achieve the desired thickness of #1000 nm [20].

Finally, we halted the secondary ion-beam source and N from the primary source and deposited the
Allayer using a BV 0of 900 V, achieving an Al thickness of *500 nm, suitable for subsequent wire-bonding.

The wafers were then subjected to just three lithography steps. The first lithography step was
completed using positive photoresist (PR), with a desired thickness of ~1.4 um, to define the shape of
the top electrode, piezoelectric layer, and underneath Ti in a single stage. It was followed by reactive
ion etching (RIE) with combined Cl, and BCl;3 gases, using an optical spectrometer to monitor the
etching process (Figure 2b). After etching and PR removal, we performed the second lithography,
using PR with a thickness of #10 um to define the PEH shape and the DRIE process to etch ~40 um
wide and 150 pm deep trenches around them (Figure 2c). Following this, we removed the thick
PR and spin-coated, front side of the Si substrate with a standard PR to protect it; this subsequently
deposited Ti and Al with a thickness of #15 nm, and ~500 nm, respectively, on the back side of the Si
wafer, forming backside electrode contact. We conducted backside lithography, with front-to-back
alignment, using thick PR and etched both metals using Cl,/BCl3-based reaction ion etching (RIE).
We continued with DRIE, through the Si substrate, until the inner parts and chips were separated from
each other (Figure 2d). The thickness of PEH in areas without the proof mass was ~50 um. The chips
were mounted individually on a supporting base of Si substrate, using a drop of Fomblin® oil, and
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etched using the DRIE method, until we reached the desired thickness (Figure 2e) of a few tens of um.
The proof mass thickness was ~370 um, allowing us to fabricate the PEH with a high mass-to-volume

ratio. The residual PR and Fomblin® were then removed with O, plasma.

trenches for bottom
d) side etching

e)
: ~
Oa @
@an  @@si
bulk etch hole for definition

of the Si thickness

trenches for PEH
c) and chip shaping

Figure 2. Fabrication process flow (not to scale): (a) Deposited layers on top side of Si substrate;
(b) patterning of Ti/AIN/Ti/Al structure; (c) top-side trench etching using deep reactive ion etching
(DRIE) method; (d) metallization followed by back-side etching causing separation of chips; (e) back-side

etching, using DRIE method to form final structure.

Finally, we cut a 4.5 x 4.5 mm? hole, using an yttrium aluminum garnet (also known as YAG)
laser into the center of the leadless chip carrier with 68 pads (LCC68). The individual chips were then
mounted using silver conductive paste into the LCC68 (Figure 3a). The mounted chips had free vertical

movement within the mass of the package (Figure 3b).
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Figure 3. Fabricated PEH mounted in LCC68: (a) top view; (b) bottom view showing hole and

PEH mass.

2.2. X-Ray Characterization
Deposited Ti and AIN layers were residual stress-free, which was determined from wafer curvature
measurement. We also conducted the X-ray measurement using Bragg-Brentano setup to determine
corresponding peak positions (Figure 4) for 20 ~38.35° for Ti (001) and 20 ~36.06° for AIN (001). These
peaks positions also perfectly fit residual stress-free values determined from lattice parameters we
published earlier [18,20]. Such prepared (001) oriented AIN exhibits a high value of piezoelectric

coefficient ds3 of (7.33 + 0.08) pC-N‘1 along c-axis.



Micromachines 2020, 11, 143 50f 10

1E+06 T

T T T
9E+05 - \ AIN (001) §
26 = 36.06°
8E+05 - 4

__ TE+05 -

cps

6E+05 -

~

ity

5E+05 - -
Ti (001)

4E+05 +
20=38.35" \

3E+05 —

Intens

2E+05 1 —

1E+05 -

OE+00 T T T T T T T
350 355 360 365 370 375 380 385 390

26 (%)

Figure 4. X-ray diffractogram determined using Brag-Brentano setup showing 20 peak positions of Ti
(001) ~38.35° and AIN (001) ~36.06°.

2.3. Finite Element Simulation

We performed finite element method (FEM) analyses of single clamped PEH using the ANSYS®
Workbench with the Piezo and MEMS module. The model geometry was formed with a SOLID186
and SOLID226 3D element with a 20-node coupled-field, solid supporting piezoelectric analysis [21].
We performed coupled solution using an electrostatic and structural solver (Figure 5) via the piezoelectric
matrix where {T} is the stress matrix, (c) is the elastic stiffness matrix, {S} is the elastic strain vector,
(e) is the piezoelectric matrix, {E} is the electric field intensity vector, {D} is the electric flux density
vector, and (eq) is the dielectric permittivity matrix.

Structural {T} = (c){S} — (e){E} Electrostatic
solver {D} = (e)T{S} + (g ){E} solver

Figure 5. Scheme of coupled solution for electrostatic and structural solver, employing piezoelectric
matrix.

Once we built the model, we performed modal analysis to determine resonance frequencies of the
entire system. It was followed by a harmonic analysis used to determine PEH behavior under an external
force, using the results from the modal analysis as boundary conditions. Then we applied the excitation
voltage on electrodes to determine the displacement of PEH and compare it with experimental results.

Following this, we added a load resistor (R ) into the model, applying CIRCU94 circuit 2-node
beam elements using ANSYS® parametric design language (also known as APDL) commands,
and examined the dependence of generated power (Ps) on the amplitude of acceleration and the value
of parallel connected Ry, (Figure 6).

This task was realized as a combined analysis, involving the mechanics of a rigid body with a link
to a piezoelectric effect (or the inverse piezoelectric effect) and the provision of a bond to an electrical
circuit simulating Ry .
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Virtual electrical connections

Figure 6. Scheme of PEH model with electrically connected Ry .
3. Results and Discussion

We characterized PEHs using two methods to validate their parameters and compare them to the
FEM simulations from the ANSYS® Workbench.

3.1. Laser Interferometer Characterization

We chose the laser interferometer measurement as the first method for resonance frequency
and displacement determination (Figure 7a). We used a diode-pumped solid-state laser with single
longitudinal-mode operation and output wavelength (A) of 532 nm. The interferometric setup
employs a classic Michelson arrangement. Illuminating light enters the polarizing beam-splitter,
where it is split into two beams: The measuring beam passes to the sample, where it is reflected with
phase shift into the beam splitter and on to the detector; the second (reference) beam is reflected from a
fixed-reference mirror. Both beams interfere at the detector, which converts the optical signal of the
incident beams into an electrical signal that is displayed on an oscilloscope (Figure 7b). The voltage
power supply, with an alternate current (V 5c) and sinusoidal signal, was applied on PEH electrodes.
Displacement of the PEH on z-axis (Dz) is proportional to the number of interferometric fringes
between minimum and maximum amplitudes of the exciting signal, multiplied by A/2.

a) Laser b) 150 .
Polarizing beam splitter z ' ' w‘ La
Reference beam 3 1907 ' LS
Photodetector —L\/2 5 50 ) ‘ﬂum M | w "Mﬂ"llll»* 5
— . e E 2 o] Il Il ' il mu,og
scilloscope 2 T D
E I LN g 501 M | et
/‘U V4 N4 Reference % 1001 | $D S|gnsal U Il‘ | —-2.%
Function Polarizer - mirror g 150 by *T”;ger ignall | L E
generator A A & Measuring beam & | : : - -4
Collimating lens 100 0 100 200 300
PEH time (us)

Figure 7. Interferometric measurement: (a) setup; (b) oscilloscope electrical signal.

The V zc with a sinusoidal signal was applied on PEH electrodes. We adjusted V 5sc within a
range of 0.05 V to 0.2 V. We observed the first f; at 2520 Hz, which agrees with results obtained by
simulations with the corresponding value of 2500 Hz. The Dz obtained from the measurement at f
varied within a range of 4.5 um to =18.2 um for different V oc, this corresponded with measurement
data for a range of ~4.1 pym to =17.1 um for the same V 5¢ values. The dependence of measured Dz on
frequency is shown in Figure 8a. The measured values of D correlate with values determined in FEM
analyses in Figure 8b.
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Figure 8. (a) Measured Dz at f; = 2520 Hz with various Vsc. (b) The results of FEM simulations for
the same V 5c bias.

3.2. Vibrational Characterization

Next, we characterized generated power (Py1) using an automatized measurement system
(Figure 9) [22].

Data
acquisition

Accelerometer

-(Vibrometer

Vibration control|

y
Power amplifier |

c
RS
1=

o
2
>

Figure 9. Measurement setup, based on vibration excitation of PEH for determination of Py;.

We placed the PEH on a table with controlled sinusoidal vibrations of specific amplitude and
frequency, near to the first f;, as extracted from the previous interferometric measurement. The test
system was able to determine the f; value, thus, we performed the measurement in proximity to this
value. The measurement started by connecting an Ry, to the PEH, while the stage was vibrating. Once
the amplitude of the vibrations was stabilized, we recorded voltage across Ry, (Vry) amplitude, together
with the free end of PEH displacement. The power output of the harvester was calculated from the
known Ry, and Vg [23]. This procedure was then performed repeatedly for all pre-set combinations of
Ry, frequencies, and amplitudes.

We observed a slight shift in f, in comparison to the f; determined during interferometric
measurement. We changed the Ry, in the range from 100 () to 1 M(), with a logarithmic stepping for
frequencies in a range of 2476 Hz to 2484 Hz with constant A = 0.5 g. The optimized R}, value of
~67.56 k() was found for maximal generated Py of =0.91 uW at f; with A ~ 0.5 g (Figure 10a).

We also determined the dependence of Py on A for maximized Ry,. The obtained values showed a
remarkable correlation between predicted parameters from FEM analyses and the one of the fabricated
device (deviation lower than 1%). We observed values of Py in the range of ~0.25 uW to ~10.33 uW
for the A in the range of ~0.25 g to 2 g at f (Figure 10b).
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Additionally, we identified a difference of 1.6 % between the f; determined from interferometric
and vibrometer measurements.

We subsequently calculated NPD and BW values from the results obtained in the last experiment.
The NPD was determined (according to the Equation (2) with an assumption that the effective volume
was #1.72 x 1073 cm®) having a value in a range of #2.3 mW- cm™3-g~2 to ~1.5 mW-cm™>-g2 for A in
range of 0.25 g to 2 g (Figure 10b).

b) 12 T T T T T T T T T T 24

22

g%

2.0 %

P (uW)

T
®
NPD (mW-cm

T ——T— T T T T
02 04 06 08 10 12 14 16 18 20 22
A9

Figure 10. (a) Power spectra of measured PEH near f, = 2480 Hz with constant A = 0.5 g, (b) dependence
of maximum generated Ps and Py and calculated value of NPD on A.

Such values of NPD are ~2-10 times higher in comparison to previously published NPD [24-28].
The BW value was also determined for frequencies at FWHM of the spectrum, at a constantof A~ 0.5¢g
and reached a value of ~2.8 Hz.

4. Conclusions

This work presents a simplified method of PEH fabrication at a low temperature, using just three
lithographical steps, and without the necessity of using costly SOI wafers, which dramatically reduces
the manufacturing timeframes and costs. This method also allows the control of the thickness of
the PEH layer from tens to hundreds of micrometers. We characterized the PEH properties using
interferometric measurements, and automated power measurement using a vibration exciter. First,
we applied Voc on PEH electrodes to determine f, and Dz, comparing them with FEM analyses to
verify the model. Next, we characterized Py at f; and determined the optimized Ry, value to maximize
Py at =67.56 kQ). The PEH generated Py in a range of ~0.25 uW to ~10.33 uW for A in a range
of ~0.25 g to =2 g, respectively. The determined NPD and BW values performed better than those
of previously published studies, making the proposed technology highly promising for the future
development of CMOS-compatible piezoelectric harvesters.
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Abstract: We propose and demonstrate an unconventional method suitable for releasing
microelectromechanical systems devices containing an Al layer by wet etching using SiO, as
a sacrificial layer. We used 48% HF solution in combination with 20% oleum to keep the HF solution
water-free and thus to prevent attack of the Al layer, achieving an outstanding etch rate of thermally
grown SiO; of ~1 um-min~!. We also verified that this etching solution only minimally affected the
Al layer, as the chip immersion for 9 min increased the Al layer sheet resistance by only =7.6%.
The proposed etching method was performed in an ordinary fume hood in a polytetrafluorethylene
beaker at elevated temperature of 70 °C using water bath on a hotplate. It allowed removal of the
5i0; sacrificial layer in the presence of Al without the necessity of handling highly toxic HF gas.

Keywords: SiO, etching; microelectromechanical systems (MEMS); sacrificial layer; selectivity

1. Introduction

Over the last 50 years, there has been a development in the semiconductor industry, primarily
based on Si substrate for fabricating integrated circuits such as complementary metal oxide
semiconductor (CMOS) devices [1]. Subsequently, due to its favorable published Young’s modulus
value of 130 GPa for (100)-oriented Si [2], low thermal coefficient of expansion of 2.56 x 1076 K1,
and high thermal conductivity of 157 W-m~!-K~1, Si has also been used to fabricate a large variety of
microelectromechanical systems (MEMS) [3,4].

Many methods of Si micromachining, using Si as mechanical, thermal and electrical material,
were developed during the evolution of MEMS technology, including wet anisotropic etching using
either potassium hydroxide (KOH), tetramethyl ammonium hydroxide (TMAH) or ethylene diamine
pyrocatechol solutions [5,6], and wet isotropic etching using a mixture of HF, HNO3; and CH3;COOH,
known as HNA solution [6]. Next, dry etching of Si was introduced, either anisotropic reactive ion
etching (RIE) [7] and deep RIE (DRIE) [8], or semi-anisotropic etching using the plasma process [9],
and finally isotropic etching using XeF, vapor [10,11]. At the beginning, bulk micromachining
prevailed [12,13] followed by more complex devices-based surface micromachining [14]. SiO,, typically
in its low-stress form prepared by the plasma-enhanced chemical vapor deposition (PECVD) method,
is another mechanical material commonly used in micromachining [15]. This material has full
compatibility with Si processing and can also be used for high temperature deposition processes.

With the development of digital mirror device technology beginning in the 1980s [16], Al became
another structural material used in MEMS fabrication. It can be used for numerous applications
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due to its compatibility with CMOS fabrication, such as making waveguides [17]. Al is also used as
an electrical leadout for MEMS devices.

The etching of SiO, by employing HE/NH4F solution (buffered oxide etch, BOE) can also be used,
but unfortunately, it does etch Al; therefore, all structures made of Al have to be protected. Pinhole-free
materials deposited by conventional technology such as PECVD do not exist; there are always some
pinholes [18] allowing etch solution to penetrate through and to damage the Al layer underneath.
The only option is protection by polymers as photoresist, but they cannot be applied for a long SiO,
release etch.

What about sacrificial etching of SiO, in the presence of Al, though? Because, as is known,
HEF is only dissociated by H,O into H3O* and F~ etches Al, the presence of water is therefore required.
There have been several attempts to remove SiO; using anhydrous gas HF [19] adding alcohol vapors
using rather complex and expensive equipment achieving a slow etch rate of #15 nm-min~! of thermally
grown SiO; [20].

5i0; in presence of Al has also been wet etched in liquid form using difficult-to-obtain 73% HF [21],
achieving a high etch rate of 1.6 pm-min~! without attacking the Al layer, but this solution is classified
as a weapon, as it can probably also be used for uranium enrichment, and thus the supply of this
chemical is controlled.

A mixture of readily available 48% (28.9 M) HF/96% (18 M) H,SOy solution, as well as only 48%
HF solution, was also employed to conduct this SiO; etching in the presence of Al [22], but there is
a problem, as this etching produces water

SiO, + 4HF — SiF, + 2H,0 1)

at the device surface, causing dissociation of HF there and etching the Al layer.

There are numerous MEMS devices, such as inertial sensors, made of single-crystal silicon using
silicon on insulator (SOI) substrates [23], inertial sensors integrated with CMOS based on «-5i [24],
and bolometers made of x-5i [25] or «-SiGe [26], typically using SiO; as sacrificial material employing
anhydrous gas HF to remove the SiO; layer [19]. This process works very well, but the capital
investment is high, as HF is highly corrosive, as well as toxic, and the machine using HF gas has to be
built to follow safety standards.

A similar problem arises with nitration of organic compounds to produce explosives with 99%
HNOs;. One of the reaction products is also HyO, which dilutes HNO3 and gradually stops the nitration
process. The reaction is therefore conducted in the presence of highly hygroscopic Hy504-503 (oleum),
binding H,O to itself, and keeping HNOj concentrated, and thus active, for the nitration process [27].

In this contribution, we used a similar principle to etch SiO, by 48% HF solution in the presence
of oleum, concurrently binding H,O as an SiO, etching product, keeping HF in non-dissociated form
and thereby keeping the Al layer intact:

H,O + SO3 — H,S0;. (2)

Our method requires only minimal technical equipment, such as a fume hood and a hotplate and
personal protective equipment such as glasses, face shield, chemically resistive gloves, and an apron
resistive to strong acids.

2. Materials and Methods

2.1. Test Layout Design

We designed a test pattern containing torus shapes with identical outer radius and variable inner
forming a set of features with linewidth in a range from 2 um to 20 um with step of 0.5 um a using
Nanolithography toolbox [28]. The stepping of 0.5 um gave us an etch rate resolution of 0.25 um as
the torus shapes were etched from both sides, which was sufficient for the purposes of this work
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(Figure 1a). Then, we fabricated a photolithography mask for contact printing using soda lime glass
substrate with size of (*127 X ~127) mm?.

0 0000O0O0OO0O
O00O0O0O0O0O

O 00000 0|e

00000000000 vw, 00000O0COCOCODOOO
\0 0 0 030 040 050 0 0 0| © 20 9

Figure 1. Test structure to determine the SiO, etch via lateral under etching. (a) Structure layout
containing structures with identical outer diameter and different width starting from 2 um and ending
with 20 pm with step of 0.5 um. Photographs of structures after SiO, etching for: (b) ~1.5 min,
(c) 3.0 min, (d) ~4.5 min, (e) 6.0 min and (f) 7.5 min. The red arrow points at the torus shape with
the smallest linewidth not fully undercut.

2.2. Sample Preparation

We used p-type Si (100) wafers with a diameter of ~100 mm to fabricate the test structures.
The wafers were oxidized to grow (398 + 3)-nm-thick (mean + standard deviation from three
measurements using ellipsometry) SiO,. Then we deposited an Al layer using an e-beam evaporation
technique with a thickness of 1.5 um as measured by an in situ quartz crystal microbalance system.
Subsequently, we coated the Al layer with a positive photoresist (PR) with a target thickness of
~1.4 um, and performed pre-exposure baking at #110 °C for 50 s on a hot plate in N, atmosphere.
We exposed the PR using an ultraviolet light source with a dose of ~90 mJ-cm~2 using a contact printer
through a soda lime glass mask with a design as described above. Then we developed the PR using
a TMAH-based developer for ~60 s, washed it with deionized water and dried with an N, flow.

Once we performed descumming process using O, plasma for set duration, power and pressure
of 60 s, 300 W and 7 Pa, respectively. The Al layer was subsequently etched by RIE using a mixture of
Cl, and BCl3 gas in the set ratio of 3:1. Then we removed the PR using 1-methyl-2-pyrrolidone, rinsed
the wafer with propanol-2-ol (IPA), and dried it with a flow of N;. Finally, we cut the wafers into
smaller pieces using the diamond scribing method into sizes of ~(10 x 10) mm?, each containing a set
of six test structures for etching evaluation.

2.3. Etch Solution Preparation

We mixed ~50 mL of 48% HF (Sigma-Aldrich, Hampton, NH, USA) with ~50 mL of 20% oleum
(Fluke, St. Gallen, Switzerland) in a beaker made of polytetrafluorethylene (PTFE). The dilution heat
warmed up the solution to elevated temperature up to its boiling point with white fumes coming out
of the beaker; thus, a working in fume hood or a laminar box was essential as those fumes should
consist of toxic HF and SOz as well as non-toxic H,O. In the next step, we placed PTFE baker into
bigger borosilicate glass beaker filled with water with its temperature set to =70 °C.
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3. Experimental

We immersed six samples of devices as described above Al/SiO, sandwich in the SiO; etch solution
for time in range from ~1.5 min to ~9 min with interval of ~1.5 min to determine the etch rate. We also
immersed two more samples into etch solution for 7.5 min, one with patterned Al and the other
without. The first sample was used to determine the SiO, etch rate via the undercutting of Al rings
with different sizes. We also measured the Al thickness using a stylus type profilometer. The second
sample was used to measure Al sheet resistance before and after its immersion. Each sample after
etching was washed three times, twice with IPA followed by deionized H,O, then we dried it with
a flow of Nj.

4. Results and Discussion

First, we determined the etch rate of SiO,. We observed the etched structures using optical
microscope and evaluated torus shapes washed away from the surface, i.e., completely undercut
(Figure 1b-f). The last structures not fully undercut with their linewidths (Table 1) were 3.5 um,
7.5 um, 9.5 um, 12.5 pm, and 15.0 um for etching durations of ~1.5 min, 3.0 min, ~4.5 min, ~6.0 min,
and ~7.5 min, respectively. The half of a linewidth of last surviving torus was plotted as a function of
time (Figure 2), with its slope defining the SiO, etch rate as (0.93 + 0.05) um-min~! (mean + fitting error),
which is ~#14x faster than BOE with 6:1 ratio of 48% HF and 40% NHF [29].

Table 1. Line width of the layout shown in Figure 1a having three rows and 12 columns. Please note that
there was a mistake on the layout, and thus the linewidths with size of 6.5 um and 7.0 um are missing.

Column/Row 1 2 3 4 5 6 7 8 9 10 11 12

1 150 155 160 165 170 175 180 185 19.0 195 20.0 20.0
2 90 95 100 105 110 115 120 125 13.0 135 140 14.5
3 20 25 30 35 40 45 50 55 60 75 8.0 8.5
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Figure 2. SiO, etching as function of time. The curve was obtained as linear approximation for six
etched samples for different time in range from 1.5 min to 7.5 min with an interval of ~1.5 min.

Next, we etched samples in XeF, vapor and set pressure and time to 0.33 Pa and 225 s, respectively,
divided into 5 cycles to increase contrast between SiO; and Al, and then checked them using scanning
electron microscopy (SEM). SEM images show that the both Al and SiO, layers were not mechanically
damaged (Figure 3).
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Figure 3. SiO; etched with HF/oleum, showing the undercutting with Al layer intact: (a) Structures
undercut by SiO2 etch solution leaving intact Al. (b) The same etching of SiO, followed by partial Si
removal by XeF, vapor to enhance visibility of SiO; etch boundary. (c) Different angle and magnification

show whole structure (d) and corner detail.

We measured the Al thickness by stylus profiler at the structures used for SiO, etch rate testing and
found that it was (1887 + 46) nm (mean + standard deviation from 3 measurements) of whole Al/SiO,
sandwich. These results show that the etching time had no influence on the sandwich thickness.

We measured Al sheet resistance (Rg), before and after dipping it into SiO; etch solution for
~9 min. We used a custom-made four-point probe system, set the electric current (I) on the outer probes
to the range from 10 mA to 60 mA, while monitoring the voltage (V) measured between the inner
probes (Figure 4). Then we performed linear curve fitting determining the slope V-I~! and calculated
the Rp value using the following equation:

Rp = m%% 3)
T — 0.45 et
040] @ I owl b
0.35 ] 035
0.30 ]l 030
SE\o.zs— ] SE\o.zs—
= 020 ] <020
0.15 1 0154
0.104 1 o010
0.05 ] 005
5 10 15 20 25 30 35 40 45 50 55 60 65 5 10 15 20 25 30 35 40 45 50 55 60 65
I (mA) 1 (mA)

Figure 4. Graphs showing the value of V as a function of interrogating I from the four-point probe
system at Al layer before (a) and after (b) dipping in SiO, etch solution. The fitted slope V-I~! with an
assumption of intercept of 0 V changed by =7.5%.

We calculated the Ry value of the Al layer from the geometry factor constant and the slope
(Figure 4) [30], before and after SiO, etching for ~9 min, as (27.8 + 1.0) mQ-0~! and (29.9 + 1.2) mQ-077,
respectively (both mean =+ fitting errors from five measurements). The small increase in Ry values
before and after SiO, etching was probably caused by measuring on different area of substrate which
can be influenced by Al thickness inhomogeneity and impurities on surface as the results from stylus
profiler shown that the etch time had no influence on the Al thickness.

Here we summarize advantages and disadvantages of both, dry and wet etching systems.
Dry etching is a convenient, user friendly and safe technique using a load lock system practically
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eliminating an option of an operator to get into contact with the HF gas. Also, there is no need for
critical dry release of the structure, as there is no liquid involved in the process. The disadvantage is
often prohibited cost of the system as well as its slow etch rate of ~15 nm-min~".

The wet etch proposed in this contribution has a high etch rate of (0.93 = 0.05) pm-min~
(mean =+ fitting error), as well as requiring practically no special equipment besides a fume hood,
PTFE beaker and personal protective equipment. The disadvantage is requirement of critical dry release
or similar method to prevent the MEMS structures to collapse. Also, this etching technique should
only be performed by skilled personnel, as they will be dealing with hazardous chemicals. Disposing

the etch solution should be done in an appropriate manner using conventional HF types of waste.

1

5. Conclusions

We proposed and verified the wet SiO, etching method with excellent selectivity towards Al,
practically leaving the Al layer intact. HF solution in the absence of H,O does not etch Al; thus, we used
48% HF in combination with oleum to etch SiO, by HF, with concurrent removal of H,O, product of
SiO; etching by hygroscopic oleum. We tested this idea by etching thermally grown SiO,, achieving
a very high etch rate of (0.93 + 0.05) um-min~! (mean + fitting error from three measurements),
~14x faster in comparison with a typical 6:1 BOE etch rate ~70 nm-min~!. During this process, the SiO,
and the Al layer present at the tested chip remained intact, as the sheet resistance before and after
exposure to the solution stayed almost the same. The presented method is a simple alternative to
anhydrous gas HF etching of SiO;, sacrificial etching, with the Al layer presented on the substrate
conducted by complex gas systems.
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ABSTRACT

This work focuses on the fabrication and characterization of Chemical Field-Effect Transistor (ChemFET) gas nanosensor arrays
based on single nanowire (SNW). The fabrication processes include micro and nanofabrication techniques enabled by a
combination of ultraviolet (UV) and e-beam lithography to build the ChemFET structure. Results show the integration and
connection of SNWs across the multiple pairs of nanoelectrodes in the ChemFET by dielectrophoresis process (DEP) thanks to
the incorporation of alignment windows (200-300 nm) adapted to the diameter of the NWs. Measurements of the SNW
ChemFET array's output and transfer characteristics prove the influence of gate bias on the drain current regulation. Tests upon
hydrogen (H,) and nitrogen dioxide (NO,) as analyte models of reducing and oxidizing gases show the ChemFET sensing
functionality. Moreover, results demonstrate better response characteristics to H, when the ChemFET operates in the
subthreshold regime. The design concepts and methods proposed for fabricating the SNW-based ChemFET arrays are versatile,
reproducible, and most likely adaptable to other systems where SNW arrays are required.
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1 Introduction

In the past years, gas-sensitive nanowires, nanobelts, and
nanorods, belonging to the group of one-dimensional (1D)
semiconducting metal-oxide (MOX) nanostructures, have
attracted considerable attention in the field of chemical (gas)
sensors due to their capability to improve sensor’s functionality by
enhancing the surface response as opposed to alternative
structures with boundary connection effect [1-3]. These structures
also adapt better to the sensor's miniaturization, providing further
advantages of size and cost production compared to other
chemical sensors (e.g., operating with electrochemical principles
[4,5].

Usually, the gas sensors based on 1D MOX nanostructures are
assembled as chemoresistive (two-electrode) or Chemical Field-
Effect Transistor (ChemFET) (three-electrode) devices. In
chemoresistive and ChemFET sensors, the electrical transport
through the 1D MOX nanostructure(s) is modulated by the gas-
solid interactions at the MOX surface. However, in ChemFET, the
conductive channel can also be modulated by applying a voltage
potential to the third electrode, regularly integrated as a bottom
(back) gate electrode, bringing the possibility of tunning further
the gas sensor response and dynamics [6-9]. Hence, the
fabrication of ChemFET structures requires more elements with
respect to a chemoresistor adding complexity to the fabrication
process of these sensor devices.

Our previous studies on nanowire-based gas sensors have

generally focused on chemoresistive structures with multiple or
single nanowires, demonstrating the advantage of such systems
over traditional nanoparticle-based sensors [10, 11]. Further works
in the literature have also shown that a single or few nanowire
structures connected in parallel are the ideal architectures to detect
the external stimuli coming from the adsorption of gaseous
molecules at the nanowire surface more efficiently [1,12-15].
However, current methods for assembling aligned and isolated
single nanowire (SNW) structures in chemoresistive or ChemFET
configuration still represent a technological challenge. Sometimes,
this challenge is overcome by connecting a unique 1D
nanostructure (chosen from various random 1D nanostructures
dispersed over a substrate) via focus ion beam (FIB), although this
method restricts the scalability of the process and increases the
cost and time of fabrication [16, 17].

Alternative routes for the alignment of 1D nanostructures
(amongst them, the Langmuir-Blodgett and the electric/magnetic
fields assisted techniques) have been shown to be appropriate for
aligning various 1D nanostructures [18]. However, face to the on-
chip integration, techniques assisted by electric field via
dielectrophoresis process (DEP) may represent a technological
advantage. The DEP allows aligning and connecting NWs
suspended in a droplet solution by applying a nonuniform electric
field that creates a dipole moment on the NWs, causing the
droplet to be electrostatically pulled toward the biased electrodes.
As such, this process may facilitate precise placement and lining
up of several 1D nanostructures in parallel [19, 20]. However, the
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integration of isolated single 1D nanostructures may depend
further on the characteristics of the electrodes and the electrical
environment.

Our previous studies on chemoresistive nanosensors, for
instance, demonstrated that the use of several pairs of electrodes
with nanoscale features facilitates to some extent the integration of
isolated SNWs [10]. Recently, we have also noticed that the
incorporation of dielectric shielding windows further favors the
electrical environment for the integration of isolated SNWs,
avoiding the aggregation of multiple NWs within a pair of
nanoelectrodes. In this context, herein, we further improve the
SNW arrays reported earlier [10] by developing new structures
that operate with the ChemFET principles to tune the sensor
response thanks to the buried gate electrode and locally drain-
source (faced) electrodes nano-shaped by electron beam
lithography (EBL) technique. As a novelty, the present work also
explores the incorporation of alignment windows over the top of
the ChemFET structure to confine the SNWs integrated across the
drain-source nanoelectrodes. The gas sensing functionality of
these structures is validated in the ChemFET regime using
nitrogen dioxide and hydrogen gases as oxidizing and reducing
model analytes.

