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Abstract 

 

 

Abstract  
 

Investigates the mechanical and electronic properties of two-

dimensional nanomaterials under strain, addressing gaps in the existing 

literature. The primary challenge with these materials is the inconsistent 

application of high strain rates and the absence of experimental data at 

low temperatures. To overcome these challenges, we develop 

Microelectromechanical Systems (MEMS)-based devices for 

characterizing 2D nanomaterials and semiconductor materials at low 

temperatures. 

 

Four MEMS-based devices are developed to facilitate this 

characterization. The first device is a unique MEMS testing platform 

with on-chip actuation, sensing, and feedback control systems, capable 

of applying controlled displacements to nanoscale specimens while 

minimizing temperature fluctuations. To achieve this, MEMS thermal 

actuators with an axial stiffness of 40253.6 N/m are used. Capacitive 

sensors and V-beam amplification mechanisms are designed for precise 

measurement. The second device, the cascaded MEMS device, employs 

horizontal and vertical V-shaped structures to measure stress-strain 

curves of 2D nanomaterials at low temperatures. The third device is a 

customized MEMS electrostatic actuator for bending tests on silicon 

material under low-temperature conditions. Finally, two MEMS 

rotational structures, including a novel C-shaped structure, are 

developed to amplify movement. 

 

The MEMS devices are fabricated using bulk micromachining and deep 

reactive-ion etching (DRIE) with silicon-on-insulator (SOI) wafers, 

incorporating underpass technology for electrical isolation within the 

MEMS-based testing platforms. To optimize DRIE etching parameters 

for creating underpass islands in SOI MEMS, a study was conducted 

considering a total of nine wafers, divided into two batches for 

fabrication process, and examining their behavior concerning the 

etching process. 

 

The devices are optically characterized at room temperature and tested 

in a vacuum environment and at low temperatures using scanning 

tunneling microscope (STM)  tool. 
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1.1 Introduction 
 

In recent years, the research on 2D nanomaterials has seen a significant 

surge, with many new materials being synthesized and characterized. 

Graphene, discovered in 2004 by Novoselov and colleagues, is an 

extensively studied ultrathin 2D nanomaterial consisting of a single 

layer of carbon atoms arranged in a hexagonal lattice [1]. Its unique 

properties, including ultrahigh room-temperature carrier mobility, 

excellent electrical and thermal conductivities, and high Young's 

modulus, make it a popular subject of study. Boron nitride, another 2D 

material consisting of a single layer of boron and nitrogen atoms, has 

also been identified as a promising material. Novoselov and colleagues' 

simple method of using adhesive tape to isolate single layers of 

graphene and boron nitride has played a crucial role in the study of these 

materials. The materials have been studied using a range of techniques, 

including transmission electron microscopy and X-ray diffraction [2].  

 

2D nanomaterials are highly attractive for a range of applications due 

to their unique electronic, optical, and mechanical characteristics. 

Additionally, their optical properties, such as absorption and emission, 

make them useful for photonics, optoelectronics, and biosensing. These 

materials are suitable for catalysis, energy storage and conversion, 

nanoelectronics, sensors, and membranes. The tunability of 2D 

nanomaterials is one of their main advantages, as their properties can 

be tailored to specific applications by manipulating their dimensions, 

composition, and structure. However, the low dimensionality of 2D 

nanomaterials can result in poor mechanical stability and limited 

electronic performance. Continued innovation in modulating the 

properties of 2D nanomaterials holds great promise for their future 

applications [3], [4]. To overcome these limitations, new approaches 

have been developed, such as confinement in the 2D plane, which leads 

to quantum confinement effects and enhanced surface-to-volume ratios.  

In this chapter, the concept of strain engineering and its applications to 

2D nanomaterials is introduced. The different types of 2D 

nanomaterials are discussed and the different types of strain that can be 

applied to these materials are explored. Various techniques for inducing 

strain in 2D materials and for studying their mechanical properties 

experimentally are also discussed.     
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Figure. 1.1: Main Categories of 2D Nanomaterials [5]. 

 

1.2 Types of 2D nanomaterials 

 

The unique properties of 2D nanomaterials have made them a focus of 

research in recent years. These materials are known for their high 

surface area, exceptional mechanical and electrical properties, and 

tunable electronic structures, which make them attractive for various 

applications. The field of 2D materials encompasses a wide range of 

materials with unique electronic, optical, and mechanical properties. 

Three main categories of 2D materials can be distinguished: the 

Graphene family, 2D chalcogenides, and 2D oxides, as shown in Figure 

1.1. Graphene, a single layer of carbon atoms arranged in a hexagonal 

lattice, is known for its exceptional strength, electrical conductivity, and 

thermal conductivity, making it highly sought after in electronics and 

energy storage. The 2D chalcogenides category includes materials such 

as molybdenum disulfide and tungsten diselenide, which exhibit unique 

optical and electronic properties, useful in applications such as LEDs 

and solar cells. The 2D oxides category includes materials such as 

titanium oxide and zinc oxide, which can exhibit a range of electronic 

and optical properties and have potential applications in catalysis, 

energy storage, and sensing.  
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There are various types of 2D nanomaterials that have become 

attractive these days, each with distinct properties and applications. The 

discovery of graphene led to the investigation of other 2D materials 

such as transition metal dichalcogenides (TMDs), hexagonal boron 

nitride (h-BN), and other materials. TMDs, for example, are 

semiconducting materials that can be used in electronic and 

optoelectronic devices, while h-BN has excellent insulating properties 

and can be used as a substrate for graphene-based devices, shown in 

Figure 1.2. The family of graphene-based 2D materials is expanding 

rapidly, and scientists are exploring their unique properties and 

potential applications. 

 

 

 

Figure. 1.2. Properties of 2D materials in different categories from insulator to 

superconductor [6]. 

 

 

 

Figure. 1.3: Crystalline structures of various 2D materials [7]. 
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Graphene is a well-known 2D nanomaterial that consists of a single 

layer of carbon atoms in a hexagonal lattice structure. With a thickness 

of 0.34 nm, it has remarkable mechanical, thermal, and electrical 

properties. Graphene, with its C-C bond distance of 0.142 nm (shown 

in Figure 1.4), has been studied for its potential use in numerous 

applications including energy storage, sensors, and electronic devices 

[8], [9]. The carbon atoms in graphene are arranged in a hexagonal 

lattice structure and each of these atoms is sp2 hybridized. This means 

that each carbon atom forms three bonds with its neighboring carbon 

atoms, as illustrated in Figure 1.3 [10], [11]. Graphene exhibits 

exceptional mechanical, thermal, and electrical properties, making it an 

ideal candidate for a range of applications. Its high tensile strength and 

flexibility have led to its use as a reinforcement material in composites 

[12]. Its excellent thermal conductivity makes it suitable for use in heat 

management systems [13], while its high electrical conductivity has 

been investigated for use in electronics and energy storage devices. 

Graphene's surface area-to-volume ratio and its ability to selectively 

absorb molecules make it a promising candidate for use in sensors and 

catalysis [10], [11]. Graphene has been studied extensively for its 

potential use in various fields such as nanoelectronics, optoelectronics, 

biomedicine, and energy conversion and storage. Researchers continue 

to explore new ways to manipulate the properties of graphene to unlock 

its full potential in these areas [8], [9]. Additionally, graphene is nearly 

transparent, with a high optical transmittance of about 97%, making it 

suitable for use in transparent conductive films [10]. 

 

 

 

Figure. 1.4: Illustrates (a) different carbon allotropes, ranging from 0D to 3D, (b) unit 

cell of graphene, (c)  atomic orbitals of graphene, (d, e) The energy dispersion of 

graphene, (f) The energy dispersion of a semiconducting graphene nanoribbon (GNR) 

[6].  
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Graphene's remarkable strength, with a tensile strength of about 130 

gigapascals with young’s modulus of 1 TPa, can be attributed to the 

covalent bonding between the carbon atoms in the graphene lattice, 

which creates a rigid and stable structure [12]. Graphene-based 

materials have shown great potential in thermal management 

applications. A study demonstrated that a graphene-epoxy composite 

exhibited a thermal conductivity of up to 15 W/mK, which is 

significantly higher than other conventional thermal interface materials 

[13]. Moreover, graphene-based thermal interface materials have been 

developed that exhibited excellent thermal conductivity and mechanical 

properties, making them a promising candidate for aerospace thermal 

management applications. Graphene-based composites have been 

studied for their potential as high-performance electromagnetic 

interference (EMI) shielding materials for aerospace applications, high-

performance thermal interface materials for electronic devices, and 

high-performance composites for various applications, including 

aerospace, automotive, and sports equipment. Graphene oxide has also 

been investigated for its potential in the development of antibacterial 

materials for various applications [14].  

 

Graphene-based materials have also been studied for their potential in 

aerospace applications in the form of coatings. A recent study reported 

the development of a graphene oxide-based coating that exhibited 

excellent corrosion resistance properties, including high barrier 

properties, high mechanical strength, and high chemical stability [15]. 

Some of the technical data mentioned in the paper includes the use of 

graphene oxide-based coatings to protect steel and aluminium alloys, as 

well as the use of these coatings to reduce the corrosion rate of copper 

in acidic solutions. The researchers found that the coating effectively 

protected aerospace components and structures from corrosion in harsh 

environments [16]. The use of graphene-based coatings in aerospace 

applications could have a significant impact on the performance and 

reliability of aerospace components and structures. Corrosion is a major 

problem in the aerospace industry, and the development of effective 

corrosion-resistant coatings is essential for ensuring the safety and 

longevity of aerospace systems. Aircraft corrosion is a complex issue 

that involves several different types of corrosion. These include 

uniform, exfoliation, intergranular, and pitting corrosion, as shown in 
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Figure 1.5 a-d. These forms of corrosion can have varying appearances 

and may be caused by different mechanisms, either on their own or in 

combination. The impact of each type of corrosion on structural 

performance can also differ significantly. Due to the complexity and 

diversity of corrosion, it can be difficult to monitor and manage 

effectively. 

 

Graphene-based materials have attracted significant attention in the 

development of sensors due to their unique properties. These properties 

make them ideal candidates for use in various sensing applications. 

Graphene-based sensors have been shown to exhibit high sensitivity to 

various analytes, such as gases and biomolecules. For instance, 

graphene-based gas sensors have been shown to have high sensitivity 

to gases such as NO2, NH3, and H2S. Moreover, graphene-based 

biosensors have been used for the detection of various biomolecules, 

such as DNA, proteins, and viruses [17].  

 

 

 

 

Figure. 1.5: (a) Uniform corrosion on an aluminium aircraft structure (b) Exfoliation 

corrosion at fastener holes in F-18 upper wing skins (c) Intergranular corrosion of a 

failed 7075-T6 aluminium aircraft component (d) Pitting corrosion resulted from the 

corrosion media attaching to the exposed end grains [16].  

 

The selectivity of the sensors can be enhanced through various 

functionalization techniques, such as surface modification and chemical 

doping. Graphene-based sensors have also been shown to have fast 
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response times, allowing for rapid detection of analytes. For example, 

some graphene-based gas sensors have response times in the order of 

seconds [18]. Graphene-based sensors can also exhibit high stability 

over time, allowing for long-term sensing applications. The stability of 

the sensors can be enhanced through various encapsulation and 

protection techniques. Additionally, graphene-based sensors can be 

integrated with other electronic components, allowing for the 

development of miniaturized sensing devices. The integration of the 

sensors can be achieved through various methods, such as inkjet 

printing and microfabrication techniques [19]. However, there are some 

challenges associated with the use of graphene-based materials in 

sensing applications, such as their tendency to aggregate and their 

sensitivity to environmental factors such as temperature and humidity. 

Further research is needed to optimize the fabrication methods and 

properties of graphene-based sensors and to address these challenges 

for their successful integration in various sensing applications.  

Graphene and graphene-based materials have been extensively studied 

for their potential use in a variety of energy storage applications, 

including batteries, supercapacitors, and fuel cells. Their exceptional 

properties such as high surface area, excellent electrical conductivity 

(up to ~106 S/cm), mechanical strength (with a Young's modulus of 1 

TPa), and chemical stability make them attractive candidates for these 

applications [19], [20]. The use of graphene-based materials in energy 

storage devices can improve the performance, durability, and safety of 

these devices. High electrical conductivity of graphene can enhance the 

electron transfer rate and improve the energy storage capacity of the 

devices. The excellent thermal and chemical stability of graphene-based 

materials can prevent thermal runaway and improve the durability and 

lifespan of the devices. Additionally, combining graphene with other 

materials such as metal oxides and polymers can further enhance the 

electrochemical activity and stability of the materials. The promising 

properties of graphene and graphene-based materials make them 

potential candidates for the future of energy storage technology, and 

optimizing their properties and fabrication methods is essential for their 

successful integration into energy storage devices [20].   

 

Graphene and graphene-based materials (GBMs) have unique physical, 

chemical, and biological properties that make them attractive for a 

variety of biomedical applications, such as drug delivery, biosensing, 



Chapter -1: Introduction to Strain Engineering and Mechanical Characterization of 2D 

Nanomaterials 

11 
 

and tissue engineering [21]. GBMs have high surface area, excellent 

mechanical strength, and biocompatibility, and have shown 

antibacterial, anti-inflammatory, and anticancer properties. GBMs have 

been used as drug carriers to enhance drug solubility and stability, as 

well as to improve drug targeting and release. The large surface area 

and high electrical conductivity of GBMs have also been exploited for 

biosensing applications, such as glucose and DNA sensing. GBMs have 

been investigated for their potential in tissue engineering due to their 

ability to support cell growth and proliferation. However, the 

biocompatibility and safety of GBMs still need to be thoroughly 

evaluated to ensure their safe use in biomedical applications.  

 

In the field of flexible electronics, GBMs have been developed into thin 

films using chemical vapor deposition and transferred onto flexible 

substrates, exhibiting high conductivity (up to 5,000 S/cm), flexibility, 

and transparency (> 90% in the visible range) [22]. These materials 

have the potential to be used in various electronic devices, including 

displays and touchscreens. Researchers have demonstrated a graphene-

based light-emitting device that exhibited high efficiency (up to 1.6%) 

and flexibility with stable performance under bending and twisting. In 

the field of water purification, GBMs have been developed into 

graphene oxide-based membranes using vacuum filtration methods 

[23]. These membranes have exhibited high water flux (up to 4,800 

L/m2/h) and removal efficiency for various contaminants, including 

dyes, heavy metals, and bacteria (> 99.9% removal). Graphene oxide-

based membranes have the potential to improve the efficiency of water 

treatment processes. Furthermore, researchers have developed a 

graphene oxide-based membrane using vacuum filtration and thermal 

reduction, exhibiting high permeability (up to 1010 L/m2/h/bar) and 

selectivity (> 97% rejection) for water filtration. These materials have 

potential applications in desalination and purification of contaminated 

water sources.    

 

Hexagonal boron nitride (h-BN) is another type of two-dimensional 

material with a hexagonal lattice structure similar to graphene (shown 

Figure 1.6) but composed of alternating boron and nitrogen atoms 

instead of carbon [24]. It has received significant attention due to its 

unique properties such as wide bandgap, high thermal stability, and 

excellent dielectric properties. h-BN also exhibits high mechanical 
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strength, chemical inertness, and high thermal conductivity, making it 

a promising material for various applications, including electronics, 

optics, and energy storage [25].  

 

In electronics, h-BN has been used as a dielectric material in various 

electronic devices, including field-effect transistors (FETs) and vertical 

tunnel FETs, resulting in improved device performance and reduced 

power consumption. Additionally, h-BN has been explored for its 

potential use in optics, serving as a substrate for growing other 2D 

materials such as graphene and transition metal dichalcogenides 

(TMDs) which exhibit strong photoluminescence and good electrical 

properties [26]. It has also been used as a substrate for graphene-based 

photodetectors, resulting in high responsivity and fast response times 

[26], [27]. In the field of energy storage, h-BN has been investigated as 

a separator material in lithium-ion batteries, resulting in higher capacity 

and longer cycle life. It has also been used as a host material for sodium-

ion batteries, resulting in improved electrochemical performance and 

stability. These promising applications demonstrate the potential of h-

BN as a versatile material in various fields [28].  

 

 

 

Figure. 1.6. Honeycomb lattice structures of Graphene and h-BN matching [27]. 

 

Several studies have been conducted on the mechanical properties of 

hexagonal boron nitride (h-BN). One study proposed a method to study 

high order elastic constants of 2D hexagonal structures and obtained a 

continuum description of the elastic properties of monolayer h-BN 
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using ab initio density functional theory [29]. Another study 

investigated the effects of h-BN content on the mechanical properties 

of produced lining samples and found that adding h-BN up to 10% by 

volume did not cause a significant change in hardness and bending 

strength values of linings [30]. Additionally, h-BN has been found to 

have mechanical robustness, thermal stability, and chemical inertness, 

making it a strong candidate for two-dimensional material in various 

applications [24], [28]. In addition to its unique properties, h-BN can 

form composites with various other materials such as metal 

chalcogenides and graphene oxide sheets.    

 

Transition metal dichalcogenides (TMDs) are a class of materials that 

consist of a transition metal atom (such as Mo, W, or Nb) sandwiched 

between two chalcogen atoms (such as S, Se, or Te) in a layered crystal 

structure [3]. Unlike graphene, which is a semimetal, TMDs are 

semiconductors with a bandgap that can be tuned by changing their 

thickness. TMDs have unique electronic and optical properties, making 

them attractive for applications in optoelectronics, electronics, and 

energy storage. They can also be used as catalysts for various chemical 

reactions [31]. In their bulk form, TMDs are insulators or 

semiconductors. However, when they are thinned down to a few atomic 

layers, they become direct bandgap semiconductors with strong light-

matter interactions. This property makes TMDs attractive for 

optoelectronic applications such as photodetectors, solar cells, and 

light-emitting diodes (LEDs). Additionally, TMDs have high carrier 

mobility, which makes them promise for applications in high-speed 

electronics [32]. TMDs also have high surface area and can be easily 

functionalized with different chemical groups, making them useful for 

energy storage applications such as supercapacitors and batteries. They 

can also act as efficient catalysts for various chemical reactions due to 

their unique electronic and structural properties [31]. Examples of 

TMDs include molybdenum disulfide (MoS2), tungsten diselenide 

(WSe2), and titanium disulfide (TiS2), among others. Molybdenum 

disulfide (MoS2) has been investigated more than other transition metal 

dichalcogenides (TMDs) for several reasons. Firstly, MoS2 is one of the 

most abundant TMDs and is relatively easy to synthesize. MoS2 is also 

used as a substitute for graphene and other semiconductor appliances 

with high capability of practices in nano-electronic, energy-storing, 
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photocatalysts, optical sensors, biosensors, and other applications [32], 

[33]. MoS2-based nanostructures have unique physicochemical, optical, 

and electrical properties that have earned substantial thoughts from the 

scientific communities [34]. MoS2 has also been extensively exploited 

in biomedical applications due to its unique physicochemical properties 

and biocompatibility [35]. Furthermore, MoS2 can form 

heterostructures with other 2D materials, such as graphene or other 

TMDs, which can lead to novel properties and applications.  

 

Molybdenum disulfide (MoS2) is a 2D nanomaterial that has attracted 

significant interest due to its unique properties and potential 

applications. MoS2 is a layered material consisting of molybdenum 

atoms sandwiched between two layers of sulfur atoms. This structure 

results in a high surface area, which makes MoS2 an attractive material 

for a wide range of applications.  MoS2 is an inorganic compound that 

belongs to the transition metal dichalcogenides (TMDs) family, which 

consists of a transition metal like Molybdenum and a chalcogen like 

Sulfur. It has promising properties, such as a large band gap (~1.8 eV) 

that changes from an indirect gap to a direct one in thin structures, 

making it an ideal material for downscaling electronic devices. Unlike 

graphene, MoS2 does not have surface dangling bonds and has high 

mobility even with high-κ dielectric materials. It is easy to fabricate and 

has a high yield at a low cost [36]. Furthermore, its covalent and Van 

der Waals bonds make it optimal for gas sensing, and it has less contact 

resistance and higher performance than Silicon. MoS2 has a wide range 

of applications in different fields, including bio-applications like DNA, 

cancer, and Corona Virus detection. Studies have also shown that it may 

be effective in curing cancer and Alzheimer's disease and has no 

biological interaction, making it safe for injection in human bodies [33].  

While Silicon-based semiconductor devices face issues related to 

quantum and tunneling effects at the nanoscale, MoS2 has shown 

promise in terms of its electronic and quantum characteristics when 

transitioning from a bulk material to a two-dimensional structure [37]. 

The optical properties of MoS2 are essential for its use in 

optoelectronics. MoS2 has a high absorption coefficient (~500 nm ) for 

short wavelengths and a low absorption coefficient for long 

wavelengths. Its tunable bandgap allows for a wide range of 

applications with different photoresponsivity and specific detectivity. 
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MoS2 multilayers and monolayers have a high refractive index, making 

them useful in coating. The PL properties of monolayer MoS2 can be 

enhanced by adding H2O2 solution. TMDs have a low PL quantum yield 

of between 0.01 and 6%, but MoS2's QY was improved to 95% by 

treating it with an organic superacid, which also increased its carrier 

lifetime to nearly 10.8 ns, making it useful for high-performance solar 

cells and lasers. The mechanical properties of monolayer MoS2 are 

notable, with a high strength and good elasticity comparable to that of 

graphene oxide, and a Young's modulus of 0.33 ± 0.07 TPa. 

Additionally, its flexibility prevents deformation and band gap shifts, 

which can occur in other semiconductors under strain. However, strain 

can be used to change MoS2 electronic properties from a semiconductor 

to a metal, causing deformation and transforming it to a metal at high 

strain values [38]. The electronic properties of MoS2 multilayers are 

characterized by an indirect band gap of 1.2 eV, which increases as the  

number of layers decreases until a direct band gap of 1.8 eV is achieved 

in monolayer MoS2. However, this value is still far from the direct band 

gap of silicon, which is 1.12 eV. The band gap of MoS2 is affected by 

mechanical strain, which can change it from a direct to an indirect band 

gap and cause the material to transition from a semiconductor to a 

metal. The properties of MoS2 are determined by the 4d and 3p orbitals 

in Mo and S, respectively. The projected density of states (PDOS) of 

bulk and monolayer MoS2 are similar, but there are some peaks in 

PDOS in the case of monolayer MoS2. Doping with certain elements 

can change the type of semiconductor MoS2 is, with chromium, copper, 

and scandium causing it to behave as an n-type semiconductor and 

nickel or zinc causing it to behave as a p-type semiconductor. Doping 

with titanium can cause MoS2 to behave as either a p-type or n-type 

semiconductor depending on the levels and sites of doping. At low 

doping levels of titanium below 2.04%, MoS2 behaves as a p-type 

semiconductor. However, interstitial doping of titanium at 3.57% 

causes MoS2 to behave as an n-type semiconductor, and at high doping 

levels of 7.69%, MoS2 becomes a ferromagnetic half-metal with spin 

polarization of 1. The substitutional doping of titanium did not show 

any change in electronic properties for the three doping concentrations 

mentioned. With the advancement of spintronics and the shift towards 

nanoscale technology, it has become imperative to investigate the 

electron spin of materials such as MoS2. TMDs, which are non-

magnetic, have the potential to become tunable semiconductors if 
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magnetism can be induced in them. A study conducted on multilayer 

MoS2 revealed that it possesses a long spin diffusion length of 235 nm, 

and that in-plane spin polarization can restrict electron spin-relaxation. 

Another study showed that MoS2 exhibits semi-metallic ferromagnetic 

characteristics when doped with Sc, with a unity spin polarization value 

that is highly desirable in spintronics [38]. 

 

Black phosphorus (BP) is a two-dimensional material that has recently 

gained interest due to its unique properties, such as high mobility, 

tunable direct bandgap, and anisotropic properties. BP is the most stable 

phosphorus allotrope and can be produced through high temperature 

and pressure or mineralizer auxiliary synthesis [39]. BP has potential 

applications in various fields, including electronics, photonics, and 

biomedicine [39]–[41]. BP's unique structure, which includes puckered 

structures in the armchair direction and double-layered arrangements in 

the zigzag direction, gives it distinct thermoelectric, topological, 

electronic conductivity, and mechanical properties. These properties 

make BP an advanced material for use in moderate band gap-based 

nano-electronic and nanophotonic devices, as well as in 

optoelectronics, transistors, sensors, and thermoelectric applications. 

Research efforts are ongoing to deepen our understanding of BP's 

fundamental properties and to explore new applications for this 

material. BP nanostructures, prepared using chemical and mechanical 

exfoliation methods, demonstrate great potential for use in field-effect 

transistors, memory devices, diodes, demodulators, and photodetectors. 

BP is a material that exhibits a tunable band gap which can vary from 

0.3 to 1.5 eV depending on the interlayer stacking pattern. This 

property, combined with enhanced anisotropic in-plane properties and 

charge carrier mobility, allows BP to absorb a wide range of light in the 

mid-infrared system of the solar spectrum, making it a promising 

material for use in photo detectors. Compared to graphene and other 2D 

materials, BP has better metal-semiconductor transformation, resulting 

in structural changes in the layer's number and stress level. This unique 

property makes BP an attractive material for use in catalysis. Black 

phosphorus (BP) exhibits unique electrical, thermal, and mechanical 

properties that make it a promising material for various applications. 

Both the single and multilayer forms of BP have direct but tunable 

bandgap properties, making it an ideal semiconductor device for 
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efficient photo-electrical conversion and light emission. The thermal 

conductivity anisotropy of BP is high and depends on the size, 

temperature, and strain of the material. The mechanical properties of 

BP show high mechanical ductility and anisotropy, making it superior 

to other 2D materials like graphene. When tensile strain is applied 

appropriately, the bandgap of BP can transition from direct to indirect, 

and the order of charge transportation can change. BP's mechanical 

anisotropy has been utilized in nanoelectromechanical devices, which 

exhibit excellent nanoelectromechanical attributes. Studies on the 

mechanical properties of BP have revealed its high mechanical 

ductility, excitable electronic arrangement, and extreme anisotropy. BP 

possesses good ductile strain in the armchair direction (30%) and the 

zigzag direction (27%) [42]. The mechanical anisotropy of BP 

nanosheets shows superior mechanical flexibility in Young’s modulus 

compared with other 2D materials like graphene (44 GPa in armchair 

and 166 GPa in zigzag directions). Single-layer BP has excellent 

flexibility due to its smaller Young’s modulus value. The tensile strain 

of phosphorene is weaker than those of MoS2 and graphene, as the 

extension in bond angles and layer bond are less compared to the linear 

bond. The mechanical anisotropy of BP has been applied in 

nanoelectromechanical devices, which exhibit excellent 

nanoelectromechanical attributes. BP's ductility can be used to regulate 

the bandgap from direct to indirect and to change the charge 

transportation order [39]. In summary, the research shows that 

phosphorene has lower Young's modulus values compared to MoS2 and 

graphene due to weak P-P bond interactions, and that the other 2D 

materials exhibit greater ductility than phosphorene under tensile strain. 

The study also found that the puckered honeycomb structure of BP, 

which contains sp3 non-equivalent hybridization of each P atom, gives 

rise to remarkable mechanical, thermal, electrical, and optical 

anisotropic properties. These findings provide insight into the potential 

for novel BP-based opto-electrical devices, especially in the realm of 

optoelectronics where BP's optical anisotropy could lead to more 

efficient systems.  

 

Despite its promising properties of 2D materials, there are still some, 

one of the main challenges is the structural degradation of some 

atomically thin 2D layers in ambient conditions, which can lead to 
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decreased performance and reliability of devices that use these 

materials. This degradation can be caused by a variety of factors such 

as exposure to oxygen, moisture, and temperature fluctuations. 

Therefore, developing robust encapsulation techniques and optimizing 

device fabrication processes are critical for ensuring long-term stability 

of 2D materials-based devices. Another challenge is the limited 

scalability of the current synthesis methods for 2D materials, which 

often rely on micromechanical exfoliation of bulk crystals. This limits 

the size of the crystals to a few micrometers and makes it difficult to 

produce large-area films that are uniform and defect-free. Developing 

scalable and cost-effective synthesis methods for 2D materials is 

therefore crucial for enabling their widespread commercial adoption. In 

addition, integrating 2D materials into existing device architectures can 

be challenging due to the differences in their physical and electronic 

properties compared to traditional semiconductors. This can require 

significant modifications to device design and fabrication processes, 

which may increase the complexity and cost of production. Finally, the 

lack of standardization in the characterization and measurement of 2D 

materials poses a challenge for comparing results across different 

research groups and establishing reliable performance metrics. 

Developing standardized protocols for the synthesis, characterization, 

and performance evaluation of 2D materials is important for advancing 

the field and enabling broader collaboration and commercialization 

efforts [43], [44]. 

 

1.3 Strain Engineering 
 

Strain engineering has become a widely used technique to modify the 

physical properties of materials by applying external mechanical strain 

to them. This technique has been extensively applied to two-

dimensional nanomaterials such as graphene, transition metal 

dichalcogenides (TMDs), and black phosphorus. Two-dimensional 

nanomaterials have unique mechanical and electronic properties that 

can be modified using strain engineering techniques. Theoretical 

calculations have shown that ideal single-crystal graphene can achieve 

high elastic strains of up to 30%, presenting new opportunities to 

manipulate the chemical and physical properties of 2D materials 

through elastic strain engineering [45].  
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Two-dimensional materials with tunable direct band gaps have gained 

popularity in the field of optical and optoelectronic devices due to their 

ability to efficiently absorb, emit, and convert photons. These materials 

have unique properties such as transparency and flexibility, which make 

them suitable for emerging applications in wearable electronics and 

transparent display screens. To further broaden the application fields of 

2D materials, various techniques have been developed to modulate their 

properties, including doping, alloying, inducing defects, forming van 

der Waals heterostructures, electrostatic regulation, and strain 

engineering. In 2D nanomaterials, strain engineering is a particularly 

relevant technique as it can modify both their electronic and mechanical 

properties. Strain can induce changes in the band structure, carrier 

mobility, and electronic density of states of 2D materials. It can also 

alter their mechanical properties such as elasticity, strength, and 

fracture toughness. Unlike bulk materials, 2D materials can withstand 

greater elastic strain without fracturing. Moreover, their high sensitivity 

to strain means even small strains can significantly alter their physical 

properties. The atomic-scale thickness of 2D materials enables various 

deformation methods to be designed, both in-plane and out-of-plane, 

which provides more options for inducing strain. In summary, 2D 

materials with tunable direct band gaps possess unique properties that 

make them highly suitable for emerging applications, and strain 

engineering is a promising technique for modulating their properties 

and expanding their potential uses.  

