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Abstract 

In this thesis, strain-induced conductivity modulation in bi-layer molybdenum disulfide 

(MoS2) flakes is experimentally investigated and modeled. Uniaxial tensile strain in the MoS2 

flakes is achieved using a micro-electro-mechanical (MEM) actuator. Conductivity ratios up to 

400 are demonstrated. Theoretical predictions of conductivity versus applied voltage in the 

MEMS-MoS2 device match experimental data reasonably well using only the effective width of 

the TMDC flakes as the sole fitting parameter. The amount of strain induced in the MoS2 flakes 

was determined to be as high as 2.7% for one flake using the model fitted to the experiment data. 

The switching energy required to achieve a conductivity increase of 106 is calculated as a function 

of device critical dimension (length of TMDC flake). The model, which takes van der Waals forces 

into account, predicts a switching energy of 0.34 aJ/nm2 and subthreshold swing of 17 mV/dec for 

a device scaled down to 10 nm. Since the cantilever MEMS design was not specifically made to 

strain TMDC flakes, the overall fabrication yield was poor. As a result, a new MEMS actuator was 

designed and fabricated to strain TMDC flakes more effectively at lower actuation voltages. 

A poly-Si0.35Ge0.65-based MEMS comb-drive actuator was designed and fabricated using a 

CMOS compatible standard process to specifically strain a bi-layered (2L) MoS2 flake and measure 

its electrical properties. Experimental results of the MEMS-TMDC device show an increase of 

conductivity up to three orders of magnitude by means of vertical actuation using the substrate as 

the gate terminal. A force balance model of the MEMS-TMDC was used to determine the amount 

of strain induced in the MoS2 flake. Strains as high as 3.3% is reported. 
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Chapter 1: Introduction & Motivation 

1.1 CMOS POWER CRISIS 

 

Over the last five decades, integrated-circuit (IC) manufacturers have followed Moore’s 

Law by scaling down the size of the silicon-based transistors that are used as miniature electronic 

switches in digital computing chips [1]. At first, scaling all devices dimension had been sufficient 

to keep improving performance, until the submicron regime was reached. As the density of 

transistors in the most advanced ICs has increased over time, chip heat dissipation has become a 

major challenge [2, 3, 4]. Concurrently, cloud computing, social networking, mobile internet, and 

data analytics has steadily increased demand for information processing. These two things together 

have created an energy consumption problem for digital computing. Among many challenges 

encountered, the power crisis emerged mainly due to the fundamental operating principle of the 

MOSFET itself. 

CMOS power consumption can be reduced by decreasing VDD and scaling VTH 

proportionally in order to maintain the same performance [5, 6]. However, a critical challenge is 

that when the operating voltage of a chip (VDD) is reduced, the transistor on/off current ratio 

degrades. This can be observed in Figure 2, which shows the drain voltage and threshold voltage 

as a function of technology node [5, 2]. Voltage scaling began with the invention of the 90 nm 

technology shown in Figure 2. Additionally, since CMOS device dimensions are also scaled down, 

the leakage power density in CMOS devices has been increasing to the point that it is now 

comparable to active power density as shown in Figure 1 [2]. Power density in chip design has 

become a fundamental obstacle. For this reason, parallel processing (i.e. multi-core processors) 

was adopted to avoid the chip power density crisis [6]. However, this technique will ultimately not 

be sufficient due to the fundamental limit in CMOS energy efficiency. 
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Figure 1:  Chip power density vs. MOSFET gate length adapted from (adapted 

from [2] ) As gate length reduces the leakage power density eventually 

surpasses the dynamic power density. 
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Figure 2: Historical supply voltage and MOSFET threshold voltage scaling [2]. 

 

 A MOSFET is known to be an electronic switch that can be turned on by applying a 

voltage difference between the gate and the source (VGS) [5]. The gate voltage at which 

conduction takes places is known as the threshold voltage (VT). The typical drain current (ID) vs. 

gate voltage (VG) characteristic of MOSFET device is shown in Figure 3. When VGS surpasses 

VT ,  a conducive path of mobile charge carriers forms in the channel region allowing current to 

flow between source and drain.  Hence, the on- current (ION) of a MOSFET is defined with the 

following equation: 

  

𝐼𝑂𝑁 ∝ 𝜇𝑒𝑓𝑓𝐶𝑜𝑥
𝑊

𝐿
(𝑉𝐷𝐷 − 𝑉𝑇)2  (1) 
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where 𝜇𝑒𝑓𝑓 is the effective carrier mobility, 𝐶𝑜𝑥 is the gate oxide capacitance per unit area, W is 

the transistor gate width and L is the gate length. 