2 Experimental

21 Design and layout of ChemFET nanosensors
platform

We designed a layout containing several chips on a 4-inch wafer.
Each chip has a size of 5 mm x 5 mm and incorporates four
independent nanoelectrode array structures (Fig.1(a)). Such
structures consist of drain and source electrodes with a buried
local gate to use as ChemFET. The design includes two
modifications with different electrode pairs separated by a
constant spacing of 50 pum between them (Fig. 1(b)). The first
modification consists of five pairs drain-source electrodes and the
second contains nine pairs. The in-plane gap between drain and
source electrodes was set to 3.5 pm, as this dimension proved ideal
for the NWs alignment in our previous study [10]. The gate
electrode with a width of 1.5 pm is locally placed between this gap
formed by a SiO, trench (Fig. 1(c)). Each array is surrounded by
circular gold stripes that serve as hydrophobic rings. These rings
ensure the confinement of the droplet with suspended NWs on
the electrode area during DEP (Fig. 1(d)) technique.

To fabricate these structures, EBL was first used to perform
nanoelectrode arrays with a “clothespin” pattern. The red color in

5mm

10235

Fig. 1(c) represents the EBL pattern, and the yellow color is the
remaining nanoelectrode ends created by the dry etching
procedure. The nanoelectrode arrays contain electrode fingers
with two different widths. Thus, the electrode fingers on the two
left arrays have a width of 200 nm, whereas those on the right
have a width of 300 nm (Fig. 1(a)). The entire electrode finger is
48 um long and is divided into three parts. The first part
corresponds to the triangularly shaped incoming microelectrodes
connected to the middle electrode with a width of 1.5 um. The last
is finally connected to the nanoelectrode, which ends at the gate
channel boundary (Fig. 1(c)).

Generally, the integration of the NWs and the number of
aligned NWs across the faced nanoelectrodes in the array can be
influenced by several factors, including the geometry and width of
electrodes (which should be comparable to the NW diameter),
DEP parameters, NWs concentration, and volume of droplets
during DEP [21, 22]. In this work, we paid special attention to the
reproducible integration of aligned SNW across the ChemFET
nanoelectrodes, further improving our previous design of
nanoelectrodes for chemoresistive operation [10]. Therefore, to
achieve the alignment of SNW across the electrodes, we designed
two dielectric shielding window structures based on a SiO, layer
fabricated with atomic layer deposition (ALD): the wide one of 10
pm x 20 pm, and the narrow one of 200-300 nm x 10 pm. Figure
2 shows a schematic view of the dielectric shielding (alignment
window) to favor the SNW interconnection.

2.2 Fabrication of ChemFET nanosensors platform

We fabricated the ChemFET arrays using standard surface
microfabrication techniques such as thermal oxidation, ALD,
reactive ion etching (RIE), and both EBL and ultraviolet (UV)
lithography for dimensions lower or larger than 1 um,
respectively.

The fabrication process starts on a Si wafer with a diameter of ~
100 mm thermally oxidized to form ~ 300 nm thick SiO, layer
(Fig. 3(a)). The SiO, trenches are fabricated in the first step. To
this end, we coated the wafer with a positive photoresist (PR) and
then exposed it using UV lithography through a soda-lime mask
employing mask aligner MAS8 (Siiss MicroTec, Switzerland).
Then, we used a standard tetramethylammonium hydroxide
(TMAH) based developer and performed descum using O,
plasma. The SiO, was etched by RIE with Ar/CHF; gas mixture.
Subsequently, we removed the PR in 1-methyl-2-pyrrolidinone
(NMP) solution, rinsed the wafer with distilled water, and dried it
with nitrogen steam.

The second step aimed to fabricate the gate electrode by lift-off

Array of faced nanoelectrodes

-

Nanoelectrode finger pair

Hydrophobic ring with gate electrode

WaRY
M-\ =

Figure1 Chip design and layout of the functional blocks (yellow: microelectrodes and faced nanoelectrodes system (Au layer); orange: EBL pattern; black: thermal
SiO, layer; red: the gate electrode; grey: channel for the gate electrode). (a) Detailed view of the full-size chip. (b) Array with five faced nanoelectrodes. (c) Detailed view
of the nanoelectrode “clothespin” pattern at the crossings with the gate electrode. (d) Gold ring surrounding the array of nanoelectrodes and the gate electrode.
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Nanowire

Figure 2 Illustration of the alignment dielectric (shielding) windows (a) before and (b) after integrating SNW by DEP.

(a) (b)

B silicon (525 um)

() Au+Ti(100 nm) @ PR (1.4um)

@ Hro, + sio, (100 nm)
@ sio, top (100 nm)

@ sio, bottom (283 nm)

GWLF‘ Alignment marks

H 10 um

Figure3 Schematic view of the chip fabrication process. (a) Si substrate with SiO, layer (thermal oxidation). (b) Buried gate electrode Ti/Au layer (e-beam
evaporation). (c) Dielectric stack HfO, + SiO, layer (ALD deposition). (d) Ti/Au layer (e-beam evaporation). (¢) EBL automatic calibration marks. (f) Faced
nanoelectrodes (ion-milling). (g) Remaining electrode pattern fabrication (UV lithography). (h) Remaining electrode system linked to the faced nanoelectrodes after

Au/Ti etching (ion-milling). (i) Wide window pattern created in SiO, layer (RIE).

process using a combination of bottom resist with standard
positive PR. This process was performed as described above. Then,
we deposited ~ 3 nm thick Ti as an adhesion layer and ~ 97 nm of
Au using e-beam evaporator P397 (Bestec, Germany).
Followingly, we removed the PR in NMP solution by placing the
wafer upside-down to avoid the contamination caused by metal
particles from the deposited layer on PR (Fig. 3(b)).

For the next step, we used ALD Fiji 200 system
(Ultratech/Cambridge NanoTech, USA) to deposit the ~ 10 nm of
HfO, and ~ 90 nm of SiO, that serve as gate dielectric stack (Fig.
3(c)). We also deposited a new Ti/Au stack over the dielectric
stack with the same thickness as previously and spun the positive
EBL resist, which was then exposed in e-beam writer Raith150
Two (Raith, Germany) (Figs. 3(d)-3(f)).

We used sophisticated tools to achieve high-resolution
structures without distortion. A high-resolution EBL is severely
impacted by process effects such as beam scattering effects
(proximity) and tool implied artifact forming effects. Hence, we
employed the GenlISys Tracer' and Beamer software that allow
calibrating the exposition parameters by simulation for a specific
resist type or thickness, taking into account the underlayer

materials. These effects cause the nonideal pattern transfer by
various error sources. We extracted dose distribution data (Fig. 4)
from Beamer software, which calculates according to GenlSys
Tracer monte-carlo simulations to obtain high-resolution shapes.
The resulting proximity effect simulation for the faced
nanoelectrodes is shown in Fig. 4.

Thus, we exposed only the small areas to create the sharp ends
of electrodes with ~ 200 and ~ 300 nm widths. Followingly, we
used amyl acetate-based developer to create a pattern for the
subsequent ion-milling. We used ion-milling system (SCIA,
Germany) equipped with Kaufman ion-beam source to remove
the Au and Ti and stop on underneath SiO, layer. An ion-mass
spectrometer controlled this process. Then, we removed EBL resist
in NMP solution.

Additionally, we created the pattern which connects the
conductive paths to previously shaped “clothespin” (Figs. 5(a) and
5(b)). This pattern made of Ti/Au stack layer was defined by UV
lithography using a negative PR followed by exposure on MAS.
We used the PGMA (2-methoxy-1-methylethyl acetate)-based
developer recommended by the supplier for this PR. We then
used ion-milling instrument as described before to remove the rest
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Figure4 Illustration of EBL proximity effect simulation. (a) One faced nanoelectrode (“clothespin”), (b) array of five faced nanoelectrodes, and (c) detail of dose

distribution with a dose scale bar.
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Figure5 Connecting the remaining microelectrode system to the nanoelectrode array. (a) Microelectrode with a hydrophobic ring structure before etching. (b)

Remaining electrode pattern linked to the faced nanoelectrodes.

of the Ti/Au layers. The PR was removed in NMP solution, and
the wafer was rinsed by IPA and dried by nitrogen (Figs. 3(g) and
3(h)).

Finally, we performed the last deposition of ~ 100 nm thick
SiO, layer using ALD. Such a layer forms the alignment windows
that allow connecting the NWs between the faced nanoelectrodes
during DEP, avoiding the connection with surrounding
conductive paths (Fig. 3(i)). This step also allowed for opening the
windows to the connection pads for wire bonding. As mentioned
above, the design includes two types of windows. The wide
window was formed using UV lithography employing the same
positive PR as the first step. The narrow window was additionally
shaped by EBL to achieve a small alignment window. We etched
the SiO, layer in RIE instrument with Ar/CHF; plasma.

To finalize the whole process, the wafer was covered by positive
PR as a protective layer and then diced using a saw into single
chips with a size of ~ 5 mm x 5 mm.

2.3 Nanowire synthesis and characteristics

Tungsten oxide NWs were synthesized at ~ 390 °C on small Si
wafer tiles (~ 2 mm x 2 mm) to facilitate the subsequent steps,
including the dispersion of nanowires and DEP. The NWs were
synthesized without catalyst seeds using Aerosol-Assisted
Chemical Vapor Deposition (AACVD) method. The precursor
solution consisted of a mixture of 5 mL of methanol (Penta, > 99.8
%) and 20 mg of W(CO), (Sigma-Aldrich, > 97 %). This solution
was atomized using a piezoelectric ultrasonic atomizer (Johson
Matthey Liquifog) and delivered to the reaction zone using N,
flow as carrier gas. Further details of the process and equipment
are described elsewhere [23, 24]. The structures synthesized by this
method display NW-like morphology with diameters and lengths
of ~ 100 nm and ~ 10 pm, respectively, as shown in the scanning
electron microscope (SEM) image in Fig. 6(a). The NWs are
crystalline, showing highly ordered lattices by high-resolution
transmission electron microscopy (HRTEM) (Fig. 6(b)) with a

spacing distance (d) of ~ 3.5 A. X-ray diffraction analysis of these
films using Bragg-Brentano setup generally displayed intense
diffraction peaks at 23.5° and 48.2°, corresponding to the 020 and
second-order 040 diffractions of a monoclinic P21/n space group
tungsten oxide (ICCD card no. 72-0677) as resolved previously
[25]. This indicates a preferred orientation of the NWs in the
(010) direction over the substrate, which is consistent with the
planar spacing in the growth direction found by HRTEM. The
inset in Fig. 6(b) shows the typical diffraction pattern recorded for
the NWs. XPS of the nanowire displayed typical W 4f,,, W 4f;),,
and W 5p,, XPS core level peaks (Fig. 7, the adventitious C 1s
peak located at 284.3 eV was used to calibrate the spectra), in
agreement with previous reports on tungsten oxide nanowires
synthesized via AACVD [26]. Two doublets were needed to fit the
Wi4f core level spectrum. The main doublet peak at 35.4 eV is
associated to the tungsten atoms with oxidation state of +6 from
WO, whereas the second doublet peak at 34.3 eV relates to the
presence of tungsten atoms with oxidation state lower than +6,
suggesting the presence of sub-stochiometric tungsten oxide
(WO,_,). The spectrum also displays a small component centered
at41.2 eV assigned to the W 5p;), core level spectrum.

24 Sensor assembling and NWs integration by DEP
process

We used a TO-8 package of a soldered custom-made AlLO,
ceramic substrate with an isolated Pt heater fabricated using thick-
film technology as a chip holder. Then we used thermal
conductive paste Epotek H31D (Epoxy technology, USA) to stick
the chip on the alumina (ALO;) substrate. We made electrical
connections between the chip and TO-8 package using wire-
bonding method. The assembly structure was then placed into a
printed circuit board connected to a waveform generator for the
DEP procedure.

We detached the NWs from the Si tiles by immersing and
sonicating them using SONOREX-Digital 10P (Bandelin,
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Figure 6 (a) Cross-section SEM image of the as-deposited NWs on Si substrate, and (b) HRTEM of a SNW showing in the insets of the interplanar spacings and the

X-ray diffraction pattern of the NWs.
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Figure 7 XPS core levels of the AACVD deposited nanowires showing the W
4f levels for stochiometric WO; (light blue colour) and sub-stochiometric
WO,_, (blue colour).

Germany) for ~ 10 s in a beaker with ~ 1 mL of deionized (DI)
H,O. DI H,O is a polar medium with high permittivity and low
evaporation coefficient that has proved better suitability for DEP
process in comparison to volatile liquids such as isopropyl alcohol,
methanol, ethanol, or acetone [22]. The DI H,O solution
containing the dispersed NWs was placed into a ~ 3 mL syringe
connected to a contact angle measurement station Phoenix 300
(SEO, South Korea) equipped with charge coupled device (CCD)
cameras (Fig. 8(a)). Then, a droplet with a volume of ~ 5 pL of the
solution was deposited over the chip while connected to a
waveform generator 33220A (Agilent, USA). This instrument
generated an AC sine wave signal with peak-to-peak voltage of ~
2.5 V with no DC offset at a frequency of ~ 9.5 MHz for ~ 120 s to
align the SNW between the electrode pairs by dielectrophoretic
forces. After a few seconds of the DEP process running, the
droplet was dried by N, flow. Figure 8(b) shows an example of a
pair of nanoelectrodes after integrating the nanowires.

ontact angle needle =

Package cofnected
via pins to PCB ey
(waveform generator)

2.5 Electrical and gas sensing characterization

The behavior of the ChemFET’s nanowire channel under the
influence of sweeping gate voltage potential was measured in air at
room temperature (RT) using a probe station MPS150 (Cascade
Microtech, USA) connected to the parameter analyzer 4200-SCS
(Keithley, USA). We used four-wire Kelvin arrangement to ensure
the correct readout of drain-source voltage (Vps) and drain
current (Ipg), neutralizing the effect of probes and conductors. The
ChemFET’s output characteristics were obtained using common
tests for MOSFET devices from the project library of the
parameter analyzer’s software Clarius (Tektronix, USA), which
offers many pre-programmed characterization tests for various
device measurements. Specifically, output characteristics were
performed by sweeping the drain-source voltage (Vg = £ 20 V),
keeping constant gate voltage (V,;) while measuring drain current
(Ips) flowing through the NW channel, whereas the transfer
characteristics were recorded by keeping the Vpg constant when
sweeping the (V; = £ 10 V) and measuring the channel current
(Ips) conductivity changes. The measured drain current (Ipg)
flowing through the NW channel was limited to 120 nA (Ipgy. =
120 nA) to prevent damaging the NWs for both characterization
tests.

The tests were performed in a custom-made gas station system
equipped with three mass-flow controllers (MFCs) for precise gas
flow adjustment in a range from ~ 1 mLmin” to ~ 2000
mL-min™. The whole system is controlled by LabVIEW software,
which allows the setting of automatically controlled measurement
procedures and controls the MFCs, solenoid valves, stepper
motor, and electronics for measurement. We used a source meter
unit SMU 2450 (Keithley, USA) for the resistance measurement,
and SMU 2401 (Keithley, USA) for gate voltage setting (V). For
the heater, we employed a voltage source 3633A (Agilent, USA)
controlled by a feedback loop and a calibrated temperature sensor
Au 220 monitored by a multimeter 33410A (Agilent, USA). We

Aligned i
5| e— SiNGle NWs m— i”

in parallel

Figure 8 (a) Photograph of the chip and the drop containing the suspended nanowires ready for the DEP step. (b) View of the aligned SNWs integrated across the
faced nanoelectrodes after DEP process. (c) Detailed view on a SNW between an electrode pair.
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also used a power supply U3606A (Agilent, USA) to control the
chamber heating system.

The assembled ChemFET was validated by testing the
structures at various temperatures (T) ranging from RT ~ 22 to ~
200 °C and towards H, and NO, due to tungsten oxide sensitivity
to this gaseous analyte [25]. The sensor response (Sg) was defined
as [(Ry/Rgs) % 100] for H, (reducing gas) and [(Ry,y/Ry;) x 100]
for NO, (oxidizing gas), where Ry, is the sensor resistance in air at
the stationary state and Ry, is the sensor resistance after thirty
minutes of analyte exposure. The response time (., was defined
as the time required to reach 90% of the sensor response. Also, we
explored the influence of the gate voltage (V) changes on the
sensitivity to H, gas while monitoring the electrical resistance of
the tungsten oxide SNWs between the drain and source electrodes
and applying different Is. The isothermal measurements were
performed using a constant Is and several cycles with different
Vi Each cycle included a stabilization period, response and
recovery time equally long. The measurement cycle started with
the Vi of 0 V and continued with different V; in the following
orderof -5and 5 V.

3 Results and discussion

The test and results of the assembled structures focussed on three
aspects related to (1) the influence of the dielectric window size on
the integration of SNWs by DEP process, (2) the influence of the
gate voltage bias on the electrical properties of the SNW
ChemFET channel and (3) the validation of the SNW ChemFET
structure as a gas sensor.

3.1 Influence of dielectric window size

Figure 9 shows the surface topography mapping of the two types
of fabricated dielectric windows recorded by atomic force
microscopy (AFM) in ScanAsyst mode. These images evidence
the difference between the wide (Fig.9(a)) and narrow
modifications (Fig. 9(b)). The green-colored surface shows the
SiO, shielding layer, whereas the surface in yellow or orange
displays the areas in which the gold layer was patterned. The
opened windows, both wide and narrow, are displayed in dark

(a) wide dielectric window (10 pm)

Wide
dielectric
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blue color.

Both window structures were tested for the integration of NWs
by DEP process. Results in Fig. 10 show the SEM images of the
structures after DEP and the significant difference between the
number of captured NWs in both windows. One can notice from
these results that the wide window holds bunches of multiple
randomly connected NWs (MNWs) (Fig. 10(a)). In contrast, the
narrow window facilitates the integration of SNW, allowing a
good alignment of the NW between electrodes (Fig. 10(b)). These
results indicate that despite the more complex fabrication process
required to structure the narrow windows, such structures are well-
suitable to limit the number of connected NWs to only SNW
between the faced nanoelectrodes (Fig. 10(c)). While the electrode
geometry is a key factor for the precise integration of one-
dimensional structures, as demonstrated in previous reports [10,
27,28], our results also indicate that the incorporation of shielding
windows with similar dimensions to those of the NWs are more
convenient for the NW integration process. Previously, we
experimentally determined the most convenient nanoelectrode
geometry for the AACVD tungsten nanowires. These structures
allowed for integrating single nanowires in an array of
nanoelectrodes with a success rate of approximately 33% [10]. The
present system incorporating the shielding nanowindows showed
a similar success rate. However, it added advantages compared to
the previous system, including a better alignment of the NWs, and
avoiding their aggregation along and across the faced
nanoelectrodes, as shown in Fig. 10(a).

Therefore, we used the narrow dielectric window structures to
study further the SNW-based ChemFET gas sensors. Further
analysis of these structures by AFM also demonstrates the
integration of the wire, and its contact with the nanoelectrodes
suggests that the NWs are flexible and attempt to reproduce the
surface topography in the window (Fig. 11).

3.2 Electrical properties of ChemFET structure

The output characteristics of the ChemFET using a constant gate
voltage Vi (from -6 to 6 V with steps of 1 V) and varying the
drain to source voltage Vpg (from 0 to 3 V) are shown in Fig.
12(a).

(b) Narrow dielectric window (200 nm)

Dielectric window

Narrow
dielectric
window
(channel for
single NW)

Figure 10 SEM inspection of two dielectric windows modification after DEP process. (a) Wide dielectric window with multiple interconnected NWs. (b) Narrow
dielectric window with SNW interconnection. (c) Detail of SNW aligned within the window channel.
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Single NW precise alignment

3D surface topology

Faced nanoelectrodes

| Detailed view

I NW across gate electrode I

Figure 11 Detailed 3D surface topography obtained by AFM (15 pm x 15 pm) showing an aligned SNW inside the narrow dielectric window and across the gate

electrode.
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Figure 12 (a) Output, and (b) transfer characteristic of the nanowire channel of the ChemFET structure.

Significant enhancement of the current density through the
channel is particularly noticeable at gate bias voltage above V5 =3
V. For example, when we applied a drain to source voltage Vs of
3 V and gate voltage Vg of 6 V (see the output characteristic
curve), the drain current I is two times higher (Ing > 100 nA)
than the drain current I recorded for a gate voltage V; of 5V
(Ips ~ 50 nA) applied at the same drain to source voltage (Vps = 3
V). Results in Fig. 12a demonstrate that the drain current (Ipg)
flowing through the nanowire channel has a direct proportional
increase to the positive increments of the gate voltage (V;) and the
drain to source bias Vpg is in agreement with previous literature
[29]. In contrast, the negative gate bias tends to close the channel,
and drop the drain current Ipg. The influence of the gate bias on
the switching properties (ON and OFF) of the drain current Iy is
better interpreted by evaluating the transfer characteristic
displayed in Fig. 12(b). The transfer characteristic was measured at
a constant drain to source voltage Vg (from 0 to 3.5 V) with steps
of 0.25 V and varying the gate voltage V; from —10 to 10 V. The
influence of the gate voltage V; on the channel’s drain current Ipg
can be observed in Fig. 12(b). Results show that positive gate
biases lead to higher NW channel conductivity, especially when
applying a drain to source voltage Vpys of 3 V. In contrast, negative
gate biases generally deplete of charge carriers in the NW channel
diminishing the conductivity through it. However, this behavior
depends partly on the drain to source voltage Vps Thus, we
observed that when the drain to source voltage Vp reaches a
certain level, for example: for Vg = 3 V, the negative gate bias is
unable to keep the channel closed, showing a small drain current
Is as the gate voltage Vi changes from 0 to —2 V approximately.
Despite this, the transfer characteristic clearly shows the switching
behavior of the SNW-based ChemFET channel and exhibits the
control of the gate bias V; on drain current Ig by opening or
closing the conduction channel as the gate bias V{; passes from
positive to negative bias.

The observed output and transfer characteristics prove the
presence of a n-type channel material integrated across the faced
nanoelectrodes, similar to other reports on NW FET structures in

(27 e

the literatures [30,31]. The following section describes the gas
sensing properties and mechanism of detection in this type of
structures with more details.

3.3 Gas sensing characterization

To evaluate the gas sensing properties of the ChemFETs, we tested
the influence of various parameters, including the operating
temperature, gate voltage, and drain current. The baseline
resistances remained at stable values during the whole
measurement. The assembled ChemFET structures were validated
to reducing (H,) and oxidizing (NO,) gases at 200 °C, as this
temperature was found to deliver the maximum responses to these
analytes, in agreement with our previous evaluations for tungsten
oxide SNWs [10]. The measurement of the baseline resistance in
air (R;,) towards different drain-source currents (Ips) displayed an
inverse dependence of the R, to Ips showing a R, saturation
point for drain-source currents above 20 nA. Results in Fig. 13
also show the dependency of R, on Vi, showing a noticeable
increase of the SNW’s resistance as the V;; changes from 0 V to
negative bias. This is consistent with the literature and attributed
to the withdrawal of electrons from the n-type tungsten oxide
NW, which narrows the conduction channel (D_,4) and increases
the wire's electrical resistance [32].

In contrast, when V changes from 0 V to positive bias, the
NW’s resistance decreases, suggesting a nonlinear behavior for the
conductivity. This is also in agreement with other ChemFET gas
sensors in the literatures [32-34], and it is believed to occur due to
the saturation of the electron density in the NW channel [32]. The
inset in Fig 13 illustrates this phenomenon by showing the
widening and narrowing of the NW conduction channel as Vg
changes from positive to negative bias, respectively.

Measurements of the NW response (Sg) to H, and NO,
revealed a different tendency concerning the Vy; for each gas (Fig.
14). For instance, results for H, showed an improvement of the
response by applying negative V; instead of positive, whereas
results for NO, indicated a soft diminution of the response as a
function of the positive and negative V. Overall, results show a
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Figure 13 Dependency of the baseline resistance (in air) on Vg and Ipg. The
inset illustrates the effect of V; on the NW conduction channel (D,,g)-
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Figure 14 Dependency of the sensor response on the gate bias (V) and drain
current (Ipg) in the presence of (a) 1000 ppm of H,, and (b) 5 ppm of NO,.

similar tendency, regardless of the I applied, displaying greater
response magnitudes for an Ig of 5 nA than that of 10, 20, or 40
nA in the case of H,. The sensor response became noisy and
unstable for some of the measurements as V{; reached —-10 V,
suggesting these conditions are close to the operation limit of the
ChemFET structure when working at a high temperature (200
°C). Figure 15(a) displays the influence of the response time ()
towards V; showing an improvement of the response dynamics
to H, for negative V. Better response dynamics were also noticed
for NO, by operating the sensor in ChemFET with both positive
and negative V. Moreover, the tests to different concentrations of
H, showed proportional changes with the concentrations,
suggesting a linear behavior (Fig. 15(b)).
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Figure15 (a) Response time of ChemFET to H, (1000 ppm) and NO, (5
ppm). (b) Dependency of the response on different H, concentrations.
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Figure 16 compares the typical responses to hydrogen and
nitrogen dioxide recorded on the ChemFET sensors for Vi of 0
and +5 V. The responses corroborate the n-type semiconductor
behavior of the tungsten oxide NWs, showing a decrease of the
electrical resistance towards hydrogen (reducing gas), and
reversely an increase of the electrical resistance towards nitrogen
dioxide (oxidizing gas).

The response magnitudes of the ChemFET are also comparable
or better than other nanowire-based gas sensors in the literatures
(Table 1), including those based on multiple nanowires (M-NWs).
The single nanowire arrays (S-NWA) evaluated here also show
better response time (e.g., to H,, 20 s) compared to previous
chemoresistive sensors based on multiple nanowires (290 s) [25].
Overall, results suggest that the ChemFET structures are good at
improving the sensor response and the time of response
(particularly to H,) with respect to resistive sensors based on single
or multiple nanowires. It is worth noticing, though, that these
comparisons represent only an approximation of the quality of the
sensors as their performance generally depends on a variety of
other parameters, including the sensing material, sensor
architecture, and test parameters.

Figure 17 illustrates the effect of the reducing and oxidizing
gases on the conduction channel of the semiconducting wires after
the air pre-adsorption cycle. The illustration depicts how the initial
change of the baseline resistance (observed both in Figs. 16 and
17) has a strong influence on the magnitude of response as a
function of applied V. This is noticed particularly for the
reducing analyte, which shows a response dominated by the V
dependant conductivity changes in the pre-adsorption stage rather
than hydrogen exposure (the resistance in hydrogen shows a non-
dependant behavior concerning applied Vg, Fig. 16(a)). This is
also observed for the oxidizing gas, although at lower proportion,

(a) Hydrogen (b) Nitrogen dioxide
: ; r r 2000 r : T :
10004 ——Ips=5nA, T=200 °C ——Ips =5nA, T=200 °C,
16004 ,. ) ) ’
8004 Air H, Air H, Air H, Air Air  NO, Air NO, Air NO, Air
&6 1000 ppm 1000 ppm 1000 ppm 1200 Sppm 5 ppm 5ppm
—~ 4004 — 800
g 400 %
T 200+ & 400+

04

—mm

0

—mm

120 180 240
t (min)

0 60

0 60

120 180 240
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Figure 16 Effect of the V; sweeping on the response of the SNW-based WO, ; gas sensor in the presence of (a) 1000 ppm of H,, and (b) 5 ppm of NO, measured

both at the same temperature of 200 °C and constant current I,g =5 nA.
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Table1 Comparative table displaying the response and recovery times recorded in this work and the literatures towards H, and NO,

Structures Material Operation principle Gas Sr(%) bresp (5) T(°C) Concentration ppm Reference

S-NWA WO, FET (V, = -10V) H, 650 20 200 1000 This work
S-NwW SnO, Resistive H, 342 20 200 500 [35]
M-NWs WO, Resistive H, 450 290 250 500 [25]
M-NWs SnO, Resistive H, 140 35 210 400 [36]

S-NWA WO, FET (Vg =-10V) NO, 156 60 200 5 This work
S-NWA WO, Resistive NO, 248 360 250 5 [10]
S-NwW ITO Resistive NO, 108 60 200 5 [37]
M-NWA ZnO Resistive NO, 250 140 ~ 160 5 [38]

In H, In air In NO,
reducmg gas oxidizing gas

SCR

SCR

CR

S

EVB

-

SCR

s

SCR

—

SCR

Evn N\ A Evn

SCR
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Figure 17 Illustration of the gas sensing mechanism, and the influence of the gate voltage (V) and gas type on the conduction channel of the gas-sensitive NW (cross-
sectional view). D4 is the diameter of the non-depleted region available for charge conduction through the NW, Ecy is the conduction band minimum, E;. is the
Fermi level, Eyy is the valence band maximum, and SCR represents the space charge region at the NW surface (not to scale).

as both air and NO, have similar effects on the wire surface. This
is because (regardless of the conductivity type of the sensing
material) the oxidizing gases withdraw electrons from the
conductive channel and the material becomes depleted of
electrons. In contrast, reducing gases donate electrons to the
sensing material [10]. This is the reason why the response of the n-
type ChemFET does not show significant improvement to NO,
compared to the resistive mode (V; = 0 V). To favor the response
to oxidizing gases, p-type sensing materials are suggested [31].
Figure 14 corroborates and summarizes this statement by
showing that the main contribution to the ChemFET response
upon H, occurs in the subthreshold regime, particularly under
conditions when the negative gate bias is applied and the NW

EZS L0

Tsinghua University Press

channel is almost closed, in agreement with other reports in the
literatures dealing with NW ChemFET sensors [39, 40].

Overall, results indicate that the sensor response to reducing
gases is especially influenced by the changes of the baseline
resistance in the preabsorbed state (in air) induced by the gate
voltage (Fig.17). Also, the tests show that the responses to H,
increase by setting a low drain current through the NW channel,
i.e, by operating the ChemFET in the subthreshold regime.

The results above validate the functionality of the ChemFET
sensor array, showing consistent behavior with previous single
ChemFET sensors based on n-type semiconductors towards
reducing and oxidizing gases. Such a sensing device, which
includes other complementary nanoelectrode arrays in the same
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chip, could favor the selectivity of gas sensors by introducing
sensing structures (i.e, conduction channels) with different
characteristics. Using one type of semiconductor is not beneficial
in distinguishing the types of gases as long as no metal-oxide
material is exclusively selective for a given analyte. In this context,
the design and fabrication methods showed in this work may be
an attractive route for developing the next generation of e-nose
based on ChemFET gas sensors operating with single gas-sensitive
nanowires.