 

1.4 Types of Strain Applied to 2D Materials  
 

Two-dimensional materials, such as graphene and transition metal 

dichalcogenides (TMDs), possess unique properties that make them 

promise for various technological applications. One way to modify and 

control their properties is by applying strain to them. There are different 

types of strain that can be applied to 2D materials, and each type can 

lead to different effects on the material's properties [46].  

 

A homogeneous uniaxial strain is a type of mechanical strain where a 

2D material is uniformly stretched or compressed in one direction. This 

can be done by growing the material on a substrate with a different 
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lattice constant or by bending the material. This strain has a significant 

impact on the electronic, optical, and mechanical properties of 2D 

materials. It can change the electronic band structure of materials like 

graphene and transition metal dichalcogenides, leading to a tunable 

bandgap for optoelectronic applications. Uniaxial strain can also 

increase the mechanical strength and stiffness of materials like MoS2. 

The ability to achieve homogeneous uniaxial strain has led to the 

development of strain engineering techniques that can be used to tune 

the properties of 2D materials for various applications, such as 

modulating the optical properties of WS2 monolayers for nanophotonic 

devices. 

 

Homogeneous biaxial strain is when a 2D material is uniformly 

stretched or compressed in two perpendicular directions, which can be 

achieved through mechanical methods such as placing the material on 

a substrate with a different thermal expansion coefficient. This strain 

can significantly impact the mechanical and electronic properties of 2D 

materials. For instance, studies have shown that applying homogeneous 

biaxial strain to graphene can increase its strength and stiffness by up 

to 33% and 22%, respectively. Similarly, applying biaxial strain to 

molybdenum disulfide can alter its electronic band structure, resulting 

in a tunable bandgap. However, the effect of strain on electronic 

properties is highly dependent on the direction and magnitude of the 

strain. For example, applying a tensile strain along the armchair 

direction of MoS2 can lead to a larger increase in the bandgap compared 

to applying the same strain along the zigzag direction. The direction and 

magnitude of the strain also play a crucial role in its impact on the 

electronic properties of 2D materials.  

 

Inhomogeneous local strain is a type of strain that can be applied to 2D 

materials through non-uniform stress or strain across its surface. This 

strain can be generated by using various mechanical methods such as 

atomic force microscopy or nanoindentation. Studies show that 

inhomogeneous local strain can significantly impact the mechanical and 

electronic properties of 2D materials. For example, research 

investigated the effect of this strain on black phosphorus and found that 

it can alter the electronic band structure. Similarly, inhomogeneous 

local strain on graphene can induce defects and wrinkles, which 

increase its stiffness and strength. These studies demonstrate the 
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potential of inhomogeneous local strain as a tool for manipulating the 

properties of 2D materials at the nanoscale. Researchers can use various 

mechanical methods to generate non-uniform stress or strain and further 

investigate the impact of this strain on the properties of 2D materials.  

 

1.5 Strain Induction Techniques in 2D Materials 
 

Inducing strain in 2D materials is an important research area that has 

the potential to revolutionize the field of materials science. By applying 

controlled mechanical strain to 2D materials, researchers can alter their 

electronic and mechanical properties, which can lead to improved 

performance and new applications. Various methods, including 

mechanical stretching, thermal expansion, and chemical doping, have 

been developed to induce strain in 2D materials, and understanding 

these methods and their implications is critical to developing future 

technological applications. By exploring different methods to induce 

strain in 2D materials, their advantages and limitations, and their 

potential applications in various fields, researchers can develop novel 

materials with tailored properties for a wide range of applications. 

Therefore, research in strain engineering of 2D materials is of great 

importance for advancing materials science and technology. The 

researchers have developed numerous methods to introduce strain in 2D 

materials to address technical difficulties. Figure 1.7 depicts how the 

uniformity of strain induced in 2D materials has improved over the 

year. There are two main categories of strain applied to 2D 

nanomaterials: intrinsic strain and artificial strain. Intrinsic strain can 

exist in both planar and buckled 2D nanomaterials [47]. Artificial strain 

engineering has been successfully applied to diverse 2D materials for 

improved performance in various reactions [48].   

 

Intrinsic strain methods refer to the techniques used to induce strain in 

2D materials without the application of external force. These methods 

includes thermal expansion, which refers to the phenomenon where two 

materials expand or contract at different rates when exposed to changes 

in temperature. This can create strain and deformation in the materials 

when they are bonded together, especially when one material is 

constrained by the other. In the context of 2D materials, the selection of 

a substrate with a different thermal expansion coefficient than 2D 
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materials can create strain in the 2D materials during the chemical vapor 

deposition (CVD) or epitaxial growth process, due to the mismatched 

expansion and contraction rates.  

 

 

Figure. 1.7: The historical development of strain-based mechanical characterization 

approaches for 2D nanomaterials [49]. 

 

This strain can be either tensile or compressive, depending on the 

deformation of the substrate, and recent studies show that using flexible 

substrates with high Young's modulus can effectively induce more 

strain in 2D materials. Polymer substrates with a high thermal 

expansion coefficient can induce tensile strain in 2D materials, while 

those with unique mechanical properties, such as PS, can induce 

compressive strain. The induced strain can be controlled by adjusting 

the temperature of the substrate. However, the induced strain may 

slowly release over time or with a decrease in temperature, which is a 

challenge that needs to be addressed. 

 

In the semiconductor industry, strain is induced in single crystal 

materials during epitaxial growth due to the lattice mismatch between 

the material and the substrate. This method can also be used to induce 

strain in 2D materials that have an atomic thickness. When two 
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components of a 2D heterojunction or 2D material and substrate have 

different lattice constants, it results in either tensile or compressive 

strain in the 2D material. Lateral heterojunctions are made of two types 

of 2D materials with similar crystal structures, but different lattice 

constants have been widely studied. This creates a large strain at the 

line interface. Researchers grew a monolayer WSe2-MoS2 lateral 

heterojunction using the two-step epitaxial growth method and 

discovered both tensile and compressive strain in the epitaxial MoS2 

region through PL measurements. Further investigation of the strain 

distributions caused by lattice mismatch was conducted by imaging the 

MoS2 region of in-plane WSe2-MoS2 heterojunctions using STM. By 

analysing the moiré pattern, researchers considered the 2D strain tensor 

of the central lattice point to be εaa = 1.17%, εbb = -0.26%, and εab = εba 

= 0.69%, respectively. STEM images showed two types of dislocations 

at the interface of WSe2-MoS2 lateral heterojunctions, resulting in 

partial relief of strain and then anisotropic strain. 

 

Strain can be induced in 2D materials by transferring them onto 

patterned substrates. Techniques such as ion-beam sputtering, 

photolithography, electron-beam etching, and nano self-assembly can 

be used to modify the surface of rigid substrates and create unique 

periodic ripple, nanocone, or nanopillar structures. Successful examples 

include MoS2 and graphene, where transferring them onto patterned 

substrates induced local strain. For example, MoS2 nanosheets were 

transferred onto a rippled SiO2/Si substrate, inducing local strain in the 

obtained MoS2 ripples. MoS2 nanosheets transferred onto a patterned Si 

substrate with Cr hard mask arrays induced tensile strain ranging from 

3.46 to 3.65%. Hybrid heterojunctions of nanopatterned substrates and 

2D materials can also induce periodic strain. For instance, ZnO nanorod 

arrays were used to pattern single-crystal ZnO substrates by 

hydrothermal synthesis, and then monolayer MoS2 was transferred onto 

the patterned ZnO substrate, resulting in the formation of organized 

MoS2 wrinkles. 

 

The difference in elastic modulus between 2D materials and flexible 

substrates can cause strain in 2D materials by creating wrinkles. The 

flexible PDMS substrate is commonly used in this process. The 2D 

materials are transferred to the pre-stretched PDMS substrate and then 

released, which induces periodic wrinkles due to differences in elastic 
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modulus and recovery ability between the materials. If pre-strain is 

applied in both x and y directions, the release of the pre-strain leads to 

the formation of 3D wrinkles, which improve light absorption and the 

performance of optoelectronic devices. Wrinkles also form when 2D 

materials are transferred to the top surface of a pre-bent PDMS substrate 

and released to yield uniaxial compression strain. The pre-strain εpre is 

defined as follows [46]:  

 

   𝜀𝑝𝑟𝑒 =
∆𝐿

𝐿
× 100%                                                                          (1.1) 

 

where L and ΔL are the initial and stretched lengths of the PDMS 

substrate, respectively. The induced maximum strain ε on the top of 

wrinkles can be calculated by the following formula:  

 

  𝜀 = 𝜋2ℎ𝛿(1 − 𝜎2)𝜆2                                                                           (1.2) 

 

where h and σ are the thickness and Passion's ratio of 2D materials, and 

δ and λ are the height and width of periodic wrinkles, which can be 

extracted from the atomic force microscopy (AFM) or the scanning 

electron microscopy (SEM) image. However, the generation of 

wrinkles in 2D materials is relatively random and difficult to control. 

Wrinkles in monolayer or bilayer 2D materials may collapse easily due 

to their low stiffness, while multilayer 2D materials tend to form stable 

wrinkles. The strain induced by the pretrained flexible substrates is 

inhomogeneous, with the largest strain at the top of the wrinkle, usually 

ranging from 1-2%.  

 

Artificial Strain 

 

The remarkable properties of intrinsic strain in 2D materials have led to 

numerous efforts to intentionally induce and precisely control strain in 

these materials. The mechanical methods entail applying external forces 

to the 2D materials to induce strain, whereas the chemical methods are 

intended to modify the local lattice structure and introduce strain 

through mechanisms. 
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Mechanical Methods 

 

Mechanical methods are techniques that involve physically deforming 

or bending the 2D material to introduce strain. These methods are often 

referred to as external or applied strain. There are several mechanical 

methods to introduce strain in 2D materials, including: 

 

Bulge Test 

 

The bulge test has been a widely adopted method for evaluating 

mechanical properties of thin film membranes over the last 50 years. 

Beams et al. were among the first to use this technique to measure the 

mechanical properties of thin films by calculating the stress and strain 

in the bulged film. To do this, they assumed a spherical cap with t 

representing the thickness of the thin film, R denoting the bulge radius 

of the spherical curvature, P representing the applied pressure 

difference, and σ and ε representing the stress and strain, respectively. 

The calculation is expressed as follows [50]:  

 

   𝜎 =
𝑃𝑅

2𝑡
                                                                                                (1.3) 

 

in the spherical cap, the spherical curvature R can be replaced by bulge 

height z, and the film radius a if z << a:  

 

    𝑅 =
𝑎2

2𝑧
                                                                                          (1.4) 

The bulge test is a widely used method for measuring the mechanical 

properties of thin film materials. Figure 1.8 shows a pressurized bubble 

device commonly used. In a single experiment of bulge test, can provide 

valuable information about different mechanical properties of the thin 

film on the substrate, including elastic modulus, residual stress, and 

adhesion to the substrate.  
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Figure. 1.8: The diagram depicts a bulging test for bilayer graphene. The left inset 

illustrates the profiles of a graphene bubble under increasing pressure. On the right 

inset, Raman spectra of a graphene G band are displayed vertically in the direction of 

a line scan [51]. 

 

The bulge test is a useful technique for characterizing the mechanical 

properties of 2D materials, such as graphene and MoS2, due to their gas 

impermeability. To conduct the test, 2D materials are typically 

exfoliated from bulk materials onto a SiO2/Si substrate with patterned 

holes, and then a gas diffusion procedure is used to apply a uniform 

pressure difference across the material, causing it to bulge upwards. The 

bulge test measures the deflection and blister radius of the material 

under a certain pressure difference. Hencky's solution can be used to 

obtain the following equations to analyze the test results [52] 

 

     ∆𝑃 = 𝐾 (𝑣)
𝐸𝑡ℎ3

𝑎4                                                                                (1.5)       

The pressure difference, ΔP, the thickness of the 2D material, t, and 

Young's modulus of 2D materials, E, as well as coefficients K(ν) is 

dependent on Poisson's ratio (ν), are all significant factors in the bulge 

test. By using AFM to measure the values of h and a, the Young's 

modulus of 2D materials, E, can be determined by fitting the curve of 

ΔP-K(ν) 
𝑡ℎ3

𝑎4
, with the assumption that delamination does not occur. 

Monolayer and multilayer graphene, h-BN, and MoS2 with layer 
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numbers ranging from 10 to 70 have been studied for their bending 

rigidity and Young's modulus [53]–[56].  

 

The Bulge device has been demonstrated to be an effective method for 

strain engineering of 2D materials. By applying mechanical 

deformation to a localized region of the material, biaxial strain can be 

introduced, with maximum achievable strains of up to 5% observed in 

the center of bulged MoS2. Additionally, the device allows for the 

continuous and reversible tuning of the optical band gap, providing a 

controlled means for modulating the optical properties of the material. 

This technique has the potential to optimize and tune the properties of 

2D materials for various applications in electronics, optoelectronics, 

and photonics. It is important to note that the Bulge device may not be 

suitable for inducing large amounts of strain, as it operates on the 

principle of inducing mechanical deformation on a localized region of 

the material, which limits the overall amount of strain that can be 

applied. The device also requires a sophisticated experimental setup and 

is time-consuming, which may hinder its practicality for large-scale 

applications. 

 

Despite these limitations, the bulge device remains a valuable tool for 

understanding the fundamental properties of 2D materials and strain 

engineering. By providing a means for precise and controlled 

modulation of the mechanical and optical properties of these materials, 

it enables the development of advanced technologies such as flexible 

electronics and photonics. Further research in this area may involve 

integrating the Bulge device with other strain engineering techniques to 

achieve even greater levels of strain and explore new material 

properties. 

 

Bending of a Flexible Substrate 

 

The bending test is a useful method for applying a controlled uniaxial 

tensile strain to 2D materials. To do this, the 2D material is first 

deposited onto a flexible substrate through mechanical exfoliation or 

vapor transport growth film transfer. By bending the flexible substrate, 

the top surface of the 2D material is stretched, effectively transferring 

a uniaxial tensile strain to it. The flexible substrate can be bent using a 

micrometer stage with a two-point, three-point, or four-point bending 
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geometry [57]. To determine the strain resulting from the bending, a 

continuum mechanics model for elastic beams is used, under the 

assumption that the radius of curvature resulting from the bending is 

larger than the substrate thickness. This is illustrated in Figure 1.9 (a-

b). Additionally, the beam's deformation must occur dominantly in the 

longitudinal direction, while shear stresses and stresses normal to the 

neutral axis are considered negligible. By taking these factors into 

account, the strain can be calculated as described in reference [58]: 

 

          𝜀 =
ℎ

2𝑅
                                                                                                        (1.6) 

 

The van der Waals interaction between the 2D material and the surface 

of the flexible substrate is strong enough to prevent slipping of the 

nanosheet for strain levels up to 1%. However, at higher strain levels, 

the sheets tend to slip, making it difficult to obtain reproducible results. 

To overcome this issue, metal strips can be evaporated onto the 

nanosheets to serve as clamping points. This method has been 

effectively used to apply strain to graphene and study changes in its 

Raman vibrational modes. The maximum achievable uniaxial strain 

reported using this technique varies from 0.5% to 2.5%, depending on 

the specific experimental conditions [59]. 

 

 

 

Figure. 1.9: Uniaxial Straining of 2D Materials using Bending and Tensile Test 

Geometries. (a) Schematic representation of a flexible substrate with a 2D material 

deposited on it. The two-point bending test geometry enables controlled uniaxial 

tensile strain to be applied to the 2D material by bending the substrate. (b) Cross-

sectional illustration of the flexible substrate before and after bending. (c) Illustration 

of the method for applying uniaxial tensile strain through elongation of an elastic 

substrate [60]. 
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Elongating the Substrate 

 

Another technique for studying the mechanical properties and strain 

engineering of 2D materials involves elongating the substrate on which 

the material is deposited, as shown in Figure 1.9 (c). This method allows 

for the application of homogeneous uniaxial tensile strain to the 2D 

material. To use this technique, the 2D material is deposited onto an 

elastic substrate, such as a thin polymer film. The substrate is then 

mounted onto a straining stage, which allows for controlled elongation 

of the substrate. The straining stage is typically similar to the ones used 

in material science for tensile tests, with clamps or grips to hold the 

sample and an actuator to apply the strain. By elongating the substrate, 

the 2D material is subjected to uniaxial tensile strain, which can be 

measured using techniques such as Raman spectroscopy or optical 

microscopy. This allows researchers to study the mechanical properties 

of the material under controlled strain conditions. Recently, this 

technique was used to apply uniaxial tensile strain to monolayer WS2, 

a 2D material with potential applications in electronics and 

optoelectronics. The strain was applied up to 4.0%, allowing 

researchers to study the material's response to high levels of strain [60]. 

Substrate-based tension and bending techniques have become a popular 

choice for demonstrating the effect of strain engineering on two-

dimensional (2D) materials, mainly because of their straightforward 

setup and ease of operation. Previous research mentioned in [46], have 

utilized these techniques to investigate the strain effect on 2D materials. 

In particular, under substrate-induced strain, the absorption and 

photoluminescence (PL) peaks of monolayer MoS2 can experience 

significant redshifts. For instance, Conley et al. (2013) have validated 

that the transition from direct-to-indirect bandgap occurs at a strain of 

1%, as confirmed by PL measurements [61].  

 

However, it is important to note that these methods are limited in their 

ability to achieve high levels of strain compared bulge device, but it is 

relatively simple and easy to perform but not suitable for studying more 

complex deformation mechanisms.  
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Deformation by Indentation 

 

To deform a 2D material using an AFM probe, a monolayer or few-

layer 2D material is suspended on a flexible substrate and fixed firmly, 

shown in Figure 1.10. The deformation of the substrate can be 

transferred to the attached 2D material through van der Waals force 

between them when atomically thin materials are placed on flexible 

substrates. This method is commonly used to apply artificial strain to 

2D materials. Another way to generate strain is by mechanically 

deforming a suspended 2D material using an AFM tip. The deformation 

of the sample is detected by the deflection of the cantilever, which is 

measured by a laser beam reflected off the cantilever. The force-

indentation depth relationship is then used to calculate the mechanical 

properties of the material, such as its stiffness, elasticity, and hardness. 

This technique is capable of achieving atomic resolution and can 

identify monatomic steps and ripples in the 𝑧-direction, resolve lattice 

orientation, and surface defects in the 𝑥𝑦-plane. The tip, which provides 

high resolution and interacts with the sample surface, is at the end of 

the cantilever and measures in nanometers [62].  

 

 

 

Figure. 1.10. AFM-based methods for determining the elastic properties of 2D 

materials, a) 2D materials on prepatterned trenches. b) Illustration for the indentation 

test carried out on a freely suspended 2D sheet with an AFM tip [62]. 

 

Several studies have examined the AFM nanoindentation of different 

2D materials, including single-layer graphene. AFM nanoindentation 

was used to determine the mechanical properties of graphene, such as 

the Young's modulus, strength, and fracture strain, resulting in values 

of 1 TPa, 130 GPa, and 25%, respectively. Defects were found to 

significantly decrease both the elastic modulus and strength of 

graphene. However, the stiffness and strength of polycrystalline 

graphene were unaffected by the presence of grain boundaries. AFM 

nanoindentation has also been used to study other 2D materials, such as 
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graphene oxide monolayers and membranes, revealing Young's moduli 

of 384 ± 31 GPa and ductile behavior, respectively. Another study 

examined suspended graphene membranes over circular wells, which 

exhibited high mechanical strength and stiffness, with an average 

elastic modulus of 1.1 TPa and a fracture strain of up to 25% [63], [64]. 

Figure 1.11 showcases different images and representations of 

graphene membranes with circular holes of various sizes. The figure 

comprises four images, where A is a scanning electron micrograph of a 

large graphene flake with partial coverage, full coverage, and fractured 

indentation of a hole. B represents a noncontact mode atomic force 

microscopy image of a single membrane with a height profile indicated 

by a solid blue line. C displays a schematic representation of 

nanoindentation on suspended graphene membranes, while D shows an 

AFM image of a fractured graphene membrane. These images provide 

valuable information about the structural properties and behavior of 

graphene membranes, which can be significant for various applications 

such as electronics and energy storage.  

 

 

 

Figure. 1.11: Characterization of Graphene Membranes with Circular Holes Using 

AFM and Fracture Analysis [64]. 

 

The force-displacement data was used in this method to determine the 

elastic properties and breaking stress of graphene membranes. The 

elastic response was found to be nonlinear, with a maximum point 
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defining the intrinsic breaking stress. An elastic response indicates the 

presence of an energy potential that depends on strain and can be 

expressed as a Taylor series. The symmetric second Piola-Kirchhoff 

stress, uniaxial Lagrangian strain, Young's modulus (E), and third-order 

elastic modulus (D) were used to express the isotropic elastic response 

under uniaxial extension: 

  

 𝜎 = 𝐸𝜀 + 𝐷𝜀2                                                                                 (1.7) 

 

If d is negative, it is causing a decrease in stiffness at high tensile strains 

and an increase in stiffness at high compressive strains. The value E can 

be determined from the second-order fourth-rank stiffness tensor, while 

D is determined from both the second-order fourth-rank stiffness tensor 

and the third-order sixth-rank stiffness tensor. Nonlinear elastic 

responses were appropriate for simulations of graphene sheets and 

nanotubes. The elastic behavior of graphene can be accurately 

described using a thermodynamically rigorous nonlinear form that 

captures all important aspects. The intrinsic stress of graphene is the 

maximum of its elastic stress-strain response and can be expressed as 

stress:  

 

 (𝜎) = - (
𝐸2

4𝐷
)  at the strain (𝜀) = - (

𝐸

2𝐷
)                                          (1.8) 

 

The values of E and D, which represent the material's Young's modulus 

and bending stiffness, respectively, can be determined through 

experimental data. By analyzing the force-displacement data, can 

determine E, while the value of D was inferred from the breaking force 

[64].  

 

Micro and Nano-Mechanical Devices 

 

Microelectromechanical systems (MEMS) devices have shown great 

potential in inducing uniaxial strains in two-dimensional (2D) materials 

and studying their mechanical response. The tensile test, which is the 

most fundamental mechanical test for determining the mechanical 

properties of materials, can be used to control the bandgap, 

conductivity, and optical properties of 2D materials, with potential 

applications in various fields such as electronics, photonics, and energy 
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storage. Micromechanical device-based tensile tests offer the advantage 

of testing small samples with high precision, enabling a detailed 

understanding of the mechanical properties of 2D materials. MEMS-

based platforms have been successfully used to perform tensile tests on 

various 2D materials, such as graphene, molybdenum disulfide (MoS2), 

and black phosphorus (BP), determining their mechanical properties 

such as ultimate tensile strength, maximum strain, breaking strength, 

and Poisson's ratio. These findings are crucial for developing devices 

with improved mechanical performance, including flexible electronics 

and sensors, which are increasingly being developed with 2D materials. 

In a study by H. Hugo Perez et al. in 2014 [65], researchers investigated 

the mechanical response of multilayer graphene using MEMS devices. 

They induced uniaxial strains using the MEMS devices, monitoring the 

mechanical response with Raman spectroscopy. The results showed 

that the MEMS devices were effective in inducing strains and 

monitoring the mechanical response, demonstrating their ability to 

evaluate the mechanical response of 2D materials. Microforce sensors 

and micro-displacement sensors are used to measure the applied force 

and resulting displacement with high accuracy. The loading-

displacement (L-D) curve obtained from MEMS devices provides 

valuable information about the mechanical behavior of 2D materials. 

From the L-D curve, the mechanical properties of the 2D material can 

be determined, including its Young's modulus, ultimate tensile strength, 

maximum strain, breaking strength, and Poisson's ratio. These 

properties are crucial for designing and developing advanced devices 

that utilize 2D materials, such as flexible electronics and sensors.  

Young's modulus measures the stiffness of a material and can be 

calculated using the following equation for 2D materials under the 

assumption of linear elasticity [65]:  

 

E = 
𝐿×𝑙

𝑤×𝑡×∆𝐷
                                                                          (1.9) 

Where E is the Young's modulus, L is the length of the 2D material, W 

is its width, t is its thickness, and ∆D is the displacement of the sample. 

By analyzing the L-D curve obtained from MEMS devices, researchers 

can also determine other mechanical properties of 2D materials, such 

as the ultimate tensile strength, maximum strain, breaking strength, and 

Poisson's ratio. These properties are crucial for designing and 
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developing advanced devices that utilize 2D materials, such as flexible 

electronics and sensors.  

 

 

 

Figure. 1.12: MEMS device used for straining 2D materials [66]. 

 

Several research studies have investigated the use of micro-

electromechanical systems (MEMS) devices to accurately measure the 

elastic properties and fracture behaviors of 2D materials. These studies 

are discussed in the literature [49], [63], [65]–[68]. The MEMS devices 

used for this purpose are known as in-plane tensile devices, which 

employ a thermally actuated shuttle to apply tensile strain and a fixed 

load shuttle to calibrate springs for direct measurement of the stress-

strain curve. Figures 1.12 and 1.14 depict the MEMS-based in-plane 

tensile device and its working principle, respectively, providing a visual 

representation of the device and its functionality. This enables a better 

understanding of the experimental setup used to measure the 

mechanical properties of the sample. The stress-strain curve generated 

from this device is a crucial tool for gaining insights into the mechanical 

behavior of the material under tension, allowing researchers to 

accurately determine its tensile strength, Young's modulus, and 

ductility. 

 

Other studies have employed a nanomechanical device in a SEM to 

investigate the fracture behavior of graphene and MoSe2. This method 
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involves the transfer of suspended 2D materials onto testing stages and 

the use of FIB patterning to create a rectangular shape for further 

testing. By utilizing the "push-to-pull" mechanism, the force exerted on 

the beam by the indenter is transferred to the tension of the stage, 

enabling in-plane tensile tests of 2D materials to be carried out [65], 

[67] . Figure 1.13 showcases a few examples of devices used for in-

plane tensile testing of graphene and MoSe2.These MEMS devices offer 

a high degree of precision and control in testing the mechanical 

properties of 2D materials, which is essential for developing next-

generation technologies.  

 

 

 

Figure. 1.13: Micro-Electro-Mechanical System (MEMS) Devices for Measuring the 

Mechanical Properties of 2D Materials: (a) In-Plane Tensile Testing Stage with 

Thermal Actuation and Strain Measurement of Graphene, and SEM Images of (b) 

Graphene and (c) MoSe2 Using "Push-to-Pull" Devices for In-Plane Tensile Testing 

[65]. 
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Figure. 1.14: A schematic is shown, depicting the main components and working 

principle of the Thermal in-plane microactuator [63]. 

 

In order to study the mechanical properties of 2D materials, researchers 

often use MEMS technology, which involves micromechanical devices. 

These devices can apply precise uniaxial tensile strains to the materials 

and allow for high magnification imaging to observe their behavior in 

real-time (Figure 1.14). By using these devices, researchers can gain 

important insights into the mechanical behavior of 2D materials, which 

is crucial for developing advanced materials with better mechanical 

performance, like flexible electronics and sensors. MEMS technology 

has become a promising technique for studying the mechanical 

properties of 2D nanomaterials.  

 

Despite the promise of strain engineering for modifying the properties 

of 2D nanomaterials, there are several challenges that need to be 
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addressed. One challenge is to develop reliable devices for inducing and 

measuring strain at the nanoscale, particularly in complex 

heterostructures. Another challenge is to understand how strain affects 

the stability and reliability of 2D nanomaterials, particularly in harsh 

environments.  

 

There are several aspects to the future of MEMS-based tensile testing 

of 2D materials. Firstly, the development of more advanced and precise 

devices for studying the mechanical behavior of these materials. For 

example, the use of MEMS-based devices in combination with other 

techniques could provide a more complete understanding of the 

mechanical properties of 2D materials under different types of strain. 

Secondly, the development of new 2D materials and their incorporation 

into MEMS devices could open up new opportunities for exploring their 

unique mechanical properties and potential applications in various 

fields. Thirdly, the use of MEMS-based devices for in-situ testing of 2D 

materials under different environmental conditions, such as temperature 

and humidity, could provide insights into their behavior under real-

world conditions. Finally, the integration of MEMS-based devices with 

other types of sensors, such as chemical and biological sensors, could 

lead to the development of new types of smart materials and devices for 

various applications.  

 

1.6 Experimental Techniques of Studying Mechanical 

Properties in 2D Materials 
 

Investigating the mechanical behavior of 2D nanomaterials is 

challenging due to their size limitations. Various mechanical 

characterization strategies, such as measuring properties like strength, 

stiffness, ductility, and adhesion, have been employed to study their 

behavior. Traditional observation under a microscope is used to 

understand qualitative information about deformation mechanisms and 

failure characteristics. Two main methods, theoretical simulations and 

experimental techniques, are used to investigate their mechanical 

properties. However, measuring their mechanical properties is 

challenging due to their small size and fragile nature. In situ microscopy 

techniques, such as SEM, TEM, and AFM, are particularly 

advantageous in investigating the mechanical properties of 2D 
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materials, from basic behaviors to atomic-level mechanisms. These 

techniques are versatile and can reveal novel physical phenomena of 

nanomaterials, allowing investigation of various properties such as 

electrical, thermal, optical, mechanical, chemical, electromechanical, 

electrochemical, and mechanochemical properties of nanomaterials. 

Typically, 2D nanomaterials are single-layer materials consisting of 

atomic monolayers, making their thickness extremely fine (Å-nm 

length scale). In-situ testing in high-resolution microscopes is an 

effective approach to assess their mechanical response, as mechanical 

properties can be highly sensitive to material and environmental 

temperatures. 

 

1.6.1 In Situ Microscope Techniques 

 

In the late 1950s, scientists developed in situ straining stages for 

electron microscopes, which allowed them to observe the dynamic 

movement of dislocations in metals. While electron microscopy is a 

useful tool for investigating the mechanical properties of materials, 

especially for imaging individual defects in heterogeneous materials, 

the complex nature of defective structures makes it difficult to connect 

high-resolution observations to multiscale deformation phenomena. As 

a result, a multiscale analysis of materials is required to fully understand 

how they respond to stress. In situ nanomechanical testing offers a way 

to examine microstructural changes in a controlled manner by applying 

specific loading geometries and environmental conditions while also 

enabling sensitive measurements. The various in situ microscopy 

techniques available, such as atomic force microscopy (AFM), friction 

force microscopy (FFM), scanning tunneling microscopy (STM), 

scanning electron microscopy (SEM), and transmission electron 

microscopy (TEM), have the advantage of intuitively revealing the 

actual mechanical properties and deformation behavior of materials. 

These techniques have been widely used to measure and characterize 

the mechanical properties and deformation behavior of various 

nanomaterials, including superplastic and ultrahigh strength metallic, 

semiconducting, and ceramic nanoparticles and 3D nanostructures. The 

experience and knowledge gained from these studies can provide 

valuable insight for research in the field of 2D materials. In situ 

microscopy techniques can be used to establish the relationships 

between the mechanical properties, deformation behavior, and 
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structures of 2D materials, with each technique having its own unique 

characteristics and advantages [69]. 

 

In situ AFM technique 

 

The AFM technique is commonly used to measure the mechanical 

properties of 2D nanomaterials, including Young's modulus, breaking 

strength, and friction coefficient. AFM has three primary modes of 

operation: contact, tapping, and noncontact mode. Static AFM 

deflection method is used to measure the deflection of an AFM 

cantilever in contact with a sample surface, which can be used to 

determine the mechanical properties of the material.  

 

AFM-based mechanical testing is used to measure the elastic modulus 

and fracture strength of 2D materials, starting with graphene. Calibrated 

AFM tips are used to extract the Young's modulus. AFM and Raman 

spectroscopy are used to precisely measure the width, length, and 

thickness of 2D materials, which are usually under tension. After 

measuring the dimensions, the AFM tip is slowly pushed down in the 

center of the membrane, while recording the tip deflection (ηtip) and the 

position of the piezoelectric tube (zpiezo) moving the tip. The spring 

constant (k) of the AFM tip is used to calculate the relationship between 

the force applied by the tip (F = K × ηtip) and the displacement of the 

2D sheet (δ). The displacement can be calculated using the following 

equation [69]: 

 

       𝑧𝑝𝑖𝑒𝑧𝑜 = 𝜂𝑡𝑖𝑝 + 𝛿                                                                               (1.10) 

 

To determine the Young's modulus (E) of 2D materials, the effective 

spring constant (Keff) can be obtained from the F-δ graph in the linear 

region where there is small displacement. This is applicable to a doubly 

clamped beam in equilibrium with a static force applied at the center 

and under axial tension. By relating Keff and dimensional parameters 

(W, L, t) according to continuum mechanics, the Young's modulus can 

be determined using the formula for a beam's stiffness under bending 

and tension, which takes into account the dimensions of the beam and 

its material properties. The equation used to determine the Young's 

modulus is: 
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𝐾𝑒𝑓𝑓 = 16.233 × 𝐸 × 𝑊 × (
𝑡

𝐿
)

 3
+ 4.93 ×

𝑇

𝐿
                                         (1.11) 

 

To determine the Young's modulus (E) of suspended 2D materials, the 

effective spring constant (Keff) is measured and fitted with the term 

𝑊 × (
𝑡

𝐿
)

 3
. If the lengths (L) of the sheets are similar, the (

𝑇

𝐿
)  term can 

be modeled as a constant offset, allowing E to be extracted from the 

slope. The equation for determining E is given as [70]: 

 

𝐸 =  
𝐾𝑒𝑓𝑓

16.233 𝑊
(

𝐿

𝑡
)

 3
-

4.93

16.23
×

𝑇𝐿2

𝑊𝑡3
                                                            (1.12) 

 

However, measuring interfacial properties requires additional sample 

preparation processes such as creating wrinkles and blisters. Although 

it is easy to measure mechanical parameters, this technique cannot 

visually represent crack formation and propagation processes. 

 

In situ SEM Technique 

 

In situ scanning electron microscopy (SEM) is a powerful technique for 

investigating the mechanical properties of materials at the nanoscale. 

The scanning electron microscope (SEM) has a spatial resolution of 

several nanometers and allows for the introduction of various probes, 

such as optical fiber, electrical measurement, and force sensing probes, 

to measure multiple properties of nanomaterials within its large sample 

chamber (Figure 1.15 a). By performing appropriate measurements 

within the SEM, it is possible to successfully obtain various mechanical 

properties and behaviors of 2D materials. For example, Researchers 

applied a tensile load to the graphene sample while simultaneously 

imaging it using SEM and found that graphene has high strength and 

stiffness, but also exhibits significant deformation before failure. The 

use of in-situ SEM allowed for precise measurements of the mechanical 

properties of graphene, which are crucial for designing graphene-based 

devices and structures for various applications. The approach used in 

this study can be applied to measure the mechanical properties of other 

two-dimensional materials [71]. 

 

Molybdenum disulfide (MoS2) is another two-dimensional material 

with promising mechanical properties. Researchers used in-situ SEM to 



Chapter -1: Introduction to Strain Engineering and Mechanical Characterization of 2D 

Nanomaterials 

41 
 

measure the mechanical properties of MoS2 by applying a compressive 

load to the sample while imaging it using SEM. The results showed that 

MoS2 has high strength and stiffness, but also exhibits significant 

plastic deformation before failure around 10 GPa. This information is 

important for designing MoS2-based devices and structures, such as 

transistors and sensors. The in-situ SEM technique allowed for real-

time observation of the deformation behavior of MoS2, which can 

inform future research on this material's mechanical properties [72]. 

 

The AFM indentation and microelectromechanical systems (MEMS) 

device are commonly used to investigate the mechanical properties of 

2D materials in situ SEM. The AFM indentation test measures the 

elastic modulus of the material, while the MEMS device offers 

controlled actuation, high-resolution force and displacement 

measurements, and is small enough to fit into the SEM for in-situ 

testing. These methods are commonly used due to their accuracy and 

precision in measuring the mechanical properties of materials at the 

micro and nanoscale. MEMS devices have been explored for advanced 

nanomechanical testing, such as temperature-controlled testing and 

high-strain-rate testing [69], [72]–[75]. 

 

In several studies, researchers have used in situ scanning electron 

microscopy (SEM) to investigate the mechanical properties of various 

2D materials. Researchers examined the mechanical behavior of 

molybdenum disulfide (MoS2) monolayers using a 

microelectromechanical system (MEMS) device inside the SEM 

chamber. Real-time measurements of the elastic modulus, yield 

strength, and ultimate strength of MoS2 were obtained, and it was found 

that the elastic modulus of MoS2 monolayer is lower than its bulk 

modulus, indicating the effect of dimensionality on the mechanical 

properties of 2D materials [69]. The literature highlights the promise of 

utilizing in situ SEM measurements with MEMS devices to investigate 

the mechanical properties of 2D materials [49], [63], [65], [67], [69], 

[73]–[77]. The advantage of in situ SEM is its ability to perform real-

time observations of the deformation behavior of materials while 

measuring their mechanical properties. MEMS devices offer controlled 

actuation, high-resolution force and displacement measurements, and 

are small enough to fit inside the SEM chamber, making them ideal for 

in situ testing. These methods have been used to study various 2D 
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materials, including graphene, molybdenum disulfide, and tungsten 

disulfide, providing valuable insight into the mechanical properties of 

these materials and their potential applications. 

 

 

 

Figure. 1.15. In situ techniques for measuring mechanical properties in 2D materials 

[69]. 

 

Zhang et al. (2014) [78] conducted a study on the mechanical behavior  

of graphene under increasing tensile load using in-situ tensile testing 

and real-time SEM imaging. The study employed a pre-crack in the 

graphene membrane to determine fracture toughness using Griffith's 

theory. The stress-strain relationship was recorded, and the material's 

brittle nature allowed for the application of Griffith's theory of brittle 

fracture to determine the critical stress for fast fracture onset. The 

experimental setup included a nano indenter and a push-to-pull 

micromechanical device. The findings provide valuable insights into 

the mechanical properties of graphene and can inform the development 

of new materials with tailored properties for specific applications. To 

determine the fracture toughness, Griffith's theory was used, and 

equation (1.13) was applied.  

 

𝐾𝑐 = 𝜎𝑐√𝜋𝑎0                                                                                    (1.13) 
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The graphene membrane was subjected to tensile loading, and a central 

crack was observed to gradually grow under increasing load. Real-time 

SEM imaging allowed for the monitoring of crack growth and 

deformation behavior during the tensile loading process. Eventually, 

the loading resulted in the failure or splitting of the graphene into two 

halves. The study also recorded the quantitative stress-strain 

relationship, showing a linear response until the fracture point. Since 

the response was brittle in nature, Griffith's theory of brittle fracture 

was considered to determine the critical stress for the onset of fast 

fracture, with a central pre-crack of length 2a0. Equation (1.14), which 

involves Young's modulus and surface energy, was applied for this 

determination:  

 

𝜎𝑐 = √
2𝛾𝐸

𝜋𝑎0
                                                                                (1.14) 

In situ TEM Technique 

 

In situ transmission electron microscopy (TEM) nanomechanical 

testing is a powerful tool for studying the mechanical properties of 2D 

materials. It utilizes the sensitivity of TEM to lattice distortion to 

visualize both elastic and plastic deformation via strain fields from 

several hundred nanometers down to the atomic-length scale. Advanced 

imaging and diffraction scanning transmission electron microscopy 

(STEM) techniques have emerged due to the development of fast 

detection systems of several hundred frames per second. In situ TEM 

high-resolution observation provides more detailed information at the 

atomic scale compared to in situ AFM indentation and in situ SEM 

tensile testing. In situ TEM tensile testing and high-resolution 

observation can reveal the in-plane mechanical properties and the 

mechanism of the nanomechanical behavior of 2D materials.  In situ 

TEM tensile testing is used to measure the fracture strength and 

toughness of 2D materials. For example, a study on the tensile response 

of patterned high crystallinity GNRs with a width less than 100 nm was 

conducted through PTP devices equipped in a TEM system. Another 

study measured the mechanical properties of carbon-linked GO 

nanosheets using a TEM-compatible MEMS device. In situ TEM 

nanomanipulation and observation can easily reveal the 

nanomechanical behavior in response to an external load, while 
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structural changes due to phase transitions can also be captured by in 

situ TEM observation [69].  

 

2D materials have been the focus of considerable attention in recent 

years, owing to their unique mechanical properties and potential 

applications. In situ TEM has emerged as a valuable tool for studying 

the mechanical behavior of these materials. Real-time observation of 

the material's response to stress has been found to be particularly 

effective in investigating their deformation and fracture behavior. 

Furthermore, in situ TEM has been used to study dislocations, 

deformation twinning, and grain boundary-mediated plasticity in 2D 

materials, providing valuable insights into their mechanics [79]. 

 

The use of in situ TEM was found to be particularly effective in 

studying the deformation and fracture behavior of 2D materials, as it 

allowed for the real-time observation of the material's response to 

stress. Supported by this finding, a study investigated the behavior of 

dislocations, deformation twinning, and grain boundary-mediated 

plasticity in 2D materials using in situ TEM. Through this approach, the 

study was able to obtain valuable insights into the mechanics of these 

materials, which could inform the development of new materials with 

enhanced mechanical properties for various applications. These 

developments have the potential to advance our understanding of 2D 

materials and inform the development of new materials with enhanced 

mechanical properties for various applications.  
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Figure. 1.16: In situ transmission electron microscopy setup [71]. 

 

Figure 1.16 depicts a schematic diagram of an in-situ transmission 

electron microscopy (TEM) device constructed using a bilayer 

graphene, multielectrode, and a droplet reserve on a silicon nitride 

covered silicon chip. The device consists of a microfabricated 

membrane that is composed of a bilayer graphene sheet and suspended 

over the sample chamber. The multielectrode located on the sides of the 

membrane is used for applying mechanical loads such as bending and 

tension to the sample. The droplet reserve is used to encapsulate the 

sample, which allows for precise control of the environment and 

minimizes the effects of surface contamination during imaging. The use 

of graphene in the device not only provides excellent mechanical 

properties but also enhances the electrical conductivity and sensitivity 

of the device. This innovative in-situ TEM device has the potential to 

greatly advance our understanding of the dynamic behavior of materials 

at the nanoscale.  

 

Scanning Tunneling Microscopy (STM) 

 

Scanning Tunneling Microscopy (STM) is a powerful tool that has 

revolutionized the field of materials science and nanotechnology. It was 

first developed in the 1980s and has since been used to image surfaces 

with atomic resolution and to manipulate individual atoms and 
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molecules on the surface of a sample [80]. By scanning a sharp metal 

tip across the surface of a sample at a very close distance (shown in 

Figure 1.18), STM can create an image of the surface with atomic 

resolution. One of the most significant advantages of STM is its ability 

to image surfaces at the atomic scale, providing unprecedented 

resolution and detail. STM has been used in a wide range of 

applications, including the study of semiconductors, metals, and 

biological molecules. It has enabled the discovery of new materials, 

such as fullerenes and graphene, and has advanced our understanding 

of the properties of existing materials. Additionally, STM has been used 

in industrial applications, such as in the fabrication of integrated circuits 

and the characterization of materials used in electronic devices. 

 

There are several studies exemplify the versatility of STM.  In the case 

of graphene on a BN substrate, for example, in situ STM was used to 

investigate the local microscopic properties of the graphene and its 

interaction with the substrate [81]. The study found that the graphene 

exhibited strong adhesion to the substrate and showed evidence of 

strain-induced deformations, highlighting the importance of 

mechanical properties in the graphene-BN system. Similarly, in the 

review mentioned, in situ STM was used to investigate the electronic 

properties of graphene, such as its band structure and charge transport 

properties [82]. This information is crucial for understanding the 

material's behavior in electronic devices and for developing new 

graphene-based technologies. Finally, in situ STM has also been used 

in conjunction with other techniques, such as spectroscopy, to 

investigate the properties of graphene-based nanocomposites [83]. By 

combining these techniques, researchers can obtain a more complete 

picture of the material's properties and how they are affected by the 

presence of other components. 
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Figure. 1.18: Illustration of scanning Tunneling Microscopy [84]. 

 

Low-Temperature Scanning Tunneling Microscope (LT-STM) 

 

The low-temperature scanning tunneling microscope (LT-STM) is a 

cutting-edge instrument that allows researchers to study materials and 

surfaces at the nanoscale under controlled low-temperature conditions. 

This is an extension of the scanning tunneling microscope (STM), 

which operates at room temperature. The LT-STM operates at 

extremely low temperatures, typically between 4 and 77 Kelvin (-269 

to -196 degrees Celsius), offering several advantages over the STM. 

One of the most significant advantages of the LT-STM is its ability to 

achieve higher resolution imaging of surfaces and structures due to 

reduced thermal vibrations and noise at low temperatures. This enables 

researchers to study the properties of materials at a higher level of 

detail. In addition, the LT-STM provides more precise control over the 

surface properties of the sample being studied, such as its electronic and 

magnetic properties, due to the controlled environment and low 

temperatures. The LT-STM is also more sensitive to changes in the 

electronic and magnetic properties of the sample than the STM, thanks 

to the lower temperatures that reduce thermal noise, making it easier to 

detect small changes in electronic and magnetic properties. The low 

temperatures also enable the study of unique phenomena and behaviors 

that cannot be observed at room temperature, which is essential for 



Naga Manikanta K – Development of MEMS-Based Devices for Characterizing 2D 

Nanomaterials at Low Temperatures 

48 
 

understanding the properties and behavior of materials at the nanoscale. 

The LT-STM has become an indispensable tool in the fields of physics, 

chemistry, materials science, and engineering. It provides a means to 

study materials at the nanoscale under controlled conditions, advancing 

our understanding of materials and enabling the development of new 

materials and technology. The LT-STM is revolutionizing the way 

researchers investigate materials and surfaces, and its potential 

applications are vast. With its high resolution and sensitivity, it has the 

potential to unlock new discoveries and innovations that could 

transform numerous industries [80].  

 

In a study, a low-temperature scanning tunneling microscope (STM) 

was used to examine the surfaces of NbN and graphite at a temperature 

of 6.5 K [85]. The STM is typically operated at 4.2 K but can be cooled 

down to 1.4 K by pumping the helium bath of the cryostat [86]. The 

system used in the study had very low spatial drift, with lateral drift less 

than 2 nm/h and vertical drift less than 0.65 nm/h [85]. Cryogenic 

temperatures were necessary to obtain high resolution in separating 

quantized energy level structures [87]. The STM was housed in an ultra-

high vacuum (UHV) chamber to avoid contamination of the sample and 

to allow the use of cryogenic temperatures [88]. The study demonstrates 

the potential of low-temperature STMs for examining surfaces at the 

atomic level.  

 

1.6.2 In Situ Integrated Microscopy Techniques 

 

The use of in situ microscopy techniques has been instrumental in 

studying the mechanical properties and fracture behavior of 2D 

materials from various perspectives. To achieve a better understanding 

of these materials, researchers often integrate multiple techniques. In 

situ atomic force microscopy (AFM) and scanning electron microscopy 

(SEM), in situ AFM and transmission electron microscopy (TEM), in 

situ SEM and TEM, and in situ AFM, SEM, and TEM have all been 

used to investigate the mechanical properties and deformation behavior 

of 2D materials at different size levels. These integrated techniques 

allow one microscopy technique to be the primary research method 

while others serve as supplements, providing high-resolution 

observation and data collection. In situ microscopy techniques have 

been used to study the mechanical properties of 2D materials. Many 
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reviews focus on the use of scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), and atomic force microscopy 

(AFM) for this purpose [89]. These techniques have been used to 

characterize the deformation behavior of 2D materials. These studies 

demonstrate the usefulness of in situ microscopy techniques for 

studying the mechanical properties of 2D materials. Figure 1.17 

illustrates various in-situ integrated microscopy techniques used for 

analyzing the nanomechanical properties and behaviors of 2D materials 

and operational conditions for each technique.  

 

 

 

Figure. 1.17: Applications and Diagrams of Different In Situ Microscopy Techniques 

for Analyzing the Nanomechanical Properties and Behaviors of 2D Materials (the 

black font indicates the operational behaviors and conditions, while the dark red font 

represents the properties and behaviors of 2D materials that can be observed and 

measured by each in situ microscopy technique) [89]. 

 

1.7 Challenges and Limitations 
 

The use of an LT-STM has certain limitations and challenges that must 

be addressed to achieve accurate results. One major challenge is the 

need to maintain extremely low temperatures throughout the 

experiment, which can alter the sample or tip properties and requires 

specialized equipment and careful thermal management. Achieving and 

maintaining high vacuum conditions is also necessary to minimize 
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sample contamination, but it can be challenging and require advanced 

equipment. The high voltage used during imaging can lead to sample 

damage, particularly if the tip is in contact with the surface for an 

extended period. Additionally, maintaining a stable temperature 

throughout the experiment is crucial, as small temperature fluctuations 

can affect the measurement results. 

However, when considering the use of micro-electromechanical 

systems (MEMS) devices in LT-STM tools, there are also potential 

gaps to consider. For example, the limited availability of MEMS 

devices that can withstand the extremely low temperatures required for 

LT-STM operation can restrict the types of experiments that can be 

performed. Additionally, the materials used in MEMS devices may 

exhibit unexpected behavior or become brittle at cryogenic 

temperatures, which can affect their performance. The integration of 

MEMS devices into LT-STM tools may also pose challenges in terms 

of compatibility, alignment, and specialized testing and calibration 

procedures to ensure accurate and reliable measurements. 

 

Despite these challenges, the use of MEMS devices in LT-STM tools 

has the potential to offer insight into the mechanical behavior of 2D 

materials, providing critical information for the design of materials and 

devices for various applications. MEMS devices have been utilized for 

advanced nanomechanical testing, such as temperature-controlled 

testing and high-strain-rate testing. By using specialized knowledge and 

training, advanced data analysis techniques, and careful equipment 

maintenance, researchers can effectively utilize LT-STM tools with 

MEMS devices to advance the understanding of nanoscale materials 

and their behavior.     
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This chapter 2 focuses on the development of a novel 

Microelectromechanical Systems (MEMS)-based testing platform for 

characterizing the strain engineering of 2D nanomaterials. This 

platform integrates on-chip actuation, sensing, and feedback control 

systems, allowing controlled displacements to be applied for the 

characterization of two-dimensional (2D) materials. It is compatible 

with various characterization instruments, including Scanning 

Tunneling Microscopes (STMs), enabling highly accurate displacement 

measurements. The primary goal in developing this platform was to 

achieve substantial sample displacements while concurrently 

minimizing temperature variations within the sample area. This ensures 

the highest sensitivity in displacement measurement, making it an ideal 

tool for strain engineering characterization.  

 

2.1 Introduction  
 

In recent years, the mechanical and electronic properties of 2D 

nanomaterials, such as graphene, have garnered considerable attention 

due to their potential applications in cutting-edge electronic and 

optoelectronic devices [90]. However, certain potential gaps in the 

literature, which could further enhance our understanding of these 

materials, remain to be addressed. A salient gap lies in the need for a 

uniform, high strain rate induced in 2D materials. This is essential for 

improving the reproducibility of experimental results. Additionally, the 

need for precise and accurate measurements of the strain applied to 

samples, particularly at low temperatures where thermal fluctuations 

may impact the accuracy of strain values, is also a critical area that 

requires further investigation [91]. The advancement of MEMS-based 

tensile testing platforms, combining on-chip actuation, sensing, and 

feedback control, is another pivotal need for the characterization of 2D 

materials in advanced microscopes, such as in-situ microscopes [92]. 

These platforms can enhance the accuracy and precision of 

experimental measurements, yielding invaluable information on the 

mechanical and electronic properties of these materials. Finally, the 

effects of low temperatures on the mechanical and electronic properties 

of strained graphene and other 2D materials remain insufficiently 

understood. Thus, more comprehensive investigations are necessary to 

better understand these material’s behavior at low temperatures and to 
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facilitate the development of more sophisticated electronic and 

optoelectronic devices. 

 

The is a need for a comprehensive approach to address these gaps in the 

literature on 2D nanomaterials is becoming increasingly apparent. The 

development of novel MEMS-based tensile testing platforms capable 

of facilitating the characterization of 2D nanomaterials at low 

temperatures and in advanced microscopes, such as in-situ 

microscopes, is a priority. By incorporating on-chip actuation, sensing, 

and feedback control, these platforms can improve the accuracy and 

precision of experimental measurements, inducing uniform high strain 

rates to 2D materials. They also ensure accurate and precise 

measurements of the strain applied to the samples. Such platforms can 

significantly enhance our understanding of these materials under strain 

and at low temperatures, setting the stage for the development of 

advanced electronic and optoelectronic devices with superior 

performance and efficiency. 

 

2.2 MEMS-Based Tensile Testing Platforms 
 

The study of mechanical properties and failure mechanisms of thin 

films typically involves tensile tests. Recent years have witnessed 

numerous studies subjecting nanoscale materials to tensile loading 

using either 'off-chip' actuators or 'on-chip' Microelectromechanical 

Systems (MEMS) actuators [74], [93]–[95]. These function within 

diverse size and scale ranges. Off-chip actuators are commonly 

employed to test specimens with thicknesses ranging from 400 nm to 1 

μm. In contrast, on-chip actuators are applied to specimens in even 

thinner ranges, such as 75–250 nm. Off-chip actuators, which primarily 

utilize piezoelectric and form separate test platforms from the test 

specimen, provide the advantage of simpler setup due to their size. 

Experiments are generally conducted under an optical microscope. 

Since the specimen is independent of the actuators, a wide range of 

specimen materials can be selected. On the other hand, on-chip 

actuators generally restrict the choice of specimen materials as they are 

either co-fabricated along with the actuator  mounted later using a probe 

and focused ion beam in a scanning electron microscope. Nonetheless, 
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on-chip actuators offer benefits such as precise sample alignment and 

high load and displacement resolution. 

 

MEMS-based tensile testing devices can generally be categorized into 

four levels of increasing sophistication for characterizing 

nanomaterials. The first category comprises devices that provide 

structural support for handling and loading specimens, with external 

actuation and sensing. The second category integrates force and/or 

strain sensing, while still requiring external actuation. The third 

category features on-chip actuation and sensing. The fourth and most 

advanced category combines on-chip actuation, sensing, and feedback 

control to enable pure displacement or force-controlled experiments, 

which is instrumental for characterizing materials in advanced in situ 

microscopes. 

 

The characterization of 2D material’s strain engineering properties 

requires novel material testing systems capable of delivering 

micrometer-range displacement. MEMS technology provides the 

means to develop devices that apply external stress to nanomaterials, 

estimate their mechanical properties, and characterize fracture or 

deformation evolution. Two types of MEMS actuators are commonly 

employed for on-chip tensile testing of nanoscale materials: comb drive 

actuators and chevron-type thermal actuators. This is due to their easy 

integration with standard microfabrication processes. Electrostatic 

actuation is a method frequently utilized in MEMS for tensile testing of 

micro and nano-scale materials [96]. This method leverages the 

interaction between electric charges that generate an attractive or 

repulsive force between two conductive structures. A commonly 

utilized type of electrostatic actuator is the comb drive mechanism, 

comprising interdigitated finger structures. While this mechanism has 

several advantages, it also has significant limitations that require careful 

consideration when designing and operating MEMS devices for nano-

scale material characterization. 

 

In contrast, MEMS thermal actuators, which generate a displacement 

via the principle of thermal expansion, offer several advantages over 

other types of MEMS actuators. They are capable of generating larger 

displacements, operating at higher frequencies, and producing uniform 

and isotropic stresses. Thermal actuation has proven reliable and 
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effective for accurately testing material properties, essential for 

materials development and improvement. To ensure effective and 

reliable material testing platforms, several design criteria need to be 

considered. First, an actuator operating at low voltage should be 

selected, ensuring the temperature at the actuator-specimen interface 

remains below 100°C to prevent specimen damage. The system should 

also operate in displacement control, with the actuator's stiffness being 

considerably higher than the stiffness of the specimen and the sensing 

system. Furthermore, the thermal actuator must remain stable without 

buckling within the operational temperature range. The testing system 

should also be compatible with advanced in situ microscopes to enable 

accurate observation and measurement of the tested material properties.  

 

2.3 Mechanical Design of the Thermal Actuator 
 

Designing a chevron-type thermal actuator involves considering 

various physical properties that span electrical, thermal, and mechanical 

domains. Within this context, numerous geometric parameters can be 

tuned, such as beam length, cross-sectional area of the beam, beam 

inclination angle, and the number of parallel beams. Understanding how 

these parameters affect the actuator's performance is vital for 

appreciating the necessary trade-offs in the design process. Given the 

inherently non-linear nature of thermal actuators, precise prediction of 

their behavior is crucial for detailed model studies [96], [97]. 

 

A V-shaped MEMS thermal actuator was designed with the goal of 

achieving accurate displacement control during specimen testing. The 

desired displacement and temperature at the sample location were 

aimed to be approximately 0.8 µm in total and as close to the ambient 

temperature as feasible. The thermal actuator consists of pairs of 

stepped beams that connect to a substrate and a central shuttle, as shown 

in Figure 2.1. These stepped beams are uniquely structured, with thinner 

regions situated at both ends and a thicker section in the middle. These 

thinner segments are an essential aspect of the actuator's design because 

they reduce beam stiffness and permit a wider range of motion. 

Leveraging these stepped beams and a central shuttle, the thermal 

actuator can transform thermal energy into mechanical motion. It is 

crucial to understand the design parameters and their influence on 



 Chapter -2: MEMS Based Testing Platform for Investigating Strain Engineering 

Characterization of 2D Nanomaterials. 

55 
 

actuator performance for the creation of an effective and reliable system 

for material testing.  

 

The performance of an actuator is characterized by two parameters: 

maximum displacement (dA) and axial stiffness (kA). A high kA value is 

vital to reduce deformation during testing and ensure most displacement 

is transferred to the sample. In the absence of a sample, the force acting 

on the actuator can be expressed as [95], [98]: 

 

𝐹 = 𝑘𝐴 ×  𝑈𝑢                                                                                               (2.1) 

 

where 𝑘𝐴  denotes the actuator stiffness and 𝑈𝑢 represents its 

undisturbed displacement. 

 

The displacement at the actuator end changes when a sample is 

connected, which can be expressed as: 

 

𝐹 = 𝑘𝐴. 𝑈𝑑 + 𝑘𝑠. 𝑈𝑑                                                                       (2.2) 

 

where 𝑘𝐴  represents the actuator stiffness, 𝑘𝑠 signifies the specimen 

stiffness, and 𝑈𝑑  is the displacement at the actuator end where the 

specimen is connected.  

 

Generally, the displacement at the actuator end changes when a sample 

is connected. Specifically, based on the two above equations, it can be 

deduced that:  

 

𝑘𝐴. 𝑈𝑢 = 𝑘𝐴. 𝑈𝑑 + 𝑘𝑠. 𝑈𝑑                                                              (2.3) 

 

Thus, by rearranging equation (2.3): 

 
𝑈𝑑

𝑈𝑢
=

1

1+(
𝑘𝑠
𝑘𝐴

)
                                                                                   (2.4)   

                                                              

To ensure the thermal actuator displaces the same amount even when a 

sample is mounted, the ratio (
𝑘𝑠

𝑘𝐴
) needs to be minimized as much as 

possible. 
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Concerning the sample, its stiffness can be assessed as that of a body 

under tensile load:  

 

𝑘𝑠 =
𝐸𝐴

𝐿
                                                                                         (2.5) 

 

where E signifies the Young's modulus, A denotes the transverse area, 

and L represents the length. For reliable testing across a variety of 

materials, the actuator stiffness should exceed the sample stiffness (𝑘𝑠) 

by at least two orders of magnitude.   

 

To make sure the actuator can fracture various samples, a high 

maximum displacement is required, while keeping the axial stiffness 

high. To attain this, two analytical models are formulated that connect 

the actuator's characteristic parameters (such as thickness, length, 

width, and the number of V-shaped beams) to these prerequisites. 

However, due to the structural complexity, the analytical model 

(according to the procedure outlined in [93] can only supply an 

approximate parameter set to steer the design process. Hence, a more 

accurate final design demands a numerical modeling approach based on 

Finite Element Method (FEM) analysis. 