4 Conclusions

This work described and discussed the design, fabrication, and
functionality of ChemFET nanosensor arrays based on SNWs.
The fabrication of these new structures exploited the use of micro
and nanofabrication techniques combining both UV and e-beam
lithography and adding unique processing steps for building
ChemFET array structures (taking further the processes we
previously developed for chemoresistive sensors [10]). The new
structures improved the selective integration of SNWs due to each
element of the ChemFET array containing shielding nanoscale
windows (200-300 nm) adapted to the diameter of the SNW (100
nm). The SNW-based ChemFET array’s output and transfer
characteristics demonstrated the gate bias role in regulating the
drain current. These properties allowed the structures to operate
as stable ChemFET gas detectors registering low deviations of the
baseline resistance during the tests. Overall, results proved the
possibility of tuning the response of the SNWs by modulating the
applied voltage gate and drain current, demonstrated improved
characteristics to H, when the ChemFET operates in the
subthreshold regime. The new structure and methods proposed
for fabricating SNW-based ChemFET arrays proved to be
versatile, reproducible, and most likely capable of adapting to
other systems where SNW arrays are required.
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ABSTRACT

Microfluidic devices typically require complex shapes such as funnels, spirals, splitters, channels with different widths, or customized objects
of arbitrary complexity with a smooth transition between these elements. Device layouts are generally designed by software developed for
the design of integrated circuits or by general computer-aided design drawing tools. Both methods have their limitations, making these
tasks time consuming. Here, a script-based, time-effective method to generate the layout of various microfluidic chips with complex geome-
tries is presented. The present work uses the NANOLITHOGRAPHY ToOLBOX (NT), a platform-independent software package, which employs
parameterized fundamental blocks (cells) to create microscale and nanoscale structures. In order to demonstrate the functionality and effi-
ciency of the NT, a few classical microfluidic devices were designed using the NT and then fabricated in glass/silicon using standard micro-
fabrication techniques and in poly(dimethylsiloxane) using soft lithography as well as more complex techniques used for flow-through
calorimetry. In addition, the functionality of a few of the fabricated devices was tested. The powerful method proposed allows the creation
of microfluidic devices with complex layouts in an easy way, simplifying the design process and improving design efficiency. Thus, it holds
great potential for broad applications in microfluidic device design.
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I. INTRODUCTION (CAD). Interfacing with mask-making tools, such as a direct-write

The first modern microfluidic device' introduced in 1979 laser or electron-beam machines, is commonly done via a semicon-

brought about an awareness of the new application of planar tech- ductor s.tandard binary format graphic d.ata system II (GDSII)'
nology, but it failed to trigger an actual interest in it. About ten Alternatively, text-based Caltech intermediate form (CIF) is used

years later, the recent expansion in microfluidics was instigated by ~ but less frequently. Another option is to use a nontraditional data
the introduction of a new concept of miniaturized microfluidic exchange (interchange) format (DXF) to form an interface with
chips,”™ for example, performing traditional analytical chemistry, general purpose CAD software.

capillary electrophoresis (CE),” and a flow-through polymerase The typical IC layout editor uses a layout editing-friendly
chain reaction (PCR).” The device layout was typically designed form with hierarchical architecture and limited nonorthogonal fea-
using either software developed for the design of integrated circuits tures, such as circles, arcs, and donut shapes. Often, the software

(ICs) or general drawing tools such as computer-aided design has the option to form parameterized blocks called cells, making
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the layout editing work fast and efficient. Nevertheless, the cells
typically have to be made on demand to create the parameterized
cells set by users. A spiral with their vertex locations generated was
created using a mathematical formula in a spreadsheet application.
Then, the polygon was converted into a CIF format and uploaded
into a cell of the IC layout editor software. This procedure was
tedious, and the subsequent layout editing required the repetition
of this procedure a number of times.

Popular CAD software can also be used to create complex
layouts. However, a typical problem with this software is a lack of
hierarchy, which makes layout editing a time-consuming task. In
addition, CAD software only exports DXF files instead of files in the
standard GDSII or CIF file formats. Often, the generated layouts
have open polygons and the feature dimensions are incompatible.

Microfluidic devices typically necessitate much more complex
shapes, such as funnels, spirals, splitters, and channels with sections
of different widths, and require an especially smooth transition
between objects and sections to eliminate singularities and dead
volumes. A novel layout designer is necessary for a microfluidic
layout to be generated in an effective way and also to fulfill the pro-
posed requirements.

Here, a new, platform-independent method of generating
microfluidic chip layouts is introduced. The method leverages script-
based parameterized structures offered with the microfluidic library
of the NaNoLITHOGRAPHY TOOIBOX (NT).” The library was developed
in collaboration with the researchers who are also the creators of the
NT at the National Institute of Standards and Technology’s (NIST’s)
Center for Nanoscale Science and Technology (CNST) in
Gaithersburg, MD. It is freely accessible from the site: https:/www.
nist.gov/services-resources/software/cnst-nanolithography-toolbox.

Users can create a layout by choosing existing parameterized
objects/shapes from the library. Each basic building block is called
a cell and is represented by a single line of text with corresponding
parameters. The text file containing the entire design can be hierar-
chical following conventional layout logic making the entire file
short and easily editable. Users can also create customized objects
of arbitrary complexity. The designs presented here are based on
an extensive set of parameterized blocks and features described in a
text file. They were subsequently converted into the GDSII data
format and then used to fabricate lithography reticles. Finally, the
functionality of some of the fabricated devices was tested. This
powerful method, by rendering the generation of complex micro-
fluidic layouts a simple task, considerably shortens the design turn-
around time and also makes optimal designs more accessible for
increased functionality and performance.

Il. EXPERIMENT
A. Layout design

The NT is a JAVA-based platform software consisting of more
than 400 parameterized fundamental blocks, which were primarily
designed at the NIST’s CNST for lithography. Users simply choose
the most suitable parameterized building blocks, identify their
parameters and locations, form cells, and place them into the hier-
archy of their design as it can be used in any conventional layout
editing software.
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The basic primitive blocks (Fig. 1) that are of interest for
microfluidics contain spirals for the following applications: mixing
and cell separations, injectors for forming segmented flow, Bezier
curves for smooth connections between individual blocks, funnels
for smooth transition elements (from narrow to wide channels and
vice versa), Y-bends and fractals for fluid distribution into cham-
bers, rectangular, hexagonal and polar arrays, with the latter being
used for centrifugal force-based devices, rounded paths for complex
microfluidic channels, and function plot-based shapes for mixers.
Once the blocks’ locations and other parameters are identified and
the layout hierarchy has been completed, the generated text file is
loaded into the NT software and converted into a GDSII file
format. The GDSII file can be checked in a GDSII viewer, and if
anything is inconsistent with the designer’s original idea, then the
parameters in the script file can be corrected and a new GDSII file
can be generated. The most important features are simplicity, plat-
form independence, and the fact that no programing skills are
required.

Each design that is created using the NT starts with the defini-
tion resolution of the layout, after which there is a GDSII file, and
then, the actual layout description starts. A few examples of the
typical microfluidic devices that were selected with the aim of
making functional chips are shown in the supplementary material.”’

This simple chamber for biological applications [Fig. 2(a)]
consists of a basic block funnelJunctionV2 with the entire design
script comprising seven lines. Users can select the funnel shape,
such as the inlet channel width, its length, and the chamber length
and width. There is the option for an inlet channel to have a differ-
ent width from the outlet. A cell containing the chamber and two
inlet/outlet circles was formed, and an 8x2 array was created.
Then, the chamber identification, the alignment marks, and the
logo in the center were added to complete the layout.

One of the first commercialized microfluidic devices was a
chip used for CE that had a T-junction injector capable of dosing
the precise analyte volume. This device was originally introduced
by Caliper and later transferred to Agilent® [Fig. 2(b)]. Here, the
channels were designed using a primitive block called roundPath,
which is defined by corner coordinates, a radius at each corner, its
precision (number of vertexes per round segment), and channel
width. The entire layout of this rather complex chip is then simpli-
fied into defining coordinates for six channels consisting of six
lines of the script.

A device [Fig. 2(c)] employing the inertial (Dean) forces for
cell separation and sorting was designed’ using the key primitive
block of the Archimedes spiral (spiralArchST), which contains
straight connections with parameterized lengths. The spiral is ter-
minated with two inputs connected to the spiral via channels made
by Bezier curves. There are eight outputs on the other side. They
are connected via channels with smooth shapes defined by the
Bezier function bezierCurve and subsequently organized into a
single block made of a funnel sBendFunnel to match the final
channel width with one of the spirals.

Several research groups have used centrifugal force in a
compact disc read-only memory (known as CD-ROM) format to
move fluids in microfluidic chips and process biological samples,"’
such as conducting real-time PCR (Ref. 11) or generating droplets
with microfluidic emulsion generator array (MEGA) devices."”
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FIG. 1. Examples of fundamental blocks in the NT database. (a) Interdigitated electrodes. (b) Two-level alignment mark including Vernier’s structure for precise alignment.
(c) Folded springs with two anchored pads. (d) Archimedes double and (e) single spiral. (f) Radial comb drive with an anchor. (g) Bezier curve and its derivative structures
such as (h) S-bend inverse slot, (i) Y-bend, and (j) Y-bend inverse slot. (k) Disc and (1) ring pulley structure with an additional coupling pulley. (m) Disc symmetric inverse
positive structure with a coupling pulley. (n) Ring symmetric inverse positive structure with an additional coupling waveguide. (o) Grayscale spiral staircase with overlapping

arc segments. (p) Concentric circles with different diameters using grayscale segments.

Making these layouts using a conventional layout editor is rather
difficult as IC layout-dedicated software often does not allow for
instance cells with arbitrary rotation angles. In example six, a
MEGA device [Fig. 2(d)] with a diameter of 32.5 mm was designed.
Here, a basic roundPath primitive block was used and the cell was
stepped using the arrayPolar feature to step the basic block 12
times with a 30° rotation step.

The combined microfluidic device consists of a double
spiral-based mixer using a double Archimedes spiral
(spiralDelayLineArchV2), a symmetrical droplet generator
(funnelJunctionVIR), and a fractal-based uniform fluid distributor
in a chamber [Fig. 2(e)]. Uniform fluid distribution in a microflui-
dic chamber can be done with the help of conventional layout
editing software, but it is a tedious and time-consuming process."’
Here, it is shown how this block is formed by using curvedTree’s
four-level fractal function to evenly distribute the fluid within the
chamber. The block only has five parameters, with two of them
being the X and Y locations of the block, one being the number of
fractal levels, and two identifying the location of the curve tree size,
which makes the generation of this complex layout extremely
simple. Another polar array-based structure was created, forming a
combined microfluidic layout with center symmetry to use a cen-
trifugal force. A few previously described features were used to
accomplish this, namely, roundPath, spiralDelayLineArchV2,
funnelJunctionV2, and arrayPolar.

A microfluidic chip with a double T-junction injector
[Fig. 2(f)] can be applied to perform CE.'* Alternatively, it could
be used for heat transfer time determination by heating up different
sides of the chip.'” The primitive block’s parameter
crossJunctionV3 is part of the NT library, thus reducing the CE’s
basic design to filling parameters in a single line of text. The
parameter for the distance between two T-junctions can also be set
as Oum, thus converting the double T-junction injector into a
cross-junction.'®

The gradient generator/mixer was originally designed using a
simple zigzag-shaped design.'” The original layout was modified to
make the structure more compact by introducing channels in the
shape of a sine function [Fig. 2(g)]. The NT has a primitive block
called Function Plot that allows the formation of channels using
different mathematical functions. Here, the basic channel block was
a sine-shaped function 150*Math.sin(x/80), where the parameters
define the amplitude and frequency, i.e., size in X and Y directions.
Interconnections were made using a rounded path to eliminate the
dead volume and shape singularities.

Also shown here is a device consisting of a virtual reaction
chamber (VRC) consisting of a sample covered in a layer of oil
located on a glass substrate with a heater and a temperature
sensor'® [Fig. 2(h)]. This is a simple system that is used to study
chemical and biochemical reactions by using a resistive temperature
detector to monitor the temperature inside the chamber. Its
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FIG. 2. Microfluidic devices’ layouts: (a) a simple array of
microfluidic chambers on a chip with dimensions of
(22 x 22) mm? using funneldunctionV2, (b) layout of a chip
for a CE sized (18 x 18) mm? using roundPath, (c) inertial
force-based cell sorter based on a spiral and Bezier
curves using the  bezierCurve function, (d)
CD-ROM-based system used to generate segmented flow
for further processing, (e) a combination of two fluid
mixers with a symmetrical droplet generator based on

o
funneldunctionVIR and curvedTree, (f) a simple device =
for CE or heat transfer determination that has double 2
T-cross junctions, (g) a splitter/gradient generator based S
on a 150*Math.sin(x/80) sine shape, and (h) VRC-based &
and (i) flow-through calorimeter. >
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fabrication required only an Au deposition with an adhesion layer,
a single lithography round, followed by Au patterning, and wafer
dicing into individual chips.

The micromachined flow-through calorimeter was designed
by using a double Archimedes spiral spiralDelayLineArchV2 for the
key part of the calorimeter [Fig. 2(i)]. The suspended capillary tube
was integrated with a thin film metal heater and a sensor, and it
was meant to operate in a vacuum environment. Each chip con-
sisted of two calorimeters to enable the performance of differential
scanning calorimetry.' >

B. Chips fabrication

Si wafers were used for most of the work with a double deep
reactive ion etching (DRIE) process being employed, followed
by alignment-free anodic bonding between Si and the glass
cover [Figs. 3(a)-3(f)]. Alternatively, the poly-(dimethylsiloxane)
(PDMS) double molding technique®' was employed for the gradi-
ent generator/mixer device [Fig. 3(g)] with single metal etching
used for the VRC-based calorimeter'® or a complex process used
for the flow-through calorimeter.'””’

For the double DRIE process, Si wafers with a diameter of
~100 mm and a thickness of ~500 um were thermally oxidized to
grow a SiO, layer with a target thickness of 200 nm. Then, the first
lithography was conducted and SiO, was etched using reactive ion
etching by means of CHF;-based chemistry. The photoresist (PR)
was then removed, and a second lithography was performed using
a PR with a thickness of ~14um. Inlet and outlet ports were
created using the wafer by etching the Si substrate with DRIE. The
PR was removed and the Si was subsequently etched to a depth of
~50 um to form channels and chambers using the SiO, layer pat-
terned during the first lithography round as a mask. The wafers
were then cleaned, the SiO, was removed with an HEF/
NH,F-buffered oxide etch solution, and the Si substrate was oxi-
dized in dry oxygen to form a new layer of SiO, with a target thick-
ness of 5nm. The purpose of this SiO, layer was to create a clean,
well-defined surface for the microfluidics. It is an important step
for the subsequent surface modification using the chemical vapor
deposition technique routinely performed by the authors. As the
second-to-last step, the Si substrate wafer was anodically bonded to
a glass wafer of the same size, and finally, a diamond blade dicing
saw was used to dice the stack of bonded wafers into individual
chips.

We used a Si substrate with a diameter of ~100 mm
to form the first mold for the soft lithography-based double
molding technique. The Si was patterned and then etched to the
target depth of 50um. After the removal of the PR, the etched
silicon layer was passivated by the C,Fg-based plasma process.
Then, the PDMS precursor was poured into the Si mold and cured
at =60 °C for =4 h. Then, the PDMS layer was peeled off, placed
into a desiccator, and exposed to hexamethyldisilazane (HMDS)
vapor in a vacuum created by means of a membrane pump. The
HMDS layer formed an antisticking coating that prevented the sub-
sequent PDMS layer from bonding to the first one. The precursor
for the second PDMS layer was then poured on the first one and
cured again in the same way as the first layer. Subsequently, the
second PDMS was peeled off and all of the fluid access holes were
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punched through the PDMS layer. Then, it was brought together
using a glass substrate exposed to O, plasma for ~30s at a power
of ~80 W. Both substrates were brought into contact, and they
bonded to each other. The glass device was mounted on a micro-
scope stage, three holes were punched through the PDMS layer and
three hollow stainless-steel needles with an outer diameter of
~0.6 mm were placed in the holes. Two needles were connected to
syringe pumps, and one needle was connected to waste reservoirs
via polytetrafluorethylene tubes with an inner diameter of ~0.5 mm
[Fig. 3(g)].

The VRC-based calorimeter was made up of a glass substrate
with a diameter and a thickness of £100 mm and ~100 um, respec-
tively. The wafer was sputter coated with Cr and Au with target
thicknesses of 20 nm and 100 nm, respectively; then, the lithography
was performed and a metal sandwich pattern was etched using a wet
etching process. Once the PR was removed, the wafer was diced
using a diamond dicing saw. The chips were soldered to a printed
circuit board and placed into a chamber for testing [Fig. 3(h)].

The major process steps in the fabrication of a flow-through
calorimeter'*" [Fig. 3(i)] are schematically described in Fig. 4. We
used silicon substrates with a diameter and thickness of ~100 mm
and ~500 um, respectively. The wafers initially received a deposition
of a low-stress nitride (LSN) or low-temperature oxide (LTO) layer
with a target thickness of 1um in a low-pressure chemical vapor
deposition (LPCVD) furnace. The layer was then lithographically
patterned with a slit opening of 800 nm followed by etching silicon
under SF¢ plasma to form a microchannel [Fig. 4(a)]. The channel
was subsequently sealed by a further layer of LSN placed in an
LPCVD furnace [Fig. 4(b)]. For metallization, an ~1um Al layer
and a ~200nm Ti layer were deposited and patterned to form a
heater and resistance temperature detector sensor [Fig. 4(c)]. Finally,
the microchannel was fully released by XeF, etching [Fig. 4(d)].

lll. RESULTS AND DISCUSSION

First, a simple CE chip was placed on two heaters at different
temperatures, 260 °C and =90 °C, respectively. The heaters were
mounted on an inverted microscope at a distance of ~16 mm from
each other, forming a thermal gradient of 1.875 K mm™" across the
chips. Next, a solution containing double-stranded deoxyribonu-
cleic acid (dsDNA) in the presence of Eva Green dye was pumped
into the chip to perform a melting curve analysis (MCA)* with a
known DNA melting temperature of ~84 °C. The chip was exposed
to a light-emitting diode light with a principal wavelength of
~470 nm, and its fluorescence image was captured using a photo-
graphic camera and a bandpass filter with a center wavelength of
~525nm and a bandpass width of 50 nm [Fig. 5(a)]. The cap-
tured image was processed by means of a script in MATLAB to show
the functionality and performance of this microfluidic device
[Figs. 5(b) and 5(c)]. Additionally, this setup was also used to
determine the thermal properties of the chip by performing a
spatial MCA on the dsDNA and Eva Green intercalating dye. As a
result, a temperature resolution of ~1.2 mK pixel ™" was achieved to
distinguish the different dSDNA molecules.'”

The second device that was tested was the generator/mixers in
order to show the formation of a concentration gradient. Two
water-based solutions containing fluorescein at ~2x 10™* kgm™>
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FIG. 3. Photographs of the designed microfluidic chips: (a) simple chamber arrays, (b) a commercial CE chip now used by Agilent, (c) a chip for cell separation and
sorting, (d) a CD-ROM-based system, (e) a combination of two fluid mixers with a symmetrical droplet generator, (f) a device for CE, (g) a gradient generator filled with
fluorescein, and (h) a VRC-based calorimeter. Reproduced with permission from Feng et al., Sens. Actuators B 312, 127967 (2020). Copyright 2020, Elsevier. (i) A flow-
through calorimeter such as the one used before and described in Refs. 19 and 20.
J. Vac. Sci. Technol. B 38(6) Nov/Dec 2020; doi: 10.1116/6.0000562 38, 063002-6

Published under license by AVS.


https://avs.scitation.org/journal/jvb

JVST B ARTICLE avs.scitation.org/journal/jvb

Journal of Vacuum Science & Technology B

a__ b

. |
~

FIG. 4. Major process steps in the fabrication process of a flow-through calorimeter (see the text).
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FIG. 5. (a) Fluorescence image of a chip with a temperature gradient filled with dsDNA with Eva Green intercalating dye to perform an MCA. (b) Extracted amplitude of
the fluorescence in black as a function of location and a fitting curve (solid line) with the Boltzmann function showed the location of the melting DNA, and (c) negative deri-
vation of the extracted melting curve showed the location of the melting point.
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FIG. 6. (a) Fluorescence image of a chip fabricated by means of the double
molding technique based on PDMS filled with two solutions with two different
concentrations of fluorescein and (b) the profile of fluorescence intensity as a
function of the locations of points one, two, and three in the top, middle, and the
bottom part of the chart, respectively.

and ~2x107°kgm™, respectively, were both pumped into the
chip at a pumping speed of ~2ulmin~'. A fluorescence setup
similar to the one in the above paragraph was used for the MCA
described in the previous paragraph.”” The image that was captured
was then processed using a script in the MATLAB environment
(Fig. 6).

IV. SUMMARY AND CONCLUSIONS

In conclusion, a new script-based method for the generation
of complex layouts of microfluidic devices using NT Beta version
2018.11.01 software has been demonstrated. It contains features
specifically added for microfluidic device layouts such as funnels,
chambers, and T-junctions with tangential termination having
minimized dead volume, cross-junction, devices for CE and tem-
perature gradient experiments,'” and rounded path. These cells are
too complicated to be designed by conventional layout editing soft-
ware. Here, the design is based on an extensive set of parameterized
cells and features that greatly simplify the design process, thus
improving the efficiency of the microfluidic layout design. The NT
software saves the scientists’ time on layout preparation that they
can dedicate to scientific work.

Once the design was finished, it had a form of a simple text
file, that was subsequently converted into a GDSII format for
lithography masks fabrication. The utilization of Nt software for
the creation of structures, such as CE chips, MEGA chips using
centrifugal forces, chambers, splitters, and mixers, has been shown.
The generated layout was used to fabricate microfluidic devices,
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and the performance of two of these devices was then demon-
strated. This NT software is a powerful yet easy-to-use tool for the
generation of the layout of microfluidic devices.
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Abstract

The determination of the physical properties of fluids—such as the thermal characteristics, which include heat transfer
time (Af)—is becoming more challenging as system sizes shrink to micro- and nanometer scales. Hence, knowledge of
these properties is crucial for the operation of devices requiring precise temperature (7)) control, such as polymerase chain
reactions, melting curve analysis (MCA), and differential scanning fluorimetry. In this paper, we introduced a flow-through
microfluidic system to analyze thermal properties such as Ar among samples and the sidewall of a silicon chip using micro-
scopic image analysis. We performed a spatial MCA with double-stranded deoxyribonucleic acid (dsDNA) and EvaGreen
intercalator, using a flow-through microfluidic chip, and achieved a T gradient of ~2.23 K mm™'. We calculated the mean
value of Az as = 33.9 ms from a melting temperature (7)) location shift along the microchannel for a variable flow rate. Our
system had a T resolution of ~ 1.2 mK pixel™! to distinguish different dsDNA molecules—based on the Ty, location within

the chip—providing an option to use it as a high-throughput device for rapid DNA or protein analysis.

Keywords dsDNA - Melting curve analysis - Heat transfer - Microfluidics

1 Introduction

Much of the development in biomolecular research involves
a detailed understanding of the many variables associated
with identifying biomolecule functioning, stability, and
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ligand interaction (Tetala and Vijayalakshmi 2016). The
advancement of microfabrication technologies such as
microelectromechanical systems (MEMS) and other micro-
fluidic devices enables the development of microscale func-
tional platforms for a broad range of biological and bio-
chemical applications (Samiei and Tabrizian 2016; Yu et al.
2017; Feng et al. 2018). Microfluidic technology (Nge et al.
2013) has many advantages that allow for precise fluidic
manipulation from pL to pL, as well as rapid mixing and
heat/mass transfer. The minute size of microfluidic devices
also makes them ideal platforms for point-of-care diagnos-
tics and high-throughput experiments (Streets and Huang
2013; Feng et al. 2018). Several techniques and analyses,
including polymerase chain reaction (PCR) (Thomas et al.
2017), melting curve analysis (MCA) (Farrar and Wittwer
2017), and differential scanning fluorimetry (Menzen and
Friess 2013; Seabrook and Newman 2013), require precise
control of working temperature (7), as well as knowledge
of system thermal parameters such as thermal heat transfer
(Erickson et al. 2003; Launay et al. 2006; Yang et al. 2005;
Zhao et al. 2013), which can be complicated to determine at
the micro-/nanoscale level.
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The thermal stability measurement of biomolecules such
as proteins and double-stranded deoxyribonucleic acids
(dsDNAs) is important in experiments and is typically per-
formed through the use of differential scanning calorimetry
and MCA, respectively. The dsDNA will be melted to sin-
gle-stranded DNA (ssDNA) above a threshold T known as
melting temperature (7y;). As an integral part of quantitative
PCR (Pryor and Wittwer 2006), the MCA method is per-
formed based on the 7 ramping of dsSDNA with an intercalat-
ing dye such as EvaGreen (Wang et al. 2006), while simulta-
neously monitoring fluorescence intensity (F). The F value
of the dsDNA-EvaGreen mixture significantly decreases in
quantum yield upon melting, resulting in defined 7}, as the
value of 7'when 50% of dsDNA melts into ssDNA (Wright
et al. 2017; Lo et al. 2004; Johnson et al. 2014; Ericsson
et al. 2000).

A glass chip performing continuous flow PCR (Kopp
et al. 1998), sometimes referred to as the space domain
(Neuzil et al. 2014), was one of the first microfluidic devices,
later also developing MCA capability (Pjescic et al. 2010),
and observing T\, location shift as a function of flow rate (v).
Another space-domain microfluidic device was introduced to
perform thermal gradient PCR, followed by a spatial MCA
for single- and multi-gene analysis (Crews et al. 2009). The
distribution of T at the device surface, with v as a parameter,
was determined by non-contact infrared (IR) thermometry
(Crews et al. 2008), where precision was affected by the
emission coefficient of the device’s properties. A droplet-
based microfluidic device was also proposed to perform a
DNA methylation assay based on MCA, while the distribu-
tion of 7 was again determined through IR thermometry,
providing values of T at the surface but not in the tested
solution, which led to an error during the experiments (Liu
et al. 2018).

In this paper, we introduce a simple flow-through setup
consisting of a silicon/glass chip with a constant thermal
gradient to analyze the influence of flow inside the micro-
channel on T distribution. We utilize the spatial MCA
method to determine heat transfer time (Af) from the chip
sidewalls to the center of the microfluidic channel, using
MATLAB processing in terms of the fluorescence imag-
ing of the microchannel. The system proof of principle was
verified through performing MCA of the dsDNA-EvaGreen
mixture with known T);. The Az was calculated from T},
shift with v as a parameter. The microfluidic setup proposed
and characterized in this work has significant potential in the
fields of biotechnology and medical diagnostics, where the
determination of the thermal stability of nucleic acids and
proteins is an important parameter.

@ Springer

2 Materials and methods
2.1 Fabrication of the microfluidic device

The layout of the microfluidic chip consists of a cross-
shaped microfluidic device using a standard cell, which is
called crossJunctionV3. It has four inputs/outputs and is
part of the cell library from the script-based Nanolithogra-
phy Toolbox (Balram et al. 2016). We used this cell for the
sake of convenience, as the generation of the microfluidic
device layout only requires parameter selection. We used
the single port as the fluid inlet and the other three ports as
fluid outlets. The actual layout is shown in Fig. 1a.

The devices were fabricated using a ~ 500-um-thick
silicon wafer as a substrate by a process described pre-
viously (Feng et al. 2018). The wafer was first oxidized
at= 1000 °C to grow a= 200-nm-thick SiO, layer. We then
performed contact lithography and etched the SiO, with
HF/NH, F-based solution (BOE) to define microfluidic
channels. The second lithographic process was performed
with ~ 12-pm-thick photoresist (PR) to define inlet/outlet
holes with diameters of % 900 pm. The holes were etched
through the entire silicon wafer using deep reactive ion
etching (DRIE). Next, the PR was removed and the sec-
ond DRIE step was conducted to etch the Si to a depth
of # 50 pm, using a previously patterned SiO, layer as a
mask, thus forming microchannels.

The SiO, layer was removed in the BOE, and the wafers
were oxidized at= 950 °C to form a= 5-nm-thick SiO,
layer, primarily to achieve well-defined surface properties
inside the microchannel. Subsequently, the silicon wafers
were anodically bonded to a borosilicate glass wafer to
form closed channels. As the final fabrication step, the two
bonded wafers were diced into individual chips using a
diamond-blade dicing saw and were then washed in deion-
ized water (Fig. 1b). We used a scanning electron micro-
scope (SEM) to measure (estimate) the size of the cross
section of the microchannel and found a width of = 60 um,
and a height of # 70 um (Fig. 1c).

2.2 Setup of the system

The microfluidic chip was placed on a pair of brass
blocks fabricated by a computer numerical control (CNC)
machine, each mounted to an aluminum plate that served
as the heat sink at a distance of ~ 12 mm. We equipped
each brass block with a resistor that had a nominal value of
20 Q in the TO-220 socket to serve as a heater and a resis-
tive temperature detector (type Pt100) for a closed-loop
T control system. Each heater with a corresponding sen-
sor was connected to a proportional integrative derivative
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Fig. 1 a The designed A
microfluidic chip had a size

of 6 mmx 27 mm. The layout T
consisted of two levels; the red
and brown colors represent the
channels and the through-holes,
respectively. b Photograph of a
fabricated chip made of silicon
(bottom) capped with boro-
silicate glass. ¢ SEM image of
the channel cross section with
a total area of #4200 um>. d
Computer-aided design (CAD)
of the setup for the MCA
measurement. e Photograph of
the system setup showing the
silicon/glass chip placed on
two brass blocks, each heated
by a heater, in a TO-220 socket
equipped with an RTD type of
Pt100 (color figure online)

70 pm

SEM MAG: 1.59 kx WD: 10.61 mm
View field: 130 pm Det: SE
HiVac HiVac

controller, with a set 7 of T, =% 60 °C and T,~ 110 °C
(Fig. 1d, e). The chip inlet was connected to a syringe
pump and outlets to waste reservoir via four glued polyte-
trafluoroethylene tubes with an outer and inner diameter
of ~ 0.9 mm and = 0.5 mm, respectively. Then, the chip
was placed under a fluorescence microscope to monitor the
F amplitude inside the channel. A complementary metal-
oxide semiconductor (CMOS) camera with a 20.2 effective
megapixels imager was connected to the c-mount of the
microscope to capture images of selected microchannel
segments via a 5 X objective lens.

2.3 Sample preparation

We prepared =200 pL of a sample by performing a PCR with
an intercalating dye (EvaGreen) having selected sequences
of dsDNA of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and human immune deficiency virus (HIV)
with a different Ty; of (80.0+0.4) °C and (82.9+0.6) °C
(mean + standard deviation), respectively.

2.4 On-chip melting curve analysis

The captured images were processed using a MATLAB
code. Each fluorescent image was first converted to a gray-
scale image, and only the channel area was extracted for
analysis. Following this, we extracted the mean value of the
amplitude of F across the channel, with x being the pixel
count.

The melting curve was described through a sigmoid equa-
tion expressing F as a function of T:

_—

[l

heater (T;)

heater (T,)
—

PR
Sensor(TV‘X

inlet tube brass

(A —4,)
(1 +e%>

or alternatively, through a more complex double-sigmoid
function because of the two different dSDNAs:

F(T)=A, + (Ag+B,-T), )

A —A
F(T)=A2+(1#A2;?~(AO+BO-T)+A4
<l+e & )
Ay —A
(3—H;442)'(C0+D0'T)’
<1+e ar ) 2

where A, By, Cy, and Dy, are fitting parameters, A, A,, A,
and A, are normalization parameters of the sigmoid func-
tions, and dT; and d7, are values corresponding to the slopes
at the inflection points. Since the location (L) along the chip
relates to the specific value of 7, we thus translated the L
values into the corresponding T values. The Ty, location with
an apparent change of Ty; (AT, as a function of v was deter-
mined using the value of Az (Neuzil et al. 2010).

3 Results and discussion

In a vacuum at low temperature with no sample flow, the
temperature gradient between both heaters will be constant.
Here, however, the chip operates in an ambient environment
surrounded by air causing heat transfer through convection.
The constant gradient also must be affected by heat flux due

@ Springer
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to the aqueous-based sample flowing through the microchan-
nel. Finally, the device operates at an elevated temperature,
meaning heat emission may also play a role (Svatos et al.
2018; Svatos et al. 2018). We first dealt with an analytical
consideration before we performed numerical modeling and
finally verified the results through infrared imaging.

3.1 Analytical consideration

The chip was comprised of a silicon/glass sandwich, with
both materials having identical thicknesses (7) and widths
(w) and a pair of heaters separated by a distance (D)
(Fig. le). The heat flux (P,) between the heaters through
the microfluidic chip can be defined as:

- (Asi + Azloz)t ¥ AT, 3
where 4g; and Ag;o, is the thermal conductance of Si and
Si0,, respectively, (L) is chip length, and AT is the T dif-
ference between the heaters.

The magnitude of convection in air (P,) is determined
through its coefficient (%) (Varona et al. 2007), the surface
area (A), and the temperature difference between the T of the
sample and 7 of ambient (AT,):

Py=A-h-AT,, 4)

giving an amplitude of P, as~77.4 mW. This value is 5.5%
of the P, value, showing that there is a small influence of
the heat convection, with this effect resulting in minor non-
uniformity of the VT along the microchannel.

The influence of the water-based sample flow can be
determined from the energy being transferred due to this
flow. The maximum value of v was set at 5 uL min~! (cor-
responding to~8.3 - 107! m® s71) transferring of P; power:

Py=v-p-c- ATy, 5)

where p is the specific mass of the sample and c is the sam-
ple heat capacitance resulting in a P; value of % 17 mW. This
is~4.4 times smaller than the P, value, showing that this
low flow rate has very little influence on the VT and can
thus be ignored.

Finally, there is also a radiation effect that may influence
the VT following the Stefan—Boltzmann law:

Py=A-e-c-(T"-T}), (6)

where P, is radiated power, ¢ is surface emissivity, o is the
Stefan—Boltzmann constant, and 7} is the thermodynamic
temperature of the ambient environment. The amplitude
of P, is then~ 80 mW assuming a surface emissivity of
0.4 and an entire chip T of ~# 110 °C. The details of all the

@ Springer

calculations, including governing equations, are presented
in supplementary section A.

3.2 FEM simulation

The model of microfluidic chip and two heaters was cre-
ated in CAD software and consisted of four parts: two
brass heated blocks, a chip made of Si covered with glass
and had a microchannel filled with water, which was
placed on the two heaters (Fig. 1d, e). We then performed
the finite element method (FEM) analysis using COM-
SOL Multiphysics software, including the Heat Transfer
in Solids and Fluids and Creeping Flow modules. The
meshed model had a total number of 2,610,926 elements,
with the constraint of using elements with a maximum
size of 1.1 um inside the microchannel to obtain a T pro-
file. The influence of heat convection and radiation on the
temperature profile along the microchannel was studied
through simulation (Fig. 2c) with the heat convection coef-
ficient set to 5 W m~2 K~! and surrounding temperature
of 23 °C. The maximum value of the T deviation (AT)
was 0.64 K, corresponding to a location shift of 0.17 mm
(inset in Fig. 2c).

We also modeled the influence of v from stagnant
0 uL min~! value up to the extreme value of 1000 uL
min~! (Fig. 2d). The influence of v on the T distribu-
tion was found to be negligible for flow rates of up
to~ 10 pL min~! (inset in Fig. 2d), with a flow rate of that
amplitude causing an error of (0.0157 +4 - 10~*) mm per u
L min~! (mean = fitting error). However, high v values that
approach or exceed ~ 1 mL min~! will significantly change
the T profile and thus the VT value.

3.3 IRimaging

Once the FEM was completed, we performed an IR imag-
ing of the chip using a mid-IR camera producing images
with a size of 640 X480 pixels and a focal plane array
with a nominal noise equivalent temperature difference of
9 mK. Prior to the imaging, the chip surface was cleaned
and coated with carbon tape to assure that the entire sur-
face had as uniform emissivity as possible. This was veri-
fied through chip surface imaging under identical 7 values
(both heaters were switched off), and we found that the
emission from the entire chip was uniform. Following
this, we switched the heaters to set T value of 60 °C and
110 °C, respectively, and captured images with v of (0 and
5) uL min~!. No significant difference was found; thus, we
assumed that the small value of the v had not influenced
the VT value. We extracted the surface T from the image
with and without a flow rate set to 5 mL min™' and cor-
related it with chip location. We found that the VT value
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Fig.2 FEM of the microfluidic chip. a Temperature distribution
simulated by COMSOL with the heaters’ T values set to 60 °C and
110 °C, respectively. b The graphs of T as function of (L) along the
chip microchannel extracted from the simulation result (black line in
a), exhibiting a constant temperature gradient (VT) between the con-
tacts to two brass blocks. For better visualization, we placed a simpli-
fied drawing of the chip behind the graph, including the area of the

between the heaters had a constant value and that the flow
rate had no influence on the IR imaging in terms of preci-
sion (see supplementary section B).

3.4 Temperature calibration

The distribution of T inside the channel was a key parameter
of this MCA experiment; thus, we calibrated the device T dis-
tribution through precise T’ measurement inside the chip, using
a time-domain method developed earlier (Neuzil et al. 2010).
This method eliminates the influence of convection and radia-
tion as long as the 7 values of both heaters do not change, and
no forced convection is involved. During the measurement,
only the v variable could play a role (Fig. 2d), while for levels
up to 10 uL min~", this influence can be ignored.

The dsDNA of GAPDH and HIV with known T); was
used to calibrate the MCA system. Subsequently, we took
a fluorescent image from a selected area of the chip at

110
brass block
100 (T))  image location
6%
b
b ,
70 §
60 é
0 6 12 18 24 30
L (mm)
1104 v (uL-min™) D
—0
1004 — 2
—4
6
O 90 8
o 10
ke 100
804 1000
70 -
60 - .
T T T T T T s
0 5 10 15 20 25 30
L (mm)

chip used to capture the fluorescent image (black rectangle) through
a CMOS camera. ¢ Temperature distribution along the microchannel,
considering the influence of convection or/and radiation. The inset is
the temperature difference of each corresponding case. d Tempera-
ture distribution along the microchannel with v as parameter (inset),
showing its negligible influence with values up to 10 uL min~! (color
figure online)

5472 x 3648 pixels, with a sensitivity and exposure time
set to 2000 ISO and 20 s, respectively. We determined that
the channel length within the camera’s field of view was
(3.03+£0.02) mm (mean = standard deviation from five
measurements). We then registered the image in MATLAB,
extracted the amplitude of F' as described above, and per-
formed curve fitting using Eq. (1). The inflection point at
the sigmoid curve represented the location where 50% of
dsDNA melting occurred, which is denoted by T),. The
inflection point of L in the chip (location with 7)) can be
calculated using the following formula:

L=d+3.03x (x/5472), 0)

where d is the distance from the left side of the image to
the left side of the chip, and x is the pixel location along
the microchannel in the image (Fig. 2b). The extracted x
values for the GAPDH and HIV genes were ~ 1764 (pixels)

@ Springer
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F (Normalized)
-dF/dL (Normalized)

105 110 11'.5 12'.0 125 13.0 135
L (mm)

Fig.3 Temperature calibration of the channel. a First, we filled the
channel with a dsDNA solution of a cDNA from the GAPDH gene.
Then, we captured a fluorescence image (inset), and from this,
we extracted the amplitude of F as a function of its location in the
MATLAB environment. We plotted its normalized value (blue) and
its normalized derivative —dF/dL (red) as a function of L with peak

and ~ 1693 (pixels) with a d of % 10.50 mm and ~ 11.84 mm,
respectively (Fig. 3a, b). Thus, we obtained the inflection
location of the GAPDH and HIV genes asx11.48 mm
and =~ 12.78 mm using Eq. (7), respectively, which corre-
sponds to the actual 7 of (80.0+0.4) °C and (82.9+0.6) °C.
We performed linear fitting that resulted in a VT value
of #2.23 K mm™' and a theoretical amplitude of T, (for a
value of L=0 mm) of = 54.4 °C with the assumption of lin-
ear distribution of 7, which is correct for v with an amplitude
below = 10 uL min~".

The captured image with a width of 5472 pixels had
a physical size (field of view) of ~3.03 mm, resulting in
a channel resolution of % 0.55 um pixel~!. For the VT
of ~2.23 K mm~', we found the T resolution along the
microchannel to be~ 1.2 mK pixel .

Based on these results, we converted the L values into T’
based on calibration:

T(L)=Ty+ VT - L. (8)

Here, the value of L ranged from 6 to 18 mm, varying
with the heat source position of our setup.

3.5 Flow-induced Ty, shift

Once the T calibration was completed, we switched on the
syringe pump, sweep the value of v of dsDNA taken from
GAPDH from 0 to 5 uL. min~! with a step size of 1 uL min~!,
every time we waited for a few minutes to make the flow to
stabilize. For each value of v, we took average of four images
to suppress random noise. The same procedure was then
repeated for the dsSDNA from the HIV gene.
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of the —dF/dL at location of~11.48 mm corresponding to Ty;; with
value of (80.0+0.4) °C. b The same procedure was applied to the
results from the channel filled with the dsDNA solution from the
cDNA of HIV gene obtaining the location of Ty, with a value of
(82.9+0.6) °C (mean + fitting error) (color figure online)

We extracted the MCAs from all the captured images the
same way as had been employed for the temperature calibra-
tion, then performed the averaging of the MCAs and then
converted the L values into 7, before plotting the curves with
v as a parameter (Fig. 4a) for the dsDNA taken from the
GAPDH gene. Following this, we calculated —dF/dT and
plotted the obtained values as a function of 7, again with
v as a parameter (Fig. 4b). The results for the dsSDNA from
the HIV sample were processed in the same manner (Fig. 4c,
d). Here, it should be noted that the calculation of —dF/dT
was mainly for visualization purpose, as the extraction of
the T, values was affected directly by the parameters of the
sigmoid curve used for F(x) =f{(x) fitting, and through x to
T conversion.

Finally, we plotted the extracted T\, values as a func-
tion of v for both dsDNAs and performed linear regres-
sion, calculating the slope (S) corresponding to heat trans-
fer time (Af) (Fig. 4e) to be (0.34+0.02) K min pL~! and
(0.26 +£0.01) K min pL~!, respectively (both mean = fit-
ting error). The value of Ar was the time required for heat
to reach the center of the microchannel from the channel
sidewalls.

The channel cross section had an area of ~ 4200 umz;
thus, we converted v into fluid velocity, determining that
1 uL min~! corresponded to~3.97 mm s~!. We then used
thermal gradient d7/dL~2.23 K mm™' to convert the fluid
velocity into corresponding 7 per time (). The value of §
was then converted into ¢ corresponding to Ar=S/VT, result-
ing in At~ 38.4 ms and ~29.4 ms for cDNA of GAPDH and
HIV, respectively. The differences in the two values were
likely caused by the image processing and by averaging the
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Fig.4 Comparison of dsDNA melting on the spatial melting device
with variable v. a Normalized fluorescence intensity of GAPDH data
extracted from the image using a MATLAB script fitted with Eq. (1),
with amplitude of v as a parameter to show the inflection point shift.
Extracted data were used to calculate the value of Az. b Normalized
negative derivative of fluorescence of GAPDH with respect to T with
v as parameter shows the peak had shifted, with increased amplitude

F values perpendicular to the channel. Subsequently, the
mean value of Ar was=33.9 ms.

We also performed multiplex MCA using a mixture of
dsDNA from the GAPDH and HIV genes. We captured fluo-
rescent images using the same method as described above.
We then analyzed the values of F as a function of x and
performed curve fitting using Eq. (2), converted L into 7 and
plotted both F as well as — dF/dT as functions of T (Fig. 4f).
The extracted T, values of the cDNA from GAPDH and
HIV were (79.98 +£0.08) °C and (82.91 +0.05) °C, respec-
tively, (both mean + standard deviation from three measure-
ments), practically identical to the values extracted from the
individual cDNA measurements.

4 Conclusion

The flow-induced temperature shifts in the temperature
gradient microfluidic device had a significant influence on
fluid temperature. The temperature difference between the
sample and the channel primarily depended on the thermal
conductivities of the chip sidewalls and the fluid, as well as
flow rate. In conclusion, we demonstrated a method for the
precise calibration of the temperature distribution and its

T(°C)

82
T(C)

of v. ¢ and d The same process was conducted using the HIV sam-
ple. e Ty extracted from b and d plotted as a function of v shows
its linear dependency on the amplitude of v. f Results of a station-
ary (v=0 uL min~') MCA using a solution with two different DNAs,
both F (blue) as well as —dF/dT (red) are a function of T (color figure
online)

gradient of ~2.23 K mm™! in a microfluidic system, based

on an MCA of a dsDNA at micrometer and nanometer levels.
We then introduced a fluid at a constant flow rate as a param-
eter and determined the time delay (thermal heat transfer
time) At between the channel sidewalls and the fluid center,
using a microfluidic chip with a gradient mean value of At
as~33.9 ms. In this work, we used two cDNAS reverse-tran-
scribed from GAPDH and HIV genes with a ATy; of 2.9 K
for temperature calibration. We found that the system allows
measurement with a T resolution of ~ 1.2 mK pixel™'. The
proposed system is simple and fast and has significant poten-
tial for being used as a high-throughput device for rapid
DNA or protein analysis as well as drug screening.
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ABSTRACT

We present the manufacturing process of a (24.5 x 100) um?-sized on-chip flow channel intended for flow experiments with normal and
superfluid phases of *He and showcase such a proof-of-concept experiment. This work proves the suitability of chip-to-chip bonding using a
thin layer of Parylene-C for cryogenic temperatures as a simpler alternative to other techniques, such as anodic bonding. A monocrystalline
silicon chip embeds the etched meander-shaped micro-fluidic channel and a deposited platinum heater and is bonded to a Pyrex glass top. We
test the leak tightness of the proposed bonding method for superfluid *He, reaching temperatures of ~1.6 K and evaluate its possible effects on
flow experiments. We demonstrate that powering an on-chip platinum heater affects the superfluid flow rate by local overheating of a section

of the micro-fluidic channel.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0162532

I. INTRODUCTION

Today, micro-fluidic devices have found use in numerous
appliances ranging from common inkjet printers to precise chem-
ical or pharmaceutical dosage systems, in highly specialized research
equipment, or generally in any subject where miniaturization inter-
sects with fluid dynamics. A review is presented in Ref. 1. Naturally,
precise control over fluid properties and flow rates is also ben-
eficial in studies of quantum fluid dynamics when working with
superfluids, such as liquid helium. The superfluid phase of *He,
called He II, or rather its intriguing properties, were experimen-
tally discovered in the 1930s by measuring the viscosity of helium
at cryogenic temperatures.”’ This superfluid phase exists below the
so-called Lambda transition occurring at T' = 2.17 K. Besides direct
analogies of classical fluid dynamical experiments on shear flow in
narrow channels, micro-fluidic or nanofluidic devices have found
their use in investigations of 2D superfluid turbulence,” controlled
nucleation of quantized vortices,” studies of vortex (de-) pinning
dynamics on MEMS devices,” or superfluid quantum interference
devices (SHeQUIDs)"” that allow measuring the absolute state of

rotation with unmatched precision, resolving safely, e.g., the rota-
tion of the planet Earth. Confinement at micron and sub-micron
scales opens the door toward research in 2D superfluidity!’ or
the Kosterlitz-Thouless transition in confined *He,"" ' as well as
toward the exploration of confined *He."*

It is perhaps fair to note that the development of cryogenic
applications of micro-/nano-fluidic devices trails in the wake of their
room temperature counterparts and, with a few notable exceptions,
the required technology is not widely used or accessible. The prime
reasons can often be tracked down to rather stringent requirements
on leak tightness of some of the devices using superfluids, in con-
junction with significant differential thermal contraction between
typical Si or SiO, wafers, glue materials, and interfacing metal or
plastic capillaries. The typical techniques used in the manufacture of
devices include either direct bonding of cleaned glass surfaces,’” "’
monocrystalline quartz,”” silicon,'® or anodic bonding."” > These
techniques are demanding and often prevent the use of surface
metallic electrodes that would be needed for the operation of sen-
sors and actuators. In fact, in most devices, electrical measurements
are performed directly in a volume of superfluid only by feeding
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the input and output wires directly through the etched fluidic chan-
nels.”” In this work, we present an alternative approach, where two
wafers containing both micro-fluidic channels and electrical cir-
cuitry are bonded by a microscopically thin Parylene-C layer. We
test the resulting device for leak tightness directly in the superfluid
*He and report a preliminary measurement of the flow rate vs the
applied pressure drop.

Il. EXPERIMENTAL SETUP

In this chapter, we will describe the fabrication process of our
silicon-to-Pyrex-glass Parylene-bonded micro-fluidic chips and the
low-temperature experimental setup used for the flow experiments
employing superfluid *He. The chip prototype consists of an etched
(24.5 x 100) pmz-sized micro-channel in the shape of a ~15 cm
long meander with a 1 cm long straight part in the middle of the
chip. Next to the straight part of the channel, a Pt on-chip heater
was placed to allow overheating of this section. Therefore, the heat
transfer between the heater and liquid helium was mediated through
the Si chip. The channel was closed from the top with a Pyrex glass
slide using Parylene-C bonding. Details of the chip arrangement are
shown in Fig. 1.

A. Chip fabrication

The micro-channel and the platinum heater were fabricated on
a float zone intrinsic Si (100) wafer with a resistivity greater than
10 kQ cm, diameter of ~100 mm, and thickness of ~525 pum. The
detailed step-by-step description of the chip fabrication process is
schematically shown in Fig. 2.

In the first step, we deposited a 2 nm adhesion Ti layer and
a Pt with the thickness of #120 nm and performed standard opti-
cal lithography using a positive photoresist (PR) AZ 1518 with the
thickness of ~1.8 um. After the PR was spun on the wafer, it was soft-
baked at 100 °C for 90 s. Contact lithograph;l was then performed
with ultraviolet light exposure of 140 mJ cm™". The exposed PR was
developed using a TMAH-based developer AZ 726 for ~45 s. Then,

Flip and bond
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FIG. 2. Step-by-step scheme of the fabrication process. (a) Starting with the float
zone intrinsic Si (100) wafer. (b) Deposition of a 2 nm adhesion Ti layer and
~120 nm of Pt on the whole wafer (c) Etching of the heaters using ion-milling
by the three-grid micro-wave source. (d) Deposition of a ~5 um parylene-c layer
on the wafer and the Pyrex glass pieces. (€) Parylene-C etching by RIE using oxy-
gen gas in order to clean the Pt connection pads. (f) Parylene-C etching by RIE
and a subsequent 20 um etch of Si by DRIE using SFs plasma, creating ~25 um
deep flow channels (the parylene-c layer adds ~5 um to the channel height).
(9) Dicing of the wafer into individual chips and bonding with Pyrex glass slides.
(h) Cutting holes in the glass cover with the Yb:KGW femtosecond laser to open
the inlets for micro-fluidics interconnect ports.

we performed ion-milling of the exposed Pt/Ti using a three-grid
micro-wave ion-beam source. After this step, we removed the PR
using an AZ MLO-07 stripper for ~300 s at 80 °C, rinsed it by DI
water and dried by nitrogen flow.

This was followed by O, plasma treatment and deposition of a
~5 um thick parylene-c layer on the Si wafer and glass slides with
dimensions of (12.5 x 39.0) mm?, which were prepared using a dic-
ing saw from a Pyrex wafer. For better adhesion, we used Silane
A-174. When the parylene-c deposition was done, we performed the
second lithography step using AZ 12XT PR with the thickness of
~10 pm at a soft-bake temperature of 110 °C for 180 s, the expo-
sure dose of ~300 mJ cm ™2, at a post-exposure bake temperature of
90 °C for 60 s, and development time of 120 s, which created open-
ings for Parylene etching, in order to clean the Pt connection pads.
Parylene-C etching was then performed in a capacitively coupled

™ @B Pt @ Channel @® Window in PaC
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FIG. 1. 3D view illustrating the bonding process. The covering Pyrex piece is narrower than the chip to leave heater connection pads accessible. Top right: the layout of
the meandered micro-fluidic channel with capillary terminals (gray), a platinum resistive heater near the channel center (blue), and its connection pads (red), where the
Parylene-C (PaC) layer was stripped for access. The thick (lower resistance) Pt loop is connecting two parts of the heater placed on the opposite sides of the channel.
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plasma reactive ion etching (RIE) instrument using oxygen gas with
the power of 200 W for 20 min at ~13 Pa with the corresponding bias
of 480 V.

Subsequently, we removed the PR using the same MLO-07
solution as before and performed the last lithography step, which
was focused on the fabrication of microchannels using the Bosch
process. We used the same PR as in the previous step, etched
Parylene-C, and then, moved the wafer to a DRIE instrument for
the etching of #20 um of Si. The etching was done using SF¢ plasma
with pressure of #4 Pa and plasma power of 1800 W. The passiva-
tion step was performed with C4Fs gas at ~3.3 Pa and corresponding
plasma power of 1500 W. We used 35 loops to etch the substrate.
Such an etched wafer was again stripped and coated with a protec-
tion PR using the same procedure as before. We then diced it using
a saw into individual chips with dimensions of (15 x 39) mm? and
finally, stripped the remaining PR.

The resulting dimensions of the fabricated channel, width w
=100 pm and height / = 24.5 um (being the sum of the Si etch depth
and PaC layer thickness), were measured using a mechanical pro-
file meter. Based on the roughness of the scan and the size of the
tip, we estimate the uncertainty to be of order 5 % in the horizontal
direction and of order 1 % in the vertical direction. The fabricated
chips were intended for proof-of-principle experiments only, and
more precise measurements are accessible if knowledge of the exact
dimensions or surface structure is crucial for the application.

Fabricated Si chips and Pyrex slides with Parylene-C were then
prepared for the final bonding step. We used an inductively cou-
pled plasma source for oxygen treatment with a power of 400 W at
~6.5 Pa for 120 s. Then, we placed the samples on a hot plate for 60 s
at the temperature of 240 °C. The samples were then stuck together
with a manual force applied through a polytetrafluorethylene roller
for a few seconds, until light refraction/interference disappeared,
suggesting that the layers are bonded together.

The last fabrication step was to cut holes with a diameter of
~0.6 mm in the glass cover to open the interconnect ports for
the micro-fluidic channel using a Yb:KGW femtosecond micro-
machining laser with a principal wavelength of ~515 nm, pulse
duration of ~270 fs, and pulse energy of ~20 yJ. Cutting the holes
in the glass cover before the bonding resulted in the occurrence of
cracks. Therefore, our laser cutting technique had to be optimized
to prevent channel contamination with glass particles, which might
become problematic especially for nano-scale channels. Each side
of the channel has three alternative connection holes, allowing for
redoing of the capillary gluing if necessary.

B. Cryogenic setup

All low-temperature experiments were performed in a glass,
vacuum-isolated, helium bath cryostat with an outer liquid-nitrogen
vessel. The chip interconnection ports (one on each side of the
channel) were glued to brass capillaries with an inner diameter of
~0.55 mm and length of ~5 cm, using conductive EPO-TEK H20E
silver epoxy, as shown in Fig. 3. The same epoxy was used to connect
the Pt heater and to blank all the unused chip openings.

On the high pressure (inlet) side of the chip, a brass capillary
was soldered to a heat exchanger and then to about 1 m long stain-
less steel capillary, with an inner diameter of ~0.8 mm, exiting the
cryostat via a soldered feedthrough. The heat exchanger, providing

ARTICLE pubs.aip.org/aip/rsi

FIG. 3. Photo of the chip installed on the experimental insert. The interconnection
ports are glued to the brass capillaries using EPO-TEK H20E silver epoxy. The
same epoxy is used for on-chip heater connection and to blank all the unused
ports.

an efficient liquefaction of incoming gas and good thermalization to
the bath, was constructed from a ~30 cm long copper capillary spiral
with an inner diameter of ~0.4 mm. The low pressure (outlet) side
brass capillary was connected directly to a stainless steel capillary. As
aresult, the inner helium circulation was entirely separated from the
bath, which provided only temperature stabilization. The bath tem-
perature was regulated by setting the saturated vapor pressure using
rotary and Roots pumps.

The full setup for the flow experiments, including the room-
temperature part of the apparatus, is shown in Fig. 4. Evaporation
from a transport Dewar was providing the source of the clean
helium gas. Any impurities admixed into the flowing gas were fur-
ther adsorbed into a cold liquid nitrogen trap. The inlet pressure
could be set using a fine-regulating valve. After this valve, a helium

Inlet Bath pump Outlet
pressure pressure

Returnline Regulating
Outlet valve

— He gas
Dewar flowmeter

Filling —4f |
capillaries
Heat — ¢
exchanger
Chip

FIG. 4. Detailed schematic of the cryogenic experimental setup. The inner helium
circulation lines, connected through the chip, are fully separated from the bath,
which is used for temperature control only.
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gas flow meter McMillan model 50K-7 was installed to measure the
flow rate in the circuit. Then, the entering gas was liquefied in the
heat exchanger and fed through the micro-fluidic channel. The flow-
ing liquid was consequently evaporated in the outlet capillary and led
to a valve-sealed outlet volume, back at room temperature. This vol-
ume was connected through another liquid nitrogen trap to a scroll
pump, allowing pressure regulation on the outlet side.

In order to monitor the pressure drop across the micro-
fluidic channel, a differential pressure transducer, the MKS Baratron
Model 120AD01000RBU, was connected between the front of the
gas flow meter (inlet pressure) and the end of the stainless cap-
illary feedthrough (outlet pressure). In addition, two Honeywell
MIP series with 50 psi pressure gauges were installed at the same
places for absolute pressure readings. All capillary connections were
soft-soldered, and the whole inner helium circuit was carefully leak-
tested at room temperature. Prior to all cryogenic experiments, we
carefully evacuated the whole inner helium circuit using a turbo-
molecular pump (at least for 24 h), to remove most of the gas
impurities present.

I1l. RESULTS AND DISCUSSION
A. Leak test

First, a leak-test was performed in order to test the tight-
ness level of the Parylene-bonded chip during the initial cooldown,
immersion into the liquid helium bath, and the transition to the
superfluid phase. Here, we have used a simplified apparatus, having
the Pfeiffer HLT 270 leak detector employing a *He mass spec-
trometer, connected directly to both chip filling lines, after the
inlet “regulating” valve and the outlet valve. The setup also allowed
to pressurize the inlet volume and to measure the outlet volume
filling through the chip. This was done in order to verify chip
continuity after the leak test, ruling out possible blockages. Bath
temperature was evaluated based on the saturated vapor pressure
measurement. Temperature evolution, during the initial pre-cooling
with the nitrogen bath and cold helium gas, was evaluated based
on a Pt100 platinum thermometer (measuring in the range from
~110 Q at room-temperature to ~1 Q when submerged in liquid
helium).

The entire tested volume, including the chip and its filling lines,
was first carefully evacuated by a turbo-molecular pump operated
24 h before the test. The cryostat was simultaneously pumped by
using rotary and Roots pumps. The turbo-molecular pump was then
exchanged for the leak detector to allow leak rate evolution mea-
surement on the circulation volume during the cooldown procedure,
reaching bath temperatures down to 1.6 K. Fig. 5 shows the leak rate
level, Pt100 thermometer resistance, and bath pressure, highlighting
all significant events.

The base level of the leak rate measured on the closed valve
of the detector was of an order of 2 x10™° mbar x /s. The leak
detector was then opened to the volume under test, and the leak
rate level was left to decrease below 9 x107° mbar x /s, before
any manipulation with the cryostat. The first introduction of He
gas (at full atmospheric pressure) into the cryostat volume, typi-
cally used to flush the cryostat and used here as a room-temperature
leak test, showed a gradual increase in the leak rate to a value of
~9 x107° mbar x I/s. This behavior, as shown in Fig. 5 between
(a) and (b) lines, reveals the presence of a small diffusive He gas
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FIG. 5. Evolution of the helium leak rate (top panel), the Pt100 platinum thermome-
ter resistance (middle panel), and the cryostat pressure (bottom panel) measured
during the cryostat flush with helium gas, pre-cool by cold helium vapors, liquid
helium transfer, and following cooldown to the superfluid phase. The leak rate sig-
nal was additionally filtered to remove periodically occurring noise peaks, being
an inherent property (also appearing when the leak tester is run with a blanked
input) of the mass spectrometer used. All significant events are visualized by ver-
tical dashed lines (a)(i). The leak test was conducted in a simplified setup with a
leak detector connected directly (right after the feedthroughs exiting the cryostat)
to both sides of the filling lines (inlet and outlet stainless steel capillaries).

leak. The origin of this leak is either from the epoxy-glued joints
or the Parylene-C layer itself. However, our previous tests which
used Stycast 2850FT epoxy, instead of H20E, showed that this leak
depends on the gluing technique and points toward a leak origin
likely in epoxy joints. After this test, the cryostat was evacuated
again.

Later, the outer cryostat vessel was filled with liquid nitrogen to
initiate cooling (and provide thermal shielding), which started to be
effective after the introduction of a small amount of He exchange
gas into the cryostat [line (c) shown in Fig. 5]. After some time,
full He pressure was set to prepare for the transfer syphon inser-
tion [line (d)], following cooling with the use of cold He vapors.
As the cryostat was cooling down, we observed a gradual decrease
in the leak rate (initially due to a lower He content, but it contin-
ued after reaching full pressure in the cryostat). The leak rate starts
to rise again, already before syphon insertion, as the temperature
falls below ~150 K (deduced from Pt100 resistance). Finally, two
step-like increments in the leak rate occurred with the first bursts
of the liquid He entering the cryostat [line (e)]. After stabilization
of the liquid He presence [line (f)] in the cryostat, the leak rate level
started to decrease, with no significant changes upon chip submer-
sion [line (g)], start of the bath pump-down [line (h)], and most
importantly, upon superfluid transition [line (i)]. Eventually, a base
level of ~5 x10™° mbar x I/s was reached. After the leak test (with
the chip still submerged), the flow channel continuity was checked
by pressurizing the inlet volume and letting the outlet volume be
filled through the chip to rule out possible cold plugs in the filling
capillaries.

The described behavior during the cool-down supports the
presence of a small diffusive leak, which is gradually closing as
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temperature decreases. However, at temperatures below ~150 K,
most likely the differential thermal contraction of the individual
components starts to play a role, opening a new temporal leak, as
different materials are cooled down at their respective rates. This
is most profound during the first liquid He bursts, causing rapid
equalization of the temperature throughout the whole cryostat. After
stabilization of the temperature, with a continuous presence of the
liquid, the temporal leak disappears.