 

 

Figure 2.1: Schematic of the thermal actuator 

 

2.4 Analytical Modeling 
 

For precise displacement control in a thermal actuator, it is imperative 

that the actuator's axial stiffness significantly surpasses the specimen's 
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stiffness. The impact of the relative magnitudes of the thermal actuator's 

stiffness  (𝑘𝐴) and the specimen's stiffness (𝑘𝑠) on displacement (d) is 

substantial. When the stiffness of the thermal actuator is ten times the 

specimen's stiffness, the displacement reaches 72% of the displacement 

(𝑑0) noted in the absence of a sample. Moreover, when 𝑘𝐴 is double 𝑘𝑠, 

displacement rises to 90% of 𝑑0. 

 

The axial stiffness of the thermal actuator can be determined using the 

following equation [99], [100]: 

 

        kA =  
N sin2θ ×(w1+ w2) E×t

LA
                                                                         (2.6)      

              

Where, N signifies the number of beams, θ denotes the inclination angle 

of the beams, and w1 and w2 represent the widths of the smaller beam 

and rigid beam regions, respectively. E is the Young's modulus, t is the 

thickness, and LA is the total length of the chevron beams.   

 

 

 

Figure 2.2: Schematic diagram of the stepped V-beam structure. 

 

However, a notable limitation of using thermal actuators is the 

significant temperature increase they can induce, which might limit 

their usability. It is vital to meticulously control the temperature of the 

actuator, especially in devices used for material characterization at the 

specimen's points of contact. Incorporating heat sink beams can help 

mitigate unwanted thermal effects [101]. These beams are positioned 

close to the specimen to minimize the actuator's temperature influence 

on the specimen. For a pair of heat sink beams, the stiffness in the 

direction of shuttle movement is given by:  
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𝑘ℎ = 2 ×
12𝐸𝐼𝑆

𝐿𝑆
3 =

12𝐸𝑏𝑠
3𝑡

𝐿𝑆
3                                                                             (2.7)           

     

 

 

Figure 2.3 : A schematic of a thermal actuator with heat sink beams. 

 

Applying equations 2.6 and 2.7, the axial stiffness of the thermal 

actuator with heat sink beams can be calculated as 20126.8 N/m. 

 

2.5 Numerical Modeling 
 

The understanding and optimization of MEMS-based actuators 

performance are crucial and can be significantly facilitated through the 

use of numerical modeling and simulation. Among various methods 

available, Finite Element Analysis (FEA) stands as a widely adopted 

approach. This method allows for the accurate prediction of structural, 

thermal, and electrical behaviors of MEMS devices, enabling a precise 

modeling of intricate interactions occurring between different physical 

domains. FEA modeling, which represents the thermal actuator as a 

three-dimensional solid, takes into account a number of crucial aspects. 

These aspects include the geometry of the device, the properties of the 

material used, boundary conditions, and loading conditions. In order to 

correctly portray the device's geometry, appropriate elements are 

chosen. The model also incorporates material properties such as 

electrical resistivity, thermal conductivity, and mechanical attributes of 

the actuator's material. The computational model utilizes principles 

from various disciplines. For thermal behavior, principles of heat 

transfer are applied. Electrical behavior is modeled by incorporating 
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Ohm's law and principles of electromagnetism, considering resistive 

heating due to the electric current. Mechanical behavior, on the other 

hand, is modeled using principles of solid mechanics, which include 

stress, strain, and deformation. 

 

Boundary conditions simulate the physical constraints of the actuator. 

For instance, fixed supports at the base of the actuator represent the 

connection to the substrate, while free conditions are set at the moving 

parts. Loading conditions simulate the input voltage applied to the 

actuator, alongside the resulting heat generation due to resistive heating. 

After the application of suitable numerical methods to solve the FEA 

model, the results are post-processed and analyzed. This analysis 

explores aspects of the actuator's behavior such as displacement, 

temperature distribution, stress, strain, and the exerted force. The 

information gathered hereafter is harnessed to optimize the actuator's 

design and performance. For instance, modifying the actuator's 

geometry could lead to an improved displacement range or enhanced 

thermal efficiency. Altering the material properties might bolster the 

mechanical robustness or electrical efficiency of the actuator. 

Additionally, simulation results assist in identifying suitable operating 

conditions for the actuator, including the optimal input voltage and 

operating temperature. 

 

Using commercial finite element software like Ansys for linear ‘static 

structural and multiphysics simulations’ can further enhance this 

analysis. This software offers a specialized module designed explicitly 

for combined electrothermic-structural simulations. By comparing 

numerical results with those obtained from analytical modeling, a 

comprehensive understanding of the actuator's behavior can be 

achieved, proving particularly beneficial for an in-depth analysis of the 

thermal actuator. 

 

Numerical modeling and simulation thus form a powerful toolset for 

the design, optimization, and validation of MEMS-based thermal 

actuators' performance. They complement experimental approaches by 

offering detailed insights into the actuator's behavior, which might be 

challenging to acquire through experimental measurements alone. 

Furthermore, these methods offer a cost-effective alternative for 
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exploring various design options and operating conditions, accelerating 

the practical application development and deployment of these devices.  

 

2.5.1 Static Structural Simulations 

 

Linear structural simulations were conducted to investigate the 

influence of key parameters, such as the angle, length, and width of the 

V-beam, on the thermal actuator's output displacement and stiffness. 

During these simulations, all anchor points remained fixed, and silicon 

was used as the material for all structures. The simulations incorporated 

relevant silicon material properties, including a Young's modulus (E) of 

169 GPa, a Poisson's ratio (ν) of 0.28, and a density (ρ) of 2330 kg/m³ 

[95]. The primary objective of these structural simulations was to assess 

the critical factors affecting the performance of the thermal actuator, 

specifically the V-beam's angle, length, and width. These parameters 

have a substantial impact on the actuator's output displacement and 

stiffness, which are essential considerations for its design and 

optimization.  

 

The results of static structural simulations indicate a notable influence 

of stepped beams on output displacement, especially when compared to 

standard V-beam structures. This influence is particularly evident at 

low included angles, as depicted in Figure 2.4.  
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Figure 2.4: Comparison of stepped beam and standard V-beam. 

 

2.5.2 Multiphysics Simulations 

 

The real-time performance of the MEMS-based thermal actuator was 

evaluated through Multiphysics simulations with a primary emphasis 

on the thermal impact on the sample's displacement. The simulations 

deployed a sample possessing a stiffness of 835 N/m and the actuator's 

behavior under various boundary conditions. Mechanical boundary 

conditions were set to be immobile at the anchors, while the thermal 

boundary conditions were assigned to room temperature. Regarding the 

electrical boundary conditions, one anchor was grounded, and the other 

was exposed to varying voltage levels (0V to 3 V, incremented by 1 V), 

enabling the study of consequent displacement in the sample area. 

 

The application of voltage induced current flow through the V-shaped 

beams, generating heat due to the Joule effect. This effect triggered a 

temperature rise in the structure, leading to beam expansion and 

consequent movement of the central shuttle. However, this temperature 

rise may impact other components of the device, including the sample 

placement area. To mitigate and manage this temperature increase, heat 

sink beams were integrated for efficient heat dissipation via conduction. 

The electro-thermal analysis, as represented in Figure 2.5, revealed that 
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the thermal actuator elevated the sample location temperature 

significantly to 126 ºC when biased with 3 V, delivering a displacement 

of 1 µm. However, post the inclusion of heat sinks, the temperature 

decreased to 80 ºC, and the total displacement reduced to 0.45 μm to 

the sample at 3V. The maximum stress observed within the structure is 

below 100 MPa with the same input voltage. 

 

 

 

Figure 2.5:  Maximum temperature of the thermal actuator when biased with 3 V. 

 

The comprehensive simulations conducted shed invaluable light on the 

thermal actuator's performance. It was discerned that the maximum 

temperature at the sample location was reached within the anticipated 

displacement range (~ 0.8 µm). This presents a potential challenge, as 

it can be possibility  to initiate thermal fluctuations, thereby 

compromising the accuracy and reliability of the 2D material sample's 

results. Consequently, it became crucial to control the temperature 

increase at the location of the sample in order to ensure the reliable and 

precise results.  

  

To comply with design requirements, a paired set of opposite V-shaped 

thermal actuators was incorporated. This arrangement was designed to 

minimize the development of temperature gradients at the sample 

location. The utilization of paired thermal actuators ensures a smaller 

temperature distribution at the sample area, as both actuators contribute 

to the sample displacement. This method benefits from achieving the 

required displacements at lower voltages, thereby reducing power 

consumption and optimizing system performance. Additionally, 
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employing paired thermal actuators results in a reduced temperature 

range at the sample location, thereby enabling accurate and reliable 

results. 

 

 

 

Figure 2.6: Maximum temperature in symmetrical thermal actuators when biased with 

3V. 

 

The simulations conducted in this study demonstrate that symmetrical 

thermal actuators can achieve the desired displacements with minimal 

temperature increases at the sample location, as depicted in Figure 2.6. 

This observation is supported by the temperature change data in Figure 

2.7, indicating that longer heat sink beams result in both increased 

displacement and temperature increments at the sample location while 

decreasing stiffness. To optimize performance, we selected heat sink 

beam lengths based on the simulation results. These chosen lengths 

strike a balance between achieving higher stiffness and delivering the 

desired displacement to the sample, all while maintaining acceptable 

temperature increments. 

 

The simulations in this study confirm that symmetrical thermal 

actuators can achieve the intended displacements while minimizing 

temperature increases at the sample location. This conclusion is 

reinforced by the temperature change data presented in Figure 2.7, 

which reveals that longer heat sink beams lead to increased 

displacement and temperature elevation at the sample location while 

reducing stiffness. 
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To ensure optimal performance, heat sink beam lengths were selected 

based on the simulation results. These lengths aim to strike a balance 

between enhancing stiffness and delivering the desired displacement to 

the sample while keeping temperature increments at the sample location 

within acceptable limits. 

 

 

(a)                                                         (b) 

Figure 2.7: (a) temperature variation and (b) displacement in the thermal actuators 

with respect to the heat sink beam length variation at a constant 3V. 

 

The optimal performance of MEMS V-shaped thermal actuators 

heavily depends on the appropriate choice of heat sink beam lengths 

and widths, as demonstrated by Multiphysics simulation results. While 

longer heat sink beams can provide the desired sample displacement, 

they also lead to increased temperature increments and decreased 

stiffness (Figure 2.7). Conversely, shorter beams can increase stiffness 

but reduce the sample's displacement delivery. Additionally, the width 

of the heat sink beam plays a pivotal role in performance optimization. 

Wider beams have shown a reduction in temperature increase at the 

sample location, while narrower beams enhance displacement delivery 

to the sample location. However, a judicious trade-off is required to 

achieve higher stiffness, deliver the desired sample displacement, and 

ensure that the temperature increase at the sample location remains 

within acceptable limits. 

 

The length of the heat sink beams is inversely proportional to the 

temperature increment observed at the sample location and directly 

related to the delivery of displacement to the sample. Thus, the careful 
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selection of heat sink beam length is critical for controlling temperature 

effects and ensuring the optimal performance of the thermal actuator.  

 

2.6 The Electro-Capacitive Sensor 
 

The electro-capacitive sensor is a specific sensor class that quantifies 

alterations in capacitance, attributable to external forces. To maintain a 

compact form while ensuring a sensitivity threshold of at least 5 fF/nm, 

three distinctive types of capacitive sensors were examined. 

 

2.6.1 Differential Transverse Comb-based Capacitors 

 

The inaugural type is the differential transverse comb-based capacitors, 

employed as readout devices for quantifying the displacement delivered 

to the sample. The fundamental operating principle of transverse comb-

based differential sensors lies in the fact that the applied force or 

displacement to the movable combs amplifies the finger gap on one side 

of the movable combs, while concurrently reducing it equivalently on 

the opposite side. As shown in Figure 2.8, when the gap between the 

movable combs changes, there is an increase in capacitance on one side 

and a decrease on the other side.  

 

 

 

Figure 2.8: Schematic of triplate comb drive configuration. 
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When there is no displacement, the sensor's output is zero. However, 

when the sample is stretched by the thermal actuator, it experiences a 

displacement (y), leading to a capacitive change within the unit, as 

shown in Figure 7. This change can be calculated by disregarding fringe 

effects, as expressed by the following equations [95]:  

 

∆𝐶 = (𝐶1 + 𝐶2) − (𝐶3 + 𝐶4)                                                                      (2.8) 

 

∆𝐶 = 𝜖𝐴 ⌊
1

𝑑1−𝑦
+

1

𝑑2+𝑦
⌋ − 𝜖𝐴 ⌊

1

𝑑1+𝑦
+

1

𝑑2−𝑦
⌋                                            (2.9) 

 

Where ϵ represents the permittivity of air and A denotes the transverse 

area of the comb drive elements. After applying certain simplifications, 

the change in capacitance, ∆C, can be expressed as:  

 

∆𝐶 = 𝜖𝐴 [
2𝑦

𝑑1
2−𝑦2 −

2𝑦

𝑑2
2−𝑦2]                                                                               (2.10) 

 

If 𝑦2 << 𝑑1
2 << 𝑑2

2, it follows simply that.  

 

The change in capacitance can be expressed as:  

 

      ∆𝐶 = 2𝑁𝜀𝐴
y

𝑑1
2                                                                                  (2.11) 

 

Given a small displacement y and considering 𝑑1 to be significantly 

smaller than 𝑑2 (where 𝑑1 = 2 µm and 𝑑2 = 20 µm), the change in sensor 

capacitance, ΔC, can be calculated. Using equation (2.11), the 

calculated change in capacitance is 5.11 fF, given that the total number 

of movable combs is 132, A = Area (700 * 25 µm), x = displacement, 

𝑑1=2 µm, and 𝜀0= 8.852*10−12 F/m. Therefore, the total sensitivity (S) 

of the capacitive sensor can be calculated as:  

 

(S) = 
∆𝐶

𝑦
=5.11 fF/nm. 
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Figure 2.9: Schematic representation of the overall footprint of the MEMS testing 

platform integrated with a triplate capacitive sensor. 

 

Despite the fact that triplate comb-drive capacitive sensors provide a 

number of benefits, including high sensitivity and great linearity, there 

are still issues with their current design that need to be resolved. For 

example, the size of the total device is larger (Figure 2.9) than the 

requirements for the intended in situ microscope equipment. This size 

discrepancy may cause compatibility issues and make it challenging to 

integrate the sensor into the system. 

 

Furthermore, instability issues may arise in the triplate comb-drive 

capacitive sensors due to the long comb fingers that are present in the 

design. These instability issues can affect the accuracy and reliability 

of the sensor and must be addressed. Another limitation of the triplate 

comb-drive capacitive sensors is the inability to accurately measure the 

true displacement delivered to the sample, as the area occupied by the 
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sensor affects the measurement. This limitation arises due to the design 

of the sensor, which occupies a significant amount of space. 

Given the limitations of the triplate comb-drive capacitive sensor 

design, it is necessary to adopt a new type of capacitive sensor that 

addresses these issues in the MEMS based tensile testing devices.  

 

2.6.2 Rotational Comb Drive 

 

MEMS rotational comb drives are compact, low power devices with 

high accuracy, which have gained significant attention. These devices 

operate based on rotational comb drives, where two sets of 

interdigitated comb structures rotate in opposite directions, inducing a 

rotational motion in the device. These drives serve as displacement 

readout sensors for measuring the displacement delivered to the MEMS 

devices. 

 

The rotational comb drives function by stretching the thermal actuator, 

which results in displacement, leading to a capacitive change. This 

change in capacitance is proportional to the angular displacement of the 

device, providing precise measurements of the rotational motion. The 

capacitive change is determined by the total capacitance (𝐶total), which 

includes the overlap capacitance (𝐶overlap) and gap capacitance (𝐶gap) 

between the concentric interdigitated combs (Figure. 2.10). 
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Figure. 2.10: Schematic depiction of the rotational comb drive configuration [102]. 

 

To simplify the model, all gaps are assumed to be parallel plates, and 

Gauss's law is used to calculate the total capacitance. The movable 

combs are activated by applying an excited acceleration, resulting in an 

angle θ being rotated from the initial overlap angle 𝜃0, leading to a total 

overlap angle of 𝜃0 + 𝜃 [102]:  

 

𝐶𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑜𝑣𝑒𝑟𝑙𝑎𝑝 + 𝐶𝑔𝑎𝑝                                                                 (2.12) 

 

The overlap capacitance for comb fingers is given by:  

 

𝐶𝑡𝑜𝑡𝑎𝑙 = 𝜖𝜃 (𝜃 + 𝜃0) × 𝐴 (𝑛)                                                       (2.13) 

 

Where,  
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A(n)=

∑ {[𝐼𝑛 (
𝑅1+2(𝑖−1) (𝑊𝑓+𝑔)

𝑅1+2(𝑖−1) (𝑊𝑓+𝑔)−𝑔
)

−1

]  [𝐼𝑛 (
𝑅1+2(𝑖−1) (𝑊𝑓+𝑔)

𝑅1+(2𝑖−1) (𝑊𝑓+𝑔)−𝑔
)

−1

] −𝑛
𝑖=0

[𝐼𝑛 (
𝑅1

𝑅1−𝑔
)

−1
] } , and 𝑊𝑓 =

(𝑤1+𝑤2)

2
  

 

The gap capacitance can be calculated by:  

 

𝐶𝑔𝑎𝑝 = 𝜀𝑡 𝑊𝑓 𝐵(𝑛)
1

𝜃𝑟−𝜃0
2

−𝜃
                                                                       (2.14) 

 

Where, 

 

B (n) = ∑ {
1

𝑅1+2(𝑖−1) (𝑊𝑓+𝑔)
+

1

𝑅1+(2𝑖−1) (𝑊𝑓+𝑔)
 }𝑛

𝑖=0   

 

Where ε denotes the permittivity of free space with a known value of 

8.854 ×10−6 pF μm−1, t is assigned to the thickness of the combs, R1 

represents the radius of the concave surface of the first movable comb 

set, g signifies the gap existing between the fixed and movable combs, 

w1 is the width of the movable combs, w2 corresponds to the width of 

the fixed combs, and θr is the initial angle between the fixed and 

movable arms. 

 

Taking into account the nonuniform displacement inherent to the 

rotational comb drive, the capacitance of each comb can be determined 

using equation (2.13). According to the calculations of capacitance 

changes, the realization of the intended sensitivity calls for the inclusion 

of 6335 combs, arranged into approximately 19 sets. Nevertheless, such 

a substantial integration of combs raises considerable challenges, 

encompassing a need for more space and an escalated device 

complexity, which could heighten the risk of device fragility or even 

failure during the fabrication process.  
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Figure. 2.11: Schematic of the MEMS testing platform featuring a rotational comb 

drive linked to a sigmoidal shape amplification mechanism. 

 

A sigmoidal shape amplification mechanism is adopted, which utilizes 

thin curved hinges for magnifying displacements and facilitating high 

sensitivity. These hinges, labeled as C1 and C2, exhibit opposing 

rotational movements, yielding rotational displacements, as illustrated 

in Figure. 2.11. The thin curved beams, in contrast to pseudo-rigid 

bodies S, deflect significantly. The amplification mechanism is 

interfaced with the thermal actuator's central shuttle via elliptical 

beams, as shown in Figure. 2.11.  

 

2.6.2.1 Static Structural Analysis 

 

Ansys® finite element analysis-based simulations were employed to 

examine the effectiveness of the amplification mechanism in enhancing 

the displacement to the capacitive readout sensor. The mechanism 

assumes a sigmoidal shape and comprises thin curved hinges (C1 and 

C2), designed to lower their stiffness and facilitate rotational motion. 

Upon delivery of displacement by symmetrical thermal actuators, 

forces FA and FB are transmitted to the curved hinges C1 and C2, 

inducing clockwise and anticlockwise rotations about their rotational 

centers. The curved hinges C1 and C2 subsequently generate rotational 

output displacement. When each thermal actuator applies a 
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unidirectional input displacement of 0.5 µm in the x-direction, an 

amplified displacement of 4.2 µm (shown in Figure. 2.12) is produced 

at the furthest comb-drive electrodes. This mechanism affords an 

amplification ratio of approximately 8.4. 

 

The central shuttle of the thermal actuator has been reduced to half its 

original size compared to the previously considered triplate capacitive 

sensors, enabling closer proximity for displacement readings to the 

sample. The device experiences a maximum stress of 73.7 MPa, 

whereas the stress concentration at the amplification mechanism 

measures 17.1 MPa (Figure. 2.13). This particular amplification 

mechanism offers several advantages. It effectively mitigates internal 

stresses that could arise during operation, thereby improving the 

device's durability and robustness. Additionally, the mechanism 

exhibits a high degree of operational stability, ensuring consistent and 

reliable performance. Lastly, the design maximizes the overall relative 

rotations of the hinge, allowing for accurate and precise output 

measurements.  

 

 

 

Figure 2.12: Results of static structural simulation showing output displacement. 
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Figure. 2.13: Illustration of maximum stress distribution. 

 

Rotational comb-drive capacitive sensors offer several advantages, but 

their current design faces unresolved challenges. To achieve the desired 

sensitivity, it's necessary to incorporate a significant number of 

rotational comb drives, which, in turn, increases the overall size of the 

device. To address these issues, a new sensor design is needed. This 

new sensor should aim to provide high sensitivity, excellent linearity, 

and a compact form factor that can seamlessly fit into in-situ 

microscope equipment. Furthermore, the new sensor should also tackle 

the non-linear displacement issues inherent in rotational comb-drive 

capacitive sensors, enabling accurate measurements of the true sample 

displacement.  

 

2.6.3 Parallel Plate Capacitive Sensor  

 

After analyzing the limitations of diverse comb drive configurations, 

the parallel plate comb drive emerges as the most suitable choice. This 

is primarily due to the uniform capacitance change across the comb 

fingers that parallel plate comb drives ensure, which is a critical 

prerequisite for accurate output measurements. Given the relatively 

small displacement range at the sample site, the introduction of a 

suitable amplification mechanism to enhance the displacements for the 

capacitive sensors is warranted. Such a mechanism would permit 
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precise and efficient displacement amplification, culminating in 

improved sensitivity and resolution. Conversely, other comb drive 

designs, such as triplate comb drives, suffer from instability issues 

stemming from elongated comb fingers, potentially leading to 

inaccuracies in the measurements. 

 

A MEMS-based capacitive displacement sensor that employs a parallel 

plate comb drive operates by leveraging the change in capacitance 

between two parallel plates as the inter-plate distance varies. The plates 

are connected to a stationary and a movable electrode via a series of 

comb-like structures that interdigitate (Figure 2.14). The movable 

electrode is affixed to a mechanical structure that moves in response to 

applied displacement, thereby altering the plate separation and, 

consequently, the capacitance. This capacitance is subsequently 

measured using external circuitry, providing a means to discern the 

displacement experienced by the movable electrode.  

 

 

Figure. 2.14: Schematic Representation of a Parallel Plate Comb Drive. 

 

Accurate measurement of small sample displacements necessitated the 

incorporation of the V-beam amplification mechanism, which 

comprises two flexible beams similar to the designs previously 

introduced in the literature [103-108], in conjunction with optimizing 

the parallel plate comb drive. The primary goal is to detect 

displacements as small as 100 nanometers with precision, requiring a 

sensitivity threshold of at least 5 femtofarads per nanometer, all within 

a compact design framework. 
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In this context, three distinct models were employed, with each model 

incorporating the V-beam amplification mechanism (shown in Figure 

2.15), characterized by a pair of flexible beams. When subjected to an 

applied force, these beams exhibit movement along the x-axis and 

expansion along the y-axis, effectively mitigating x-direction 

compression. The primary distinction among the three models lies in 

their methods of transferring displacement from the thermal actuator to 

the comb drive [3]. 

 

Table 2.1. Comparing Amplification Factors in MEMS Devices with V-Beam 

Configurations.  
 

Amplification factor [103] 20 at 2V (non-uniform) 

Amplification factor  [104], [105] 10 

Amplification factor [105] 10 at 2 µm of input displacement 

Amplification factor [106] 6.5 

Amplification factor [107] 19 at 1 µm of input displacement 

Amplification factor [108] 10 

 

For instance, in Model 1, a direct linkage was established between the 

amplification mechanism and the central shuttle of the thermal actuator. 

In Model 2, however, a vertical beam was introduced to transmit 

displacement from the thermal actuator's shuttle to the amplification 

mechanism. In contrast, Model 3 employed elliptical proof masses to 

facilitate the connection with the amplification mechanism.  

 

 

 

Figure. 2.15: Schematic of V-beam amplification mechanism. 
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2.6.3.1 Static Structural Analysis 

 

To predict the performance of the V-beam amplification mechanism 

across various models, three-dimensional (3D) static structural analyses 

were conducted. During these simulations, all anchoring points were 

mechanically fixed. Silicon was chosen as the constituent material for 

all structures due to its unique properties. The parameters for Silicon 

used were as follows: Young’s modulus, E = 169 GPa, Poisson’s ratio 

(ν) = 0.28, and density (ρ) = 2330 kg/m3. To streamline the simulation 

process, simplified models were used. 

 

Figure. 2.16: Diagram of the MEMS-based testing platform using v-beam 

amplification in model-1. 
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Figure. 2.17: Maximum output displacement in model-1 with an applied input 

displacement of 0.5 µm 

 

 

 

 

Figure. 2.18: Distribution of maximum stress in model-1 with an applied input 

displacement of 0.5 µm. 

 

A static structural simulation was performed for Model-1 under 

unidirectional loading conditions. An input displacement of 0.5 µm was 

applied to the central shuttle of the thermal actuator along the x-axis, 

causing the amplification mechanism to move 12.2 µm in a direction 

perpendicular to the applied displacement. The simulation revealed a 
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maximum stress of 176 MPa, as shown in Figures 2.17-2.18. This 

structure is suitable for both in-plane and out-of-plane displacements in 

the y-direction. This structure can accommodate both in-plane and out-

of-plane displacements in the y-direction. However, when utilized for 

in-plane displacement, certain limitations exist—for example, it cannot 

move beyond approximately 14 µm—owing to the chosen angle of 1°. 

The amplification mechanism was designed 13.9 µm off from the 

sample location.  

 

In Model-2, a rectangular movable shuttle was vertically connected to 

the central shuttle of the thermal actuator, creating a link to the 

amplification mechanism (refer to Figure 2.19). A static structural 

simulation was carried out under unidirectional load conditions. With 

an input displacement of 0.5 µm applied to the thermal actuator's central 

shuttle along the x-axis, the amplification mechanism exhibited a 

displacement of 23.5 µm perpendicular to the applied input (Figure 

2.20). The simulation also revealed the presence of maximum stress, 

which is depicted in Figure 2.21. This design accommodates both in-

plane and out-of-plane displacements in the y-direction. 

 

It's worth noting that the total output displacement at the comb drive 

doubled compared to Model-1. However, there are significant concerns 

regarding the device's length and the stiffness of the V-beams since the 

comb drive relies on the support of the amplification mechanism. If 

there isn't sufficient stiffness, the entire structure could potentially 

collapse or break due to the high number of combs present in the device.  
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Figure. 2.19: Schematic of the amplification mechanism in model-2 for the mems 

testing platform. 

 

 

 

Figure 2.20: Maximum achieved displacement in model-2 with a 0.5 µm input 

displacement. 
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Figure 2.21: Distribution of maximum stress with a 0.5 µm input displacement 

applied in model 2. 

 

The superior amplification performance demonstrated by Model-2 over 

Model-1 stimulated further refinement and evolution of the latter. In the 

revised Model-3, a defining feature is the use of an elliptical proof mass, 

illustrated in Figure. 2.22, which connects the central shuttle of the 

thermal actuator to the amplification mechanism. This ingenious 

adjustment not only condenses the total footprint of the device but also 

enhances its stiffness relative to Model-1. 
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Figure. 2.22: Schematic of the model-3 amplification mechanism within the mems 

testing platform. 

 

When a 0.5 µm input displacement was applied along the x-axis by the 

thermal actuators in Model-3, the V-shaped beam exhibited elastic 

deformation, resulting in a vertical displacement of 25.2 µm in the y-

direction. The stress distribution analysis revealed a maximum stress 

level of approximately 182.6 MPa, as depicted in Figure 2.23. This 

value is well below the typical yield strength of silicon, which is 7 GPa 

[3]. This finding reinforces the structural robustness of the design and 

reduces the risk of mechanical failure under operational conditions.  



Naga Manikanta K – Development of MEMS-Based Devices for Characterizing 2D 

Nanomaterials at Low Temperatures 

82 
 

 

                                (a)                                                   (b) 

Figure. 2.23: Maximum displacement and stress distribution variables (b) in model-3 

amplification mechanism. 

 

2.6.4 Analytical Modelling 

 

From an analytical point of view, the amplification mechanism can be 

modeled through the elementary theory of bending. By referring to the 

schematic of Figure 2.15, which shows the simplified model of one-half 

of the amplification beam, the deflected amplification beam is subjected 

to equal and opposite end forces F, along with the couples that prevent 

the rotation motion. Based on these conditions, the displacement in the 

axial direction (uX) and lateral displacement (uY) can be calculated as 

[97], [109]: 

 

 𝑢𝑋 = 𝑢𝑌 =
𝐹 𝑠𝑖𝑛 𝜃

𝑘𝑇
                                                                                          (2.15)      

                                                                                                                                                                      

Where 𝑘𝐴 = 
𝐸∗𝑤∗ℎ

𝑙
 is the axial stiffness of the amplification beam and 

𝑘𝑇 = 
𝐸∗𝑤3∗ℎ

𝑙3
 is stiffness in the transversal direction, E is the Young’s 

modulus, 𝑙 is the length, w is the width, 𝜃 is the angle of beam, and h is 

the thickness (25 µm) of the amplification beam. Considering the values 

reported in Table 1, the axial stiffness of V-beam amplification beam 

results to be 42250 N/m. while the transversal stiffness results to be ≈1 

N/m. The amplification ratio of the selected mechanism can be 

calculated as [97]: 
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𝐴𝑚 =

∆𝑦

∆𝑥
=

1−(
𝑤

𝑙
)

2

.

2×(𝑡𝑎𝑛 𝜃+(
(

𝑤
𝑙

)
2

𝑡𝑎𝑛 𝜃
))

                                                          (2.16)      

 

The amplification ratio calculated using Equation 2.16 demonstrates a 

strong agreement, with a maximum difference of approximately 3% 

when compared to the simulation results (Figure 2.24).  