An additional effect that must be considered, causing the mea-
sured leak rate to decrease at liquid He temperatures, is the cryo-
sorption of He atoms to the inner channel walls. This would result
in masking of the leak until all surfaces are saturated with a few layers
of adsorbed helium. According to the DRK model of helium adsorp-
tion on stainless steel presented in Eq. (9) in Ref. 23, a detectable
pressure of 1 Pa would correspond to a coverage of approximately
one layer of helium on the walls. However, this approach may dis-
regard the possibility of the formation of a solid layer; therefore,
we consider three atomic layers of helium atoms as a more reliable
sensitivity threshold. With the duration of our experiment at the
low temperature of 1.6 K close to 4 h and considering the surface
area of the micro-fluidic channel and parts of the filling capillar-
ies submerged in the bath, we obtain the maximum masked leak
rate as 4.2 x 10~° mbar x 1/s. The minimum measured leak rate
~3 x 10~° mbar x /s (after subtracting the background) corresponds
quite well with this value. This shows that while the chip is immersed
in superfluid helium, the maximum leak rate is below the diffusive
leak of ~10™® mbar x I/s observed during the cooldown and, impor-
tantly, will not interfere with any flow experiments conducted in the
channel.

As a result, this experiment proves the usability of the Si-to-
Pyrex Parylene-bonded chips for the proposed applications. We
were able to identify a diffusive He gas leak, present mainly at higher
temperatures, which is not greater than 1 x10™® mbar x 1/s. Nev-
ertheless, it gives a limitation of the bonding technique for certain
specific applications, where the chip would need to be kept under
a good vacuum. The leak most likely originated from epoxy-glued
joints, as discussed above, opening room for further improvement
and not ruling out the full leak tightness of the parylene bond. Most
importantly, no significant changes in the leak rate were observed,
neither upon the chip being submerged in liquid nor at the super-
fluid transition. Both of these events would have greatly affected
the real leak rate in case of a liquid/superfluid leak, leading to an
order-of-magnitude increase in the signal. Additionally, the maxi-
mum leak rate at helium temperatures falls within acceptable values
<10™® mbar x 1/s. This shows a sufficient bond tightness to invis-
cid superfluid helium flows, and as for most intended experi-
ments, where the channel is eventually filled with liquid/superfluid
helium, the present small-scale diffusive leak is immaterial and
will not significantly affect the mass or heat transport through the
channel.

B. Flow experiment

Finally, we have performed the initial proof-of-concept mea-
surements of the flow rate of superfluid *He through the micro-
fluidic channel, while at the same time investigating the effects of
local overheating of the straight section of the micro-channel by the
Pt heater. Here, we have employed the full apparatus, as described
in Sec. II B. At first, a steady state with an equal inlet and outlet
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pressure (given by Dewar pressure) and zero mass flow was pre-
pared, while the volume past the outlet valve was pre-pumped and
then disconnected from the pump. This was done to prevent a direct
long-lasting connection between the atmosphere and the cryogenic
parts of the setup, which would inevitably lead to the development
of a blockage due to cryo-pumping of oxygen, nitrogen, or water
vapor. The helium flow was initiated by an instant outlet valve
opening, causing a quick pressure drop to occur across the chan-
nel. The time evolution of mass flow rate and pressure difference
was then recorded as the outlet volume was being filled through
the micro-fluidic channel. Fig. 6 shows the evolution of liquid flow
velocity as a function of differential pressure, driving the flow. Such
measurements were performed at two different bath temperatures,
2.13 and 2.02 K, and in two distinct states of the on-chip heater,
0 mW or ~100 mW power.

The velocity of the liquid helium v; in the channel was obtained
via

y = SUPe M
Whpl

from the measured voltage U on a McMillan 50K-7 flow meter,
with the range of 1000 ml/min at 5 V. The conversion ratio for
the volumetric helium gas flow rate is £ = 3.33 x 107° m® s™' V7',
Additionally, assuming the conservation of mass, in a steady state,
the liquid flow rate is calculated from the ratio of room temper-
ature gas density pg = 0.179 kg m™> and cryogenic liquid density
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FIG. 6. Measured flow velocity of superfluid helium through the chip as a function
of differential pressure across the micro-fluidic channel at two temperatures. The
filling of the low pressure side volume, corresponding to the pressure vs veloc-
ity trace shown took over 1000 s. The absolute velocity scales correctly with the
temperature, having a higher relative content of inviscid superfluid component at a
lower temperature. The full/dashed lines represent the experiment realization with
the on-chip Pt heater switched off/on at 100 mW. The velocity evolution is clearly
affected by the heater, mainly, shortly after the start of the flow experiment (the out-
let valve opening). In the inset, we show the difference in the flow velocity between
the states with the heater off/on as a function of differential pressure. Velocity dif-
ference is calculated for the points at the same differential pressure and it drops to
the base level (no significant difference in flow velocity) in about 20 s, at a pressure
below ~600 Torr.
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p1 = 145 kg m . The dimensions of the channel cross section, chan-
nel width w = 100 pm and channel height i = 24.5 pm, are described
in Sec. [T A.

The absolute flow rates show complex features related to the
interaction of rapid gas flow in the capillaries with the liquefac-
tion/evaporation processes and with the flow of the superfluid
through the micro-fluidic channel, which will be discussed in a
separate publication. In each case, it was observed that in the ini-
tial phase, the flow was significantly faster with the heater off, as
shown in Fig. 6. The superfluid *He flow is clearly affected by
the heater, but the initial velocity difference eventually decreases
and disappears on the time scale of #20 s. Qualitatively, the same
behavior was observed at both the measured temperatures. This
might be explained considering the relatively high absolute flow
velocity of the order of 1 ms™". Initially, the overheated station-
ary fluid offers more drag (due to the higher relative density of
the normal component), but it is being gradually replaced with a
new cold liquid entering from the capillary at the bath temper-
ature. The heater power is then insufficient to preheat the fluid
entering the channel at such high velocities, as Kapitza resistance
between the silicon chip and the flowing helium presents a limit-
ing factor, reducing the efficiency of the heat transfer to the flowing
liquid.

Nonetheless, this experiment shows the potential of the tunabil-
ity of the flow through the micro-fluidic channels using an on-chip
heater in a further optimized geometry. The range of absolute flow
velocities might also be tuned by employing different flow genera-
tion mechanisms, e.g., submerged bellows, a superfluid fountain, a
room temperature circulation pump, or, simply, hydrostatic pres-
sure, as in the case of the pioneering experiments of Allen and
Misener.’.

IV. CONCLUSIONS

We have tested a simple bonding technique using parylene-c in
the preparation of micro-fluidic devices for use in cryogenic exper-
iments with superfluid helium. This technique allows for the rapid
production of micro-fluidic devices of a higher complexity than pre-
viously fabricated, as it is compatible with metallic electrodes on
bonded surfaces. Despite a transient diffusive leak not greater than
1 x107® mbar x 1/s and a possible persistent cryogenic leak of the
order of 10~° mbar x I/s, the device proves to be sufficiently tight
for superfluid helium to allow performing fluid dynamical exper-
iments. As a demonstration, an on-chip heater has been used to
manipulate the temperature in a section of the channel, affecting the
total flow rate. The future work will involve exploring the limita-
tions of the applied bonding technique with respect to the reduction
of the channel dimensions as well as the fabrication of other on-chip
devices for use with superfluids, such as micropumps, cold valves, or
controllable impedances.
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Bioelectronic devices such as neural stimulation and recording devices
require stable low-impedance electrode interfaces. Various forms of nitridated
titanium are used in biointerface applications due to robustness and biolog-
ical inertness. In this work, stoichiometric TiN thin films are fabricated using
a dual Kaufman ion-beam source setup, without the necessity of substrate
heating. These layers are remarkable compared to established forms of TiN
due to high degree of crystallinity and excellent electrical conductivity. How
this fabrication method can be extended to produce structured AIN, to yield
robust AIN/TiN bilayer micropyramids, is described. These electrodes com-
pare favorably to commercial TiN microelectrodes in the performance metrics
important for bioelectronics interfaces: higher conductivity (by an order of
magnitude), lower electrochemical impedance, and higher capacitive charge
injection with lower faradaicity. These results demonstrate that the Kaufman
ion-beam sputtering method can produce competitive nitride ceramics for

1. Introduction

Implantable neural interface devices
are vital to fundamental neuroscience
research as well as the rapidly growing
clinical field of bioelectronic medicine.l
Bioelectronic implants are used to stimu-
late peripheral nerves to treat conditions
ranging from epilepsy to Crohn’s dis-
ease. Implantable brain probes enable
deep-brain stimulation for Parkinson’s
patients, and retinal stimulators restore
visual perception to patients with degen-
erative blindness.”l The list of applica-
tions of bioelectronic medicine grows, and
in parallel advanced neural interfaces are
required to push the forefront of under-

bioelectronics applications at low deposition temperatures.
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standing in neuroscience. Encapsulation

layers and conducting pathways must sur-

vive the chemical and electrical stresses

of a physiological environment. Chroni-
cally implanted devices must additionally withstand degrada-
tion and mechanical stresses of implantation for periods up to
decades.’l These requirements of bioelectronics are extremely
demanding and often challenge aspects of nano- and microfab-
rication, which the electronics industry normally does not need
to solve. The conductor layers in neural interface devices must
be made with high reproducibility and should have the lowest
possible ohmic losses on all electrical leads. The most critical
component is the actual electrode interfacing with the physi-
ological environment.! Various figures of merit are impor-
tant for biointerface electrodes: electrochemical impedance,
charge injection capacity, and finally the electrochemical pas-
sivity window, particularly the overpotential values for possibly
harmful irreversible reactions.’! Moreover, this electrode must
fulfill the strictest requirements for stability. At present, the
conductor used in nearly all research-scale devices, including
flexible devices, is gold. This is to minimize ohmic losses.
While suitable for passivated leads, gold is not a good biointer-
face electrode. This is due to relatively high impedance values
and its ability to catalyze harmful faradaic reactions, including
oxygen reduction to hydrogen peroxide. Materials suitable for
biointerface electrodes, which are used with more success are
platinum or its alloys, iridium oxide, and conducting polymers
like polythiophenes.[® All these materials have low electrochem-
ical impedance and relatively high charge-injection capacity,
and reasonable stability in biological environment. They are
all, however, relatively faradaic electrodes, and the possibility

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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of harmful reactions must always be considered. At present,
a state-of-the-art material for fully capacitive current injection
with hindered faradaic reactions is TiN. TiN is well established
in in vitro electrophysiology protocols, especially in commer-
cial multi-electrode array (MEA) recording devices.[*”] TiN elec-
trodes on silicon probes are the state-of-the-art for ultrahigh
density recording arrays.®!

The TiN layers in these devices are fabricated at relatively
high temperatures up to =400 °C in the case of physical vapor
deposition.’! In the case of chemical vapor deposition, the depo-
sition process requires various precursors and the temperature
is usually higher than =600 °C,'% which makes fabrication pro-
cess more difficult due to compatibility with underlying mate-
rials, which are often necessary. While not always a problem for
the rigid substrates used for multielectrode arrays, the neces-
sity of high-temperature growth conditions for quality TiN has
impeded its successful adoption in flexible devices for plastic
neural interfaces. There are a few examples in the literature
of TiN on plastics; however performance is very modest and
it appears clear that there is much room for improvements to
bring TiN to a competitive level with Pt, IrO,, and conducting
polymers. The primary reason for poor performance on plas-
tics is the necessity of high temperatures for achieving high-
quality TiN, which is incompatible with organic materials used
in ultrathin flexible bioelectronics. For that reason, demand
exists for low-temperature preparation of high-quality TiN with
favorable conductivity.

Electrical and electrochemical properties of TiN are strongly
based on the real ratio between Ti, N, and other impurities,
such as oxygen. In reality, there is a wide range of variability
in the stoichiometry of TiN electrodes that are reported in the
literature, and nearly all cases relating to bioelectronics appli-
cations, the composition of these electrodes is not character-
ized. Therefore, it is not possible to easily generalize properties
such as electrochemical impedance, charge injection capacity,
and electrochemical passivity window. As will be shown in
our results, stoichiometric 1:1 TiN can be attractive. Mean-
while, it would appear that much of what is labeled as TiN in
the literature may in fact be oxynitride, with a significant oxide
character. Furthermore, electrochemical parameters are also
dependent on the surface roughness and real surface area.
These properties, in turn, vary with the degree of crystallinity
and the corresponding crystal orientation(s). In any case, nearly
all examples of TiN fabricated for bioelectronics applications
are obtained via reactive magnetron sputtering from a titanium
target. For instance, F. Rodrigues et al. prepared TiN via direct
current (DC) magnetron reactive sputtering in mixed ArN,
atmosphere. Such prepared TiN possessed with wide passive
water window in the range from —0.6 to 0.8 V with charge injec-
tion capacity of (154 £ 16) uC cm™2. Additionally, they measured
impedance of =59 kQ at 1 kHz on microelectrodes with dimen-
sions of (80 x 80) um2.M A well-recognized standard in the
field of microelectrode arrays was established by U. Egert et al.
in 1998. They used DC magnetron for fabrication of TiN micro-
electrodes for stimulation and recording from brain slices. The
diameter of these microelectrodes was 30 um, a later widely
used commercial standard, and the impedance was in the range
from =80 to =250 kQ at 1 kHz.['3l These results are the basis of
the commercial Multichannel Systems (MCS) microelectrode
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arrays (MEAs) and will be regarded as a “standard” sample in
this paper. The most high-performance system reported to-date,
is the “Neuropixel 2.0” platform by Steinmetz et al. This device
is able to control 10240 recording sites in one implant. The
dimension of one electrode, which has amplitude of imped-
ance of (145 * 8) kQ at 1 kHz, is only (12 x 12) um2 Any
details on how this TiN is obtained are completely missing,
presumably for commercial reasons. TiN obtained via ion-beam
assisted e-beam evaporation of Ti afforded 30 um electrodes
with =85 kQ at 1 kHz.™ This study employed silicon nitride
as the encapsulation, which proved prone to delaminating
during measurements in physiological solution. Such behavior
can lead to wrong determination of microelectrode parameters.
Due to lack of compositional details of the TiN samples, the
direct comparison of properties between publications can be
misleading. The preparation of stoichiometric TiN and its elec-
trochemical evaluation in the context of bioelectronics is, to the
best of our knowledge, lacking in the literature.

Here, we propose low-temperature method of TiN ion-beam
sputter deposition, which can be used to obtain a highly stoi-
chiometric material, with high electrical conductivity and large
capacitive charge-injection capacity. Thanks to these properties,
we were able to obtain low-impedance, stable, and reproduc-
ible MEA. (Figure la—e) The deposition technique, we have
elaborated, relies on a dual Kaufman ion beam source (IBS)
setup. This method involves reactive sputtering of Ti with a
higher energy argon and nitrogen ion-beam than magnetron
sputtering, and is performed at over two orders-of-magnitude
lower deposition pressure, making the deposition process
cleaner with lower content of undesirable contaminants such
as oxygen. IBS was optimized in the semiconductor industry
for high-performance optoelectronic devices, and is rarely used
outside of industry and, to the best of our knowledge, has not
been deployed for bioelectronic nitride materials.®! Using IBS,
we achieve stoichiometric nitridation by directing a secondary
nitrogen ion beam at the substrate, leading to TiN deposition
at low temperature. We detail the favorable conductivity and
electrochemical properties of planar TiN samples. To raise the
capacitance, we grow the TiN on structured substrates. The
most favorable modification, we found, is to prepare a layer of
anisotropically etched AIN micropyramids using the same IBS
method. This yields perfectly conformal AIN/TiN pyramids.
MEAs based on these micropyramids are completed with a
robust bilayer of AIN and Parylene-C encapsulation (Figure 1f-1).
The end result of our efforts is an electrochemical characteri-
zation of high-quality TiN deposited using a low-temperature
method, with better performance parameters than an estab-
lished commercial TiN-based MEA.

2. Results and Discussion

2.1. Material Fabrication and Characterization

The experimental track followed in this paper involved opti-
mizing deposition of TiN using the Kaufman IBS system and
characterizing the resulting materials, exploring techniques
to increase the geometrical and electrochemical surface area,
and perform a series of electrical and electrochemical tests to
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Figure 1. Multielectrode arrays (MEAs) with AIN/TiN micropyramids. a) Chip layout of multielectrode arrays, followed by b) macro camera photo of
the fabricated chip. c—e) Optical microscopy images of MEAs with increasing magnification. f-i) Schematic of the fabrication process, starting with AIN
pyramid formation (f), deposition of Ti/TiN as electrode material (g), metallization covering the paths and pads outside of active area (h), encapsula-
tion with AIN and Parylene-C (i). j-I) Scanning electron microscopy images of several 30 um electrodes with micropyramids, with zoomed in images

from the top (k), and with tilt of 45° (I).

benchmark performance. At all steps of this process, com-
mercial TiN samples from Multichannel Systems GmbH
served as a reference standard. We report detailed results for
six types of TiN samples. To ensure a controlled comparison,
all six samples are prepared on substrates of smooth silicon
with thermally-grown =3 um-thick SiO, (root-mean square, R,
value < 0.5 nm). The thermal oxide is utilized to minimize any
parasitic impedances during measurements. The six samples
are chosen to elucidate the effects deposition temperature, and
the effect of substrate geometric surface area. Samples where
low- or high-temperature type. (no heating = low temperature,
LT; versus heating during deposition to 350°, HT.). Three surface
roughness conditions were tested: flat Si/SiO,, Si/SiO, where
the Si was pre-roughened by XeF, vapor etching, and finally
Si/SiO, with AIN micropyramids. The AIN micropyramids are
prepared using tetramethylammonium hydroxide (TMAH) ani-
sotropic etching of a highly oriented (001) AIN thin film. Hence,
we describe six types of wafers to compare properties of layers
and performance of fabricated devices: The first wafer, second
wafer, and third wafer were prepared at low temperature TiN on
layers on smooth surface (LT-TiN-smooth), surface roughened
by XeF, (LT-TiN-rough), and finally structured surface with
AIN micropyramids (LT-TiN-pyramids). The next three wafers
belonged to the high-temperature group. TiN layers on smooth
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(HT-TiN-smooth), XeF, roughened (HT-TiN-rough), and AIN
micropyramids (HT-TiN-pyramids) surfaces.

In the first stage of our work, we characterized IBS-deposited
TiN using X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), atomic force microscopy (AFM), and scanning
electron microscopy (SEM) methods to evaluate the materials
characteristic properties of LT and HT TiN layers and compare
them to MCS TiN. X-ray diffractograms (Figure 2a) show dif-
ferent level of crystallinity between the =600 nm-thick MCS TiN
and our LT and HT 300 nm-thick TiN samples, even though
our samples had half the thickness of the MCS TiN, they pos-
sessed a higher degree of crystallinity. We detected 111 and
200 TiN diffractions belonging to (111) and (100) for all samples.
Furthermore, for the MCS TiN and HT TiN, also 2nd order 222
diffraction belonging to the (111) plane. The remaining diffrac-
tion peaks in the spectra of LT and HT TiN samples originate
from the Si (100) substrate and the polycrystalline 300 nm-
thick Ti underlayer prepared under the TiN. XPS analysis
(Figure 2b) revealed significantly different composition of our
layers in comparison to MCS TiN. The MCS TiN contains built-
in oxygen between 35 and 40 at%. Our layers possess between
Sand 10 at.% which is in large part caused by ambient XPS
instrument chamber oxygen according to the base pressure
of 2 X 107 Pa. Most significantly, the titanium and nitrogen
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Figure 2. Crystallinity and surface morphology. a) X-ray diffractogram of MCS TiN and LT and HT TiN layers showing the highest order of crystallinity
for HT TiN. b) Depth profile obtained from measured X-ray photoelectron spectra show the poor stoichiometry and high content of oxygen in MCS
TiN in comparison to highly-stoichiometric LT and HT TiN layers. ¢c,d) AFM measurements show surface roughness of XeF, etched Si: c) wafer center
and d) edge of the wafer. e,f) The following AFM images show the surface roughness of AIN after deposition (e) and after micropyramids fabrication
(f) showing the highest roughness of all samples. h,i) The additional SEM images show the surface of rough Si in the center of the wafer (g) and on
the edge of the wafer (h). i,j) The tilted SEM images at 45° of micropyramids on bulk sample are shown in (i) with detailed caption in (j).

content in our layers is close to stoichiometric TiN, while the
commercial sample is in fact oxynitride, with more oxygen con-
tent than nitrogen content. This stoichiometry is a remarkable
result that apparently reveals a major advantage of the IBS dep-
osition technique.

SEM and AFM were used to characterize sample surface
morphology (Figure 2c—j), with the latter technique being used
to calculate Ry and surface area, SA. We prepared LT and HT
TiN on smooth and rough Si and on micropyramids fabricated
from AIN. The point of this approach was to increase R, and
SA and test its influence on the electrochemical properties of
fabricated microelectrodes in terms of their charge injection
capacity and impedance. In the literature, TiN is often described
as having high capacitance due to high roughness or porosity
but this is rarely quantified and appears to never be measured
against a “flat” reference. Table 1 summarizes the R, and SA
data. Silicon substrate etching with XeF, increases roughness
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by about two orders of magnitude, but surface area increase
is on the order of 1%. It should also be noted that roughness
produced by XeF, etching has radial inhomogeneity, with the
wafer edges being rougher than the center. To contrast with this
relatively small increase in Ry and SA, we fabricated AIN micro-
pyramids. (Figure 2e—j). Fabrication is based on etching of stoi-
chiometric and highly oriented (001) AIN using a 25% TMAH
bath at 10 °C, which is highly anisotropic process and creates
pyramids (Figure 2f,j). We also measured the surface of =1 um
flat AIN after deposition to show that the layer was perfectly flat
before etching in TMAH solution. Ry and SA of AIN-micropyr-
amids are significantly higher than flat substrates, with a three
orders of magnitude roughness increase and roughly 60%
increase in geometric surface area.

The next key parameter to evaluate is electrical conduc-
tivity. This has a profound effect on microdevice design, espe-
cially with systems with many channels where electrode and
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Table 1. Parameters of root-mean square of roughness (R;) and surface
area (SA) from AFM measurements and calculated increase of SA in
comparison to flat sample.

Sample type — scanned area (5 X 5) um? Rq [nm] SA[um?  SAincrease [%]
Flat Si 0.3 25.0 -
Rough Si in the wafer center 13.7 25.1 0.4%
Rough Si on the wafer edge 52.6 256 2.4%

=~ 1 um-thick AIN, after deposition 1.1 25.0 -

AIN micropyramids, after etching 152.4 39.7 58.8 %

conductive path geometry should be miniaturized. Using four-
probe techniques, we characterized the conductivity of LT and
HT TiN fabricated by IBS (Table 2). We measured sheet resist-
ance (Rg) of prepared thin films on 4 inch wafer and calculated
the resistivity (p) and conductivity (o). We found that IBS-pre-
pared samples have approximately two orders of magnitude
higher conductivity than MCS TiN. Furthermore, we compared
p and o to recently published papers and found out that values
of our layers are closer to bulk TiN in comparison than to less
conductive thin film TiN reported in manuscripts.[”!

2.2. Electrochemical Characterization

TiN is regarded as a relatively electrochemically passive mate-
rial and is valued as a capacitive charge-injection electrode for
neuromodulation devices. We characterized the electrochemical
behavior of our TiN samples using cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS), and finally
voltage-transient recording during biphasic stimulation pulses.
CVs were measured first in a larger range of +0.7 to —0.9 V
to characterize the passivity of the electrodes with respect to
faradaic reactions (Figure 3a). These scans were performed at
three levels of electrolyte oxygenation: 0% 0,/100% N,, 21%
O, (ambient), and 100% O,. This is done in order to determine
the magnitude of oxygen reduction currents, since the oxygen
reduction reaction is the dominant faradaic process that occurs
within the measured voltage range.'® CVs of all samples fea-
tured an oxygen reduction reaction (ORR) onset around —0.5 V
versus Ag/AgCl, however current magnitudes differed signifi-
cantly based on type of sample. A critical finding was that all
TiN samples produced by IBS were clearly less faradaic than
the commercial MCS sample, which supported ORR currents
roughly an order of magnitude higher than the IBS samples.
Next we performed CVs in a smaller passive voltage range

Table 2. Determined electrical parameters of sheet resistance (Rs),
resistivity (p), and conductivity (o) of low-temperature (LT) and high
temperature (HT) TiN compared to MCS TiN.

Sample Thickness [nm]  Rs[QO  p[Qm]x107 o[S m™]x10°
MCS TiN 600 32.35+0.27 194.12 0.05

LT TiN 300 2.38+£0.20 7.15 1.40
LTTiNon Ti (300 + 300) 1.61£0.11 - -
HTTiN 300 0.78 £0.01 2.33 4.28
HTTiNon Ti (300 + 300) 0.75+0.02 - -
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from —0.2 to +0.3 V in order to calculate double-layer capaci-
tance. Two important conclusions can be drawn from these
measurements. The first is that our structured samples of IBS-
prepared TiN could exceed the double-layer capacitance values
of the porous MCS sample by >50% (Figure 3b). The second
conclusion is that results with AIN/TiN were highly reproduc-
ible and consistent, while samples prepared using XeF, gas
treatment (LT-TiN-smooth, LT-TiN-rough, HT-TiN-smooth, and
HT-TiN-rough) showed poor reproducibility and homogeneity.
A calculated value of areal capacitance should be independent
of the sample size. We found that calculating capacitance
using different sized sampling area of XeF, samples could
yield results varying over an order of magnitude. This clearly
signals that the surface area is not uniform across the wafer
and is consistent with the SEM and AFM findings shown in
Figure 2¢,d,g,h. From CV measurements, we can confirm that
[BS-prepared TiN is relatively passive and is less ORR-active
than MCS TiN. The AIN/TiN micropyramid samples emerge
as the most competitive in terms of low faradaicity and high
double-layer capacitance.

Double-layer capacitance is obtained in a small voltage scan-
ning window where no faradaic reactions take place. Most com-
monly in the field of neurostimulation electrodes, the value
of charge storage capacity (CSC) is used instead. The CSC is
loosely defined as being the cathodic charge that can be sup-
plied by the electrode within the voltage window of water elec-
trolysis. Using this definition, we extract CSC from the voltage
range —0.9 to +0.7 V. Results are given in Table 3. Since ORR
takes place within this voltage window, we report CSC values
at three different oxygen levels (0%; 21% (ambient), and 100%)
for all the samples.! This allows one to see the cathodic charge
injection contribution from ORR.

2.3. Multielectrode Arrays with TiN Microelectrodes

As the main application of TiN in bioelectronics is in the form
of MEAs, we next moved on to evaluate the performance of
IBS-prepared TiN in MEAs, as shown in Figure 1, with 30 pm
diameter electrodes. As a passivation/insulation layer on the
MEA, we used a bilayer of AIN/Parylene-C. Parylene-C is a
well-established low-dielectric constant insulator with good
bioinertness and stability.'”) However, we found that using
Parylene-C alone as a passivation results in a specific problem
for TiN electrodes: Parylene-C is lithographically patterned by
reactive ion etching in oxygen-containing plasma. This plasma
will inevitably also react with the surface of the underlying TiN
electrode. We found that this apparent plasma-induced modi-
fication of the TiN surface irreversibly lowers capacitance/
increases impedance, therefore we introduced a work-around
procedure involving a capping layer of AIN below the Parylene-
C. The AIN protects the TiN surface from the plasma, and
can then be removed by wet etching in TMAH, which in turn
does not adversely affect the TiN surface. We found that TiN
microelectrode MEAs with this type of passivation performed
reliably and reproducibly, and we prepared MEAs with all six
types of TiN surfaces to compare their impedance and stability
with respect to chemical/thermal stress and biphasic current
pulsing. The electrochemical impedance values are summarized
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Figure 3. Electrochemical characterization by cyclic voltammetry (CV). a) CVs recorded in 0.1 M KCl solution showing the electrochemical window of

E(V)

bulk TiN samples on different substrates measured in air (21% O,), in deoxygenated atmosphere (0% O,), and in oxygenated atmosphere (100% O,),
versus the MSC TiN sample for comparison. The y-axis of each single voltammogram is reported with a different scale due to the different current

density delivered by each single sample, due to the apparent different faradaicity. The scan rate used for this analysis is 0.05 V s™' and the range of

potential used goes from —0.9 to +0.7 V. b) Capacitive double layer determination via cyclic voltammetry of bulk TiN samples using as scan rate a value

of 0.1V s7" and a smaller, passive, voltage range.

in Table 4 and Figure 4c and impedance and phase are plotted
separately in Figure 4a,b. All samples featured “control” micro-
electrodes where the AIN/Parylene-C passivation was not
removed. Such electrodes allow measurement of the parasitic
impedance and can be used to verify the quality of the passiva-
tion layer during ageing/stressing studies. These control pixels
in all cases retain at least an order of magnitude higher imped-
ance than exposed microelectrodes. The impedance values of
IBS TiN “planar” samples LT-TiN-smooth and HT-TiN-smooth
did not compare impressively with the commercial MCS
sample, having higher impedance. However, the porosity of
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the MCS TiN is well known, and this is not surprising when
considering the calculated double-layer capacitance values
from Figure 3b that the impedance of the MCS samples will
be lower. The AIN micropyramid samples, in turn, has lower
impedances than the MCS MEA. The AIN/TiN micropyramid
samples, both low and high temperature, emerged as the
best performers. It is immediately possible to see in both
Figure 4a,c how the use of AIN-based micropyramids not only
can drastically decrease the value of |Z| comparing with MCS
TiN or the XeF, roughened samples, but also leads to more
reproducible values. The standard deviation in impedance
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Table 3. Charge storage capacity (CSC) calculated in the voltage range
from —0.9 to +0.7 V, measured for oxygenated, ambient, and fully deoxy-
genated conditions.

Sample type 0% O, [uCcm™?  21% O, [uCcm™?  100% O, [uC cm™?
LT-TiN-smooth 181 222 156
LT-TiN-rough 2937 3023 3420
LT-TiN-pyramids 757 959 953
HT-TiN-smooth 241 206 289
HT-TiN-rough 1319 1482 1581
HT-TiN-pyramids 565 615 476
MCS TiN 8,825 8889 9858

values is the smallest for the AIN micropyramid samples LT-
TiN-pyramids and HT-TiN-pyramids.

MEAs were next characterized with respect to stability. Sam-
ples were subjected to two types of tests: accelerated aging test
in phosphate buffered saline (PBS) + H,0, 30 x 10 m at 60 °C
for 5 days; and biphasic cathodic-leading pulse cycling (1 mil-
lion pulses at a charge density of 200 uC cm phase™). The
first aspect to underline based on voltage transient data is that
such a charge density is just within the water window, with
cathodic voltage excursions not exceeding —0.7 V versus Ag/
AgCl. Sample performance was monitored by registered electro-
chemical impedance before and after stressing, as well as regis-
tering voltage transients during biphasic pulsing. For the best
performing microelectrode types, namely the low-impedance
LT-TiN-pyramids and HT-TiN-pyramids AIN/TiN micropyramid
samples, an additional 6 h of accelerated chemical aging were
added after as well. We found that all types of MEA samples sur-
vive chemical and biphasic pulsing stress without any failures.
Indeed, the impedance of the samples decreases after aging.
This could indicate a degradation of the passivation/encapsula-
tion layer, leading to a decrease in parasitic impedance and thus
a lower overall measured impedance value. However, the values
of |Z] for the closed pixels after the stress remained unchanged
(45 MQ). This shows that the passivation is not degrading,
and that the decrease in impedance is caused by a favorable
change in the surface of the TiN electrodes. We hypothesize
that this could originate from a partial oxidation of the TiN sur-
face leading to a stable and lower-impedance oxynitride species,
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however we have not explored a definitive mechanism except to
conclude that the favorable drop in impedance appears irrevers-
ible (Figure 5). It is possible to appreciate that the voltage tran-
sient trace retains its own starting value and for sake of stability
investigation, |Z| values have been recorded for all the electrodes
tested showing that in the case of LI-TiN-pyramids and MCS
TiN the electrical stress leads to a slight drop in impedance dif-
ferently than for HT-TiN-pyramids where the impedance value is
retained. Further, LT-TiN-pyramids and HT-TiN-pyramids have
been additionally stressed after biphasic pulses with an acceler-
ated chemical aging test soaking them in a solution mixture of
PBS/H,0, for 6 h in an oven at 60 °C. The result reported in
Figure 6 shows an unchanged value of |Z| for LT-TiN-pyramids
but a slight decrease in |Z| for HT-TiN-pyramids reaching a satu-
ration-like regime around =116 kQ. The values of |Z| for LT-TiN-
pyramids and HT-TiN-pyramids are always lower than MCS TiN,
before and after all treatment conditions and measurements. To
furthermore enhance the concept of stability and reproducibility
of LI-TiN-pyramids and HT-TiN-pyramids in terms of reliable
materials for MEAs fabrication, we decided to carry out another
run of electrical stress test conducting additional 1 million cycles
of biphasic pulses to the devices previously stressed and is pos-
sible to appreciate that the |Z| value is retained even after the
second stress as reported in Table 4.

3. Conclusion

We have presented the utilization of micromachining tech-
niques accompanied with unconventional ion-beam sputtering
using two Kaufman ion-beam sources for preparation of TiN
with highly favorable properties for bioelectronics applica-
tions. We compared low and high-temperature prepared TiN to
commercially available TiN by MCS and found that our TiN is
highly 1:1 stochiometric with =5x lower content of oxygen than
the commercial sample, and is also more crystalline than the
commercial one. It should be noted that the commercial sample
is better described as TiON rather than TiN. While electrodes
labeled as “TiN” are frequently used in bioelectronics and elec-
trophysiology applications, the amount of detail about the iden-
tity of the actual material is very low in most of the literature.
It is probably that the magnetron reactive sputtering used for
preparation of most reported TiN samples leads to electrodes

Table 4. Absolute value of impedance (|Z]), at 1 kHz reported for microelectrode arrays (MEAs), before and after electrical and electrochemical stress

tests conducted to test the stability over time.

Sample type |Z] at 1 kHz after MEAs |Z] after |Z] after 1x 10 biphasic  |Z| subsequent PBS/H,0, |Z] after 2 x 10 biphasic
fabrication [kQ] PBS/H,0; [kQ] pulses [kQ] after pulses [kQ] pulses [kQ]
Control 4,660 + 800 4540 + 540 - 4700 + 800 4600 + 700
LT-TiN-smooth 1,060 + 370 - - - -
LT-TiN-rough 490 + 20 - - - -
LT-TiN-pyramids 230 £ 40 140 £10 150 £ 50 130 £ 30 120+ 20
HT-TiN-smooth 780 £70 - - - -
HT-TiN-rough 1,120 £ 310 - - - -
HT-TiN-pyramids 190 £10 10 +10 180 £ 20 120 £ 20 110+20
MCS TiN 480 £ 60 - 300 +30 - -
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Figure 4. a) Impedance and b) phase measurements of TiN microelectrode arrays with 30 um diameter electrodes of MEAs fabricated with the six
different types of TiN, and the MCS TiN reference. “Control” refers to a measurement of a 30 um diameter electrode without the AIN/Parylene-C pas-
sivation layer removed, thereby giving the value of parasitic parallel impedance. All traces are the average of 16 different microelectrodes. c) The value
of the absolute impedance (|Z]) at 1 kHz for the MEA samples (n = 16, mean value + standard deviation).

with inferior properties than what can be achieved with more
crystalline and more stoichiometric TiN. The first obvious
advantage is that TiN prepared by IBS has significantly higher
conductivity, by at least an order of magnitude. This is a major
advantage that makes device layout design easier, as the neces-
sity of extra interconnect layers to compensate for low conduc-
tivity of “TiN” disappears and one can rely in stoichiometric TiN
as a good conductor. Electrochemically, TiN from IBS appears
to be more inert than commercial TiN, with lower faradaic cur-
rents for the dominant oxygen reduction reaction. However,
layers produced by IBS were ultra-smooth, which results in low
areal capacitance compared with commercial TiN which is rela-
tively porous. To compensate for this, we sought to prepare the
high-quality TiN on an underlying layer with high surface area.
Silicon roughened by XeF, vapors appeared as an easy solution;

HT-TiN-smooth

—— before H,0, @ 60°C

however, while sometimes leading to impressive performance
increases, this method was not homogenous and did not lead to
high reproducibility. Finally, we found that fabricating microp-
yramids from highly oriented (001) AIN led to a profound per-
formance increase as well as excellent reproducibility and low
electrode-to-electrode variability. Moreover, the AIN is produced
using an analogous IBS process to that which yields TiN. The
resulting samples of TiN, regardless of underlayer, proved to be
electrochemically and chemically stable. MEAs fabricated with
microelectrodes of 30 wm diameter proved to have not only
excellent stability and low standard error, but also outcompeted
the established commercial MEAs in terms of impedance by a
factor of 4. Our results showcase the promise of high-perfor-
mance thin film nitrides for bioelectronics, and draw attention
to the fact that focusing on the intrinsic materials properties

——after H,0, @ 60°C

4
104 100 40— 5 3
s 80 —— C =220 pFlcm? 0
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S0 6030 £ -400
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Figure 5. a—c) lllustrative example of the influence of H,0, accelerated chemical treatment over: a) impedance (|Z]), b) capacitance (C), and c) charge
storage capacity (CSC) for high temperature TiN on smooth surface sample (HT-TiN-smooth). d) Impedance and e) phase monitoring before and after
chemically accelerated oxidative aging stress. The stress condition was 30 x 1073 M H,0, in PBS solution at 60 °C.
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Figure 6. a,d,g) The impedance and b,e,h) phase were recorded before and after the pulsing stress test and for LT-TiN-pyramids and HT-TiN-pyramids
a subsequent chemical accelerated aging test was carried out. The stress condition was 30 x 10 m H,0, in PBS solution, T= 60 °C. c,f,i) Cathodic-
leading biphasic pulse stress test on microelectrodes using a charge density of 200 uC cm~2 phase™.

and stoichiometry/crystallinity can lead to better outcome. Our
findings recommend the IBS method as an advantageous tech-
nique to the bioelectronics community.

4. Experimental Section

Si Substrate Roughening: XeF, was used for preparation of roughened
substrates, as it is used for isotropic etching of silicon with high
specificity versus other materials. This process is well known from
the field of microelectromechanical systems fabrication. The etching
process was performed in a custom-built instrument according to the
following parameters: Chamber and gas cylinder were self-heated due
to dissipated heat power from oil pump to steady state temperature of
~34 °C. Subsequently, 50 etching cycles were performed at XeF, pressure
of =666 Pa. Every etching step consisted of chamber pumping below
13 Pa and then filling during 20 s with XeF, to the set pressure. When
the pressure was reached, the countdown of 60 s was started. Then
the whole process was repeated, with etching being controlled by the
number of fill-purge cycles.

AIN Micropyramids Fabrication: Anisotropic AIN wet etching was
utilized in tetramethylammonium hydroxide, TMAH.P! This effect is
stronger when the AIN film has a high degree of (001) orientation, and
the TMAH is cold. A 25% TMAH bath was used at 10 °C for etching
of 1 um-thick AIN with excellent (001) orientation on 80 nm of Ti (007)
prepared using dual Kaufman ion-beam source setup according to the
published procedures.l?%

Adv. Electron. Mater. 2023, 9, 2200980 2200980 (9 of 11)

lon-Beam Sputtering (IBS): A deposition tool containing dual Kaufman
IBS sources from Kaufman & Robinson (KRI) was used for deposition of
all thin films. The base pressure is <5 x 107 Pa and is connected to Ar
and N, lines with gas purity of 99.99999%, allowing preparation of high-
quality layers with extremely low oxygen contamination. Additionally,
space charge neutralization was provided by a LFN2000 electron source
by KRI with the electron current emission set to equal the total ion
current emissions from both sources. At first, a pre-cleaning procedure
of the substrate via bombardment was done with Ar* ions from the
secondary (2nd) radio-frequency inductive coupled plasma (RFICP)
Kaufman IBS with 40 mm in diameter 2-grid p-dished collimated ion
optics. Pre-cleaning parameters were set for beam energy (BE) 36 eV as
follows: ion-beam voltage (BV) 30 V, acceleration voltage (AV) 6 V, ion-
beam current (BC) 10 mA for 300 s. Then the primary (1st) IBS was used
for deposition of 300 nm of Ti on pre-cleaned substrates from target
with purity of 99.995% at set parameters of BV 600 V and BC 44 mA
(Table 5). The primary RFICP Kaufman IBS is equipped with 3-grid
dished focused optics with 40 mm diameter and 45° ellipse pattern
allowing more precise control of beam optics and energy than a 2-grid
version. Finally, reactive sputtering of 300 nm-thick TiN with deposition
rate of =0.018 nm s™' was performed using both primary and secondary
IBSs at deposition pressure of 5xX1072 Pa. Parameters were set according
to the previous experience with preparation of AIN. In the case of low-
temperature TiN (deposition of LT-TiN-smooth, LT-TiN-smooth and
LT-TiN-pyramids), the substrate temperature rose to a peak of 110 °C
due to heating caused by deposited material and N, ions bombardment
from secondary IBS. This temperature is considered as maximal for
continuous deposition without breaks and/or additional heating in this
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Table 5. Optimized deposition parameters for both ion-beam sources
for TiN reactive sputtering. (IBS = ion-beam source, BV = ion-beam
voltage, BC = ion-beam current, AV = acceleration voltage and BE = ion-
beam energy).

IBS BV[V] BC[mA] AV[V] BE[eV]
Tst 600 44 600 600 3.5 3.0
2nd 20 10 5 25 0 15.0

Ar flow [sccm] N, flow [scem]

instrument. The high-temperature TiN (deposition of HT-TiN-smooth,
HT-TiN-rough and HT-TiN-pyramids) was deposited at temperature of
=350 °C, which was caused by the above-mentioned heating effect and
additional heat was produced by non-contact radiation heater placed
above the substrate-stage.

Thicknesses of all deposited layers were controlled by quartz crystal
microbalance connected to deposition control card Inficon SQM-242.
Furthermore, thickness was verified using a scanning profilometer
(Bruker Dektak) on fabricated structures after etching during MEAs
fabrication.

Chip Design and Fabrication of Microelectrode Arrays: MEAs were
designed to be able to determine electrochemical properties of
microelectrodes, 30 um diameter. The chip size was (21.2 x 21.2) mm?,
which allowed use of a customized 3D-printed polycarbonate (PC) cell
with a 1.3 mm diameter. The cell contains an Ag/AgCl reference, and a
Pt wire coil as counter electrode, and inlet and outlet for gas purging.
This cell was used for electrochemical measurements of microelectrodes
as well as bulk samples for the determination of the double layer
capacitance of each sample. Poly(dimethylsiloxane) (PDMS) has
been used to guarantee the adhesion of the PC cell to the surface of
the microelectrode array chips for CV measurements as well as EIS
analyses. In the case of bulk samples, an additional tape mask was
implemented using 70 um-thick poly(vinyl chloride) foil (Minitronic
elektronik GmbH). The circular opening in the foil had a diameter of
3 mm, defining the electrode under test area (active electrode area
7.07 x 10% um?). Furthermore, the pads for electrical connection have
dimensions of (700 x 1,200) um? for comfortable connection with
microtips without necessity of any magnifying optics. Additionally,
thick Ti/Al/Ti metallization was added on the pathways between pads
and microelectrodes to this process flow to minimize serial resistance.
In the next step, the combination of AIN and Parylene-C was chosen
as the encapsulation layer, which completely covered the whole chips
except the microelectrodes and pads for electrical connections. The AIN
serves as chemically-resistive and etch-stop layer when the Parylene-C
is etched. This is due to this observation that when TiN is bombarded
by oxygen plasma ions, double layer capacitance significantly decreases.
Photos of the fabricated device are shown in Figure 1b—e.

The substrates were prepared as described at the beginning of this
section, creating the AIN pyramids (Figure 1f), or by roughening the
Si surface. When the last deposition of TiN for bulk characterization
was done the fabrication of MEAs was started. The first step was
spin-coating of positive photoresist (PR) AZ 1518 with thickness of
1.8 um, which was used for pattering of Ti/TiN conductive pathways
and microelectrodes. Then this double layer was etched using reactive
jon etching instrument (RIE) with Cl-based plasma (Figure 1g). The
PR was then removed using dimethylsulfoxide (DMSO) at 80 °C for
5 min. Furthermore, the metallization of conductive pathways was done
through a lift-off process via negative PR AZ nLOF 2070 with thickness
of 5 um. The pre-cleaning and deposition processes were done in the
sputtering tool. At first, the pre-cleaning procedure was done using 2nd
IBS with the same parameters as were used before the first deposition
of Ti. This metallization (Figure 1h) consists of three layers: the first was
an adhesive 20 nm-thick Ti layer, the second was a more conductive
500 nm-thick Al layer, and the last one was 150 nm-thick Ti layer, which
served as protection for Al, since the TMAH was used in one of the
following fabrication steps. The PR was then removed using DMSO at
80 °C for few hours until all residues from PR with deposited metals were
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removed. These steps were followed by a deposition of 100 nm-thick AIN
using both 1st and 2nd IBSs followed by CVD deposition of 2.5 um-thick
Parylene-C layer. This layer was patterned with the same PR as in the
first step but with thickness of = 4 um. Then the RIE with O, plasma
was used to completely etch the Parylene-C to reach the underlying AIN,
which is resistant to O, plasma, thus, the process is well controllable,
and Parylene-C can be over etched for several minutes to be sure that
there are no residues. Then PR in DMSO was removed at =80 °C for
=5 min and the AIN in TMAH solution was etched for =1 min at 30 °C
(Figure 1). Finally, the wafer was covered with the same PR as in the
first step to prevent surface from impurities during cutting at dicing-saw
instrument. Before further characterization, SEM images were taken
(Figure 1j-1).

Atomic Force Microscopy: Dimension ICON by Bruker was used to
determine the surface topography of prepared samples after substrate
roughening or micropyramids preparation and also after completed
fabrication of devices. The AFM characterization was focused on the
investigation of R, and of total surface area (SA). Thus Tapping mode
was chosen with suitable probe RTESPA-525 with 8 nm tip radius and
spring constant of =200 N m™.

Scanning Electron Microscopy: A Lyra3 XMH instrument by Tescan
was employed for surface imaging of layers and microelectrodes after
the fabrication. A secondary electron detector was used, with a working
distance of 9 mm, while the acceleration voltage was ranging from 10 to
30 kV to obtain good contrast and high-resolution pictures.

X-ray Photoelectron Spectroscopy: XPS was performed using Axis
Supra by Kratos to determine the stoichiometry of TiN and estimate the
oxygen content. A surface scan was done followed by several scans after
sputtering to obtain depth profile. For sputtering, Ar* cluster mode was
used with energy of 5 keV.

X-ray Diffraction: Prepared samples were characterized via Bragg—
Brentano XRD after the TiN was deposited. 260 measurements were
taken using 3 kW Rigaku SmartLab system equipped with a Cu X-ray tube
and linear D/teX Ultra detector. This method was used for determination
of presented diffractions belonging to the planes parallel to the sample
surface and additionally for the calculation of corresponding lattice
parameters. The scanning speed was 3°min~' and the measurement
of 20 range was set from 20° to 90° while the region between 56° and
68° was omitted due to strong 4th order diffraction of Si (100) to avoid
detector damage. The commercial TiN sample on glass substrate was
measured in the whole range, but no significant peak was detected in
the mentioned interval.

Four-Probe Electrical Characterization: Custom made box equipped
with head containing 4 probes arranged in line with 1 mm spacing in
combination with parameter analyzer Keithley 4200A-SCS was used.
Standard method was employed when outer probes were determined for
current bias, while the inner probes measured voltage difference. The
optimal measuring current of 30 mA was experimentally determined for
all samples according to current sweeping in range from 0 to 100 mA
with step of 5 mA. Five measurements were done on each sample on
different place to obtain data for calculation of mean value and standard
deviation.

Electrochemistry: All measurements were done using a potentiostat
(PocketSTAT2, Ivium Technologies) in a three-electrode configuration
setup in manual range mode. Capacitance was estimated using a 100 mm
KCl electrolyte and Eg, of 0.001 V using a True Linear scan mode.”!
CV measurements for establishing the water window and estimating
capacitance were done on “bulk” samples with an active area of 7 mm?.
Furthermore, from wide range cyclic voltammograms, it was possible to
extrapolate the value of charge storage capacity obtained from the time
integral of the cathodic current within the water electrochemical passive
window, for the three different conditions of O, content in the electrolyte
(0% O,, 21% O, (ambient), and 100% O,). Electrochemical impedance
spectroscopy was measured for microelectrodes in the range from
100 kHz to 10 Hz by applying sinusoidal signal with amplitude of 0.01V
RMS at a bias of 0 V versus Ag/AgCl.

Alternating Current Pulses: The biphasic pulse applied corresponds
to a charge density of 200 uC cm=2 phase™ with a cathodic-leading
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square waveform 250 us cathodic/50 s interpulse time/250 us anodic;
repeated at a frequency of 10 Hz. Pulses were delivered using a Digitimer
DS4 biphasic current stimulus isolator and USB oscilloscope PicoScope
3404D with built-in AC waveform generator by Pico Technology. Transient
voltage was recorded during current pulsing test using the oscilloscope
input channel with input impedance of 1 MQ, versus a reference electrode
Ag/AgCl. All samples were prepared on one-side polished p-type Si (100)
wafer substrates of 100 mm diameter and =525 um thickness.
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ABSTRACT: Organic electrochemical transistors (OECTSs) are promising
building blocks for bioelectronic devices such as sensors and neural interfaces.

While the majority of OECTs use simple planar geometry, there is interest in  pgc
exploring how these devices operate with much shorter channels on the A
submicron scale. Here, we show a practical route toward the minimization of AU

the channel length of the transistor using traditional photolithography,
enabling large-scale utilization. We describe the fabrication of such transistors |
using two types of conducting polymers. First, commercial solution-processed SiO2
poly(dioxyethylenethiophene):poly(styrene sulfonate), PEDOT:PSS. Next, Si K
we also exploit the short channel length to support easy in situ 4
electropolymerization of poly(dioxyethylenethiophene):tetrabutyl ammo-
nium hexafluorophosphate, PEDOT:PF,. Both variants show different promising features, leading the way in terms of
transconductance (g,), with the measured peak g, up to 68 mS for relatively thin (280 nm) channel layers on devices with the
channel length of 350 nm and with widths of 50, 100, and 200 um. This result suggests that the use of electropolymerized
semiconductors, which can be easily customized, is viable with vertical geometry, as uniform and thin layers can be created. Spin-
coated PEDOT:PSS lags behind with the lower values of g ; however, it excels in terms of the speed of the device and also has a
comparably lower off current (300 nA), leading to unusually high on/off ratio, with values up to 8.6 X 10*%. Our approach to vertical
gap devices is simple, scalable, and can be extended to other applications where small electrochemical channels are desired.

KEYWORDS: vertical organic electrochemical transistor, microfabrication, PEDOT, electrochemical polymerization

1. INTRODUCTION from OECT-related progress, further advances are needed to
Transistors are an essential component of modern electronics le na.blle:tlaéble devices, h1gh-dens1ty arrays, and complementary
ogic.

and have revolutionized the way in which we interact with
technology. Although great advancements have been made in
transistor technologies, further improvements in power
consumption, device size, and overall performance are
continuously sought. This is particularly true for relatively
younger organic transistors when compared to their traditional
inorganic counterparts. Organic transistors have gained
attention as a promising technology for the development of
low-cost, flexible, and large-area electronic devices.'™ A
subgroup of organic transistors, the organic electrochemical
transistor (OECT), has emerged with particularly suitable
characteristics for bioelectronic applications such as biosensors
and biopotential recordings.*”® OECTs are advantageous in
bio-interfacing applications due to the mixed ionic/electronic
conduction of their channel materials.””'° This mixed Received:  February 13, 2023
conduction is ideal for ion-to-electron transduction, allowing Accepted:  May 8, 2023

for highly attainable amplification compared to inorganic or Published: May 22, 2023
organic field effect transistors, providing quality biopotential

recordings and good acquisition of small biosensor sig-

nals."' ™" Although applications such as these have benefited

When aiming to improve the amplification or speed
properties of the OECT, the channel material and geometry
are the main factors to consider.” '’ The OECT amplifica-
tion, or transconductance (g,,), is directly proportional to the
electronic charge carrier mobility, y, and the volumetric
channel capacitance (C*)—intrinsic material properties. In
contrast, its dependence on the channel width (W), thickness
(d), and length (L) (ie., the channel volume), g, ~ Wd/L,
allows for manipulation through engineering approaches.
Vertical organic electrochemical transistors (VOECTs) have
been introduced as a straightforward method of reducing the
physical device footprint and simultaneously significantly
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Figure 1. (A) Schematic of the device without the channel material, showing the geometry. (B) Device with spin-coated PEDOT:PSS. (C) SEM
with a tilt of 50° of the fabricated channel area with the source and drain electrodes. (D) Cross section of the device. (E) Fabrication process
schematic, starting with the Si/SiO, substrate, followed by etching of the step in SiO,, patterning the electrodes and separating S/D, patterning the

encapsulation, and creating the PEDOT:PSS channel.

decreasing L, with the aim of enhancing the amplification
properties.”””" Although an increase in the overall channel
volume generally improves g, a trade-off exists when
considering the transistor speed.'” This speed is particularly
important for bioelectronic applications such as neural
interfacing, where cutoff frequencies of up to at least 1 kHz
are essential””> The vOECT geometry facilitates reduced
channel volumes while improving the W/L ratio, thus
maintaining a good speed performance. Importantly, vOECTs
also offer a useful geometry for electropolymerization, whereas
planar devices typically result in poorly controlled, thick
polymer film growth.”*~>* Controlled electropolymerization of
vOECT channels opens the door for the exploration of
materials that are incompatible with solution-processing
techniques and problematic for incorporation into typical
OECT fabrication. Advanced geometries thus provide a means
of improvement, not only in terms of transistor performance
and reduced physical footprint but also in material
investigation possibilities.

In this work, we demonstrate a straightforward fabrication
technique for vOECTS, achieving highly reproducible channel

geometries with an L value of 350 nm. The use of standard
photolithography processes makes our approach widely
applicable. High transconductance values of up to 52 and 68
mS are demonstrated for spin-coated PEDOT:PSS and
electropolymerized PEDOT:PF4 channels, respectively. High
on/off current ratios (~8.6 X 10%) as well as useful cutoff
frequencies (up to 2.1 kHz) are observed for bioelectronic
applications. The vOECT approach developed in this work
results in robust device structures, compatible with various
channel material deposition methods, thus enabling the
exploration of new materials.

2. EXPERIMENTAL METHODS

2.1. Device Fabrication. Si wafers with a thermally grown SiO,
layer (525 + 25 ym and 2.6 ym, respectively) were used as substrates.
All AZ photoresists used in the fabrication were exposed through soda
lime masks in a SUSS MAS8 mask aligner with an i-line filter,
developed in AZ 726 MIF, and finally the photoresist was stripped in
TechniStrip MLO-07 heated to 60 °C. In the first lithography step
using AZ 701 MIR 29 cPs (4000 rpm, ~1.5 pm, dose 225 mJ-cm™2),
part of SiO, was etched by capacitively coupled plasma reactive ion
etching (CCP—RIE, CHF;/Ar 12/38 sccm, power = 200 W, pressure

https://doi.org/10.1021/acsami.3c02049
ACS Appl. Mater. Interfaces 2023, 15, 27002—27009
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Figure 2. Tilted SEM images of the device with increasing
magnification: (A) whole VOECT structure with a tilt of 50°; (B)
detail of vOECT structure showing the step between the source and
drain electrodes and the encapsulation layer; (C) high-magnification
view of the step in between the source and drain electrodes.

= 4 Pa, 580 V DC bias) to create the vertical step of the desired depth
for the channel, partially defining the final L (Figure 1A). Ti/Au (3/
100 nm) thin films were deposited with an electron beam evaporator
(Bestec GmbH) and patterned with wet etching using an AZ 1514H
photoresist mask (4000 rpm, ~1.4 um, dose 110 mJ-cm™) and KI/I,
and HF:HNO;:H,0 (1:1:100) etchants for Au and Ti etching,
respectively. Even though the sidewall between the electrodes is
almost perpendicular, the electrodes were partially shorted due to the
ultra-thin deposit of Ti/Au on the sidewall. At this point, the source
and drain electrodes were fully separated at the previously created
step using an ion-milling instrument (Scia Systems GmbH) equipped
with a three-grid ion beam optics and a space charge neutralizer. A
collimated Ar* jon beam with an energy of 600 eV (ion beam current

=200 mA) was used to impact the substrate, at a small angle of 25°
with respect to the substrate, to sputter the metals at the vertical
sidewall, while the wafer surface etching rate is slower,”® resulting in
the device shown in Figure 1C.

Afterward, we used an SCS Labcoater with a Silane A-174 adhesion
promoter in the chamber to deposit the 3 um thick parylene-C
encapsulation layer. In the next step, we opened the contact pads and
channels using a thick AZ 1518 photoresist and O, plasma (200 W,
13.3 Pa, O, 50 sccm, 450 V DC bias) in the CCP—RIE system. One
substrate was diced using the dicing saw to single (15 X 15) mm?
chips, later used for the electrochemical polymerization of
PEDOT:PF. A device without the polymer channel is shown in
Figure 2. On the substrate intended for the spin-coating of the
channel material, before depositing a sacrificial parylene-C layer with a
thickness of 2 ym, a dilute solution of anti-adhesive soap was spin-
coated at 1000 rpm (2% V/V Micro90). With the use of an AZ 12XT-
20PL-10 photoresist and RIE, the channel area was opened and
prepared for spin-coating of a PEDOT:PSS solution.

2.2. Spin-Coating and Electrodeposition of PEDOT. To
create the transistor channel with PEDOT:PSS, a dispersion of
PEDOT:PSS (Clevios PH 1000, Heraeus Holding GmbH) with S wt
% ethylene glycol, 0.1 wt % dodecyl benzene sulfonic acid, and 1 wt %
of (3-glycidyloxypropyl)-trimethoxysilane (GOPS) was spin-coated
on the substrate at 650 rpm to a thickness of 400 nm, determined
from a test peel-off using a profilometer and AFM measurements. The
substrate was then prebaked at 90 °C for 2 min, and the PEDOT:PSS
layer was patterned by peeling off the parylene-C sacrificial layer. A
subsequent annealing step at 140 °C for 45 min was performed to
cross-link the layer. The substrate was then placed in deionized (DI)
water overnight to remove the low-molecular-weight compounds
embedded in the organic layer.

To electrochemically polymerize PEDOT:PF4 on the vOECT
channel, 3,4-ethylenedioxythiophene (EDOT), tetrabutylammonium
hexafluorophosphate (TBAPF), and acetonitrile (CH;CN) were
purchased from Sigma-Aldrich. In order to better control the
thickness of the layer, EDOT solutions were prepared with two
different concentrations of 1 mM and 5 mM with 100 mM of TBAPF,
in CH;CN. Electrochemical polymerization was carried out using a
galvanostatic method, varying both the applied current and time, to
attain different polymer thicknesses, as shown in Figure 4B. With an
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Figure 3. Optical micrographs and the corresponding transfer characteristics of (A,C) spin-coated PEDOT:PSS device with the channel width W =
100 ym and thickness d = 400 nm. (B,D) Electropolymerized PEDOT:PF,, with W = 100 ym and d = 280 nm.
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Ivium PocketSTAT?2 potentiostat, a two-electrode configuration was
used, where the source and drain electrodes were shorted to function
as a working electrode, and a commercial Pt wire embedded in a
modified syringe containing electrolyte was utilized as the counter
electrode. A small drop of the electrolyte was placed on the open
channels, while the source and drain electrodes were contacted with
micromanipulator probes.

2.3. Characterization. An optical microscope (Zeiss Axio Imager
A2)and a scanning electron microscope (Tescan Mira3) were used to
observe the devices during and after the fabrication process. To
electrically characterize the devices, a probe station with a
stereomicroscope was employed. A PDMS well was used to hold a
volume of 100 mM KCl, in which an Ag/AgCl gate electrode was
immersed. To capture the steady-state characteristics and temporal
response, a Keithley 4200A-SCS parameter analyzer was used. The
frequency response was obtained by connecting the vVOECT as a
simple voltage amplifier, with a series drain load resistor Ry = 1 k€.
The drain—source voltage (Vpg) was set by a Keysight U2722A
source measurement unit, and the output signal was captured by a
digital oscilloscope Keysight DSOX2004A with a built-in sine-wave
generator, which was used for the gate—source voltage Vg control.
We applied a sine wave of Vzg = 20 mV peak-to-peak, with a DC
voltage offset, to work in the regime of maximum g,. This offset was
set individually for each channel and was typically in range from 0 to
200 mV.

The polymer channel thickness was determined by the use of a
stylus profilometer DektakXT (Bruker) and verified by an atomic
force microscope (Dimensions Icon, Bruker). DektakXT was set to
make a 100 ym long scan, while the applied force on the tip with a
radius of 2.5 ym was set to the lowest possible value of £9.8 mN. At
this point, we observed scratches only in the electropolymerized layers
after the stylus profilometer measurement; therefore, we decided to
verify and solve this issue using AFM, which is gentler to the materials
with low hardness. We chose the tapping mode with the RTESPA-525
probe for this purpose.

3. RESULTS AND DISCUSSION

All fabricated devices had the same L of 350 nm. The transistor
channel W was varied with values of (50, 100, and 200) um,
with the first two used most often in this work. As mentioned
in Experimental Methods, two distinct sample types were
fabricated to make a side-by-side comparison of spin-coated
and electropolymerized channels. Two devices of similar
thickness are shown in Figure 3A,B, with their corresponding
transfer characteristics and transconductances. The spin-coated
PEDOT is clearly more transparent and uniform. It can be
noted that the peak g, is higher for the electropolymerized (68
mS) than the spin-coated PEDOT (38 mS). This result,
however, comes at the cost of higher (22 pA) off current
(Iopr) of the electropolymerized device, as is visible in the
logarithmic (blue line) scale of I in Figure 3C,D. On the
contrary, the spin-coated PEDOT:PSS benefits from the short
channel L, showing high Iy of ~#20 mA and a low Igg of only
~290 nA. The peak g, also shifts noticeably more toward
positive Vi for the electropolymerized device.