 

 

                            

Figure. 2.24: Amplification ratio comparison with analytical formulas and simulation 

results with respect to the beam angle. 
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Figure 2.25: Comparison of amplification ratio with v-beam lengths and widths. 

 

In Figure 2.25, it is evident that the amplification ratio increases with 

the length of V-beams. Conversely, the width of the V-beams has an 

inversely proportional relationship with the output amplification ratio. 

This means that when selecting an amplification mechanism, a trade-

off between V-beam length and width needs to be carefully considered.  

 

Table 2.2. Geometrical parameters of the device. 
 

Total length of the beam (LA) 350 μm 

Thin beam (hinge) region length 35 μm 

Thicker beam region length 280 μm 

Width of small beam region (w1) 6 μm 

Width of thicker beam region (w2) 10 μm 

Number of beams pairs 8 

Inclination angle 6º 

Thickness (t) 25 μm 

Heat sink beams (N = 6) width 8 μm 

Heat sink beam length (LS) 200 μm 

Amplification beams (N = 4) width 4 μm 

Amplification beam length (𝑙) 800 μm 

Amplification beam angle (θ) 1º 

Curved hinges (C1, C2) radius (R) 50 μm 

Curved hinge (C1, C2,) width   4 µm 
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2.7. Final Configuration of MEMS-Based Tensile 

Testing Device 
 

The MEMS-based tensile testing device's final configuration (Figure 

2.27) includes double sets of opposing V-shaped thermal actuators, heat 

sinks, a displacement amplification mechanism, comb drives, and a 

specimen (Figure 2.26). Etch holes, referred to as "trenches," were 

added to facilitate the release of wide moving parts through HF vapor, 

although they are not shown in Figure 2.26. 

 

 

 

Figure 2.26. MEMS based testing platform with a comprehensive view of its 

components. 

 

Steady state thermal analysis was conducted on the final MEMS based 

testing platform (as depicted in Figure 2.26), which comprises two 

symmetrical thermal actuators, heat sink beams, an elliptical proof 

mass, an amplification mechanism, a sample, and comb drives for 

capacitive sensing of displacement. This analysis considered the key 

electrical and thermal properties of silicon, including a thermal 

conductivity (K) of 130 [W/mK], a coefficient of thermal expansion (α) 

of 2.6 × 10-6 K-1 , and a resistivity of 0.005 Ω.cm. To actuate the device, 
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a variable bias voltage was applied between the anchor points of the 

thermal actuators. At 3V, each side of the sample exhibited a 

displacement of 0.48 µm in the x-direction, achieving an overall 

maximum displacement of 19.74 µm at the comb-drive fingers location 

(in the y-direction). The device reached a maximum temperature of 

131°C, with the sample location experiencing a temperature of 81°C 

(shown in Figures 2.28-2.29). The maximum stress of 71.56 MPa 

(Figure 2.30). 

 

It is noteworthy that increasing the voltage applied to the thermal 

actuators resulted in greater output displacement. In the final 

configuration of the MEMS based testing platform, the displacement at 

the capacitive readout location proved sufficient to attain the targeted 

sensitivity of 5 fF/nm, utilizing approximately 1100 comb drives. 

 

 

 

Figure 2.27: CAD model of the designed MEMS testing platform 

 

In order to investigate the impact of 2D materials such as graphene 

when integrated with the designed MEMS device, simulations were 

conducted. These simulations involved a specimen with a stiffness of 

835 N/m, which corresponds to a monolayer graphene specimen 

measuring 4 µm in length and 10 µm in width and were used to assess 

the actuator's displacement capabilities. 
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Figure 2.28: Displacement field that results when the thermal actuators are biased 

with a 3V with sample included. 

 

 

 

Figure 2.29. Maximum temperature when the thermal actuators are biased with a 3V 

with sample included. 
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Figure 2.30. Maximum stress field resulting from the application of a 3V bias to the 

thermal actuators with sample included in the device. 

 

A comprehensive modal analysis was conducted on the entire MEMS 

device with the primary objectives of predicting the device's natural 

frequencies, mode shapes, and gaining insight into its dynamic response 

when subjected to external excitation (Figure 2.31). The modal analysis 

was carried out using ANSYS Workbench software, a powerful tool for 

such investigations. It was revealed that the device exhibited a 

characteristic frequency associated with oscillation in the y-direction, 

which was precisely determined to be approximately 14.82 kHz. This 

modal analysis sheds light on the fundamental mechanical behavior of 

the MEMS device.  
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Figure 2.31. Modal analysis results and corresponding mode shape of mems device. 

 

In consideration of the anticipated operational environment, 

characterized by a vacuum condition, it was determined that the impact 

of squeeze-film damping on the device's sensitivity is negligible. This 

is due to the reduced air resistance in a vacuum, which minimizes the 

damping effect on the device's performance. Furthermore, parasitic 

capacitance, which could introduce unwanted interference in the 

proposed capacitive readout mechanism, was deliberately omitted from 

the design considerations. This decision ensures that the device operates 

with the highest precision and reliability within the specific working 

conditions it is intended for.  

 

 

 

 

 

 
 

 



Chapter-3: MEMS Based Tensile Testing Devices 

90 
 

This chapter 3 provides the design and simulation analysis of a MEMS-

based tensile testing device for measuring the stress-strain properties in 

2D materials. In this context, two design approaches were considered: 

one emphasizing high device stiffness, and the other concentrating on 

large displacements at lower input voltage. 

 

3.1 Introduction 
 

The main purpose of the MEMS-based tensile testing platform is to 

accurately assess the stress-strain curves of 2D nanomaterials, 

especially at low temperatures. Its primary functionality involves the 

precise measurement of the applied force to the materials during a 

tensile test. This device incorporates a MEMS thermal actuators, and 

V-shaped  structure which is responsible for exerting controlled 

displacement on the sample. This controlled displacement enables the 

application of tension forces and facilitates the accurate evaluation of 

the material's response to stress. The collected force data can be utilized 

to generate stress-strain curves, which offer valuable insights into the 

sample's behavior under tension. These curves provide crucial 

information about the material's mechanical properties, including 

elastic modulus, yield strength, and ultimate tensile strength. A 

significant benefit of this device is its effective operation even at low 

temperatures. It is designed to ensure the actuation and force 

measurement components function reliably in such conditions. This 

capability enables comprehensive testing and analysis of 2D material 

samples across a broad temperature range, enhancing the device's 

versatility for various research and experimental purposes.  

 

In this particular research, the two MEMS based tensile testing 

platforms were developed with specific design objectives. The first 

design, referred to as design 1, incorporated stepped V-shaped beams 

to achieve a high level of stiffness. On the other hand, design 2 involved 

a combination of classical V-shaped beams and stepped V-shaped beam 

structures, aiming to provide higher displacement to the sample. By 

employing these MEMS devices, it is possible to conduct experiments 

and investigations on different 2D nanomaterial samples, allowing for 

systematic and comparative studies. This provides valuable insights 
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into the behavior and performance of the nanomaterials under different 

conditions, aiding in the advancement of 2D nanomaterials. 

 

3.2 Design of MEMS Based Tensile Testing Platform-1  
 

The MEMS-based tensile testing platform, as depicted in Figure 3.1. 

This platform incorporates cascaded thermal actuators, offering precise 

control and manipulation of 2D materials. The customized MEMS 

device design implements the motion amplification concept, 

capitalizing on the movement of two side actuators to compress a 

vertical stepped v-beam structure. This cascaded arrangement results in 

an amplified motion of the central structure, enabling enhanced control 

and manipulation capabilities. The structural configuration of the 

device comprises two horizontal thermal actuators positioned on the 

right and left sides. These thermal actuators employ a V-shaped stepped 

beam configuration at the center, thereby enhancing the overall 

performance of the system.  

 

 In conventional MEMS thermal actuators, temperature gradients often 

pose issues affecting the sample. However, the current design mitigates 

this problem by operating the actuators at low voltage, which keeps the 

temperature low and results in a small displacement. This small 

displacement is then amplified by the vertical actuator structure, 

overcoming the limitations of temperature effects. The cascaded 

MEMS system provides not only controlled displacement but also the 

ability to measure strain and stress in samples. By mounting a sample 

to the vertical actuator which serves as a load sensor, strain and stress 

can be accurately measured based on the relative motion of the thermal 

actuators. This measurement capability opens up opportunities for 

strain analysis and stress characterization in various applications. 

 

The concept of cascaded thermal actuators has been previously 

proposed in the literature [98], [110]–[112]. The central chevrons 

mechanically amplify the motion of the side actuators, which is then 

transferred to the test specimen. This concept has shown promise in 

enhancing actuation and sensing capabilities in MEMS devices. 
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Figure 3.1: Schematic of MEMS based tensile testing platform 1. 

 

3.3 Analytical Modelling 
 

3.3.1 Horizontal Thermal Actuators 

 

The horizontal actuators, positioned on both sides of the vertical 

actuator system, are integral components responsible for generating 

lateral force and displacement. These actuators play a crucial role in the 

overall mechanism. Their operation relies on the concept of thermal 

expansion caused by Joule heating. When an electric current passes 

through the horizontal actuators, Joule heating occurs. This 

phenomenon causes the chevrons, which are part of the actuator 

assembly, to undergo thermal expansion. As a result, the stepped V-

shaped beams expand in size, exerting a lateral force and displacing the 

adjacent components.  

 

They serve as the primary source of motion in the horizontal direction. 

By amplifying these effects, the vertical stepped V-shaped structure 

utilizes the force and displacement from the horizontal actuators to 

achieve the desired overall movement.  
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The actuator axial stiffness and displacement can be expressed as [111], 

[113]:  

 

𝑢 = 𝛼 ∆𝑇 
𝑠𝑖𝑛 𝜃

𝑠𝑖𝑛2𝜃 +(
𝑏

𝐿
)

2
𝑐𝑜𝑠2𝜃

                                                                               (3.1) 

and 

𝐾𝐴 =
N sin2θ ×(w1+ w2) E×t

LA
                                                                                (3.2)          

                                                  

where ΔT is the temperature gradient, N is the number of beams 

considered in vertical thermal actuators, w1 is the width of the small 

beam and w2 is width of the bigger beam, E is the young’s modulus, t 

is the thickness of the beams.  θ  is the inclination angle with respect to 

the vertical axis.  

 

Based on equation (3.2), the total calculated axial stiffness of the 

horizontal thermal actuator is 7381.92 N/m. The geometry of the 

actuator has to be chosen in order for its stiffness to be significantly 

higher than the expected stiffness of the sample (thus guaranteeing its 

displacement to not be affected by the sample). 

 

Table 3.1: Geometrical parameters of the horizontal thermal actuator 
 

Length of each thin beam 40 µm 
Length of thick beam 420 µm 
Width of thin beam 6 µm 
Width of thick beam 10 µm 
Angle (°) 3  
Thickness of the structure                         25 µm 

Number of beams  8 pair 

 

3.3.2 Vertical V-Shaped Structure 

 

The vertical actuator system is a system of chevrons connected to a 

common central shuttle and at its extents to a pair of horizontal 

actuators as depicted in figure 1. Based on equation (2), the total 

calculated stiffness of the vertical thermal actuator is 4921.2 N/m.  

Vertical displacement of load sensor when there is no sample mounted 

can be calculated as [98]: 
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𝛿1 =
(1− (

𝑏

𝐿
)

2
) 𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜃

𝑠𝑖𝑛2𝜃 + (
𝑏

𝐿
)

2
𝑐𝑜𝑠2𝜃 

× 𝑢1                                                         (3.3)   

 

Where b is the width and L is the length of the load sensor beams, 𝜃 is 

the angle, and 𝑢1 is the output displacement of the horizontal thermal 

actuators. The calculated displacement 𝛿1 is 4.61 when 𝑢1 is considered 

as 0.5 µm. 

 

The amplification ration of the vertical thermal actuator can be 

calculated by:  

 

Am = 
𝛿1

𝑢1
                                                                                            (3.4)  

 

When a sample is mounted onto the device, the force acting on the load 

sensor (F≠0) is half of the same needed to deform the sample.  

 

F = 𝐾𝐴 ×  (𝛿1 − 𝛿2)                                                                           (3.5) 

 

Where 𝐾𝐴 is the axial stiffness of the load sensor and 𝛿2 is displacement 

of load sensor when sample is mounted.  

 

The vertical displacement of the load sensor when sample is mounted 

can be calculated as:  

 

𝛿1 =
2 𝐾𝐴

𝐾𝑠+2𝐾𝐴
× 𝛿2                                                                             (3.6) 

 

Thus, in order for the amplifier displacement v2 to be significantly 

affected by the sample presence, it is necessary for 𝐾𝐴 to be comparable 

with 𝐾𝑠. In this condition, the vertical thermal actuator can be 

efficiently used as load sensor, with the load being measured from the 

displacement difference produced by the sample presence (e.g 𝛿1 − 𝛿2). 

The maximum load which the amplifier can withstand, which is also 

half of the maximum load which can be applied to the sample, as: 

 

𝐹𝑚𝑎𝑥 = (−
𝐸𝐴

𝐿
 𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜃 +  12 

𝐸𝐼

𝐿3  𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜃)×𝑢1                      (3.7) 
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Where is E is the young’s modulus and A is the cross-section area of 

beams, I is the moment of inertia, 𝜃 is the angle of beam.  

 

Table 3.2: Geometrical parameters of the vertical V-beam structure. 
 

Length of each thin beam 40 µm 

Length of thick beam 520 µm 

Width of thin beam 6 µm 

Width of thick beam 10 µm 

Angle (°) 6 

Thickness of the structure                         25 µm 

 

3.4 Numerical Analysis 
 

To validate the accuracy of the analytical modeling, a finite element 

analysis (FEA) was performed using the ANSYS software. The FEA 

was employed to simulate the behavior of the unloaded devices, 

specifically focusing on static structural simulations to verify the 

structural integrity of the system in line with the analytical model. In 

the FEA simulations, specific mechanical boundary conditions were 

applied to replicate the experimental setup. The anchors of the device 

were fixed, meaning they were constrained from any movement.  

 

When a displacement input of 0.5 μm was applied to the horizontal 

actuators, the vertical V-shaped structure produced the displacement of 

4.69 µm and maximum stress of 86 MPa was observed at thin beams 

(as depicted in Figures 3.2 & 3.3). One of the critical aspects of the 

system was the vertical V-shaped structure, which played a role in 

amplifying the displacement. The FEA results demonstrated that the 

vertical V-shaped structure achieved a displacement amplification 

factor of 9.3 times the applied displacement. Remarkably, this FEA 

result closely matched the analytical results, exhibiting a deviation of 

merely 1.7% from the analytical predictions based on Equations 3.3 and 

3.4. The comparison between the FEA and analytical results indicates 

strong agreement and validates the accuracy of the analytical modeling 

approach. 

 



Naga Manikanta K – Development of MEMS-Based Devices for Characterizing 2D 

Nanomaterials at Low Temperatures 

96 
 

 

 

Figure 3.2: Displacement of vertical stepped v-beam structure with 0.5 μm horizontal 

actuators displacement. 

 

 

 

Figure 3.3: Maximum stress resulting from 0.5 μm displacement of the horizontal 

thermal actuator. 
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Figure 3.4: Horizontal thermal actuators displacement versus displacement of vertical 

stepped v-beam structure. 

 

Figure 3.4 demonstrates the relationship between the input horizontal 

displacement and the corresponding vertical displacement. It reveals 

that as the input horizontal displacement applied to the thermal 

actuators increases, the vertical displacement of the V-shaped structure 

also increases approximately 9.3 times. The relationship between the 

two variables is described as linear. This indicates that for each 

incremental unit of horizontal displacement, the vertical displacement 

also increases by a consistent amount. 

 

In order to comprehensively capture the behavior of the MEMS 

cascaded thermal actuator system with the real time conditions, a 

Multiphysics finite element analysis (FEA) was conducted. This 

coupled model accounted for the interaction of electric, thermal, and 

mechanical fields within the device. The input parameter for this 

analysis was the applied voltage, which served as the electrical 

boundary condition. The electrical boundary condition was set at the 

anchors of the device, representing the points where the electrical 

connections were made. To account for the mechanical behavior, fixed 

displacements were set as the mechanical boundary conditions at the 

anchors. This ensured that the anchors were firmly held in place and 

prevented any unintended movement or deformation during the 
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analysis. By incorporating these boundary conditions, the FEA 

accurately represented the mechanical response of the device under the 

applied voltage. A thermal boundary condition was implemented by 

fixing the temperature at the anchors to a constant value as a room 

temperature. The FEA results allowed for visualization of the thermal 

and displacement fields within the MEMS cascaded  system. Figure 3.5 

depicted the thermal field, showing the temperature distribution across 

the device, while Figure 3.6 presented the displacement field, 

illustrating the resulting displacements within the system. These visual 

representations provided insights into the temperature variations and 

the displacement magnitudes across different regions of the device. 

 

 

 

Figure 3.5. Maximum temperature when the thermal actuators biased with 1 V. 

 

Figure 3.7 presents the Multiphysics simulation results, which 

demonstrate the relationship between displacement and temperature 

changes in response to the applied voltage. Both fields consistently 

exhibit a linear increase, allowing for the evaluation of a MEMS-based 

tensile testing device's performance across various input voltages and 

its specific application's safe operation. 

 

The vertical V-shaped structure easily achieves the intended 

displacement, and in such structures, addressing thermal fluctuations to 
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attain substantial displacement can be effectively mitigated by utilizing 

this design. The investigation of the relationship between applied 

voltage and the output displacement of the MEMS-based tensile 

platform at the vertical stepped V-shaped structure revealed a clear 

correlation. Increasing the voltage leads to a proportional increase in 

the displacement, illustrating the precise control of the thermal 

actuators over the platform's displacement. 

 

Furthermore, the figure provides insights into the effect of the applied 

voltage on the temperature in the testing platform. As voltage increases, 

the temperature of the structure also rises, crucial for understanding the 

device's thermal behavior and its implications for applications requiring 

specific temperature ranges or thermal stability. 

 

 

 

Figure 3.6: Maximum displacement when the thermal actuators biased with 1 V. 
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Figure 3.7: Voltage-displacement – temperature relationship of mems-based tensile 

platform at vertical stepped V-shaped structure. 

 

 

 

Figure 3.8. Relationship between the applied voltage and maximum stress in the 

MEMS based tensile testing platform design 1. 

 

In Figure 3.8, the relationship between the applied voltage and the 

maximum stress observed in a MEMS-based tensile testing platform is 

depicted. Maximum stress values are measured at various voltage 

levels, revealing an intriguing trend. Initially, as the applied voltage 
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increases, the maximum stress also rises. However, beyond a certain 

threshold, the maximum stress levels off and does not significantly 

increase with further voltage increments. Notably, at 3V, the maximum 

stress remains below 300 MPa, which is lower than the yield strength 

of silicon material. This finding is significant as it implies that the 

MEMS-based tensile testing platform can operate safely within stress 

limits without surpassing the material's yield strength. Careful control 

of the applied voltage allows for the regulation and limitation of stress 

levels experienced by the device and the specimens being tested.  

 

3.5 Design of MEMS Based Tensile Testing Platform-2 
 

MEMS based tensile testing platform design-2, a concept known as 

motion amplification is incorporated, similar to testing platform-1. This 

concept utilizes the movement of two side actuators to compress a 

vertical stepped V-shaped structure, resulting in amplified motion. The 

device's structural configuration combines a classical V-beam thermal 

actuator, consisting of two horizontal thermal actuators, with a V-

shaped stepped beam configuration for the vertical structure. This 

combination enables enhanced performance in terms of control and 

manipulation capabilities.   
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Figure 3.9: Schematic of mems based tensile testing platform design 2. 

 

Table 3.3. Geometrical parameters of MEMS based tensile testing platform design 2. 
 

Horizontal Thermal actuators Vertical thermal actuator  

Number of beams 8 pair Number of beams 6 pair 

Angle  4° Angle 6° 

Length of the beam  700 µm Total length of the beam 600 µm 

  Each thin beam length  50  µm 

Width of the beam  10 µm Thick beam 8 µm 

  Thin beam width  4 µm 

Thickness  25 µm 

 

3.5.1 Analytical Modelling and Numerical Analysis 

 

The thermal actuators have a classical V-beam configuration with a 

freestanding shuttle, anchored to the substrate through a series of V-

shaped beams. When a voltage is applied across the V-shaped beams, 

the corresponding current flow generates heat by Joule effect. The 

dissipated heat causes thermal expansion of the beams, which results in 

a horizontal movement. 
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According to the analysis reported in [95], the actuator displacement 

can be calculated by using equation (3.1) and axial stiffness be 

expressed as:  

 

𝑘𝐴 =   2𝑁 (
𝐸𝐴

𝐿
 𝑠𝑖𝑛2𝜃 +  12 

𝐸𝐼

𝐿3  𝑐𝑜𝑠2𝜃 )                                                (3.8) 

 

Where E is the Young modulus, I is the moment of inertia, A is the 

transversal area, b is the width, L is the length, t is the thickness, θ is 

the inclination angle with respect to the vertical axis, and n is the 

number of V-shaped beams. The total axial stiffness of the horizontal 

thermal actuators is 4889.5 N/m. 

 

Based on the equation (3.3), the vertical V-shaped structure 

displacement calculated as 4.7 µm at 0.5 µm of input displacement (𝑢1) 

and the amplification ratio is 9.4 (Figure 3.10). The axial stiffness of 

(𝐾𝐴) is calculated as 3163.68 N/m by using equation (3.4). The stiffness 

of the actuator is varies based on the number beams used, it is inversely 

professional to the output displacement by the actuator. So, it is very 

important to optimize the structure based on the intended performance. 

 

 

 

Figure 3.10: Analytical modeling results for the displacement of a vertical V-shaped 

structure in response to applied horizontal displacement at thermal actuators on both 

sides. 
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The Multiphysics simulations were carried out with the same boundary 

conditions as mentioned in the case of cascade MEMS device design 1. 

When a voltage is applied across the V-shaped beams, the 

corresponding current flow generates heat by Joule effect. The 

dissipated heat causes thermal expansion of the beams, which results in 

a horizontal movement. 

 

 

 

Figure 3.11: Maximum displacement when the thermal actuators biased with 1 V. 

 

 

 

Figure 3.12: The relationship between displacement and temperature at a vertical V-

shaped structure in response to applied voltages at thermal actuators. 
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In Figure 3.11, the Multiphysics simulations reveal a maximum 

displacement of 3 µm at an input voltage of 1V, representing a nearly 

60% increase compared to testing platform design 1. This increase is 

primarily due to the reduced stiffness of the thermal actuators. 

 

Figure 3.12 displays Multiphysics simulation results demonstrating the 

consistent linear relationship between displacement and temperature 

changes in response to applied voltage. The maximum temperature and 

displacement observed are 195°C and approximately 26 µm, 

respectively, at 3V. 

 

In Figure 3.13, the relationship between applied voltage and maximum 

stress in a MEMS-based tensile testing platform is depicted. The 

maximum stress initially increases with rising voltage but levels off 

beyond a certain threshold. Notably, at 3V, the maximum stress remains 

below 250 MPa, which is lower than the 7 GPa yield strength of silicon 

material. 

 

 

 

Figure 3.13: The maximum stress with respect to the applied voltages in  MEMS-

based tensile testing platform 2. 
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Figure 3.14: A comparison of Multiphysics simulation results for output displacement 

with applied voltages.  

 

In Figure 3.14, we compare the Multiphysics results between design-1 

and design-2. At lower voltages, the displacements are quite similar, 

with 58%. However, as the applied voltage increases to 3V, the 

difference increases to  maximum of 73%. 

 

Both devices are designed for the 2D nanomaterial tensile testing 

application. Design-1 is characterized by higher stiffness, whereas 

design-2 offers substantial output displacement while minimizing 

temperature increment within the system.  
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In this chapter 4, there are different MEMS based test structures that 

were developed based on the use of intended applications. For example, 

the electrostatic actuator was designed to characterize the mechanical 

properties of silicon material at low temperatures. On other hand the 

MEMS based rotational structure was developed to amplify the 

displacements in MEMS devices.  

 

4.1 Introduction 
 

Electrostatic Micro-Electro-Mechanical Systems (MEMS) actuators 

play a pivotal role in the world of microsystems due to their remarkable 

simplicity, ease of fabrication, and low power consumption. These 

actuating devices are often the first choice when designing MEMS 

systems, primarily because of their inherent advantages, one of which 

is their dual functionality as both sensors and actuators. This 

multifunctionality is made possible through Coulomb's law, which 

states that when a voltage is applied across two plates, the resulting 

charge imbalance generates a force inversely proportional to the 

distance between these plates. The equilibrium between electrostatic 

and external forces is maintained by a spring force that seeks to keep 

the movable plate at its undisturbed position [114]–[116]. 

 

However, as voltage levels change, an imbalance emerges between 

these forces, compelling the mobile plate to move either closer or 

farther from the static plate, thereby restoring equilibrium. In an ideal 

scenario, this motion could extend to the limits of the initial gap 

between the plates. Nevertheless, reality introduces the intricacies of 

instability between the spring and electrostatic forces. During actuation, 

the electrostatic force tends to increase faster than the spring force, 

leading to a phenomenon known as "pull-in instability," where at 

approximately one-third of the initial gap distance, the mobile 

conductor snaps into the fixed conductor, causing device failure. To 

address this issue and enhance the displacement range, ongoing 

research efforts are dedicated to improving these actuators [117]. 

 

Electrostatic actuators manifest in five principal configurations: 

cantilevers, clamped beams, parallel plates, torsional plates, and comb 

drives. The cantilever design involves a suspended beam with a parallel 
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plate beneath it, while clamped beams are anchored at both ends. In 

contrast, parallel plates feature suspended plates anchored at their four 

corners and operate similarly to cantilevers. Torsional actuators, on the 

other hand, differ in that they are suspended along the midline of 

parallel plates, relying on two pads to induce rotational motion about 

the arms' axis. These four designs predominantly exhibit motion in the 

vertical direction [118]. 

 

In contrast, comb drives differ significantly by moving in the horizontal 

direction parallel to the wafer's surface. Comprising two interdigitated 

finger structures—one fixed and one movable—comb drives leverage 

increased overlapping areas and the generation of stronger electrostatic 

forces in the horizontal direction. Additionally, these actuators 

overcome the pull-in effect, as the electrostatic force becomes inversely 

related to displacement rather than being squared with displacement. 

Comb drive actuators are commonly employed in various applications, 

including resonators, electro-mechanical filters, optical shutters, micro-

grippers, and voltmeters [119]. Apart from their actuation applications, 

electrostatic sensors are integral to MEMS technology, employing 

identical structures to their actuating counterparts. However, instead of 

mechanically responding to electrical stimuli, they electrically detect 

external mechanical stimuli by measuring changes in capacitance. 

Capacitive sensors, a prominent type of electrostatic MEMS sensor, 

offer numerous advantages, including high sensitivity, low power 

consumption, simple design, minimal drift, and low temperature 

dependence. These attributes are attributed to the relationship between 

capacitance and structural geometry, dielectric properties, and gap 

distances [120]. 

 

The study of electrostatic comb drives, in particular, reveals their 

significant role in MEMS technology. These actuators, marked by their 

straightforward design and fabrication processes, generate strong 

electrostatic forces, especially at reduced dimensions. The comb drives 

consist of two interlocked comb-shaped structures, which, when 

charged oppositely through the application of an external voltage, are 

attracted to one another. However, these devices may require multiple 

fingers to produce sufficient force, reducing their areal efficiency. 

While other electrostatic actuators, such as the dipole surface drive and 

shuffle drive, can produce more force, they tend to be more complex to 
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fabricate and control. The electrostatic comb drive's force is directly 

proportional to increasing capacitance and its direction, which means 

the device operates in a non-linear manner. Springs are often employed 

to limit transverse motion and prevent side snap-in as the force 

increases with decreasing finger gap, ensuring the reliable operation of 

electrostatic comb drives in MEMS applications.  

 

4.2. Design and Analytical Modelling 
 

In order to conduct low temperature bending tests on silicon materials, 

an electrostatic actuator was designed. This actuator utilizes one of the 

folded spring's beams (depicted in Figure 4.1) as a silicon test sample 

within a specific testing environment, as shown in Figure 4.2. The 

device features six sets of comb-drives and is suspended by folded 

springs. When an actuation voltage is applied to the comb-drive 

electrodes, it induces an electrostatic force, driving the electrostatic 

actuator in the direction where the sample undergoes bending tests. The 

maximum displacement of the actuator depends on the stiffness of the 

device structure and the actuation force generated by the comb-drive 

actuators. Two types of folded springs are employed as suspension 

structures. These folded springs are designed with high compliance in 

the actuation direction to allow substantial displacements while 

maintaining high stiffness in the lateral direction to prevent lateral 

instabilities. Beam deflection theory is used to describe the stiffness of 

a doubly clamped beam in both the motion and lateral directions. 

 

4.2.1 Spring Design 

 

Springs are pivotal components in MEMS electrostatic actuators, 

supplying the necessary force for actuation and movement. Various 

spring designs are employed, including clamped-clamped beams, crab-

leg flexures, and folded flexures [121]. The clamped-clamped beam 

spring is a straightforward and commonly used design, where a beam is 

anchored at both ends, and voltage is applied between the electrodes to 

create an electrostatic force, deflecting the beam. However, this design 

has limited deflection and typically requires high voltage to achieve the 

desired displacement. The crab-leg flexure spring, on the other hand, is 

a more intricate design, utilizing interconnected beams arranged in a 
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crab-leg-like structure, offering greater deflections compared to 

clamped-clamped beam springs. Nevertheless, it is more challenging to 

fabricate and can be sensitive to fabrication tolerances. In contrast, 

folded springs exhibit high compliance in the actuation direction for 

substantial displacements and greater stiffness in the lateral direction, 

effectively preventing lateral instabilities.  

 

 

 

Figure 4.1: Schematic of folded spring configuration 

 

The linear spring constant is established by subjecting the spring to a 

concentrated load. It can be represented as follows: 

 

𝐾𝑖 =
𝐹𝑖

𝛿𝑖
                                                                                                   (4.1) 

 

Here, 𝐹𝑖 signifies the force, and 𝛿𝑖  denotes the deflection in the i 

direction. 