Another important feature which plays a fundamental role
during the polymer electrodeposition is the charge consumed
for the growth of the channel, defined as the current applied
galvanostatically over a fixed range of time. It is important to
optimize and reproduce these values in order to use them as a
trustworthy and reliable source of information for the following
depositions. The concentration of monomer in the solution
used for the electropolymerization also dictates the final
thickness of the polymer. This is the major reason for which
the concentration of the monomer was reduced five times
(from S to 1 mM). This provides reasonable thicknesses, useful
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Figure 4. (A) SEM image of the device with ~360 nm thick
electropolymerized PEDOT:PF channel. (B) Thickness of the
electropolymerized channel based on the process parameters.

for comparisons and with accessible values of fixed charges
during the deposition procedure. Initially, the experiments
were carried out using S mM solutions of EDOT, resulting in
less control over the film growth for thinner (<150 nm) layers
(unreliable results were observed for each experiment despite
maintaining the same setup and using fresh solutions for each
deposition). Both for the high and low amounts of charge
during deposition, the deposited layer thickness was very
inconsistent. This issue was not observed for thicker (>150
nm) layers. On the other hand, when using a fresh solution of
1 mM monomer concentration and optimal parameters, it was
possible to coat the surface of the electrodes quite uniformly
and obtain thin layers, as shown in the SEM image in Figure
4A. To show the repeatability of the layer thickness with the 1
mM solution, a set of parameters was used twice, and the final
thickness was checked by a profilometer.

Transconductance curves of all fabricated devices were
acquired. For spin-coated PEDOT:PSS, the number of
measured devices (N) for each channel width was 6, with
the mean value and standard deviation shown in Figure SA. An
increase in performance is apparent with wider channels, while
the deviation between individual devices is quite small. The
transconductance curves of electropolymerized layers are
displayed in Figure SB,C. A trend of increasing performance
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with the increasing thickness of PEDOT:PFy is mostly seen, as
it was expected; however it may be noted that there are few
outliers. This suggests that not only the thickness but the way
the channel was grown also influences the performance of the
device. Figure SD,E shows the electropolymerized layers with d
of 80 and 200 nm. It can be seen that at lower thicknesses, the
layer is still somewhat transparent, though not as much as spin-
coated PEDOT:PSS. Crystal formation from the electro-
polymerization solution is also visible, despite the fact that
active measures were taken to avoid the evaporation of the
solution during the deposition process and that the devices
were washed thoroughly in clean acetonitrile afterward.
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The transistor performance demonstrates the benefits from
the short channel geometry, also in terms of the on/off ratio,
yielding relatively high values not usually achieved with
PEDOT. As shown in Figure 6, spin-coated PEDOT:PSS
performs the best with a value of ~8.6 X 10*. The ratio
diminishes as W increases, although it remains of the same
magnitude. With the electropolymerized devices, the ratio
clearly scales down with the thickness of the layer; however, for
W = 100 pm, this trend is broken, suggesting again that the
performance of those layers is dependent on the way they were
grown.

From the frequency response at maximum g,, (Figure 7A,B),
the cutoff frequency (fr) of all devices was extracted and is
shown in Table 1. It clearly scales down with increasing W or d
of the transistor. Due to the short channel L and minimized
overlap of PEDOT with Au electrodes, which is in total ~6
um, competitive values (for the given channel volumes) of fr
were obtained.

The spin-coated device performs better than the electro-
polymerized ones in terms of the frequency response;
therefore, a temporal response of six identical devices was
captured as well, yielding averaged time constants of Topp =
(36.4 + 1.8) ps and 7oy = (124.0 & 1.9) us for devices with W
= 50 ym and d = 400 nm (Figure 7C). The time constant for
turning ON the transistor is significantly slower, showing the
same behavior as reported in some other works.”’~° Paudel et
al.”” showed that for a planar OECT, lateral current in the
channel when switching the transistor off is the limiting factor,
as the channel length is usually much larger than the thickness
of the semiconductor, rendering turning OFF the slower
process of the two. Here, we attribute the opposite behavior
partly to the fact that the channel length and semiconductor
thickness are similar. The second factor could be an increase in
the ionic resistance, slowing the switching to the ON state. We
extracted the volumetric capacitance (C*) from EIS according
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Figure 7. Frequency response of (A) spin-coated PEDOT:PSS with a thickness (d) of 400 nm. (B) Electropolymerized PEDOT:PF, with a
constant channel width (W) of 50 ym, with d as a varied parameter. (C) Temporal response of the spin-coated device (W = 50 um, d = 400 nm,
and Vpg = —0.6 V), with extracted time constants of Topg & 36 ys and 7oy & 124 ps. (D) Transconductance figure-of-merit plot comparing the data
shown in a previous work with planar'” and vertical”> OECTs (pOECT, vOECT) to the data obtained in this work (red and violet circles).

Table 1. Values of Cutoff Frequencies of Fabricated Devices

W (um) 50 100 200 50
d (nm) 400 48
fr (Hz) 1230 610 330 1824

80
2110

167
510

190
495

220
420

285
375

to a recent review'~ and obtained estimated values of 154 and
282 F-cm™ for PEDOT:PSS and PEDOT:PF, respectively.
We have to note that the volume determination in our
electropolymerized channel is not as straightforward as in the
case of planar OECT due to significant disproportions between
the channel area and overlap on the electrode, as well as
rougher morphology; however, it is in any case clear that the
electropolymerized PEDOT capacitance is higher, explaining
the difference in speed. To make a comparison with a previous
work, a transconductance figure-of-merit plot is shown in
Figure 7D. Transconductance of planar OECTs'* (black and
white squares) increases linearly with the Wd/L ratio. As the
downscaling of L leads to higher values of the ratio, a deviation
from the linear trend can be observed, continuing the
transconductance growth with a decreased slope of the fit.

4. CONCLUSIONS

In this work, we described a vOECT fabrication method that is
scalable, reliable, and uses conventional microfabrication
techniques, obtaining a submicrometer channel length without
the need for electron beam lithography. The channel length
can be precisely tuned to desired values in lower hundreds of
nanometers. As the source and drain electrodes do not overlap,
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the parasitic properties are reduced, and it is possible to further
downscale the channel length to tens of nanometers.
Compared to other works, the actual organic layer creating
the transistor channel is prepared as the last step, limiting its
exposure to undesired contamination or damage from the
fabrication process. Finally, the fact that the method is
intrinsically compatible with silicon wafer processing means
straightforward integration with a silicon circuit. This can be
used to make powerful integrated sensors or amplifiers,
combining the strengths of mixed ionic—electronic conductor
ECTs with silicon CMOS computing. Two different
approaches were taken to create the transistor channel, first
was the spin-coated PEDOT:PSS, while the second type was
electropolymerized PEDOT:PF,. High peak transconductance
was obtained for both types. The spin-coated devices had a
maximum transconductance of 52 mS, with the preserved
speed parameters of the transistor (7opr & 36 s and 7oy ®
124 ps) and an exceptional on/off current ratio of ~8.6 X 10*.
The electropolymerized devices have shown a higher
maximum transconductance of 68 mS for layers of similar
thickness. However, their speed of operation was considerably
slower, with approximately 3 X lower fr. This could be due to
the higher density of the electropolymerized PEDOT and/or
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due to the lack of PSS-rich phase present in the spin-coated
version. Essentially, we have shown a simple platform that
could be used for the research of newly synthesized channel
materials, regardless of their patterning method. The electro-
polymerization process, especially, can be quite easily modified,
as its parameter space is very vast. The control of morphology
could be advantageous for specific applications. Our platform
can also be easily translated to flexible organic bioelectronic
substrates (i.e., parylene-C and polyimide) designing prede-
fined trenches mimicking the same step made here in SiO,. An
important conclusion is that our findings add to the growing
body of recent research'*' which show that achieving cutoff
frequencies in the range above 1 kHz is challenging and that
limitations are likely intrinsic to the conducting polymer itself,
not the geometric structure.
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SiO,-Decorated Parylene C Micropillars Designed to Probe

Cellular Force

Zdenka Fohlerova,* Imrich Gablech, Alexandr Otahal, and Peter Fecko

Living cells sense and respond to mechanical signals through specific
mechanisms generating traction force. The quantification of cell forces using
micropillars can be limited by micropillar stiffness, technological aspects of
fabrications, and microcontact printing of proteins. This paper develops the
new design of SiO,/Parylene C micropillars with an aspect ratio of 6 and 3.5
and spring constant of 4.7 and 28 UN um, respectively. The upper part of
micropillars is coated with a 250 nm layer of SiO,, and results confirm protein
deposition on individual micropillars via SiO, interface and non-adhesiveness
on the micropillars’ sidewalls. Results show an absence of cytotoxicity for
micropillar-based substrates and a dependence on its stiffness. Stiffer micro-
pillars enhance cell adhesion and proliferation rate, and a stronger cellular
force of =25 pN is obtained. The main contribution of SiO,/parylene C micro-
pillars is the elimination of the step involving the fabrication of polydimethyl-
siloxane stamp because the array enables covalent binding of proteins via
SiO, chemistry. These micropillars stand on Si wafer and thus, any warping of

these stimuli through the generation of
traction force is fundamental for physi-
ological and pathological pathways.P!

The investigation of cellular forces
depends on in-vitro platforms that can
mimic processes and the stiffness of cel-
lular environments or these platforms
serve as sensors detecting the force upon
the exposure cells to the, for example,
drugs. Recently developed tools to quan-
tify the traction force generated by cells
range from microscopy to molecular force
sensors.l* All these techniques possess
some advantages and disadvantages('?l and
offer a variety of mechanisms through
which cells can move, divide, remodel, dif-
ferentiate, communicate, and sense their
microenvironment.!’!

underlying polymer membrane does not have to be considered. Additionally,
SiO,/parylene C micropillars can broaden the range of stiffer substrates to be

probed by cells.

1. Introduction

The mechanical and adhesion properties of living cells are
guided by chemical signals and external physical stimuli; cells
have been exposed to different external forces such as the mag-
netic force,!! shear stress,/?l or the mechanical properties of the
substrate.>* The importance of the interplay between chemical
and physical stimuli and the sensitivity of cells’ response to
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One of the approaches to measuring
forces transmitted at the focal adhesion is
the culturing of cells on patterned micro-
pillars. Microfabrication techniques allow
for the production of an array of thou-
sands of elastic pillars of 0.5-5 um in
diameter, fabricated by photolithography and replica molding
with conventional polydimethylsiloxane (PDMS).) The top of
the pillar surface is coated with proteins of extracellular matrix
via microcontact printing to render them cell-adhesive. The
cylindrical pillars with a defined L/D aspect ratio (length L,
diameter D) and Young’s modulus of the material (E) allow for
the calculation of the cellular force based on the pillar bending
and the known spring constant k, which is in the range of 1 to
200 nN pum! for typical PDMS pillars.!®l For the small defor-
mation Ax, the lateral force F can be calculated using Hooke’s
law, as described in Equation (1):11¢]

3mED*

F=kAx= S
64L

Ax (1)

Most authors have published the micropillars with lower
spring constant and thus the stiffness or high aspect ratio
pillars from stiffer polymers for increasing the spatial resolu-
tion. The molding technique frequently used for polymers such
as PDMS with Young’s modulus 1 to 4 MPal”!l permits the pre-
cise fabrication of a low aspect ratio micropillars. The molding
high-aspect-ratio micropillars is more challenging because it
is difficult to successfully de-mold the structure. Therefore,
this technique requires good mold releasability during the
de-molding. Additionally, high aspect ratio pillars may have
tendency of cracking and clustering.

© 2021 Wiley-VCH GmbH
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Nevertheless, molding allowed the production of PDMS
micropillars of different stiffness by the modulation of pillar
aspect ratio, geometry,¥! UV-treatment,['”] and the degree of the
polymerization?” and this technique was also adopted for the
fabrication of PDMS stamp required for microcontact printing
of proteins. The variability in PDMS stiffness became an
important progress in measurement of cellular forces because
a broad range of substrate stiffness can mimic the various
stiffness of physiological tissues, which can range from 10? to
107 Pa, from the softest brain to the stiffest bone, respectively.*!!
Moreover, the rigidity of tissue can be significantly changed
due to diseases such as cancers, Alzheimer s disease, or spinal
cord injury.?2

Besides PDMS, different polymers have been used to fab-
ricate micropillars such as polyacrylamide,?l poly(methylmet
hacrylate),1? SU-8,%*l and polycarbonate (PC).12°! For instance,
a high aspect ratio (=11) of SU-8 micropillars with E = 4 GPa
has been fabricated using lithography technique. Authors well-
described the optimization of fabrication process,?°! particu-
larly when temporal stability and the high spatial resolution of
the array should be required. In addition to the SU-8 polymer, a
polycarbonate with Young’s modulus of 2-3 GPa has been used
to fabricate ultrahigh aspect ratio (up to 20) pillars with spring
constant =5 nN um™ to enhance cell differentiation/?®! and
similar aspect ratio has been used to measure cellular forces by
other authors.!

In this work, we show “top-down” fabrication of a highly
ordered array of SiO,/parylene C micropillars standing on the
Si substrate that can be used as a probe to quantify the force
generated from living cells. The array of micropillars with
aspect ratio corresponding to 6 and 3.5 was characterized for
its chemical and biological properties as a proof-of-principle for
the functionality of array to be used as a force sensor. The tech-
nological significance of the cellular force transducer here is
the elimination of the micro-contact printing of proteins, given
that the SiO, thin film allows the covalent binding of proteins
or peptides, or simply enables a charge or different wettability
properties on top of micropillars via SiO, chemistry. This could
help researchers to skip the fabrication of a PDMS stamp and to
prevent the differences in printing quality.??8 The second con-
tribution of this work is to prove that the fabrication of pillars
from parylene C as the highly rigid material with a Young’s
modulus of =4 GPa can, compared to other polymers used for
pillar fabrication, broaden the range of material stiffness to be
probed by cells. The third advantage of our micropillars is that
our micropillars stand on Si wafer and thus any warping of
underlying polymer membrane does not have to be considered
as it has been reported for PDMS with lower aspect ratio.

2. Results and Discussion

2.1. Fabrication and Characterization of SiO,/Parylene Pillars

The array of SiO,/parylene micropillars was fabricated on a
0.5 mm x 0.5 mm silicon substrate by “top-down” technology,
as described in Figure S1, Supporting Information. The micro-
fabrication process of micropillar development provided the
array of the hexagonally ordered parylene pillars with a =1.6 um
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diameter, =3 um center-to-center distance, and rod-like mor-
phology, as confirmed by a scanning electron microscopy
(Figure 1A). The deposition of a =250 nm SiO, layer on the top
of the micropillars to mediate the selective covalent binding
of protein was qualitatively analyzed via an scanning electron
microscopy (SEM) equipped energy-dispersive X-ray (EDX)
spectroscope. High-resolution element mapping enabled this
study to discriminate between different elemental composi-
tions, which allowed us to visualize the localization of the SiO,
on top of the pillars. The EDX image in Figure 1B shows the
highly localized EDX oxygen atoms on top of the pillars from
the SiO, layer (colored red), while parylene C is shown as light
blue. The elemental analysis confirmed the selective deposition
of SiO, on top of the micropillars and therefore the efficacy of
the proposed individual fabrication steps.

The stiffness of the micropillars was modulated by varying
their height, giving the pillars a height of 9 and 5 um and an
aspect ratio corresponding to 6 and 3.5, respectively. The SiO,
layer on top of the pillars did not change the bulk properties
of parylene C, and the spring constant k of micropillar was
approximately calculated according to Equation (1). Based on this
Equation (1), the parylene micropillar with a length of 9 and 5 pm
has a spring constant of k = =4.8 UN um and =28 uN pym™,
respectively. The spring constants of the parylene micropil-
lars are thus significantly higher, compared to the already pub-
lished spring constant of 1-1500 nN pm™ for widely used
PDMS.8 Moreover, material with a higher Young’s modulus of
polycarbonate has been already investigated as platforms for the
measurement of cellular force.! The authors managed to produce
an array of PC pillars with k = =3 uN um™ and k = =7 uN pm™
by changing the aspect ratio. To our knowledge, micropillars with
such high k = =28 uUN pum™ have not been used for the meas-
urement of cellular force as we further confirmed that they can
be sensed and bent by cells. Additionally, the fabrication process
of our micropillars provides technological resolution of =0.8 um,
ensures good spatial stability of micropillars as well as temporal
stability due to the chemical inertness of parylene.

2.2. Micropillars Patterning

Patterning the micropillars to enhance cell adhesion is the first
step guaranteed by the use of nanotechnology to selectively
deposit a thin layer of SiO, on top of pillars. Generally, the
protein modification of micropillars in order to measure cel-
lular force requires the selective deposition of a protein such as
fibronectin on top of the pillars via microcontact printing!?®l and
by the non-adhesive treatment of pillar sidewalls.?’! Such pillar
patterning avoids the undesired attachment of cells to the vertical
side of the micropillar and improves cell adhesion. However, the
micro-contact printing of proteins requires the additional fabri-
cation of the stamp and is limited in terms of which proteins can
be printed as well as the printing quality.?®! Our design and pat-
terning of SiO,/parylene micropillars is able to covalently bind
any proteins of interest to the upper surface of the micropillars
via SiO, interface, as shown in Figure S2, Supporting Informa-
tion. The SiO,/parylene patterning was first investigated on bulk
substrates because the chemistry on such pillars differs from
PDMS ones and must be optimized. To ensure the binding of
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Figure1. SEM imagine of an array of well-ordered SiO,/parylene C micropillars (A). A qualitative EDX analysis of the micropillars. The red spots represent
the targeted SiO, layer on top of the parylene C micropillars, while the blue represents the parylene C pillars (B). A fluorescent image of the micropillars
with covalently bound FITC-collagen protein (C). A DIC image of 3T3-fibroblasts adhered on fibronectin-coated SiO, (D). A DIC image of 3T3-fibroblasts
adhered on Pluronics F-127-treated parylene C (E). The scale bar of the SEM and DIC image corresponds to 10 um and 50 pum, respectively.

the protein to the SiO, layer, selective SiO, oxidation was per-
formed by treating it with a piranha solution at a 5:3 ratio (step
1in Figure S2, Supporting Information). The procedure exposed
hydroxyl groups on the silica surface, while the parylene C side-
walls remained unreacted,?” as confirmed by the measurement
of contact angle (CA). The piranha-treated SiO, decreased the
CA value from =67° to =23°, making the surface more hydro-
philic while the parylene C surface remained unchanged =109°
(Figure 2a,b and a’, b’). The silanization of the hydroxyl reached
the SiO, substrate with the (3-aminopropyl)triethoxysilane
(APTES), which fed the amino-terminal groups on the sur-
face that changed the CA from =23° to =49° and from =109° to
=104° for SiO, and parylene C, respectively (Figure 2c,c’). This
SiO, chemistry has strong support in the literature® and sig-
nificantly, the result showed that the parylene C remained intact
following the piranha oxidation and silanization process.% To
ensure non-adhesive pillar sidewalls, the array was further incu-
bated in a non-ionic surfactant Pluronics F-127. The deposition of
the Pluronics via its hydrophobic moiety exposed the hydrophilic
non-adhesive PEG groups to the parylene C that corresponds
to the decreased CA value =76° (Figure 2d,d’). A similar CA
value for Pluronics to treat polymers has been reported for

Adv. Mater. Interfaces 2021, 8, 2001897

2001897 (3 of 8)

PDMS,33 suggesting the successful nature of parylene C
coating. The amino-functionalized SiO, surface remained
unmodified because the CA value did not change significantly.
The patterned surface of the micropillars was finally modified
by the covalent immobilization of the fibronectin on the amino-
terminated SiO, surface by crosslinking it with glutaraldehyde.
The CA value changed for both surfaces because the fibronectin
was immobilized on the SiO, surface and a small amount of
fibronectin was adsorbed on the Pluronics F-127-treated parylene
C sidewalls (Figure 2e,e’), which is in strong agreement with the
literature.3’]

Moreover, even if the Pluronics adsorb some portion of the pro-
teins®4 and the exposition of polyethylene oxide moiety suppresses
the cell adhesion,* patterning with Pluronics F-127 is generally
accepted for the reduction of protein adsorption and cell adhe-
sion. Based on this phenomenon, fluorescently labeled collagen
was covalently immobilized on the top of micropillars and the
image was captured to confirm the selective deposition of protein
(Figure 1C). Further, the adhesion of 3T3-fibroblasts to fibronectin
(Figure 1D) and Pluronics-F127 (Figure 1E) coated surface con-
firmed the reduced cell viability on Pluronics treated micropillars.
The cells adhered to and spread on fibronectin-coated SiO, at high
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Figure 2. CA of the SiO, and parylene C modification. a,a’) cleaned SiO, and parylene C substrates; b,b ") substrates treated in 5:3 piranha solution
for 10 min; c,c”) substrates silanized with APTES at 120° for 30 min; d,d”) surface treated with Pluronlcs F-127; e,e ") covalently bonded fibronectin

via glutaraldehyde on APTES-silanized surface.

density and had the characteristic elongated shape, while the cells
on Pluronics F-127-treated parylene C adhered in a very small den-
sity and showed a smaller cell surface area.

The procedural steps of the surface oxidation and silanization
were characterized by an X-ray photoelectron spectroscopy (XPS)
analysis, as shown in Figure 3. The XPS spectra were analyzed
by peak-fitting software (CasaXPS version 2.3.18PR1.0) pro-
vided by SPECS GmbH (Berlin, Germany). The raw data were
processed by the subtraction of a Shirley background for sec-
ondary electrons and element peak fitting was used to estimate
the relative elements’ molar fraction. The integral of the peak
was divided by a relative sensitivity factor that was characteristic
of each element. Even if some elemental contaminants were
to occur, a significant =20% increment of N 1s was observed,
which could be attributed to the amino-functionalized SiO,,
while the increase in N 1s on parylene C was just 3.5% as shown
in the table of Figure 3. A significant increase and unchanged
percentage of C 1s was observed for APTES/SiO, and APTES/
parylene C, respectively, confirming the successful selective
silanization of the SiO, surface. Additionally, the high-resolution

spectra of nitrogen N 1s and silicon Si 2p for the APTES-treated
SiO, surface are also shown in Figure 3.

2.3. Cell Adhesion and Cell Surface Area

The response of living cells to micro-/nanostructured surfaces
is a well-known and widely investigated phenomenon.** Living
cells respond to chemical composition, wettability, topog-
raphy, stiffness, and stress and these cuesB have been found
to influence cellular adhesion, morphology, metabolic activity,
proliferation, migration, and differentiation.’’~*2l The cellular
characterization of SiO,/parylene C micropillars was assessed
by the morphology of 3T3-fibroblasts adhered to micropillar
arrays to measure the cell spread area and the proliferation of
cells on the micropillars, and qualitatively evaluate the organi-
zation of cellular cytoskeleton and the presence of focal contacts
via fluorescently labeled actin fibers and vinculin. Since our
micropillar arrays differed from the pillar height, we compared
the cellular behavior of both arrays via the parameter of pillar

SiO, o Cls Si 2p N Is .
substrate Ol % % % Nis Si2p O-Si-0
untreated 53.6 19.0 26.0 0.1
piranha 59.4 10.6 29.0 0.2 = =

< -
= &
APTES 53.4 17.8 26.6 2.1 R é"
5 g
= o
Parylene C O1s Cls Si 2p Nis 5 =
substrate % % % %
untreated 0.6 89.5 0.3 0.2
piranha 8.4 80.3 44 0.3
APTES 6.9 81.1 3.9 0.7 406 402 400 396 08 105 12 9

Binding energy (eV)

Binding energy (eV)

Figure 3. Table shows an elemental analysis of individual steps of SiO, and parylene C modification as extracted from the XPS spectrum in percentage;
XPS analysis is performed for cleaned untreated SiO, and parylene C substrate, SiO, and parylene C treated in piranha solution and SiO, and parylene
C silanized with APTES. The graphs show high-resolution spectra of nitrogen N 1s and silicon Si 2p for the APTES-treated SiO, surface.

Adv. Mater. Interfaces 2021, 8, 2001897

2001897 (4 of 8)

© 2021 Wiley-VCH GmbH

35U80]7 SUOWWOD dAIEID) 3|qedldde auy Aq peusenob ale sap e VO ‘8sn JO Sa[ni oy Akeiq 18Ul UO 8|1 LD (SUONIPUOD-PUE-SWIR) ALY A8 1M AReq | puljuo//SAny) SUORIPUOD pue Swie 1 84} 88S " [7202/50/60] U0 ARiqiauluo Aojim ‘ABojouyos 1 JO AisieAiun oulg Aq 268100202 IWPE/ZO0T OT/I0p/WoAS|imAkeiqiuljuo//:SAny Wolj papeojumod ‘9 ‘TZ0Z ‘0SEL96TZ



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

0000000004000 Q0060

oao( soces( eat :a:o:c:o:o:c;ocooo em X A ) 00000 D
; ‘ 5% &(‘0000000"
Q0000

NS A A A
200000000000 q
200000000000000000000
000000000000000000 4

QoA

) ) q
900000000000000000000
"o 0000000000000000004

INTERFACES

www.advmatinterfaces.de

Vinculin

Figure 4. 3T3-fibroblasts on the micropillars with heights of 5 um (stiffer; upper images) and 9 um (softer; bottom images), respectively. Scans of the
electron microscopy of cells showing the morphology and pillar's deflection (A,B,E,F). Fluorescently labeled actin fibers showing as a red (C, G) and a

green staining of vinculin as the protein of the focal contacts (D,H).

stiffness. The morphology of the 3T3-fibroblasts attached to
“softer” (k = 4.7 UN um™) and “stiffer” (k = 28 uN pm™) pillars
did not differ significantly since the shape of the cells tanged
from polygonal to elongated (Figure 4A,B,E,F). The shape of
3T3-fibroblasts on both types of micropillars corresponds to
the typical morphology in the stationary state of well-spread
fibroblastic cells. The cells on both substrates had more
extruding protrusions and larger lamellae. The staining of the
actin filaments revealed prominent stress fibers that crossed
the cell from end to end, and no disruption in the cytoskeletal
organization was observed for either softer or stiffer micropillars
(Figure 4C,G). A notable finding was observed for the vinculin
staining, as shown in Figure 4D,H. The cells on “stiffer” micro-
pillars (Figure 4D) showed a higher number of focal contacts,
compared to the “softer” substrate (Figure 4H) and were larger
in size and more distributed over the whole cells. The cell sur-
face area was calculated from previously obtained fluorescence

images of cells using Image] software. We set the scale to know
the number of pixels per area and the individual cells were
dragged to measure their surface area. The statistical analysis
was performed on hundred cells for each micropillar substrate.
The evaluation of the cell spreading area revealed significantly
larger areas for cells cultured on “stiffer” micropillars, com-
pared to a “softer” surface (Figure 5A). These findings revealed
better adhesion and cell contact with the underlying micropil-
lars on the “stiffer” substrate since the larger surface area and
extensive focal contacts were enhanced here, compared to the
“softer” substrate.

2.4. Proliferation Assay

Our results from cell adhesion were further supported by
the experiment of cell proliferation on both substrates. The
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Figure 5. Evaluation of the spreading area of 3T3-fibroblasts per surface area (A). BrdU proliferation assay of fibroblasts on nanopillars (B). The average

cellular force calculated from the periphery of stationary cells (C).
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measurement of 5-bromo-2’-deoxyuridine (BrdU) was performed
on days one and three (Figure 5B). This assay measured the incor-
poration of BrdU into the newly synthesized DNA and introduced
the most reliable information about cell division. On day one, no
significant differences in cell proliferation were observed between
“stiffer” and “softer” micropillars, while on day three, a significantly
higher proliferation rate could be seen for the “stiffer” micropillar
array. The higher proliferation of cells could be a consequence of
the enhanced cell adhesion on “stiffer” micropillars.

To conclude our preliminary observations of the cytocom-
patibility of SiO,/parylene C micropillars, the 3T3-fibroblasts
sensed the different stiffness of micropillars due to changes
in cell adhesion and proliferation, which is in good agreement
with the literature.** From a more general perspective, nei-
ther micropillar arrays showed any cytotoxic effect in terms of
cell viability and adhesive properties.

2.5. Estimation of Cellular Force

A preliminary examination was performed to substantiate the
suitability of SiO,/parylene C micropillars to probe cellular
force. The assessment was performed on stationary polyg-
onal-shaped fibroblasts selected from SEM images in order to
obtain a symmetric cellular force profile. The deflection of the
micropillars were measured from their original, undeflected
position using Image | software. The extent of the deflection
was then used to quantify the traction forces generated by the
3T3-fibroblasts by applying Equation (1). To compare the force
exerted from the cells on the “stiffer” and “softer” micropillars,
the average force was calculated from the pillar’s deflection that
occurred on the cell periphery (Figure 5C). Our finding showed
that the cells on the “stiffer” micropillars exert almost five
times more traction force than those cultured on the “softer”
substrate. For 3T3-fibroblasts, the average traction force calcu-
lated at the cell periphery was =25 uN and =5 uN for “stiffer”
and “softer” micropillars, respectively. This corresponds well
with the findings obtained from our cell adhesion and viability
assays. The stronger traction force could be a consequence of
the cells’ ability to achieve more stable adhesion on an appro-
priate substrate and to increase the cell surface area to maintain
effective cellular homeostasis. Our findings also support the
general trend of cellular force to be stronger on a stiffer than a
softer substrate;*’! the force is suggested to be strongest at the
lamellipodia and to decrease toward the center of the cell, as
has been reported previously.*

The cellular force measured for different aspect ratios of
commonly used micropillars made of PDMS as a very soft
polymer has been reported around tens to hundreds of nN.[’l
High aspect ratio polycarbonate pillars as the stiffer polymer
with Young’'s modulus, a little bit lower than parylene C, have
been fabricated by nanoimprinting method. Considering the
same dimension of parylene C and polycarbonate micropillars,
the difference in spring constant is =2 uN um™ which does
not have to be such a significant difference but it can be still
successfully recognizable by sensitive cells. Further, we would
like to show that cells can sense and bent pillars with very high
spring constant of =28 UN pum™! with cellular force calculated
~25 UN which has not been published in the literature so far.
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3. Conclusion

We introduced “top-down” fabrication of a highly ordered array
of SiO,/parylene C micropillars for use as a probe for the quan-
tification of cellular traction force. Micropillars with different
spring constants were fabricated from the parylene C and a
thin layer of SiO, was introduced to the top of each pillar to
enable the covalent binding of proteins via silanization. The
experimental results confirmed the patterning of micropillars
via the selective chemistry of the SiO, interface and the chem-
istry performed on the parylene C micropillars’ sidewalls. Such
patterned micropillars constitute a technological advance that
eliminates the micro-contact printing of proteins on the top
of micropillar array. The cytocompatibility of SiO,/parylene C
micropillars was assessed by the morphology of 3T3-fibroblasts
adhered to micropillar arrays, measuring the cell spread area,
proliferation of cells, qualitative evaluations of the cytoskeleton,
and the development of focal contacts. Our results did not show
a cytotoxic effect of the micropillar-based substrates but did
indicate a dependence on stiffness. A stiffer micropillar array
enhanced the cell adhesion and proliferation rate and conse-
quently led to a stronger cell traction force.