 

The folded beam design, features beams anchored at the center and 

interconnected by trusses that facilitate expansion along the x-axis. 

Assuming rigid trusses, the spring constant for the folded flexure design 

can be determined in both the axial and lateral directions, resulting in 

the following equations: 

 

𝐾𝑥 =
2𝐸ℎ𝑡

𝐿
                                                                                                            (4.2) 
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𝐾𝑦 =
2𝐸ℎ𝑡3

𝐿
                                                                                                     (4.3) 

 

Where E represents Young's modulus of the beam material, while h, t, 

and L correspond to the height, thickness, and length of the beam, 

respectively. For this specific design, the stiffness in the X direction is 

69033 N/m, while in the Y direction, it amounts to 4.60 N/m. 

 

To avoid side instabilities, it is crucial to maintain a significantly high 

stiffness ratio in the designed folded spring. The folded flexure design 

effectively diminishes the development of axial forces and extends the 

linear deflection range substantially. The stiffness ratio for small 

deflections equals that of a clamped-clamped beam. 

 

The stiffness ratio, which represents the relationship between the 

stiffness in the lateral 𝐾𝑥 and motion 𝐾𝑦 directions, can be computed as 

follows: 

 

𝐾𝑥

𝐾𝑦
= (

𝐿

𝑡
)

2
                                                                                                   (4.4) 

 

Maintaining a high stiffness ratio is essential to prevent lateral 

instabilities in the designed folded spring. Compared to other spring 

designs, the folded flexure design significantly reduces the generation 

of axial forces and provides a much larger linear deflection range for 

small displacements, equaling that of a clamped-clamped beam. 

 

By combining the forces and deflections of the beam segments, the 

spring constant for the folded beam flexure due to lateral deflections 

can be calculated with the following equation: 

 

𝐾𝑥 =
200 𝐸𝐼

3𝐿𝛿2
𝑦
                                                                                               (4.5) 

 

This equation demonstrates that as the beam displacement in the y-

direction increases, the spring constant in the x-direction diminishes. 

Consequently, the stiffness ratio also decreases with the increasing 

lateral beam deflection. The total spring constant comprises the series 
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connection of the lateral displacement-dependent spring constant from 

Equation (4.5) and the axial spring constant governed by Hooke's law.  

 

4.2.2 Comb Drive Actuator  

 

The actuation force necessary to deflect the folded springs is generated 

using a comb drive actuator. This actuator comprises two interdigitated 

comb-like structures that are charged with opposing voltages. However, 

due to the generation of a relatively small force, multiple fingers are 

employed to achieve the required force levels. The actuation force 

applied to deform the folded springs can be likened to a bending test for 

the silicon material. The electrostatic force produced by the comb drive 

under the influence of an actuation voltage (V) can be quantified using 

the following equation [122]:  

 

𝐹 = 𝑛
𝜀0ℎ

𝑔
× 𝑉2                                                                                   (4.6) 

 

Where n is the number of fingers in the actuation comb drive, ε0 is the 

permittivity of free space, h is the height of the comb drive fingers, and 

g is the gap between two neighboring fingers. For this design, the 

actuation comb drive has 240 fingers with a gap of 2 μm, resulting in a 

force of 16.60 µN under an actuation voltage of 25 V.  

 

The same comb drives used for actuation are also utilized for 

displacement and external force sensing via capacitive sensing. 

Neglecting parasitic capacitance, the change in capacitance (ΔC) in the 

sensing comb structures due to displacement of the probe stage (Δd) 

can be expressed as: 

 

∆𝐶 = 𝑛
𝜀0ℎ

𝑔
×Δd                                                                                (4.7) 

 

Where n is the number of fingers in the comb, ε_0 is the permittivity of 

free space, h is the height of the comb, and g is the gap between two 

neighboring fingers. For this design, n is 240 and g is 2 μm, resulting in 

a capacitance change of 26.6 fF for a displacement of 1 μm. The 

displacement (Δd) caused by the combs can be obtained by using the 

force-displacement relationship, which can be expressed as: 
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𝐹 =  𝐾𝑦 ×Δd                                                                                      (4.8) 

 

Rearranged above equation:   

 

Δd=
𝐹

𝐾𝑦
                                                                                                  (4.9) 

 

Calculations based on equation 4.9, the comb drive is capable of 

generating a displacement of 3.608 μm when operated at 25 V.   

 

 

 

Figure 4.2: Schematic of parallel plate comb drive configuration. 

 

  

 

 

Figure 4.3: Schematic diagram of the MEMS electrostatic actuator. 

 

Table .4.1: Geometrical parameters of the electrostatic actuator 
 

Length of the spring beam (L)  612 μm 

Width of the spring beam (w)  5 μm 
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Gap between the spring beams 

(𝑔3) 

31.5 μm 

Width of truss beam  (𝑤2) 48 μm 

Total number of combs (n) 240 

Length of the comb (𝐿1) 50 μm 

Width of the comb (𝑤1) 4 μm 

Gap between movable and 

stator comb (𝑔1) 

2 μm  

Vertical gap (𝑔2) 48 μm 

Hard limit space (H) 10 μm  

Thickness (t) 25 μm 

 

4.2.3 Static Structural Simulations 

 

The finite element software Ansys® was used to perform 3D linear 

static structural simulations in order to verify the design of the 

electrostatic actuator device. The simulations were conducted with the 

aim of determining the maximum displacement and stress that the 

device could deliver motions at low operating voltages. The boundary 

conditions were set such that all the anchor points were mechanically 

fixed during the simulations while all other boundaries remained free to 

move. The simulations were conducted using silicon material 

parameters, with a Young’s modulus of E = 169 GPa and a Poisson’s 

ratio of (ν) = 0.28,  density (ρ) = 2330 kg/m3 [97] . A calculated force 

of 16.6 µN was applied to the movable combs at 25 V and resulted in a 

displacement of 3.65 µm. The maximum stress observed in the 

simulation was 13.1 MPa, which was found to be in agreement with the 

analytical model with a difference of 2.2%, as shown in Figures 4.4-

4.6. These results indicate that the designed electrostatic actuator device 

is capable of performing as intended and can withstand the maximum 

stress that it may encounter during operation. The simulation results 

also demonstrate that the analytical model used to design the device was 

accurate, making it reliable for experiments under in-situ microscopes. 
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Figure 4.4 The maximum displacement achieved when a force of 16.6 µN is applied. 

 

 

 

Figure 4.5: The maximum stress observed when a force of 16.6 µN is applied. 
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Figure 4.6: Comparison of analytical and simulation results. 

 

4.3 MEMS Based Rotational Structures 
 

Microelectromechanical Systems (MEMS) have revolutionized the 

field of sensors, actuators, energy harvesters, switches, and 

microgrippers by enabling the integration of mechanical and electrical 

components on a microscale [123]. Over the years, researchers have 

made significant strides in improving the precision and size of MEMS 

devices.  In common MEMS actuators, electrical signals are converted 

into mechanical displacement leading to a change in capacitance or 

resistance. However, these changes are often small and require 

amplification mechanisms to improve the sensitivity of the device[97], 

[124]. Amplifying the displacement is a critical aspect of MEMS 

technology, especially in applications where a large movement or 

change in capacitance is necessary [125]. Different mechanisms have 

been proposed in [97], [123], [126] to amplify displacements for 

sensors and stress diagnosis applications. For example, the 

measurement of stress is a crucial factor in optimizing residual stresses 

left by microfabrication processes. In this regard, several measurement 

techniques have been developed, including traditional array structures 

and MEMS-based rotational structures [126]–[129]. The rotational 

structures, in particular, have been widely utilized in stress 
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measurements due to their several advantages over other measurement 

techniques. One of the main advantages of rotational structures is their 

ability to measure both tensile and compressive stresses with a 

continuous readout. This feature is important as it enables the 

characterization of the stress distribution in real-time. Moreover, 

rotational structures provide higher resolution measurements compared 

to traditional array structures such as buckling beams [126]. 

Additionally, the MEMS-based fabrication technology used in 

rotational structures enables them to occupy limited area on the wafer, 

which makes them more suitable for high-density integration. 

Furthermore, rotational structures have the ability to directly amplify 

displacement with consequent sensitivity enhancement, making them 

more suitable for stress measurements in small devices [127], [128].  

However, despite their advantages, rotational structures also have 

certain limitations. For instance, they may not achieve a large 

displacement with a smaller input force, and they are more vulnerable 

to breakage due to localized stress [126].  

 

Rotational structures have been developed using two main fabrication 

techniques: surface micromachining and bulk micromachining [126]–

[130]. Surface micromachining is a well-established process for the 

fabrication of MEMS structures using thin films by low-pressure 

chemical vapor deposition. The films are etched and patterned to form 

the desired device structure. However, the residual stress in these thin 

films can be high, leading to buckling or cracking of the structures when 

released. To mitigate this issue, various stress-reducing techniques have 

been developed, such as the use of multilayer thin films, post-deposition 

annealing, and the introduction of stress-relief structures [130]. On the 

other hand, bulk micromachining involves the deep etching of substrate 

material (usually silicon) to form the desired device structure. This 

process provides a more rigid and stable structure compared to surface 

micromachining, as the mechanical properties of single-crystal silicon 

are superior. In bulk micromachining, the deep etching process can be 

anisotropic, allowing for the creation of vertical structures with precise 

control over the dimensions and shapes. The choice between surface 

and bulk micromachining for the fabrication of MEMS rotational 

structures depends on the requirements of the specific application. 

Surface micromachining is a versatile and cost-effective method, while 
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bulk micromachining offers better mechanical properties and reduced 

residual stress issues [131], [132]. 

 

There are some limitations to surface micromachining fabrication 

process that can lead to device failure. For example, limited 

displacements and residual stresses make devices more prone to 

breakage. However, in our research, a novel mechanism has been 

proposed that overcomes these limitations. To achieve this, we turned 

to bulk micromachining process with silicon on insulator (SOI) wafers. 

SOI wafers consist of a single crystal silicon layer on the top, an 

insulating layer, and a handle layer on the bottom [133]. The use of SOI 

wafers has several advantages over traditional silicon bulk substrates. 

Firstly, SOI wafers exhibit lower residual stresses in the structural layer, 

resulting in higher quality and reliability. Secondly, the insulating layer 

provides an excellent etch stop, simplifying the fabrication process. 

Thirdly, the isolation of the single crystal layer from the bulk substrate 

leads to lower parasitic capacitances, enabling high-speed devices with 

lower power consumption. Finally, the complete isolation of n-well and 

p-well devices in the SOI wafers provides protection against latch-up 

effects and enhances the radiation hardness [134], [135]. 

 

In the current research, a novel MEMS-based rotational structure is 

introduced, capable of providing amplified output displacement 

compared to traditional designs. The proposed mechanism leverages 

the advantages of SOI wafers, offering a high-quality, reliable, and 

efficient solution to overcome the limitations of conventional rotational 

structures. 

  

4.3.1 Mechanical Design of the C-Shaped Rotational Structure 

 

This study considers two distinct MEMS rotational structures: the 

symmetric lancet design, resembling previously published structures in 

the literature, and the original C-shaped rotational structure. Both 

structures, as depicted in Figure 4.7, consist of interconnected 

components collaborating to generate rotational motion. These 

components encompass a double set of opposed thermal actuators 

(chevron beams), a rotational mechanism, a straight beam, and a tilted 

arm. The straight beam and rotational mechanism facilitate smooth and 

efficient rotation of the tilted arm. 
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Both MEMS rotational structures employ thermal actuators as the input 

source for force and displacement. The literature offers various driving 

devices capable of generating displacements, including electrostatic, 

piezoelectric, electromagnetic, and electrothermal actuators, each with 

their unique advantages and disadvantages. The selection of the optimal 

driving mechanism hinges on specific application requirements such as 

force output, displacement range, cost, and size. For instance, 

electrostatic actuators deliver high force but limited displacement, 

whereas piezoelectric actuators provide high force density and 

substantial displacement but tend to be relatively costly. 

Electromagnetic actuators can generate significant forces and 

displacements but may require magnetic fields and can be bulky. In 

contrast, electrothermal actuators utilize thermal expansion due to 

electrical current flow, resulting in substantial force generation and 

multi-directional actuation. Their advantages include fast response 

times, high force-to-volume ratios, and low power consumption. 

 

In the MEMS rotational structures, activating a thermal actuator initiates 

linear motion transferred to the central shuttle and straight beam. The 

rotational mechanisms then convert this linear motion into rotational 

motion, suitable for various microelectromechanical applications. 

Integration of thermal actuators on both sides of the central shuttle and 

straight beam enables precise control over the rotational displacement, 

making MEMS rotational structures ideal for microscale systems 

requiring precise motion control. 

 

The design of the rotational mechanism significantly influences the 

overall performance of the rotating MEMS structure. The design 

parameters for the symmetric lancet MEMS rotational structure were 

drawn from existing literature, while the C-shaped MEMS rotational 

structure was optimized using the design of experiments (DOE) method 

and analytical modeling. The optimization process involved systematic 

testing of various design combinations to determine the optimal 

configuration for the C-shaped structure, considering specific 

application requirements and fabrication constraints.  
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                              (a)                                                           (b) 
 

Figure 4.7: Schematics of two investigated MEMS rotational structures: (a) symmetric 

lancet and (b) symmetrical C-shape. 

 

To optimize the C-shaped structure's parameters, Design of 

Experiments (DOE) served as a valuable statistical tool for analyzing 

and enhancing complex designs. DOE facilitates the identification of 

relationships between independent variables (factors) and dependent 

variables (responses). It aids in identifying the most influential factors 

affecting system performance and interactions while maximizing 

efficiency and effectiveness. Various methods, including one-factor, 

factorial design, robust parameter design, and reliability design, offer 

diverse approaches and levels of detail for improving system output 

responses. 

 

For the novel MEMS rotational structure, the Response Surface Method 

(RSM) in combination with Central Composite Design (CCD) through 

JMP® statistical software was employed to optimize the design 

parameters. RSM is a widely adopted technique for modeling the 

relationship between a response and multiple independent variables. 

This study concentrated on two vital independent variables: curved 

beam width (W) and the gap (K) between the upper and lower curved 

beam centers of rotation. Three levels were considered to identify 

optimal values for these variables: low (-1), medium (0), and high (+1). 

Based on fabrication constraints, the low and high levels for W were set 
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at 2.3 µm and 6 µm, respectively, with an intermediate level at 4.5 µm. 

Similarly, the low and high levels for K were 15 µm and 30 µm, with 

an intermediate level at 22.5 µm (Table 4.2). The combination of RSM 

and CCD enabled a comprehensive exploration of how independent 

variables influenced the response and facilitated the determination of 

optimal design parameters for the structures. 

 

DOE results established the model's statistical significance, with a p-

value less than 0.05. Notably, the minimal gap between the two curved 

beam centers of rotation and a narrower hinge width had the most 

significant impact on output displacements, as evidenced in Table 4.3. 

Specifically, variations in curved beam width (W), while keeping other 

parameters constant, had the most substantial influence on output 

displacement. Additionally, it was observed that the combination of 

curved beam width (W) and hinge gaps (K) had a secondary influence 

on the output performance, highlighting the significance of these 

specific design factors in determining the device's overall performance. 

  

Table 4.2:  Design (CCD) matrix and signs with input variables and output response. 
 

Observations Treatments  Factor 

W   

(µm) 

Factor 

K 

(µm) 

Displacement 

(µm) at 1 V 

1 - - 2.3 15 6.2 

2 + - 6 15 2 

3 - + 2.3 30 5.3 

4 + + 6 30 2.6 

5 0 a 4.5 15 3.5 

6 0 A 4.5 30 3.8 

7 a 0 2.3 22.5 6 

8 A 0 6 22.5 2.5 

 

Table 4.3: Effect test results from JMP® statistical software. 
 

Factor Degree 

of 

freedom 

Sum of 

squares 

F-

ratio 

P-Value 

(<0.05) 

Significance 

W 1 17.6 814 0.001 Yes 
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K 1 0.007 0.34 0.62 No 

W, K 1 0.497 22.9 0.04 Yes 

W, W 1 0.232 10.7 0.08 No 

K* K 1 0.023 1 0.4 No 

 

Figure 4.8 presents a performance analysis of an symmetrical C-shape 

rotational structure, examining the effects of variations in curved beam 

width (Figure 4.9a)  and the gap between the curved beam's center of 

rotation (Figure 4.9b). These findings are consistent with the 

observations made from the DOE analysis presented in Table 4.3. As it 

can be observed, both parameters have an influence of the system 

response, with the displacement increasing when both the width of the 

curved beam and the gap between the centers of rotation are reduced. 

In particular, the best performance is achieved when W=2.3 µm and 

K=14.6 µm, which correspond the values used for the device 

fabrication. However, these two parameters are also subject to 

fabrication limitations, which must be considered when determining the 

desired displacement specifications. As a result, a tradeoff must be 

made between the desired displacement specifications and the 

fabrication limitations, to ensure that the final output meets the desired 

specifications within the constraints of the fabrication process.  

 

 

                        (a)                                                                        (b) 

Figure 4.8. Performance analysis of symmetrical C-shape rotational structure: 

dependence of the output displacement on (a) the  curved beam width and (b)  the gap 

between hinges center of rotations. 

 



Chapter-4: MEMS Based Test Structures 

123 
 

4.3.1 Analytical and Numerical Modelling 

 

To model the behavior of the C-shaped rotational structure, considered 

a simplified version due to its inherent symmetry, as depicted in Figure 

4.9b. This simplified structure comprises a straight beam (AB) with a 

length (xs), connected to a curved beam (BC) with a radius (R). The 

curved beam is further connected to a rigid element (DC) of a specific 

length. We can assume specific boundary conditions, such as a slider at 

point A, representing the presence of the thermal actuator responsible 

for horizontal displacement and force. At point D, a hinge allows free 

rotation of the structure. The rigid beam (DC) plays a crucial role in 

precisely locating the center of rotation for the simplified model in 

relation to the overall structure. 

 

Table 4.4 provides an overview of all the geometric parameters utilized 

in the analytical modeling of the curved beam. The selection of the 

curved beam width (W) was informed by fabrication constraints and the 

findings from the DOE analysis, ensuring optimal performance. 

Meanwhile, the straight beam length (xs), curved beam angle (θ1), and 

rigid beam length (xr) were determined through analytical calculations. 

 

 

 

Figure 4.9: Schematic diagram of symmetrical C-shape structure (a) and simplified 

curved beam structure for analytical model (b). 

 

Table 4.4: Geometrical parameters of curved beam. 
 

Angle (θ1) 34° 

𝛼 = π+𝜃1 214° 
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𝑅𝑎𝑑𝑖𝑢𝑠 7.5 μm 

𝑊idth 2.3 μm 

Straight beam 

length (𝑥𝑠) 

65.5 μm 

Rigid beam length (𝑥𝑟) 5.3 μm 

 

Castigliano's second theorem was applied to compute the horizontal 

displacement of the straight beam, which serves as the input to the 

system, based on the force exerted by the thermal actuator. This 

theorem establishes that for linearly elastic structures, if the strain 

energy of such a structure can be represented as a function of the 

generalized force, Fi, then the generalized displacement, δi, in the 

direction of Fi can be determined as the partial derivative of the strain 

energy, U, concerning the generalized force, Fi [136]: 

 

𝛿𝑖 =  
𝜕𝑈

𝜕𝐹𝑖
                                                                                             (4.10)    

 

Considering Figure 4.9, the moments along the straight (M(x)) and 

curved (M(α)) beams can be expressed as follows: 

 

M(x) = RA
(0)

xs + Y (−RA
(1)

xs + 1)                                                 (4.11)              

 

M(α) = −𝐹𝐴R(1 − cos α) + RA
(0)

xs + RA
(0)

R sin α Y (−RA
(1)

R sin α −

RA
(1)

xs + 1 )                                                                                   (4.12)    

 

The strain energy can be obtained as follows [137]: 

 

𝑈=∫
𝑀(𝑥)2

2𝐸𝐼

𝑥𝑠

0
𝑑𝑥+∫

𝑀(𝜃)2

2𝐸𝐼

𝛼

0
𝑅𝑑𝜃                                                        (4.13) 

 

Substituting equations (4.11) and (4.12) into equation (4.13) and 

considering the geometric values from Table 4.4, the strain energy 

simplifies to: 

 

𝑈 = (
8520.1727𝐹𝐴

2

2𝐸𝐼
) = 0.0009944 𝐹2                
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Ultimately, the displacement at point A can be computed using equation 

(4.10): 

 

𝛿𝐴 =  
𝜕𝑈

𝜕𝐹𝐴
                                                                                     (4.14) 

 

This results in 𝛿𝐴 =0.001989 𝐹𝐴. 

 

Working through the integrals outlined in equation (4.13) and 

computing the derivative with respect to force (equation 4.14) allows 

the derivation of an analytical expression illustrating how 𝛿𝐴 varies in 

relation to different geometric parameters, including the width and 

radius of the curved beam, straight beam length, and curved beam 

angle. For instance, Figure 4.10(a) illustrates the correlation between 

the curved and straight beam widths and the horizontal displacement at 

the straight beam's tip. The findings reveal that as the beam width 

increases, the displacement decreases, reaching its maximum value at a 

beam width of 2.3 µm, consistent with the results from the previous 

section on DOE analysis. 

 

 

Figure 4.10: Investigating the impact of symmetrical C-shape geometry on the 

displacement at the beginning of the straight beam determined from the analytical 

model based on Castigliano’s theorem: (a) curved and straight beams width study of 

(a) Widths, (b) Length, (c) Radius, and (d) Angle. 
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In Figure 4.10(b)-(d), the horizontal displacement at the straight beam's 

tip is presented as a function of the straight beam length, as well as the 

radius and angle of the curved beam. These plots reveal that, as the 

straight beam length increases (especially beyond 70.5 µm) and the 

radius of the curved beam expands, the displacement exhibits a nearly 

linear rise. Conversely, an increase in the angle of the curved beam 

leads to a notable reduction in displacement. 

 

The selection of an optimum angle, curved beam radius, and curved 

beam width is crucial as it can significantly enhance the displacement 

of symmetrical C-shape structures for specific applications. A wider 

beam has higher stiffness and smaller deflection than a narrower beam 

under the same loading conditions, improving overall stability. This 

study provides valuable information on the relationship between 

“angle, radius, width of curved beams and displacement”, which can 

serve as a benchmark for prospective designs. Therefore, it is 

imperative to consider the optimal selection of these parameters when 

designing a symmetrical C-shape structure. 

 

Figure 4.11 showcases the results of Ansys® finite element analysis, 

using equation (4.13) and static structural simulations to predict the 

behavior of the symmetrical C-shaped structure. The maximum 

difference between the analytical and simulation results was found to 

be 2.3% at 5 µN load, which is relatively small and suggests that both 

approaches are accurate in predicting the behavior of the structure. 

However, it should be noted that the accuracy of both approaches 

depends on the assumptions made and the level of detail included in the 

model. Therefore, a combination of both approaches may be necessary 

to achieve the most accurate predictions of complex systems.  
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Figure 4.11: Comparison between the horizontal displacement at the beginning of 

straight beam obtained from analytical modeling and numerical simulations as a 

function of the force delivered by thermal actuators. 

 

A coupled linear Multiphysics simulations were conducted on two 

distinct rotational structures: the novel C-shaped design and the 

symmetrical lancet design (used for comparison). These simulations 

were performed using Ansys® finite element software in thermal-

electric-structural interaction mode. 

 

For structural boundary conditions, the actuator anchors were kept 

mechanically fixed, allowing all other boundaries to remain free to 

move. In terms of thermal boundary conditions, a constant temperature 

(22 ºC) was maintained on the faces in contact with the substrate. In the 

electrical domain, a DC voltage was applied between the actuator 

anchors (contact pads). These simulations produced output data for both 

temperature and displacement fields of the MEMS rotational structures. 

 

The application of voltage across the anchors generated heat due to 

joule heating, which dissipated until it reached a steady state of heat 

balance. Because of the heat dissipation path through the anchors within 

a vacuum, the highest temperatures were observed in the shuttle area, 

farthest from the anchors, resulting in non-uniform temperatures. 
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Consequently, this non-uniform temperature distribution also led to 

non-uniform displacement within the device, as depicted in Figure 4.12. 

 

The specific dimensions used in the simulations are detailed in Table 

4.5, while Table 4.6 provides the silicon material properties employed 

in the simulations. Notably, the lancet and symmetrical C-shape 

MEMS-based rotational structures shared identical characteristics, 

including width, thickness, length, number of chevron beams in the 

thermal actuators, straight beam and tilted arm geometry, shuttle 

lengths, and rotational hinge angles. 

 

Table 4.5. Geometrical parameters of MEMS rotational structures. 
 

Actuator beam length 300 µm 

Actuator beam width 4.7 µm 

Actuator beam  angle 𝜃° 3 

Total number of beams 6 

Device Thickness 25µm 

Straight beam length 49 µm 

Straight beam width 2.3 µm 

Curved beam width 2.3 µm 

Curved beam radius 3.3 µm 

Curved beam angle (𝜃) 34° 

Gap (K) 14.6 µm 

Tilted arm lengths 780, 787 µm 

Tilted arm  Width 16.7 µm 

 

Tale 4.6. Silicon properties [96]. 
 

Youngs Modulus (E) 169 GPa 

Poisson's ratio (ν) 0.28 

Density (ρ) 2330 kg/m3 
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Thermal conductivity (K)  130 [W/(mK)] 

Coefficient of thermal 

expansion (α) 

2.6 × 10-6 K-1 

Resistivity  0.005 Ω cm  

 

 

 

 

Figure 4.12. The maximum displacement and stress when the actuators are biased with 

2V in symmetrical C-shape (a) and symmetrical lancet structure (b). 

 

The results, shown in Figure 4.12, provide insights into the stress 

distribution and displacement of both MEMS rotational structures when 

subjected to a 2 V applied voltage. 

 

The symmetric lancet structure, as demonstrated in Figure 4.12 (a), 

showcased a maximum displacement of 23.9 µm along with a stress 

value of 229 MPa under the same conditions. In contrast, the 
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symmetrical C-shape structure, presented in Figure 4.12 (b), 

outperformed with a higher output displacement of 31.8 µm and a lower 

stress level of 176 MPa under the same actuation voltage.  
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The chapter 5 provides an introduction to the various fabrication 

technologies employed in the fabrication of silicon micromechanical 

devices. It begins with a comprehensive overview of microfabrication 

and its associated processes. Special emphasis is placed on the specific 

microfabrication methods used in the present research. The chapter 

further delves into the intricate details of the fabrication process 

involved, particularly in the context of generating complex structures. 

The chapter goes into much more information about the fabrication 

process followed in the current research. 

 

5.1 Introduction 
 

Microfabrication is the process of fabricating tiny devices or structures 

on a micrometer or nanometer scale. Silicon has become one of the most 

commonly used materials in microfabrication due to its availability, 

well-characterized properties, and compatibility with mature and easily 

accessible processing techniques. It can be integrated with control and 

signal processing circuitry, making it a suitable material for mechanical 

sensors and other MEMS devices. Crystalline silicon has a face-

centered cubic lattice with two atoms associated with each lattice point, 

and the {100} and {111} planes are the most commonly used 

orientations for microfabrication. The orientation of the silicon needs to 

be considered in the design of any mechanical sensor, and wafers are 

typically cut to form a primary flat in a {110} plane and a secondary 

flat to identify the wafer orientation and doping type. The properties of 

crystalline silicon can vary depending on its orientation, and this needs 

to be considered in the design and fabrication of microdevices. For 

example, the piezo resistance coefficient of single crystal silicon 

depends on the orientation of the resistor with respect to the crystal 

orientation, and Young's modulus is also orientation dependent. Cracks 

initiated through mechanical loading will tend to propagate along 

certain crystal planes. However, these properties make silicon an ideal 

material for fabricating MEMS devices. The high Young's modulus, 

low coefficient of thermal expansion, and excellent thermal 

conductivity of silicon make it suitable for MEMS applications such as 

accelerometers, pressure sensors, gyroscopes, and micro actuators 

[138], [139]. 
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Furthermore, silicon is a well-established material in the integrated 

circuit industry, which has led to the development of a large number 

and variety of mature, easily accessible processing techniques for 

silicon-based MEMS fabrication. Surface micromachining and bulk 

micromachining techniques can be used to create complex three-

dimensional structures on a micron or nanometer scale. The 

combination of silicon's properties and the available processing 

techniques make it the most widely used material in MEMS fabrication 

[140]. 

 

5.1.1 Surface and Bulk Micromechanics 

 

When it comes to silicon micromechanics, two main categories, surface 

micromechanics and bulk micromachining, have been developed to 

leverage the material's properties for MEMS fabrication. Surface 

micromechanics involves the creation of thin films, often of LPCVD 

(Low-Pressure Chemical Vapor Deposition) polycrystalline silicon, on 

a silicon wafer's surface. Silicon dioxide frequently serves as the 

sacrificial layer, with the overall thickness of the film stack typically 

not exceeding a few micrometers. This process sequence involves 

depositing and patterning a sacrificial oxide layer, followed by the 

deposition and patterning of the structural polysilicon layer. Upon 

completion of these steps, the structure is freed by etching away the 

sacrificial layer underneath. Despite the inherent challenges, such as the 

control of internal film stress, polysilicon surface micromachining has 

proven useful for creating various MEMS devices, including motors, 

resonators, and varactors. 

 

In contrast, bulk micromachining utilizes the silicon wafer material 

itself to create devices, typically through etching techniques. The 

thickness of the structures can match the wafer's thickness, with 

anisotropic wet etching, typically using KOH (Potassium Hydroxide), 

EDP (Ethylene Diamine Pyrocatechol), or TMAH 

(Tetramethylammonium Hydroxide) solutions, being the method of 

choice. However, design constraints from inclined sidewalls and 

excessive silicon surface consumption often result in pyramidal shapes 

or V-grooves on a <100>-oriented silicon wafer.  
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5.1.2 SOI Micromechanics 

 

Silicon on Insulator (SOI) technology provides a unique avenue for 

microfabrication, catering primarily to high voltage, latch-up free, and 

radiation-hard integrated circuits. This technology is implemented 

using SIMOX (Separation by Implantation of Oxygen) or newer layer 

transfer methodologies, which result in relatively thin oxide and 

structure layers. The fabrication advantages of SOI are plentiful, thanks 

to the buried oxide layer's function as a selective stop layer and the 

ability to structure the top and bottom silicon independently. SOI 

micromachining offers the capability of fabricating structures with 

standard lithography and deep reactive ion etching (DRIE). Compared 

to traditional bulk micromachining, SOI provides effective electrical 

isolation, good availability of the etch stop layer, and a broader range 

of achievable shapes through dry etching. An added advantage is that 

the thickness of the structure can be tuned by selecting an appropriate 

top silicon thickness. Silicon fusion bonding (SFB), a method for 

creating SOI wafers, involves bonding two wafers together without 

external pressure, followed by a high-temperature annealing process. 

Subsequently, one of the wafers is ground or etched down to the desired 

thickness and polished. SFB has proven beneficial for a wide range of 

applications, including accelerometers, pressure sensors, and other 

MEMS devices, due to the high aspect ratio structures it can produce, 

the flexibility of the oxide layer, and the ability to fabricate MEMS 

devices requiring flat, stiff surfaces. 

 

5.2 Fabrication Technologies 
 

The fabrication of microelectronic devices necessitates the systematic 

repetition of several fundamental processing steps. Each step must be 

followed by rigorous cleaning of the wafers to eliminate potential 

contaminants that might impact subsequent procedures. Such 

contaminants could include residual organic and inorganic particles, as 

well as solvents. A conventional cleaning technique known as RCA 

(Radio Corporation of America) is generally employed. This technique 

cycles between surface oxidation, oxide stripping, rinsing, and drying 

phases to effectively clean the wafers. Cleanroom environments are 

classified according to the permissible number of particles (0.5μm or 
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larger) per cubic foot. For instance, a Class 100 cleanroom permits a 

maximum of only 100 particles smaller than 0.5 micrometers per square 

foot. The cleanliness grade required depends on the specific type of 

devices under production and their smallest feature size. Following the 

cleaning phase, the primary processing steps are executed in the order 

of deposition, patterning, photolithography, and etching. During the 

deposition step, a thin layer of material is applied to the wafer. Various 

techniques like chemical vapor deposition (CVD), sputtering, or 

evaporation can be utilized for this purpose. In the patterning phase, a 

specific design is created on the surface of the deposited material. This 

design is typically made using a mask, generally constructed from a 

material such as chrome. Photolithography, which uses a photo-

sensitive resist material, is then employed to transfer this pattern onto 

the wafer. Etching represents the next stage, which involves the 

removal of material from the wafer using chemical or plasma methods. 

Dry etching techniques, such as reactive ion etching (RIE), utilize 

plasma to remove material, while wet etching employs chemicals to 

dissolve the material. Upon completion of etching, the wafer is 

subjected to another cleaning process to eradicate any remaining 

residues, paving the way for the next processing step. The required 

cleanliness class is determined by the kind of devices being produced 

and their smallest feature size. This sequence of fundamental 

processing steps is reiterated multiple times until the desired device 

structure on the wafer is achieved.  

 

5.2.1 Deposition Technology  

  

The deposition process is a fundamental stage in the fabrication of 

MEMS or NEMS (Nano-Electro-Mechanical Systems) devices. It 

involves forming a thin layer of solid-state material on the substrate, 

imparting it with certain structural or functional attributes. A range of 

deposition methods exists, including Physical Vapor Deposition 

(PVD), Chemical Vapor Deposition (CVD), electrochemical 

deposition, and Plasma-Enhanced Chemical Vapor Deposition 

(PECVD). Both PVD and CVD are dry deposition processes conducted 

in vacuum conditions. In PVD, the source atoms are coerced into a 

gaseous phase via physical processes such as thermal evaporation or ion 

sputtering. In contrast, CVD forms a thin film via chemical reactions 

among gaseous precursors. Hybrid deposition procedures can also be 
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employed, which amalgamate the physical and chemically reactive 

effects. Thermal PVD, typically achieved through thermal evaporation, 

entails transitioning a solid or molten source material into a gaseous 

state and condensing it onto a substrate within a vacuum chamber. 

Ensuring film thickness uniformity is vital in this process and hinges on 

factors like the properties of the evaporation source and the substrate's 

position and orientation within the vacuum chamber. Plasma PVD, or 

sputtering, is an alternative technique for thin film deposition. It 

involves the bombardment of a target with energetic ions, leading to the 

ejection of atoms from the solid, which then condense onto a substrate, 

as depicted in Figure 5.1. Typical conductive layer materials include 

Au, Cu, and Al, while TaN serves as a resistive layer. Barrier and 

adhesion layers commonly utilize TiW, Pt, Mo, NiCu, Cr, Ti, and TiW. 

Electrochemical or chemical deposition, on the other hand, immerses 

the substrate in an electrically conductive fluid to form a conductive 

metal film. Electrochemical deposition, also known as electroplating, 

necessitates an external current source and is often applied in 

photolithography micromolds for through-mask deposition. 

 

PECVD is a process that encompasses the collision of precursor species 

with plasma-generated charged particles, resulting in the electron 

impact dissociation and excitation of the precursor species, thus 

producing highly reactive species. The first commercially available 

PECVD reactor, introduced in 1974, employs a parallel-plate design, as 

illustrated in Figure 2. In comparison to thermal activation, the 

activation energy required for a plasma process is lower, translating into 

a higher deposition rate. Nevertheless, a certain amount of heat is 

essential to overcome the activation energy, which also aids surface 

reactions, reduces film contamination and absorption, and improves 

surface migration. The deposition process plays a significant role in 

defining the ultimate properties of MEMS or NEMS devices. 

Consequently, the choice of deposition techniques should consider the 

aspired characteristics of the film, including its composition, thickness, 

uniformity, adhesion, as well as mechanical and electrical properties. 

It's also important to ensure the compatibility of the deposited layer with 

the subsequent processing steps such as patterning and etching.  
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Figure 5.1. A schematic representation showing the standard sputtering technique 

[138]. 

 

 

Figure 5.2. Schematic representation of a parallel plate PECVD reactor [141]. 
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5.2.2 Patterning Technology  

  

In microfabrication of MEMS devices, patterning is one of the crucial 

step in the cleanroom, and it is predominantly conducted by 

photolithography. This process is essential for precise patterning of 

deposited layers and is widely used in microelectronics and MEMS 

fabrication. The most commonly used method for lithography is 

photolithography, which involves transferring a pattern onto a wafer 

coated with a photosensitive material or photoresist using a mask. The 

photolithographic process consists of four main components: 

photomask, optical projection system, photoresist, and substrate. The 

photomask is a physical mask with a defined pattern that is used to 

create the desired shape on the substrate. The optical projection system 

is used to transfer the pattern from the mask to the photoresist-coated 

substrate. Photoresist is a photosensitive material that changes its 

chemical properties when exposed to light. The substrate is the material 

onto which the pattern is transferred. The photolithographic process 

typically involves several steps, including depositing photoresist, 

exposing the photoresist to light through the mask, developing the 

photoresist to remove the unexposed regions, transferring the pattern to 

the substrate, and removing the photoresist to define the feature 

accurately. Each step is crucial and requires attention to detail to ensure 

the desired pattern is achieved. The deposition of the photoresist 

involves placing a small amount of liquid photoresist on the substrate 

and spinning it to create a thin, uniform layer. The photoresist is then 

exposed to light through the mask in a process known as photomasking. 

The exposed regions of the photoresist become more soluble in the 

developer solution, which allows for the removal of the unexposed 

regions of the photoresist during the developing process. After the 

photoresist is developed, the pattern is transferred to the substrate using 

an etching process, which involves removing the exposed or unexposed 

regions of the substrate material. In the end, the remaining photoresist 

is removed from the substrate, leaving behind the patterned features 

[142]. 
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Figure 5.3: Schematic of lithography system [142]. 

 

The performance of lithographic processing is measured using three key 

metrics: resolution, registration, and processing throughput. Resolution, 

which is the ability of the lithographic system to distinguish between 

closely spaced features, is closely tied to the wavelength of the 

illumination source. As lithography equipment has evolved, the 

wavelength of the illumination source has decreased from the visible 

spectrum to ultraviolet (UV) and, more recently, to extreme ultraviolet 

(EUV). 

 

The design of the optical system of the lithographic equipment is 

complex and involves several key parameters. One of these parameters 

is the minimum line width (Wmin), which is the smallest feature size that 

can be accurately patterned. The equation for Wmin is similar to the 

Raleigh criteria for optical resolution and depends on several factors, 

including the intensity of the illumination source, the ability of the 

photoresist to distinguish changes in width (K), and the numerical 

aperture (NA) of the optical system [143]. 
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𝑊𝑚𝑖𝑛 = 𝐾
𝜆

𝑁𝐴
                                                                                     (5.1) 

 

Equation 5.2 defines the numerical aperture as a relationship between 

the refractive index, represented by "n," of the medium situated between 

the objective and wafer, and the half angle of the image, denoted by "α." 

This means that the numerical aperture is influenced by both the 

refractive index and the angle of the image. Mathematically, this can be 

expressed as: 

 

NA = nsinα                                                                                      (5.2) 

 

Another important parameter in the design of the lithographic system is 

the depth of focus (σ), which is the range of heights at which the 

lithographic process can accurately expose the photoresist. The depth 

of focus is critical in MEMS fabrication due to the thickness of the films 

involved and the possible warpage of the wafer due to residual stress. 

The equation for σ depends on the wavelength of the illumination 

source and the numerical aperture of the optical system:  

 

𝜎 =
𝜆

𝑁𝐴2
                                                                                         (5.3) 

 

Masks are another important component of the lithography process, as 

they contain the patterns that need to be etched into the material to 

implement the MEMS design. Masks can be the same size (1:1) as the 

patterns to be transferred or larger (1×, 5×, or 10×) depending on the 

lithographic system. Masks are typically made of materials that are 

transparent at the illumination wavelength, with the patterns defined by 

an opaque material. Masks need to be very flat and insensitive to 

changes in temperature to prevent degradation of the lithographic 

image. Contamination control is also an important issue in the 

lithography process. For example, masks may have a pellicle membrane 

held above the patterned area to keep particles off the mask surface and 

out of the image plane of the mask. Photoresist consists of three 

components: a resin material, a photoactive compound, and a solvent. 

These components affect the durability, sensitivity, and viscosity of the 

photoresist, respectively, and must be carefully controlled to ensure 

high-quality patterning.  
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These masks are made up of areas that either allow light to pass through 

or block it. They're typically created from materials that are transparent 

to ultraviolet (UV) light but have specific patterned designs made of a 

metal film, like chromium. Photomasks can be used in two ways, either 

to allow light to pass through (light field) or to block it (dark field). 

There are different types of photolithography masks, including contact, 

soft-contact, and proximity masks, which create a 1:1 image. However, 

these masks can get easily worn or contaminated. On the other hand, 

projection lithography masks, also known as reticles, are designed to 

create smaller images (1:4, 1:5, or 1:10) on the photoresist layer. 

They're more durable and are great for large-scale production. 

 

Standard projection masks are diffraction-limited, but optical 

interference effects can be engineered into the mask to overcome 

diffraction limitations. This can be done by changing the thickness of a 

transparent region of the mask (alternating phase-shift) or increasing 

the transmittance of the originally opaque region of the mask 

(attenuated phase-shift). Pixelating an originally opaque region of the 

mask is another way to modify a standard projection photomask, and 

these styles of masks are used for grayscale lithography. The typical 

thickness of a chromium film used in a photomask is 800 Å. In 

photolithography, the key component is the photomask, a patterned 

device made of transparent and light-blocking areas. Photomasks can 

be designed for different patterning methods, such as contact, soft-

contact, and proximity lithography, all aiming for a 1:1 pattern in the 

photoresist layer. However, these methods can be vulnerable to wear 

and contamination. Alternatively, projection lithography masks 

(reticles) create 1:4, 1:5, or 1:10 reduced images in the photoresist layer, 

making them more resilient and suitable for high-volume production 

facilities. 

 

Standard projection masks have diffraction limitations, but we can 

overcome them. This is achieved by altering the thickness of transparent 

areas or increasing the light transmission of the initially opaque regions. 

Another option is pixelating the original opaque areas, particularly for 

grayscale lithography. The typical chromium film thickness on a mask 

is 800 Å, and photomasks with 30–40 μm resolution can be produced 

with high-quality printers. Photomasks are usually made from soda-

lime glass, borosilicate glass, or fused quartz, with considerations like 
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thermal expansion and optical transmission influencing the choice. For 

UV lithography at wavelengths shorter than 350 nm and for high-

resolution applications, quartz masks are essential due to their thermal 

and optical properties. 

 

Projection lithography masks (reticles) are designed to create 1:4, 1:5, 

or 1:10 reduced images in the photoresist layer. Modifying a standard 

projection photomask by pixelating opaque regions can control light 

intensity without creating individual pixels in the photoresist. 

 

In microelectromechanical systems (MEMS) fabrication, optical 

projection tools project photomask images onto photoresist layers. 

These systems typically employ UV light emitted by a mercury arc 

lamp, which emits light in the UV spectrum, including g, h, and i-lines 

crucial for optical projection tools. There are two primary types of 

optical projection tools: contact aligners, used with contact and 

proximity masks, and steppers, used with projection photomasks or 

reticles. Contact aligners provide a 1:1 image of the photomask on the 

photoresist, making them suitable for large area patterns but with 

limitations related to mask damage and contamination. Steppers use 

reduced-scale images and require precise alignment and environmental 

control, offering higher precision but at a larger scale. 

 

Photoresist is a vital material in microfabrication due to its sensitivity 

to UV light, enabling precise structure definition. Photoresist contains 

organic polymers and photosensitive additives dissolved in a solvent. 

Two primary photoresist chemistries exist: positive and negative. 

Positive photoresists increase solubility upon UV exposure, while 

negative photoresists decrease solubility. These chemistries offer 

distinct properties for specific applications in MEMS fabrication, 

allowing for high contrast and sharply defined features with steep 

sidewalls. The choice between positive and negative resists depends on 

specific photolithographic requirements and desired MEMS device 

properties.  
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5.2.3 Etching Technology  

 

Etching is a crucial step in MEMS microfabrication, involving the 

precise removal of material from a substrate surface through chemical 

reactions to create specific patterns. Typically, a mask layer is applied 

to protect certain areas of the substrate from the etching process. 

Etching techniques can be broadly classified into two main groups: wet 

etching and dry etching. Wet etching, historically the dominant method, 

employs liquid-based etchants. In this process, the substrate is 

immersed in a liquid etchant, and the exposed areas of the substrate 

react with the etchant to dissolve, forming the intended pattern. Wet 

etching is appreciated for its simplicity, high selectivity, cost-

effectiveness, and high throughput. However, it has limitations such as 

low aspect ratio, undercutting, and isotropic etching, which can hinder 

precise microfabrication. In contrast, dry etching provides an 

alternative approach to etching and has gained prominence due to its 

ability to address the limitations of wet etching. Dry etching uses a 

plasma chamber and reactive gas to remove material from the substrate, 

offering a more precise and controlled etching process. It comes with 

several advantages, including anisotropic etching, high aspect ratio, and 

precise control over etch depth. However, it requires more sophisticated 

equipment and is costlier than wet etching [140]. 

 

Common dry etching techniques in MEMS device fabrication include 

fluorine-based plasma etching and Deep Reactive Ion Etching (DRIE). 

Fluorine-based plasma etching is used to remove the oxide layer from 

Silicon-On-Insulator (SOI) wafers, creating openings for subsequent 

etching steps. DRIE is then used to etch through the silicon layer to 

shape the desired microstructure. These techniques offer superior 

control, precision, and repeatability, making them suitable for MEMS 

fabrication [2], [3], [6]–[8]. 

 

The Bosch process (Figure 5.5), a variation of DRIE, is a significant 

microfabrication technique that allows the creation of high-aspect-ratio 

structures in silicon. This process alternates between etching and 

passivation steps to produce vertical sidewalls, which are crucial for 

high aspect ratio structures. It is adaptable to different applications, 

offering high-rate and low etch rate processes. One challenge associated 

with the Bosch process is the loading effect, which can cause non-
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uniform etch depth. This effect arises from the depletion of etchant 

species and involves parameters such as mean lifetime, the generation 

rate of active species in plasma, etchable area, and plasma volume. The 

formula for the loading effect on etch rate, as proposed by Mogab, is as 

follows[144]: 

 

𝐸𝑒𝑡𝑐ℎ 𝑟𝑎𝑡𝑒 =
𝛽𝜏𝐺

1+𝛽𝜏
𝐴𝑤𝑑

𝑉

                                                                    (5.4)    

 

Where: 

β represents the proportionality factor describing the affinity of the 

material being etched (silicon) to active species (fluorine). 

τ stands for the mean lifetime. 

G indicates the generation rate of active species in plasma. 

d is a constant containing parameters of chemical reactions and 

materials being etched. 

Aw is the etchable area. 

V signifies the plasma volume.  

 
 

 

 

Figure 5.5 depicts the process of deep silicon etching using the Bosch technique, with 

distinct stages: a) isotropic etch step, b) passivation layer deposition, c) removal of the 

passivation layer, d) etching step, and e) the resulting trench after the iterative 

execution of steps b, c, and d [145]. 
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5.3 Mask Designing  
 

Successful and accurate production of complex microstructures in 

MEMS technology has a considerable impact on the critical mask 

design process. MEMS devices are intricate and precise, often 

composed of numerous components and structures, each serving 

specific functions and integration requirements. Specialized software 

tools are essential for designing layout masks to ensure the desired 

precision. Mask design plays a pivotal role in microfabrication, serving 

as the foundation for successful MEMS device fabrication. These 

complex structures, coupled with the need for precision, place 

significant demands on the design process. In the context of ongoing 

research, mask design must meet specific requirements, including: 

 

Connection of device components: Mask design ensures that essential 

MEMS components are interconnected through conductive lines to 

separate pads. These components include actuator inclined beams, fixed 

fingers of the capacitive sensor, fixed fingers of the electrostatic 

actuator, and the shuttle of the electro-capacitive element. These pads 

establish connections between MEMS features and external 

instrumentation, facilitating the device's functionality and interaction 

with the surrounding environment. 

 

Fabrication tolerances: Achieving fine fabrication tolerances 

necessitates early definition of all pads and conductive lines, 

particularly during the initial metal deposition stages of the SOI 

process. This is critical for attaining the desired precision and 

reproducibility in the final MEMS product. Precise conductive paths 

and interconnections are vital for ensuring the reliability and 

performance of MEMS devices. 

 

In this research context, L-edit software, a specialized tool within the 

Tanner Tool suite, was used to define various features tailored to 

specific requirements, facilitating the creation of intricate MEMS 

structures: 

Trench: This feature delineates the region of the silicon substrate that 

requires removal, a crucial step in defining the overall structure of the 

MEMS device. 
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Substrate: Although not applicable in the current design, this level 

allows researchers to define the substrate boundary, which is significant 

in specific MEMS applications. 

Underpass: This step integrates underpasses, crucial for achieving 

electrical isolation while preserving mechanical connections between 

structures. 

Electrical Pads: This level defines metal features with high tolerance, 

ensuring precise connections and structural integrity. 

Chip Frame: This feature enables the creation of the chip's outer frame, 

often used in HF vapor etching processes to maintain the device's 

structural integrity during fabrication. 

Oxide: While not utilized in the present design, this level permits the 

definition of features on the oxide layer, which may be crucial in other 

MEMS applications requiring insulation or specific material properties. 

Efficient and precise mask design is paramount for producing MEMS 

devices that meet stringent requirements for high precision, 

reproducibility, and reliability. The effectiveness of the 

microfabrication process relies on the efficient and precise design of 

these masks, especially in applications where MEMS devices play a 

critical role in sensing, actuation, and microfluidics. Therefore, the 

intricate process of mask design, supported by advanced software tools 

like L-edit, plays a pivotal role in the microfabrication of MEMS 

devices, ensuring their efficacy across various technological and 

scientific domains. 
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Figure 5.6: Mask design of MEMS based testing platform for investigating strain 

engineering characterization. 

 

 

 

Figure 5.7: Mask design of underpasses on the capacitive sensor. 
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Figure 5.8: Mask design of thermal actuators which highlights the underpass areas.  

 

Table 5.1: Underpass dimensions. 

Underpasses on thermal actuator-

length 

210 µm 

Underpasses on thermal actuator -

width 

160 µm 

Underpasses on capacitive 

sensors-length 

266 µm 

Underpasses on capacitive sensors 

-width 

160 µm 

 

 

 

Figure 5.9: Mask design of MEMS electrostatic actuator. 
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Figure 5.10: Mask design of MEMS based rotational structure. 

 

For ease of handling and design, the wafer is typically divided into 

multiple units or chips. In current research, all the designed devices are 

placed on two separate chips. The first chip, measuring 5x5 mm², serves 

as a MEMS-based testing platform for investigating strain engineering 

characterization (Figure 5.6). The second chip includes other devices 

(Figures 5.9-5.11), such as an electrostatic actuator (1.7 x 1 mm²), a 

MEMS-based tensile testing device (1.8 x 1.4 mm2), and a MEMS-

based rotational structures (each of 1.3 x 1.4 mm²).  
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Figure 5.11: Mask design of MEMS based tensile testing device.  

 

5.4 Fabrication Sequence 
 

The journey of MEMS fabrication begins with the critical decision of 

material selection, a choice that profoundly impacts the performance 

and functionality of the resulting devices. Thorough materials research 

and analysis ensure that the chosen substrates are well-matched to their 

intended applications. The subsequent labeling of materials serves 

practical purposes and plays an integral role in quality control 

throughout the fabrication process. For instance, the selection of 

materials such as silicon, silicon dioxide, and aluminum for MEMS 

devices is guided by their mechanical, thermal, and electrical 

properties, as well as their compatibility with the fabrication processes. 

As part of this process, 6-inch SOI wafers with a substrate thickness of 

525 µm, a buried oxide layer thickness of 2 µm, and a structural layer 

thickness of 25 µm have been considered for the fabrication of MEMS 

devices.  

 

The process then proceeds with rigorous cleaning and surface 

preparation, which are critical for the success of MEMS fabrication. 
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The integrity of MEMS devices hinges upon the cleanliness of the 

substrates. Even minute contaminants or particles can have detrimental 

effects on device performance. Cleaning is carried out through a 

meticulously orchestrated sequence of ultrasonic baths and chemical 

treatments, following established cleanroom procedures [1]. The 

cleanliness standards are such that even a small number of particles 

larger than 0.5 micrometers per square centimeter can significantly 

affect device yield and functionality. 

 

5.4.1 Metal Deposition and Patterning 

 

Within the realm of MEMS fabrication, magnetron sputtering is 

employed to achieve sputter deposition, ensuring the uniform 

application of a 1200 nm thick aluminum (Al) layer to the substrate's 

front side (Figure 5.11 a-c ). The choice of aluminum is not arbitrary; it 

is fundamental to the functionality of MEMS devices, serving as a 

critical component for electrical interconnections. The deposition 

process occurs within a controlled vacuum environment, allowing for 

meticulous control over the resultant layer thickness. This choice is 

motivated by aluminum's exceptional electrical conductivity, ease of 

deposition, and compatibility with downstream processing steps. 

Following the aluminum deposition, a pivotal phase involves 

conducting a preliminary rinse, in adherence to established 

semiconductor fabrication methodologies. The primary objective of this 

rinse is to safeguard the cleanliness and integrity of the substrate, 

ensuring the removal of any residual contaminants that might have 

inadvertently infiltrated during the deposition process [138]. Following 

this critical step, the front side of the substrate undergoes coating with 

a protective layer, typically involving the use of AZ4562 photoresist. 

This practice is grounded in well-documented semiconductor 

manufacturing procedures and serves as a preparatory measure for 

subsequent lithographic patterning. A mask aligner is employed for 

patterning the aluminum metal, maintaining precision and control over 

the process. Once the exposure is complete, chemical development of 

the photoresist ensues, resulting in a patterned mask that serves to 

protect the underlying metal. Quality control measures, such as optical 

inspection, are integral to this phase, facilitating the verification of the 

pattern's accuracy and integrity. This inspection process involves high-

resolution imaging, where any deviations from the desired pattern 
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undergo thorough analysis. In order to secure the stability of the 

photoresist, a hardbake step is executed, a practice aligned with well-

established semiconductor manufacturing protocols.  

 

5.4.2 Metal Etching 

 

Following the aluminum deposition, a pivotal stage in the fabrication 

process necessitates the precise removal of a 150 nm thick aluminum 

layer through the use of dry etching. The execution of metal dry etching 

was accomplished utilizing the Tegal 6510 IC processing tool, a facility 

where careful control over etching rates, selectivity, and etch chemistry 

is maintained to attain the desired aluminum patterning. The specific 

parameters employed included a pressure of 3 mTorr, a chlorine (Cl) 

flow rate of 23 sccm, a hydrogen bromide (HBr) flow rate of 20 sccm, 

and a power setting of 500W. 

 

In this particular case, dry etching is the preferred method due to its 

ability to eliminate under etching of the metal, which is a common 

concern associated with wet etching techniques. Under etching refers to 

the lateral removal of material during the etching process, which can 

result in imprecise patterning and, in the case of aluminum, may lead to 

undesirable shorts or electrical connections between adjacent 

components. Dry etching offers a more controlled and anisotropic 

etching process, ensuring that the aluminum patterning is precisely 

aligned with the intended design, without the lateral side effects 

typically observed in wet etching. This choice underscores the 

significance of dry etching in achieving the high precision and quality 

demanded in MEMS fabrication. Optionally, a Defreckeling step may 

be employed to eliminate any remaining residues or particles, following 

established microfabrication techniques [146]. Subsequently, resist 

ashing is removes the remaining photoresist. The inclusion of these 

optional steps hinges on the cleanliness requirements of the MEMS 

device and the observed substrate cleanliness.  

  

5.4.3 Masking Layer Deposition  

 

In silicon Deep Reactive Ion Etching (DRIE), masking layers play a 

crucial role, significantly influencing the success and quality of the 



 Naga Manikanta K – Development of MEMS-Based Devices for Characterizing 2D 

Nanomaterials at Low Temperatures 

152 
 

etching process. The choice of a masking material, often comprising 

substances like photoresist, is a pivotal decision. This material has the 

essential function of defining the areas to be etched while safeguarding 

the surrounding silicon substrate. The selection process is meticulous, 

involving stringent criteria. The selected masking material must exhibit 

high selectivity, effectively resisting etching while enabling the 

removal of the underlying silicon. Compatibility with etch chemistry, 

chemical resistance, mechanical properties, and precise pattern 

resolution are paramount considerations. Additionally, the masking 

material should be cost-effective, readily available, and compatible 

with the entire DRIE process, encompassing cleaning to post-etching 

steps. Careful selection is imperative to ensure the precision, quality, 

and integrity of the etched microstructures [140], [145], [147]. 

 

In deep silicon etching, aluminum frequently emerges as the preferred 

masking layer for DRIE due to its high selectivity to silicon, ease of 

patterning via lithography, excellent thermal conductivity for efficient 

heat dissipation, chemical compatibility with DRIE etchants, cost-

effectiveness, and widespread availability. Aspect ratio, a pivotal 

parameter in deep etching, delineates the ratio between feature width 

and depth. The etching time limit plays a central role in achieving the 

maximum aspect ratio. Commonly used masking materials like 

photoresist and silicon oxide typically enable aspect ratios of less than 

35 [147]. However, there is a desire for higher aspect ratios to enhance 

the performance of various MEMS devices. In this context, aluminum 

presents itself as a promising thin masking material, boasting extreme 

selectivity in DRIE plasma and compatibility with standard 

microfabrication processes. Its low etch rate allows for significantly 

extended etching times, which can be advantageous for the fabrication 

of high aspect ratio structures with sub-micron critical dimensions. 

Nevertheless, a challenge associated with aluminum masking in DRIE 

is the formation of micro masking, leading to a grass-like morphology 

and interruption of the etching process. This challenge requires further 

investigation and resolution. These attributes render aluminum a 

versatile and dependable choice for crafting intricate microstructures in 

silicon through the DRIE process. It's worth noting that DRIE etching 

with a bare aluminum mask can generate micro masking issues, which 

can be mitigated by applying a sufficient oxide layer atop the thin 

aluminum layer [147], [148]. 
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The masking layers are sequentially deposited on both the front and 

back sides, following this order: a 600 nm thick PECVD silicon oxide 

layer, a 150 nm thick magnetron-sputtered aluminum layer, and a 200 

nm thick PECVD silicon oxide layer serving as a protective barrier. The 

thickness of the SiO layer is pivotal in ensuring uniformity and 

electrical insulation from the underlying aluminum-patterned pads. 

Precise control over the SiO layer's thickness is critical for achieving 

electrical isolation, managing stress, and optimizing the dielectric 

properties of the MEMS device.  

 

After the deposition of the masking layers, the next step involves 

exposing the front structural layer using a lithography stepper tool with 

the assistance of a reticle mask (as shown in Figure 5.16). It's important 

to note that during lithography exposure, one of the critical factors to 

consider is mask alignment to ensure precision and accuracy in the 

fabrication process. Proper mask alignment is essential for achieving 

the desired results in fabricating these intricate structures. The exposer 

of structural results shown in Figure  

 

 

 

Figure 5.12: Illustrates the exposure results of the structural layer for silicon etching 

in a MEMS-based testing platform designed to accommodate a 7 µm sample length. 
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Figure 5.13: Exposure results of the structural layer in a MEMS-based testing 

platform designed for silicon etching with a sample length of 4 µm. 

 

 

 

Figure 5.14: Exposure results of the structural layer in a MEMS electrostatic actuator.  
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Figure 5.15: Depicts the backside wafer exposure used in the creation of underpass 

structures. 