Parylene C is a highly rigid material with a Young’s modulus
of =4 GPa; it is more rigid than other polymers used for pillar
fabrication and thus broadens the range of material stiffness
that can be probed by cells or used as the cellular sensor. We
revealed that SiO,/parylene C micropillars with a high stiff-
ness corresponding to the spring constant k = =4.8 UN um™
and =28 uN um™ were sensed by the cells, and that the trac-
tion force can be determined even on such stiff micropillars
which could give us the information about the magnitude of
cellular forces. To conclude, SiO,/parylene C micropillars dem-
onstrate innovative concept of a flexible micropillar substrate
for the quantification of the cell traction force that eliminates
the micro-contact printing of proteins, and provides a substrate
with higher stiffness.

4. Experimental Section

Fabrication of Micropillars: The array of parylene micropillars with
the SiO, layer on top of the pillars was fabricated via a “top-down”
technological process (Figure S1, Supporting Information). Briefly, a
10 um thick layer of parylene C (Palmchem) was deposited on the Si
wafer using the chemical vapour deposition (CVD) method. A 250 nm
thin layer of SiO, was deposited via a plasma-enhanced CVD at 100 °C.
The deposition of a 500 nm thin Ti layer using the electron beam
evaporation technique was followed by standard UV photolithography
using the photoresist (PR) AZ 5214E. Photolithography of PR created
the pattern of hexagonally arranged features with diameter of 2 um
and center-to-center distance of 4 um. The titanium and SiO, layer
was then etched using reactive-ion etching (RIE) inCl, plasma and Ar/
CHF; plasma by means of chlorine and fluorine-based RIE. Finally, the
wafer was placed into the ion beam etching (IBE) instrument employing
pure O, plasma to etch the parylene C from the areas uncovered by Ti/
SiO,. The PR was completely removed during the IBE process and the Ti
residue was additionally removed using chlorine-based RIE.

Micropillar ~ Patterning and Characterization: The micropillar
morphology was analyzed via a scanning electron microscopy (SEM,
TESCAN MIRA II) and an EDX analysis. The chemical patterning of
the micropillars was performed as described in detail in Figure S2,
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Supporting Information. The array of the micropillars was treated with
piranha solution at a ratio of 5:3 (30% H,0, and 96% H,SO,) for 10
min. The SiO, layer was silanized with 3-aminopropyl-triethoxysilane
(APTES, Sigma) via CVD technique in a vacuum chamber at 120 °C
for 30 min. The process of silane deposition spanned 30 min. The
micropillars were then incubated with 0.5% (v/v) Pluronics F-127 in
phosphate buffer (PBS) (Sigma) to selectively coat the parylene C.
The fibronectin (50 ug-mL™" in PBS, Sigma) was covalently attached
via 0.5% (v/v) glutaraldehyde (Sigma) cross-linked to the amino-
functionalized SiO, layer. The modified micropillar array was
characterized by the measurement of the CA (Phoenix 300, SEO)
by applying water drop on the surface. The CA was evaluated using
Surfaceware 8 software and the statistical analysis was performed on
10 drops from each step of modified surface. The CA measurement
was accompanied by X-ray photoelectron spectroscopy analysis
(XPS; AXIS SupraTM Kratos Analytical) for the quantification of the
elemental composition on the material surface via CasaXPS software.
A fluorescence microscopy (Zeiss) of the collagen-FITC conjugate
(0.1 mg mL™" in PBS, Sigma) has been performed to confirm the
covalent immobilization of the protein.

Cell Culture and Immunostaining: 3T3 fibroblasts (ATCC) were
cultured in a complete DMEM supplemented with 10% (v/v) of
fetal bovine serum and antibiotics (streptomycin 100 pg mL7,
penicillin 100 Ul mL™". Fibroblasts were harvested every third day.
For immunofluorescence staining, the cells were fixed in 4% (w/v) of
paraformaldehyde in PBS for 20 min and permeabilized in 2% (w/v)
bovine serum albumin in 0.5% (v/v) Triton X-100 in PBS for 2 h. All
chemicals were purchased at Sigma Aldrich. A fluorescence microscope
was used to visualize the actin fibers stained with Alexa Fluor 533 RED
phalloidin (ready probes from Thermo Fisher Scientific) for 30 min.
The vinculin, being the protein of the focal contacts, was detected
by the mouse anti-vinculin antibody (10 mg mL™, 1:100 dilution in
PBS, Sigma) for 1 h and an Alexa Fluor 488 goat anti-mouse antibody
(2 mg mL™", 1:100 dilution in PBS, Thermo Fisher Scientific) for 60 min.

Proliferation Assay: The BrdU (5-bromo-2’-deoxyuridine) cell proliferation
assay was performed by plating 1 x 10* cells onto the micropillar surface
and cultured inside the humidified incubator at 37 °C and 5% CO,. The
proliferation assay was performed on days one and three, following the
manufacturer’s protocol (Cell proliferation ELISA, BrdU; Roche). Briefly,
10 ul of BrdU solution was added to each sample and re-incubated for
an additional 2 h. The labeling medium was then removed and the cells
were fixed and denatured with 200 pl of FixDenat solution for 30 min. The
FixDenat solution was replaced with 100 ul of a BrdU-peroxidase (POD)
antibody solution and incubated at room temperature for 90 min. The
samples were rinsed three times with a buffer solution and incubated with
100 pl of the substrate solution for 20 min. The absorbance was measured
at 370 nm using the microplate spectrophotometer.

SEM Characterization of Traction Force: SEM imaging was performed
after the critical drying of fixed cells on patterned micropillars at an
ethanol gradient from 50% to 100% for 5 min for each dilution. The
dried cells were evaporated with =10 nm layer of gold before imaging
to avoid sample charging. The deflection of the micropillars due to the
cell traction force was obtained directly from the SEM images. The pillar
bending was analyzed with Image] software on non-migrating cells at
the edge of the extended lamellipodia from the initial position. Scale
included in acquired SEM images and straight line selection tool were
used for direct distance measurement. Since the fabricated pattern was
repetitive, and thus, the distance between each two closest micropillars
remains constant, we measured the shift between unbent and bent
micropillars as the center-to-center distance. The average cellular
traction force (F) from 15 imaged cells was calculated with Hooke's law
(Equation 1) for higher (h =9 um) and lower (h = 5 um) micropillars,
respectively.

Statistical Analysis: A proliferation assay was conducted in triplicate for
each substrate and the average cellular force was calculated for ten cells
from each substrate. A student’s t-test was used to determine significant
differences between the groups. P-values of <0.05 were considered to be
statistically significant.
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We investigated the synergy of surface topography and chemistry in micro/nanostructured pillars inspired by
nature, specifically mimicking tokay gecko (Gekko gecko Linnaeus, 1758) feet and sacred lotus (Nelumbo nucifera
Gaertn., 1788) leaves. The aim is to understand and replicate their adhesive and self-cleaning properties for
diverse applications. Through a detailed fabrication process and chemical modifications, the surfaces exhibit
superhydrophobic characteristics. The research precisely examines the fabrication of surfaces with well-defined
micropillars using lithography and deep silicon substrate etching. Diverse surface treatments, including silani-
zation and O, plasma, are applied to tailor the chemical composition of microstructured surfaces. Utilizing a ~ 5
nm thin SiO, interface layer, the study reveals superhydrophobic properties post-silanization and an eightfold
increase in adhesion force (Fa) between the studied surface and reference surfaces. Fo measurements using
atomic force microscopy reveal an eightfold increase in adhesion on both flat and microstructured surfaces,
emphasizing the transformative effects of microstructures on surface morphology. The findings highlight the
potential for multifunctional surface designs, elucidating that superhydrophobic properties correlate with
structure topography while F4 amplitude is predominantly determined by surface termination. Inspired by na-
ture, this research unveils novel possibilities in functional materials and surface engineering, with broad im-
plications across various applications.

extraordinary adhesive properties of the gecko’s feet, especially the
hair-like setae that densely cover its toes and exhibit tenfold the adhe-

1. Introduction

Surface interactions, which span the domains of both liquid-solid
and solid-solid interfaces, play a vital role in numerous biological and
physical phenomena intrinsic to our everyday environment [1]. From
the delicate adherence of dew drops to flower petals to the remarkable
grip of a gecko on a glass surface, these interactions often surpass the
capabilities of human-made technologies. Such phenomena have spur-
red extensive research aimed at understanding and replicating these
natural capabilities in fields such as engineering, medicine, and inno-
vative technology.

The gecko, famous for its ability to climb vertical surfaces and even
suspend itself upside down on ceilings, stands as a particular point of
interest [2]. Researchers across disciplines have been intrigued by the

* Corresponding author.
E-mail address: pavel.neuzil@nwpu.edu.cn (P. Neuzil).
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sion force (Fp) expected from theoretical calculations [3,4]. The Fp value
of the tokay gecko (Gekko gecko Linnaeus, 1758) can surpass an aston-
ishing = 25 N over a small area, despite its modest weight of ~ 46 g [5].
Many researchers have tried to synthesize materials mimicking the hi-
erarchical architecture and inherent properties of gecko feet [6],
focusing on the dynamics of attachment and detachment [7]. Under-
standing the underlying mechanisms that provide geckos with this
remarkable adherence to surfaces, however, remains elusive. The source
of this FA—whether derived mainly from surface chemistry, surface
topography, or a combination of both—is a subject that still challenges
researchers [8,9]. A strategy to differentiate between the effects of
surface chemistry and topography involves the use of controlled

Received 18 November 2023; Received in revised form 25 January 2024; Accepted 5 February 2024

Available online 22 February 2024
2352-9407/© 2024 Elsevier Ltd. All rights reserved.


mailto:pavel.neuzil@nwpu.edu.cn
www.sciencedirect.com/science/journal/23529407
https://www.elsevier.com/locate/apmt
https://doi.org/10.1016/j.apmt.2024.102117
https://doi.org/10.1016/j.apmt.2024.102117
https://doi.org/10.1016/j.apmt.2024.102117

X. Liu et al.

Oxidized Si Wafer

PR and SiO; removal

(a) ®

PR coating No step

(b)

Photolithography Parylene-C deposition

(c)

(h)

SiO; etching
(d)

()

Si etching

(e)

.
E

Nanostructured parylene pillars
without SiO, layer

Polyimide tape attached

Backside Siremoved by XeF,

Applied Materials Today 37 (2024) 102117

Oxidized Si Wafer

PR and SiO, removal

(f1) (1)

Side wall oxidation

PR coating

(91) (b1)

Parylene-C deposition Photolithography

(h1) (c1)

SiO; etching

Si etching

(i) (d1)

(e1)

:
|

Nanostructured parylene pillars

with SiO; layer

Silicon Sio,

Parylene Polyimide

Fig. 1. Biomimetic gecko spatulae were fabricated using flexible nanostructured parylene (left) and parylene/SiO, (right) hollow micropillars. (a, a;) A thermally
oxidized Si substrate (b, b;) was coated with a layer of PR (c, ¢;) and patterned through a standard lithography process (d, d;). The SiO, layer was removed by RIE (e,
e1), and the Bosch process etched the underlying Si; PR was removed (f, f;) and wafers meant to have SiO, surface were oxidized (g;). parylene-C was deposited (h,

h;), polyimide tape attached (i, i;), and Si substrate removed by XeF (j, j1)-

environments conducting a force-distance measurement (FDM) [10].
Such a technique allows specific measurement of the Fp value of indi-
vidual gecko hair [11] or spatulae [9]. However, multifaceted interac-
tion forces at the interface, such as van der Waals forces [8], capillary
forces (F¢) [9], and other physical phenomena, render these assessments
complex.

On the other hand, sacred lotus (Nelumbo nucifera Gaertn., 1788)
leaves present a fascinating counterpart to gecko feet, showcasing con-
trasting surface characteristics [12]. Both structures exhibit super-
hydrophobicity at the macroscale, with a water surface contact angle (©)
of =~ 150° and self-cleaning properties commonly referred to as the lotus
effect [13], but their surface behaviors are fundamentally different.
Lotus leaves possess complex micro- and nanostructures that allow them
to repel water and dirt effectively, creating self-cleaning surfaces that
have inspired various applications ranging from anti-fouling coatings to
water-resistant textiles [14,15]. Unlike the adhesive nature of gecko
feet, lotus leaves are notable for their repulsive qualities, phenomena
attributed to the unique combination of surface chemistry and topo-
graphical arrangement of papillae on the leaf surface [16]. The differ-
ence in contact force despite both materials being superhydrophobic,
thus self-cleaning [17], presents an exciting opportunity for researchers
to explore the underlying mechanisms that govern the behavior of these
two naturally occurring nanostructured systems [12].

Silanes are synthetic hybrid C-Si compounds widely used to promote
adhesion of other materials to Si-based substrates. Trialkoxysilanes
produce hydrophobic surfaces that react chemically with methacrylate-
containing resins to form covalent bonds, typically achieved at elevated
temperature and lowered pressure. Hexamethyldisilazane (HMDS) is
widely used in microelectronics fabrication to promote adhesion of a
photoresist (PR) to the substrate via covalent bonding. Some other

silanes modify surfaces, also forming hydrophobic surfaces such as 1H,
1H, 2H, 2H-perfluorodecyltriethoxysilane (FAS-17) [18]. Another
silane, (3-aminopropyl)triethoxysilane, is often employed to form a
cross-link between a Si-based surface and proteins [19].

In this study, we focus on explaining these interesting aspects,
concentrating on the distinct and interconnected roles of surface
topography and surface chemistry in defining the Fa value. Through the
design and fabrication of artificial surfaces that mirror natural structures
such as gecko feet, using an established polymer molding technique, we
strive to uncover the synergy between surface topography and
chemistry.

We fabricated an array of parylene-C/SiOy core-shell micro-
structured pillars, each subjected to various chemical surface modifi-
cations. Parylene, a polymer renowned for its biocompatibility,
excellent electrical insulation properties, chemical resistance, and
extremely low thermal conductivity, is typically formed through chemical
vapor deposition. This material is a popular choice in electronics, med-
ical devices, and aerospace applications. A SiO layer was used as an
interface between selected silane and parylene to get the surface contact angle
of our choice. Together, microstructures made of these materials were ideal
for our exploration of adhesive and repulsive phenomena. Adhesion
strength was measured using atomic force microscopy (AFM), and we
implemented FDM technique to investigate the influence of topography
and chemistry on wettability and Fa value. Our experiments indicated
that the self-cleaning properties of these surfaces were predominantly a
result of their micro/nanostructuring rather than the materials them-
selves. This study offers fresh insights into the adhesive behaviors of
superhydrophobic surfaces and paves the way for the development of
innovative artificial nanostructures crafted from polymer materials. It
marks a significant stride toward replicating complex natural systems
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Fig. 2. Scanning electron micrographs of fabrication steps of micropillars covered with an SiO,, layer. (a) Patterned thermally oxidized Si substrate after SiO, and Si
are etched by DRIE into the desired depth of ~ 7.7 um; (b) a detail of trench in Si substrate; (c, d) an array of parylene-C pillars after Si removal by the XeF, vapor; (e,

f) a detailed view of a few pillars showing their hollow nature.

like gecko feet and lotus leaves, thereby advancing our capacity to
design optimized and effective materials.

2. Materials and methods
2.1. Micropillars layout design and fabrication

Utilizing the JavaScript-based Nanolithography toolbox [20,21], we
designed several arrays of circular holes with an identical diameter of 1
um and 4 um X direction pitch. A single chip had a dimension of (5 x 5)
mrn2, consisting of 1,154,000 pillars.

Si wafers with (100) orientations and dimensions of ~ 100 mm in
diameter and 0.3 mm in thickness were thermally oxidized to obtain a
SiO; layer of ~ 350 nm thickness. Next, we spin-coated the wafers with
positive PR, patterned circles in a hexagonal configuration onto the
wafer surface using a step-and-repeat camera for lithography, and then
postbaked the PR at ~ 110 °C for ~ 50 s. After development with a
tetramethylammonium hydroxide-based solution, the surface was
treated with O plasma to remove any remaining PR in the holes’ areas.

Once the PR was removed, the SiO5 layer was etched using reactive
ion etching (RIE) that relied on CHF3/0y-based chemistry. Then, the
exposed Si areas inside the circles were etched to a depth of ~ 7.7 ym
using a Bosch process [22] modified to suppress the scalloping effect
[23] by an inductively coupled plasma deep RIE (DRIE) system. This
modified recipe lowered the pressure to 1.5 Pa and reduced the time for
etching by SFg and sidewall passivation by C4Fg to 3 s and 2 s, respec-
tively. It also lowered the substrate temperature to —10 °C during DRIE
and minimized the scalloping effect (Fig. 1A-C).

The PR was stripped off using Oz plasma for 5 min, set power, and O,
flow rate of 2000 W and 80 scem-min ™!, respectively. The Si wafers were
subsequently cleaned from the potential residues with boiling HoSO4/
H,0; (piranha) solution for ~ 5 min. After removing the SiO, layer with
an NH4F/HF solution, we performed thermal oxidation to grow a new

SiOq layer, targeting a thickness of 10 nm. Oxidation was performed in a
furnace at a temperature of ~ 1050 °C for ~ 3 min in a dry O
environment.

The final step in the fabrication process was the deposition of
parylene-C at a low pressure of ~ 1.6 Pa, targeting a thickness of ~ 5 um.
The wafers were then cut into square chips with an area of ~ 25 mm?.
After mounting them onto sticky Kapton tape, we etched away the entire
silicon substrate with XeF; vapor. Finally, the bare parylene-C mem-
brane with parylene/SiO; core-shell micropillars was obtained
(Fig. 1d-).

2.2. Surface modification

The surfaces of flat parylene coated with SiO5 and parylene/SiOy
core-shell micropillars were modified using O, plasma, HMDS, and
1H,1H,2H,2H-perfluorodecyltriethoxysilane (FAS-17). The O, plasma
treatment involved exposure to plasma with a set power and time
exposure of ~ 120 W and ~ 30 s, respectively. An HMDS coating for-
mation followed, exposing the surface to HMDS in a vacuum oven
heated to ~ 150 °C. Oxygen plasma cleaned the surface and terminated
it with OH groups, making it highly hydrophilic with well-controlled
surface properties [24].

A highly hydrophobic coating was created by silanization of the
array with FAS-17 at around 170 °C. Silanization was performed inside a
vacuum oven, where =~ 50 pL of FAS-17 was added and activated by
heating until the chamber temperature reached ~ 150 °C. Then, the
surface was allowed to react with FAS-17 for ~ 30 min (Fig. 1g-i).

2.3. Contact angle measurement
Measurements of ® values were conducted using a goniometer. We

placed a 0.5 pL droplet of deionized water (DI H20) on both flat and
microstructured surfaces, and immediately captured images of the
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droplet from a horizontal view. The data reflects the mean value +
standard deviation from ten individual tests.

2.4. Adhesion force measurement

Assessment of the Fj values from both flat and microstructured
surfaces was carried out through an FDM method using an AFM, which
has been utilized for determining mechanical and surface properties of
vertically aligned carbon nanotubes [25]. Also, to measure the Fp values,
we used an Si cantilever with tip and tipless variants for flat and
microstructured surfaces, respectively, with a spring constant of 0.03
N-m~! in both variants and a nominal radius of 6 nm on the tip variant,
and subsequently we conducted 200 repetitions for each surface type.
The data was processed in MATLAB to extract the Fp values, average
them, and determine the standard deviation. All measurements were
conducted in relative humidity and temperature of ~ 42 % and 22 °C,
respectively.

3. Results
3.1. Surface properties and surface forces

Our study began with the fabrication of arrays of pillars as discussed
in previous sections (Fig. 2) and the modification of their surfaces with

four different types of chemical treatment. Then, we investigated surface
properties and the F, values on different surfaces. Utilizing a

O, plasma HMDS

1\\\\\\

A

e —
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goniometer, we measured the ® values by placing a droplet of DI H50,
with a volume set to 0.5 pL, on different surfaces. These included both
flat and microstructures with the following surface chemistries: un-
treated SiO3 surfaces, surfaces treated with O plasma, surfaces silanized
with HMDS, surfaces of bare parylene-C, and surfaces silanized with
FAS-17 (Fig. 3, Table 1).

Table 1

The results of ® and F, on flat and microstructured surfaces. The mean value of
Fa was calculated using a nonlinear curve fitting of the histogram with a
Gaussian function, as well as the curve width (w) and their standard deviations
(o).

Treatment/surface Flat surface Microstructured surface
0 +o) Fa (nN + o) 0C to) Fa (0N £ 0)
w (nN =+ o) w (nN =+ o)
0O, plasma 328+ 1.4 6.72 £ 0.01 118.3 + 50.52 +
treatment 0.27 £+ 0.02 1.2 0.05
1.96 + 0.11
HMDS coating 66.1 + 1.8 3.21 +£0.01 169.1 + 28.88 +
0.28 £+ 0.02 0.6 0.05
0.86 + 0.09
Bare parylene-C 91.9+1.3 2.29 £+ 0.06 170.3 = 19.18 +
0.57 £ 0.20 1.5 0.15
2.74 +1.14
FAS-17 coating 109.3 + 1.883 + 171.0 + 13.25 +
0.4 0.001 0.8 0.03
0.172 + 0.71 £ 0.07
0.002

FAS-17

Parylene-C

Fig. 3. Contact angle measurement on four different structures. Lower case indexes 1, 2, 3, and 4 are identifying surfaces treated with O, plasma, covered with
HMDS, left as bare parylene-C, and coated with FAS-17, respectively. (A) Schematic representation of each flat surface with no structures (for reference); (B)
photographs showing contact angles on all four surfaces; (C) schematic representation of all four surfaces with microstructured pillars; (D) photographs of water-

microstructured surface interaction.
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Fig. 4. (A) Contact force measurement on a flat (top) and micro-nano struc-
tured (bottom) surface with different treatments. Each measurement was con-
ducted 200x; (B) Extracted F5 values by Gaussian curve fitting, including
fitting errors as a function of © for flat (red) and micro-nano structured (black)
surfaces, both fitted with a polynomial function of the second order showing the
same trend.

These diverse surfaces yielded distinct ® values, emphasizing the
significant role of both chemical treatment and physical microstructure
in modulating wettability. A similar ® value of ~ 170°, indicating
superhydrophobic properties, was obtained for microstructures modi-
fied with HDMS and FAS-17, and for those with bare parylene-C.
Particularly noteworthy were the reduced ® values observed for un-
treated SiO and Oy plasma-treated surfaces (Table 1). Through an
analysis, we attributed this phenomenon to F¢, which induced water
infiltration into the interspaces of hydrophobic micropillars.

We also determined the durability of the self-assembly monolayer by
measuring the © values before and after immersion into a boiling
piranha solution for ~ 5 min. There was no observed change in © values
after the piranha treatment, demonstrating the layer’s excellent dura-
bility and the importance of temperature for bond durability.

3.2. Measurement of adhesion force

Our exploration extended into the domain of surface science, where
understanding interactions at the micro- and nanoscales is of paramount
importance. We conducted an experiment to measure FDM by using an
AFM, [26,27] with a cantilever with a tip for flat surfaces or cantilever
without a tip for micro-nano structured surfaces. Each experiment was
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repeated more than 200 times. Then, we processed data captured by the
AFM system using MATLAB script and calculated the F values for each
surface/cantilever interaction. These results, including histograms, are
shown in Fig. 4A. Subsequently, we plotted Fa as a function of © for all
surfaces (Fig. 4B), showing a quadratic relationship between the Fp
value and O for both types of surfaces, flat and micro-nano structured.

The total F value emerged as a complex function influenced by
various factors, including the water meniscus area. This area remained a
determinant of Fa, irrespective of whether an AFM tip was interacting
with a flat surface or a tipless AFM cantilever was interacting with a
microstructured surface. Our results showed that the Fp values changed
as follows: Oy plasma > HMDS > bare parylene > FAS-17, whereas the
Fp values were almost seven times lower for the flat surfaces compared
to the microstructures (Table 1).

3.3. Self-cleaning experiment

We studied the self-cleaning surface properties by covering the sur-
faces of interest with silica microspheres ranging in size between 50 pm
and 70 pm. These microspheres were distributed on all four types of
treated surfaces with micropillars as well as on a lotus leaf. We used a
stepper motor equipped with a syringe to dispense 0.5 uL droplets to
distinct surfaces. The DI H,O droplet was pushed against the surface for
5 s and then pulled up (Fig. 5a). First, we tested this method using a lotus
leaf (Fig. 5b—c). The circular shape silica microsphere free (Fig. 5d)
shows removal of the microspheres due to contact with the water
droplet. We performed the same experiment using all four differently
treated surfaces (Fig. 5e-h). Subsequent analysis revealed the complete
removal of silicon oxide microspheres from the surface areas in contact
with the droplets. These interactions simulated real-world events in
which water droplets encounter various surfaces, such as rainfall on a
lotus leaf or dew formation.

4. Discussion

This research focused on the fabrication of bioinspired micro-
structured parylene-C surfaces with micro-nano pillar arrays. We etched
an array of holes into Si wafers using SiO, layout as a hard mask by
utilizing a Bosch process [22] modified to minimize the scalloping effect
by getting smooth etched holes into Si. [23] Then, the SiO; was
removed, Si wafers were oxidized, parylene-C deposited, and Si sub-
strate was removed using XeF; vapors, forming an array of pillars. The
fabricated parylene-C covered with SiO; arrays had an area measuring
(5x5) mm? and consisting of 1,154,000 pillars.

The micropillars were characterized as having dimensions of
approximately 1 um in diameter and 7.7 pm in length (Fig. 1). We then
treated the microstructured surfaces with different chemicals to achieve
surfaces with distinct hydrophilic, medium hydrophobic, and highly
hydrophobic properties while the structures covered with micropillars
had all superhydrophobic properties. These variations were evidenced
by the ® measurements, F5 characterizations, and self-cleaning experi-
ments (Table 1).

We used four different surfaces: Oy plasma-treated SiO;, HMDS-
coated SiO,, bare parylene, and FAS-17 coated SiO». Both silanes were
deposited by a chemical vapor deposition method at a temperature of
150°C. In line with our previous experience, the silanes deposited at this
temperature formed stable surface termination, probably due to chem-
ically stable covalent bonds. FAS-17 deposited from vapors at 150°C was
immersed into the boiling piranha solution without being affected by it,
demonstrating the stability of the FAS-17 coating (unpublished work).
The same is valid for HMDS; coating deposited at 150°C forms a stable
interface routinely used for priming Si wafers before PR coating is
applied. Parylene itself is known as a stable material since it is used to
protect keypads and other devices. Finally, SiO, is also stable material,
as it cannot be oxidized anymore in ambient environment, since Si is
already in maximal oxidized form.
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Fig. 5. Self-cleaning experiment. (a) A photograph of a setup of the self-cleaning experiment showing a stainless steel needle with a droplet of DI H,O above the
tested structure made of a nature-mimicking surface; (b) - (d) different stages of self-cleaning testing on a lotus leaf; () a spot at the surface of a lotus leaf showing a
circular silica-free area with no silica particles; (f) — (i) four different surfaces tested in this work that exhibited nearly identical self-cleaning properties.

Through this detailed investigation, we were able to examine the
transformative effects of microstructures on surface morphology and
different surface treatments on surface properties. One remarkable
result was the induction of superhydrophobic properties on all examined
surfaces, regardless of the material’s inherent characteristics. Interest-
ingly, based on the @ value results from various microstructured sur-
faces (Table 1), it seems that the three surfaces terminated with HMDS,
bare parylene, and FAS-17 likely follow the Cassie-Baxter model and
their © values are independent of the surface termination’s value be-
tween 169° and 171°. Even surfaces traditionally known for their high
hydrophilicity, such as SiO; treated with O, plasma, exhibited super-
hydrophobic properties with their ® values of 118°, suggesting that the
transitional superhydrophobic state between the Wenzel and Cas-
sie-Baxter states took place [28]. This revelation not only underscores
the impact of surface topography on modifying material properties but
also opens up new avenues for creating surfaces with entirely distinct
wettability traits.

The relationship between surface type (surface treatment) and Fp
value revealed an intriguing eightfold increase in the F, value on both
flat and microstructured surfaces. This substantial increase is fasci-
nating, considering that the intrinsic properties of the surfaces remained
unaltered. Our findings suggest that this enhancement is prompted by
changes in the water meniscus area, which are, in turn, influenced by the
interaction mode—be it between an AFM tip and a flat surface or a
tipless cantilever and a microstructured surface.

Additionally, this study provides insights into the role of micro-
structures in self-cleaning applications. The experimental results
demonstrated the feasibility of customizing surfaces to induce unique
hydrophilic and hydrophobic attributes. These structures hold signifi-
cant potential in the development of multifunctional surfaces for enor-
mous applications in areas such as biomedical devices, waterproofing
materials, clean energy technologies.

Our research reveals the significant influence of microstructuring
and intentional adjustments to surface properties in the realm of surface
engineering. We underscore the importance of considering both micro-
structuring and interaction modes in functional surface design in our
current work. We believe that future research will continue to explore

these complexities, driving the development of innovative materials and
systems.

The gecko’s seta is very complex structure [29], and ideally, we
would be able to fabricate it to mimic Mother Nature as closely as
possible. Unfortunately, we are not close to being able to fabricate it that
well since the diameter of the seta near its anchor measures ~ 5 um. The
size of the seta shrinks with its height, and its top is extended into many
individual branches measuring ~ 50 nm, each terminated with a trian-
gular pad. The stiffness of the material is a cube of its diameter, thus the
stiffness at the free-end of the spatula is then ~ 10 [6] lower than the one
at the seta bottom. This mechanical structure allows the top to confine
along practically any surface while the bottom parts of the setae do not
stick to each other due to their stiffness cause by the diameter. This
complex structure is indeed a challenge to mimic.

5. Conclusion

Our research has brought to light the tremendous potential of
microstructuring in surface engineering through a detailed examination
of fabricated micro/nano structured pillars covered with 5 nm thin
thermally grown SiOj layers that allow surface silanization and thus
form covalent bonds at the pillar surface. We have demonstrated the
ability to create surfaces with varying properties, from hydrophilic to
superhydrophobic. The revelations regarding the self-cleaning mecha-
nism, the substantial increase in Fa, and the tremendous impact of sur-
face topography not only enrich our understanding of surface
interactions but also pave the way for innovation across several do-
mains. Future research is anticipated to investigate deeper into these
mechanisms, catalyzing the progress of material science and technology,
and leading to the creation of innovative multifunctional materials.
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