 

 

 

Figure 5.16: The Reticle masking layer for patterning structural layer. 
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5.4.4 Silicon Etching 

 

The fabrication process involves intricate silicon etching steps that are 

crucial in shaping the MEMS device. To reveal the underlying silicon 

structures, layers are meticulously patterned using stepper 

photolithography tool. Subsequently, a plasma etching process is 

employed to etch these layers. The exposed silicon device layer is 

further etched down to the buried oxide layer, a critical stage that 

defines the device's main features. This is achieved through the 

utilization of the Alcatel AMS200 Deep Reactive Ion Etching (DRIE) 

process, recognized for its ability to provide anisotropic etching with 

higher selectivity and verticality (Figure 5.18f). Notably, in this 

research, three masking layers are employed, including the reticle, 

serving as the dark data mask for patterning the main device layer, and 

two light data masks, which are employed for back patterning to create 

underpass islands. The DRIE process stands as the ideal choice for 

achieving the complex geometric shape required for this MEMS 

devices. It boasts etching capabilities that result in a high ratio of 

etching gap to depth, a prerequisite for this application. Specifically, the 

device necessitates a minimum etching depth of 25 μm for the device 

layer and 525 μm for the handle layer. This is primarily due to the 

intricate nature of the device's structure, which comprises elements of 

varying dimensions. Among these, certain elements pose a constraint to 

functionality. From the perspective of capacitive electrostatic actuation, 

it is imperative that the comb-drive fingers and gaps between the stator 

and rotor finger arrays possess dimensions within the range of a few 

micrometers. 

 

The etching process begins with the exposed silicon being etched from 

the front side using deep reactive ion etching (DRIE). Both front and 

back etchings proceed until they reach the buried silicon oxide layer, 

which is embedded in the SOI wafers and serves as an etch stop (Figure 

5.18g). This multifaceted etching procedure plays a pivotal role in 

achieving the desired geometric shape and functionality of the MEMS 

device.  
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Figure 5.17: Stepper Lithography. 

 

 

 

Figure 5.18. The main fabrication sequence steps.  
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Following the completion of the silicon etching steps, the subsequent 

phase involves the removal of the masking layer. To achieve this, the 

Tegal 900 IC processing tool is utilized for the silicon dioxide layer, 

while the Tegal 6510 IC processing tool is applied for metal etching 

(Figure 5.18g-h). These tools are instrumental in ensuring the precise 

removal of masking layers, leaving the desired structures intact. 

 

Quality control is essential throughout the fabrication process to ensure 

precision, integrity, and overall quality of the structures. A crucial part 

of this quality assurance is Scanning Electron Microscope (SEM) 

inspection (Figure 5.19). SEM allows detailed examination, ensuring 

the structures meet MEMS quality standards. It verifies critical 

dimensions, assesses etch profiles, and detects defects that could affect 

device performance.  

 

 

 

Figure 5.19: SEM inspection after deep silicon etching. 
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5.4.5 Final Processing with HF Vapor Etching 

 

As the final step of the fabrication process, HF vapor steps play an 

important role in releasing the MEMS devices. The removal of the 

buried silicon oxide is achieved with the help of an HF vapor etching 

tool, by  the SPTS Primaxx® uEtch, a product of SPTS Technologies 

Ltd. This step is of paramount significance in the current research as it 

serves the dual purpose of eliminating the sacrificial islands (Figures 

5.20-5.22) and ensuring the devices are liberated from the substrate, a 

critical milestone in the MEMS microfabrication process.   

 

 

 

Figure 5.20: Sacrificial islands removed in a capacitive sensor within a MEMS-based 

testing platform. 

 

 

 

Figure 5.21: Sacrificial islands removed in electrostatic actuator. 
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Figure 5.22: Sacrificial islands removed within MEMS-based rotational structures. 

 

5.5 Wire Bonding Within the MEMS Device 
 

Wire bonding plays a critical role in connecting microelectronic devices 

to printed circuit boards (PCBs) and establishing internal device 

connections. In the realm of wire bonding, two primary techniques, 

wedge bonding and ball bonding, have been the focus of the current 

research. The choice of the bonding method depends on the specific 

requirements of the application and the characteristics of the devices 

and PCBs involved [149]  

 

In that context, wedge bonding is a wire bonding technology initially 

considered in this study for creating electrical connections within the 

electrostatic actuator (Figure 5.23). Wedge bonding was chosen as the 

method of choice due to its capability to bridge the electrical pads on 

the actuator, which separated by a side shuttle, effectively grounding 

the electrostatic actuator. Consequently, wire bonding was deemed 

necessary to establish a robust connection between the device and the 

PCB. Wedge bonding involves using a wedge-shaped tool to deform 

and attach a wire (aluminum used ) to the contact points on the PCB 

and the device. This deformation creates a physical and electrical 

connection, ensuring the transmission of signals and power. The choice 

of wire material is determined by factors such as conductivity, corrosion 

resistance, and thermal properties, making it crucial to select the 

appropriate material for the specific application.  
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The wedge bonding method exhibits specific challenges and 

limitations, which become notably pronounced in the context of the 

electrostatic actuator designed in current research. These challenges 

arise from the limited gap (120 µm) between the electrical pads that 

necessitate electrical bridging (Figure 5.23). This constrained space 

restricts the formation of sufficient wire loops, which are crucial for 

preventing inadvertent wire contact with shuttles or internal 

obstructions within the device (shown in Figure 5.24). The absence of 

these loops poses a risk of unintentional wire contact, potentially 

resulting in electrical short circuits.  

 

Moreover, the limited distance between the pads can impede the 

bonding process, especially in devices with closely spaced contact 

points. Notably, wedge bonding poses a risk of damage, particularly in 

devices with delicate or thin components. The application of 

mechanical force during bonding may result in handling-induced 

breakage or deformation of these fragile features (Figure 5.25). Material 

compatibility, process sensitivity, and potential interference with other 

components also add to the challenges and limitations of this method. 

Therefore, careful consideration of these factors is crucial when 

choosing wire bonding techniques, especially in cases where the 

constraints of the wedge bonding method may not align with the 

specific requirements of the microelectronic devices.  

 

 

 

Figure 5.23: SEM image of wedge bonding in MEMS electrostatic actuator. 
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Figure 5.24: SEM image of wire interaction with movable shuttle in the electrostatic 

actuator. 

 

 

Figure 5.25: Structural fracture resulting from the wedge bonding process. 

 

Following the initial trials with wedge bonding, it became apparent that 

further electrical connections were required within the MEMS device 

itself. Ball bonding, a distinct wire bonding technique, was 

subsequently employed to meet this need. Through multiple trials, 

succeeded in establishing reliable wire bonds within the device, thereby 

achieving the desired electrical connections. 

 

Ball bonding is characterized by the formation of small, spherical balls 

at the ends of the wire, which are then thermosonically bonded to the 
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contact points on the device and the PCB. The process involves a 

combination of mechanical pressure and localized heating, ensuring a 

secure and low-resistance connection. The choice of parameters, such 

as bonding temperature, force, and duration, plays a crucial role in the 

quality and reliability of the bond. Gold was chosen as the material of 

preference for this process due to its exceptional electrical conductivity, 

which ensures minimal signal loss and efficient power transmission. 

Furthermore, gold's corrosion resistance and long-term stability make 

it an excellent choice to maintain the integrity and reliability of wire 

bonds in microelectronic devices. Following the careful optimization of 

bonding parameters, successful wire bonding, as depicted in Figure 

5.26, was achieved.  

 

 

 

Figure 5.26: SEM image of electrical bridging using ball bonding technology.  

 

Table 5.2: Ball bonding optimized parameters. 
 

Positions Spark size 

(µm) 

Force 

(µN) 

Power 

(µN/µm²) 

Time 

(sec) 

1st  ball 1.2 2 2 3 

2nd ball 1.2 2 2 4 

 

The challenges encountered during ball bonding are primarily linked to 

the size of the electrical pads. The larger size of the wire bonding ball 
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compared to the electrical pad presents difficulties in achieving precise 

bonding. In the current research, the selected ball size represents the 

minimum size that can be effectively utilized. Reducing the ball size 

below 1.2 µm radius, leads to significant adhesion issues and 

complicates the bonding process.  

 

Another critical factor is the size of the electrical pads, which need to 

be sufficiently large to accommodate a buried oxide layer connecting to 

the substrate. This is essential to prevent the formation of a floating 

structure during bonding, which could potentially damage the pads in 

the process.  
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This chapter 6 concentrates on presenting the microfabrication results 

and characterizing MEMS devices at room temperature as part of the 

ongoing research. Additionally, preliminary findings at cryogenic 

temperatures in ultra-high vacuum STM chamber are discussed. 

 

6.1 Fabrication Results 
 

The primary aim of this research was to optimize the fabrication process 

for creating MEMS devices with underpass structures on silicon-on-

insulator (SOI) wafers. These underpass structures serve the dual 

purpose of providing electrical isolation while maintaining mechanical 

connections between different components of the device. Achieving 

this delicate balance necessitated a systematic exploration of etching 

parameters and processes. In that context, we considered two batches 

of the fabrication process, with a total number of 9 wafers. The 

fabricated results are shown in Figures 6.1-6.2 for MEMS rotational 

structures, and Figures 6.3–6.8 depict the results for the underpass. 

 

 

 

Figure 6.1: SEM image of the novel c-shaped structure in MEMS rotational device. 
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Figure 6.2: SEM Image of the Rotational Mechanism in the Symmetrical Lancet 

Structure. 

 

 

 

Figure 6.3: Underpass results for wafer-2 in batch 1 fabrication. 
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Figure 6.4: Underpass results for wafer-4 in batch 1 fabrication. 

 

In the initial phase of experimentation, our focus was on the underpass 

island etching process, particularly achieving the desired geometry. The 

first experiments conducted on wafers 1-2 involved a sequence of steps, 

which included Surface Dielectric Etch (SDE) using 70 sccm of O2 at 

0°C for 5 minutes, followed by an oxide etch of 103 seconds, a flash 

Deep Reactive Ion Etching (DRIE) step, and an extended SDE step of 

70 sccm O2 for 58 minutes. While this approach showed promise, it 

became evident that a longer initial SDE duration of approximately 15 

minutes was needed to achieve the desired underpass geometry. Wafer 

2 results shown in Figure 6.3. 

 

Subsequent experiments, such as those conducted on wafer 3, involved 

adjustments to etching parameters. The introduction of a 15-minute 

initial SDE step, followed by additional processing, led to an 

improvement in underpass geometry. However, it was noted that 

remnants still existed. To further enhance the results, an additional 8-

minute SDE step was incorporated. 

 



 Naga Manikanta K – Development of MEMS-Based Devices for Characterizing 2D 

Nanomaterials at Low Temperatures 

 

168 
 

Wafer 4 marked a significant breakthrough in the optimization process. 

It introduced a simplified, single-step approach. This involved an 

extended SDE step using 65 sccm of O2 at 0 °C for 70 minutes. The 

extended duration aimed to both create underpasses and remove the 

oxide layer during the SDE step. This innovative approach successfully 

yielded high-quality underpasses with dimensions suitable for 

subsequent DRIE etching.  

 

The results from wafer 4 (Figure 6.4) served as the optimized recipe for 

the underpass island fabrication process. The specific conditions for the 

SDE step, such as gas flow rates, temperature, and etching time, were 

adjusted in the experiments to achieve the desired underpass geometry 

and overall device performance. This optimized approach marked a 

significant advancement in the fabrication process and laid the 

groundwork for further MEMS device production, emphasizing 

electrical isolation in SOI MEMS devices. 

 

However, as the final step in the fabrication sequence, HF vapor etching 

was employed to remove the buried oxide layer, allowing the separation 

of movable structures from the substrate and the removal of sacrificial 

islands. Unfortunately, despite the achievement of an optimized 

underpass geometry on wafer 4, it was found that the underpass 

geometry might not be sufficient to withstand the 24-minute HF vapor 

etching required for buried oxide removal, as optimized for devices 

fabricated in this research. The duration of HF vapor etching primarily 

depended on the dimensions of the square trenches used in the device 

design. It became evident that an increase in the size of the underpass 

structures within the device design was necessary to facilitate 

successful HF vapor etching. 

 

In response to the challenges encountered during batch-1 fabrication, 

several design adjustments were made. Most notably, the underpass 

geometry was increased in the design to ensure it could withstand the 

required duration of HF vapor etching for buried oxide removal. This 

modification was critical to achieve the desired separation between the 

movable structures and the substrate. 
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Further adjustments were made to the etch holes (trenches) within the 

design. These changes aimed to improve the overall etching process and 

enhance control over feature sizes, which was crucial in achieving the 

desired geometries during the fabrication process. Additionally, the 

design adaptations included modifications to wire bonding for electrical 

connections within the MEMS device. These changes streamlined 

electrical connections and reduced wiring complexity, thereby 

simplifying the device's overall design and enhancing its performance 

and reliability. 

 

 

 

Figure 6.5: Fabricated underpass structure on wafer-1 in the capacitive sensor. 

 

 

 

Figure 6.6: Underpass structure on wafer-1 in the thermal actuator.  



 Naga Manikanta K – Development of MEMS-Based Devices for Characterizing 2D 

Nanomaterials at Low Temperatures 

 

170 
 

 

 

Figure 6.7: Underpass structure on wafer-2 in the capacitive sensor. 

 

 

 

Figure 6.8: Wafer-2 one of the underpass structures on the thermal actuators. 

 

In batch 2, the fabrication process continued with a total of 5 wafers, 

building upon the insights and limitations identified in batch 1. The 

entire fabrication process sequence was repeated, as depicted in Figure 

5.18, with a continued focus on optimizing underpass structures and 

enhancing overall device performance. For underpass structures, the 

parameters optimized in batch 1 were retained. Wafer 1 in batch 2 
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employed a single-step approach with a 65-minute duration, achieving 

an average underpass thickness of approximately 20 µm (Figures 6.5-

6.6). However, a discrepancy of around 16% was observed in the area 

of the underpasses when comparing the designed dimensions with the 

fabricated results. 

 

Building on the insights from wafer 1, wafer 2 (Figures 6.7-6.8) in batch 

2 followed a similar etching process with parameters, but with a 

reduced etching time of 10 minutes. This adjustment aimed to 

investigate the relationship between etching time and underpass 

dimensions. On this wafer, the average underpass thickness was noted 

to be around 25 µm, while the area difference between the designed 

underpasses and those fabricated increased to approximately 27%. 

These results offer valuable insights into the effects of etching time on 

underpass structures. It becomes evident that prolonged etching times 

lead to higher consumption of underpass thickness while increasing the 

overall underpass area. This trade-off underscores the importance of 

carefully optimizing etching times in the fabrication process to achieve 

a balance between desired underpass dimensions and minimizing area 

discrepancies, a crucial aspect in the effective integration of these 

structures into MEMS devices.  

 

The feedback on the underpass geometry is crucial, and it is provided 

by the data from batch 2. Additionally, it is important to carefully 

consider the sizes of the underpass. Keeping a sufficiently large area of 

the underpass structure is important to maintain a stable connection 

between the two parts as a mechanical design rule. 

 

In the MEMS device fabrication process, feature size reduction can 

occur due to misalignment during lithography, significantly impacting 

device performance. In the devices fabricated in this research, feature 

sizes were unintentionally reduced by approximately 1.73 μm from the 

original designs. Surprisingly, this reduction had a positive impact on 

device performance due to increased flexibility of the beams. These 

findings underscore the importance of considering fabrication 

tolerances and the potential benefits that may arise from unintentional 

changes in device dimensions. These impacts were taken into 

consideration when comparing simulation and experimental results.  
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6.2 Electrical Characterization at Room Temperature 
 

DC Measurements for all the MEMS devices in this study were 

electromechanically characterized using a Keysight B1500A 

semiconductor device analyzer, and a semiconductor measurement 

probe station at the Bruno Kessler Institute. Four Source/Measure Units 

were employed to deliver the signal input, with probe tips connected to 

the aluminum pads on the devices (Figure 6.9). The Start Easy EXPERT 

software controlled the I/V sweep during the experiments. 

 

To measure the displacement of MEMS devices, DC voltages were 

sourced to observe the displacement optically in an air medium. The 

process involved capturing sequences of microphotographs while 

applying various input voltages to the MEMS devices. Initially, a 

smaller range of voltages, determined by simulation results for each 

MEMS device, was used, gradually increasing in fixed voltage 

increments until a dedicated final voltage was reached. A camera was 

integrated into the system to capture magnified images of the structures, 

which were then stored on a computer. To ensure system stability, a 7-

second delay and a 2-second hold were introduced between each 

voltage increment and image capture. For each trial, reference images 

taken at 0 voltage were used. The displacement was determined by 

analyzing the acquired microphotographs using the GNU Image 

Manipulation Program (GIMP).  

 

 

 

Figure 6.9: Room temperature electrical probe station setup (probe tip radium 20 µm). 
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6.2.1 MEMS Based Rotational Structures 

 

DC voltage ranging from 1 to 2 volts, with incremental steps of 0.2 volts 

was applied for both symmetrical lancet and symmetrical C-shape 

MEMS-based rotational structures to compare their performance 

experimentally. The displacements were measure using the GIMP 

programme as mentioned above. The results showed that the 

displacement increased as the input voltage increased for both the 

symmetrical lancet and C-shape MEMS rotational structures. 

 

Figure 6.10 shows the performance comparison of symmetric lancet 

and C-shape MEMS rotational structures using both simulation and 

experimental results. The symmetrical C-shape structure showed an 

improved performance of 22% compared to the symmetrical lancet 

model. The comparison of experimental and simulation curves for both 

MEMS rotational structures was conducted in this study. The 

experimental and simulation results showed a maximum error of 3.2%. 

However, at lower voltages, the curves started to diverge due to 

fabrication tolerances, which resulted in thinner structures and 

increased displacement. The error between the experimental and 

simulation results was larger (~12%) at smaller voltages and gradually 

decreased to a maximum error of 3.2% at higher voltages. This 

discrepancy could be attributed to environmental factors such as air 

resistance. The findings of the study emphasize the importance of 

considering fabrication tolerances and environmental factors when 

comparing simulation and experimental results. Such considerations are 

critical for obtaining accurate and reliable results in micro-electro-

mechanical systems (MEMS) research and can inform the design and 

fabrication of more efficient and reliable MEMS structures. 
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Figure 6.10: Comparative analysis of symmetrical lancet and C-shaped mems 

rotational structures: simulation and experimental results. 

 

6.2.2 MEMS Electrostatic Actuator 

 

In the fabricated electrostatic actuator (Figure 6.11). the actuation 

voltages were applied to the actuation comb drives, spanning from 0 V 

to 25 V in 5 V increments. At the maximum voltage of 25 V, the device 

exhibited a displacement of ~ 9.5 µm, as depicted in Figure 6.12. This 

limited range is attributed to a hard limit embedded in the design to 

prevent overextension. Beyond 25 volts, a critical phenomenon known 

as resistive welding becomes a concern in the current MEMS 

electrostatic actuator. Resistive welding occurs when high electrical 

current flows through the static and movable structures, generating 

extremely high temperatures at the contact point between the two plates, 

ultimately fusing them together. Therefore, it is imperative to carefully 

control and restrict the applied voltage range within this design, as 

illustrated in Figures 6.12-13. 

 

The performance accuracy, as illustrated in Figure 6.13 has been 

rigorously validated through both analytical and numerical analyses. 

The results reveal a minimal disparity of only 0.6% between these two 

analytical approaches. When compared to the numerical analysis, the 
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experimental results closely aligned, demonstrating a slight difference 

of approximately 5%. Furthermore, the calculated capacitance change 

for the actuator was determined to be 18.5 fF/μm. These findings 

underscore the precision and reliability of the device's performance in 

the intended operational range. 

 

 

 

Figure 6.11: SEM image of MEMS electrostatic actuator.  

 

 

 

Figure 6.12: Electrostatic actuator when its applied maximum of 25 V. 
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Figure 6.13: Electrostatic actuator performance comparison with analytically, 

numerically, and experimentally. 

 

6.2.3 MEMS Based Tensile Testing Device 

 

The MEMS-based tensile testing device was characterized at room 

temperature using the procedures mentioned above, with a voltage 

range of 1-5 volts (Figure 6.14). The results validate its suitability for 

characterizing diverse 2D materials. 

 

 

 

Figure 6.14: Experimental validation of MEMS based tensile testing device.  
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Figure 6.15: I-V curve (not linear fitting) measurements in MEMS based tensile 

testing device.  

 

I-V measurements were conducted on the MEMS-based tensile testing 

device to characterize its electrical behavior. These measurements were 

essential for understanding how the actuator responds to varying 

electrical inputs, particularly in terms of its power consumption and 

heating capabilities. The I-V curve shows the relationship between the 

applied voltage (V) and the resulting current (I) passing through the 

thermal actuator. In these measurements, the I-V curve (Figure 6.15) 

exhibited a linear response, signifying a direct and proportional 

correlation between the applied voltage and the current passing through 

the actuator. 

 

This linear I-V behavior is a desirable characteristic for thermal 

actuators, as it simplifies control and predictability. The linear 

relationship enables precise and straightforward modulation of the 

actuator's heating power by adjusting the applied voltage. As the 

voltage increases, the current passing through the V-beam thermal 

actuator also increases in a predictable manner. 
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6.3 Electrical Characterization in Low Temperature 

STM’s vacuum chamber  
 

The LT-STM ultra-high vacuum chamber (UHV) is hosted by the 

IMEM-CNR, Genova laboratory for conducting electrical 

characterization experiments. The objective of these experiments was 

to evaluate the performance of MEMS devices fabricated in the current 

research within the challenging conditions of a low-temperature, 

vacuum environment. In order to assess the functionality of the MEMS 

devices in a vacuum, initial tests were conducted to determine whether 

they exhibited similar performance characteristics to those observed in 

typical ambient air. 

 

To gain a more comprehensive understanding of the behavior of these 

devices, multiple cooling cycles were employed within the vacuum 

chamber. The main goals of these cycles were: firstly, to evaluate the 

performance and functionality of the devices at low temperatures, 

which is crucial for their potential applications in low-temperature 

environments, and secondly, to closely examine the electrical 

connections and identify any issues related to the adhesion of the 

devices to the printed circuit board (PCB). Ensuring the stability of 

these connections and the overall reliability of the devices in a vacuum 

environment was of utmost importance.   

 
 

 

 

Figure. 6.16: Scanning tunneling microscopy tool setup overview. 
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Further investigations were carried out to verify whether silicon devices 

retained their mobility within the vacuum. Detailed observations were 

meticulously recorded in order to determine if the devices continued to 

function as intended inside the STM chamber. Figures 6.16 to 6.19 

provide a comprehensive overview of the experimental setup used in 

the scanning tunneling microscope investigations. Figure 6.16 offers a 

detailed perspective of the scanning tunneling microscope (STM) that 

was utilized for the electrical characterization tests. The integration of 

a high-resolution camera that accessed the UHV chamber, which had a 

base pressure range of 10-7 mbar and 10-12 mbar, allowed for real-time 

monitoring of the experimental conditions. A cryostat that employed 

cryogenic coolant, such as liquid nitrogen, was used to establish 

controlled and low-temperature environments within the UHV 

chamber. Additionally, a power supply was employed to modulate the 

electrical parameters during the characterization tests. To ensure the 

secure and accurate handling of the samples, a manipulator was utilized 

to provide stability and reproducibility in positioning. This integrated 

setup, which consisted of an STM with visual monitoring, a cryostat for 

temperature control, a power supply for electrical modulation, and a 

manipulator with a PCB for precise sample handling, facilitated 

comprehensive electrical characterization tests under meticulously 

controlled conditions.    

 

Figure 6.17 illustrates the changes in temperature over time during the 

controlled cooling process in the STM chamber. This visualization is 

essential for comprehending the behavior of the system's temperature, 

and the correlation between time and temperature provides significant 

insights. To achieve and maintain the desired low temperatures in the 

LT-STM chamber, the cooling process involves the addition of 

cryogenic coolant, such as liquid nitrogen. Initially, the system begins 

at a temperature of 290 K, and as the cryogenic coolant is gradually 

introduced, the temperature decreases. After 155 minutes, the system 

stabilizes at 178.93 K, indicating the successful establishment of the 

desired low-temperature environment. 
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Figure 6.17: Temperatures vs time for chamber cooling. 

 

In Figure 6.18, the focus is on the placement of Chip-1 within the 

vacuum environment of the STM chamber, particularly highlighting the 

specific device under investigation and its positioning. Finally, Figure 

6.19 visually presents the configuration of Chip-2 within the vacuum 

environment of the STM chamber, providing a clear representation of 

the setup for the experiments conducted on the second device.  The 

findings and insights obtained from these experiments on electrical 

characterization in the vacuum chamber of the STM are invaluable, as 

they play a crucial role in evaluating the feasibility of utilizing MEMS 

devices in low-temperature, vacuum conditions. These preliminary 

results offer valuable information regarding device performance, 

thermal behavior, and electrical connections under challenging 

environmental circumstances. 
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Figure 6.18: Chip-1 in STM's Vacuum Chamber. 

 

 

 

Figure 6.19: Chip-2 in Vacuum Environment. 
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Conclusions 
 

Investigating the mechanical and electronic properties of 2D 

nanomaterials, such as graphene, under strain and at low temperatures 

is essential for comprehending their behavior and potential 

applications. This research addresses critical gaps in the existing 

literature, where high strain rates have not consistently been applied to 

these materials, and a lack of experimental data at low temperatures 

persists. 

 

To bridge these gaps, four distinct MEMS-based devices have been 

successfully developed and characterized. The first device introduces 

on-chip actuation, sensing, and feedback control systems, allowing for 

controlled displacements of nanoscale specimens while minimizing 

temperature distribution. This integrated platform incorporates MEMS 

thermal actuators with an axial stiffness of 40253.6 N/m, which can 

induce a total displacement of 0.8 µm in the sample while maintaining 

a temperature increase of 80 °C within the sample area. Three 

capacitive sensors, featuring a calculated sensitivity of 5.2 fF/nm, are 

employed to measure the precise displacement delivered to the sample. 

Furthermore, various MEMS-based amplification mechanisms are 

designed and optimized, with the V-beam amplification mechanism 

amplifying displacement by a factor of approximately 50. The second 

device, termed the cascaded MEMS device, offers enhanced 

capabilities to measure stress-strain curves of 2D nanomaterials at low 

temperatures, aided by vertical V-shaped structures for displacement 

amplification. Analytical and numerical results exhibit a negligible 

difference of 1.7% between them. The third device, a MEMS 

electrostatic actuator, is specifically designed for conducting bending 

tests on silicon material properties at low temperatures. It allows for on-

chip sample fabrication and provides accurate measurements of 

displacement delivery to the sample. When operated at 25 V, this 

electrostatic actuator is capable of generating a displacement of 

approximately 9 µm, with a calculated capacitance change of 18.5 

fF/µm. The accuracy of its performance is verified, revealing a minimal 

difference of 0.6% between analytical and numerical analyses, and the 

experimental results closely match the numerical analysis, with a 

difference of approximately 5%. Two MEMS rotational structures, 
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including a novel C-shaped structure, amplify movement and 

demonstrate superior displacement delivery. The geometric parameters 

of the C-shaped structure are optimized using the Design of Experiment 

(DOE) approach, and analytical modeling and simulations using the 

Finite Element Method predict its behavior with a 2.3% difference 

between them. Experimental characterization confirms that the novel 

C-shaped structure MEMS rotational structure exhibits a 28% 

improvement in delivered displacement compared to the symmetrical 

lancet structure. 

 

All the designed MEMS devices are fabricated using bulk 

micromachining and deep reactive ion etching, and their underpass 

technology ensures electrical isolation within the platforms. The 

optimization of MEMS device fabrication for creating underpass 

structures on silicon-on-insulator (SOI) wafers is a critical aspect of this 

research. These underpasses serve the dual purpose of providing both 

electrical isolation and mechanical connections within MEMS devices. 

The fabrication process was systematically explored across two batches 

involving nine wafers. 

 

Key findings emerged from the first batch, highlighting the need for an 

extended Surface Dielectric Etch (SDE) duration to achieve the desired 

underpass geometry. The optimized recipe on wafer 4 introduced a 

single-step SDE approach with a 70-minute duration. However, 

challenges arose during the subsequent HF vapor etching step due to 

the dimensions of the underpasses. This necessitated design 

adjustments to make the underpasses suitable for HF vapor etching. In 

the second batch of wafers, the optimization process continued, with a 

specific focus on understanding the relationship between etching time 

and underpass dimensions. The findings underscore the importance of 

iterative fine-tuning, revealing potential benefits stemming from 

unintentional feature size reductions, which were approximately 1.73 

μm in the devices. Surprisingly, this reduction positively impacted 

device flexibility. 

 

These discoveries contribute valuable insights into the fabrication 

process for MEMS devices, particularly in terms of underpass 

structures. Such structures are helpful for ensuring effective electrical 
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isolation and mechanical connections within SOI MEMS devices 

operating in low temperatures. 

 

Future Work 

 

The successful fabrication and initial findings of the MEMS devices 

mark a significant milestone in this research endeavor. In order to 

further advance our understanding and broaden the applicability of the 

developed MEMS technology, several key areas for future investigation 

have been identified. Firstly, future efforts will focus on subjecting the 

MEMS-based testing platform to low-temperature environments in 

order to validate its performance under extreme conditions and assess 

its compatibility with the intended specifications. These comprehensive 

tests will provide valuable insights into the robustness and functionality 

of the device in challenging thermal scenarios. Secondly, there is a need 

to extend the capabilities of the MEMS platform through the deposition 

of 2D nanomaterials. This presents a unique challenge due to the lack 

of anchored parts, where the materials deposition will take place. 

Overcoming this complexity will require innovative solutions for 

precise 2D material deposition. Once the integration of 2D 

nanomaterials is achieved, the next step involves thorough verification 

of the developed MEMS testing platforms. Once validated, these 

platforms can be utilized for diverse applications, particularly in the 

characterization of 2D material strain engineering. This represents a 

critical advancement in the field, providing researchers with a versatile 

tool to explore and manipulate the mechanical properties of 2D 

materials. 

 

Lastly, the utilization of the MEMS electrostatic actuator in low-

temperature experiments offers a unique opportunity to study the 

mechanical properties of silicon under such conditions. Future work 

should focus on leveraging this actuator in dedicated low-temperature 

experiments, which will provide valuable insights into the behavior of 

silicon. 

 

 

  



Conclusions 

185 
 

Appendix 

 

List of Publications associated with the current research work: 

 

1.  Design and simulation of a MEMS device to investigate the strain 

engineering properties of 2D nanomaterials. 2021 Symposium on 
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2021. https://doi.org/10.1109/DTIP54218.2021.9568495 

 

2. Optimization of an amplification mechanism enabling large 

displacements in MEMS-based nanomaterial testing devices. Micro and 
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3. A C-shaped hinge for displacement magnification in MEMS 
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