 

 

 

If ID is plotted on a logarithmic scale vs. VG (Figure 4), the off-state to on-state transition 

can be observed to be gradual and not abrupt.  As VTH decreases, the off-state leakage current 

(IOFF) between the drain and the source increases exponentially and is set by non-scaling physical 

constants 

 

𝐼𝑂𝐹𝐹 ∝ 10
−𝑉𝑇

𝑆𝑆    (2) 

Figure 3: Drain current (ID) vs. gate voltage (VG) characteristic of 

MOSFET device 
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where the subthreshold swing (SS) is the inverse slope of the log(ID)- VG curve. In practice, SS is 

typically around 100mV/decade, and is limited to be no less than (kT/q) x ln(10), which is 

60mV/decade at room temperature. The value kT/q represents the thermal voltage and since it is 

a non-scaling physical constant, it results in a minimum energy limit for CMOS technology. 

Consequently, both the dynamic energy (proportional to V2
DD) and leakage energy (proportional 

to IOFF and VDD) per unit area have increased. 

Figure 4: Transfer characteristic of an n-channel MOSFET (semi-log plot). 
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One thing to note is that the voltage signal levels currently used in digital ICs are 

approximately 5 orders of magnitude higher than the Johnson noise levels in the metallic wires 

that transfer the signals [7, 8]. This mean that the signal voltage can be reduced by 102 times, which 

in turn decreases the energy needed to charge and discharge the wires by ~104. This effect happens 

because the energy scales as the square of the voltage, while maintaining good signal-to-noise ratio 

[8]. One way to ensure low standby power dissipation, is by maintaining a sufficiently large 

transistor on/off current ratio (~106). Thus there is a need for new switch designs that can achieve 

high on/off current ratio with much smaller voltage signal [9].  
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Chapter 2: Technical Background 

2.1 MICRO/NANO- ELECTROMECHANICAL SWITCHES (M/NEMS) 

 

An electrostatic switch is usually composed of a movable electrode and a fixed electrode 

to form a capacitor. If a critical voltage is applied to the capacitor, there will be an electrostatic 

force between the electrodes large enough to bring the movable electrode to a critical distance 

(g>g0/3) where there will be an instability that will bring it in contact with the fixed one, allowing 

current flow (Figure 5). If the actuating bias is removed, the device may passively switch back to 

the off-state due to the spring restoring force. Analytically this can be described by the sum of 

forces at equilibrium, which is given by, 

 

∑ 𝐹 = 𝐹𝑠𝑝 − 𝐹𝑒𝑠 = 0. (3) 

Where Fsp, is the spring restoring force and  Fes is electrostatic force. Furthermore, Fes given by 

coulomb’s law is expressed as: 

𝐹𝑒𝑠 =
𝜀𝑟𝐴𝑉𝐺

2

2(𝑑−𝑥)2, (4) 

where εr is the relative permittivity, VG is the gate voltage. A is the actuation area in the movable 

beam, d is the distance or gap between the movable beam and the fixed gate, x is the displacement 

of the beam caused by the electrostatic force. The spring restoring force of the beam when an 

equally distributed force is applied uniformly across the beam is given by the following formula 

[10] 

𝐹𝑠𝑝 = 𝑘𝑠𝑥 = [
2𝐸𝑊3𝑡

3𝐿3
[

3

8−6(𝐿𝐶 𝐿⁄ )+(𝐿𝐶 𝐿⁄ )2
]] 𝑥,  (5) 

where E  is the Young Modulus of the structural material, L is the total length of the beam, LC is 

length of the portion of the beam in which the electrostatic force is applied, W is the beam width, 
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and t is the thickness. As a result, by combining equations (3)-(5), the gate voltage can finally be 

expressed as: 

𝑉𝐺 = √
2𝑘𝑠𝑥(𝑑−𝑥)2

𝜀𝐴
. (6) 

 

Figure 5: Schematic illustration of a MEM relay in the ON state. The voltage between the gate 

(fixed plate) and source (movable beam) induces and electrostatic force large enough to bring the 

movable beam into contact with the drain (fixed) allowing current to flow. 

Electromechanical devices possess extremely steep switching behavior and essentially zero 

off-state leakage (IOFF) as shown in Figure 6 which then free the devices from the limitations 

dictated by subthreshold leakage [11]. The energy per operation for mechanical relays are 

predicted to be lower than the energy per operation for CMOS technology. This advantage stems 

from being able to scale down the threshold and supply voltages without increasing the off-state 

current [11, 6].   
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As a result of the MOSFET energy efficiency limit, M/NEMS devices have been proposed 

as an alternative switching device for digital logic.  M/NEMS devices can be classified accordingly 

to their actuation mechanism. These include magnetic, thermal, piezoelectric, and electrostatic 

actuators [12]. M/NEMS switches that work with the electrostatic actuation mechanism are of 

interest since they can be fabricated using relatively standard surface micromachining techniques 

and materials. They also are more scalable and do not consume substantial active power [13] [6] 

[14]. 

As promising as these devices look, there are still many present challenges that exist. For 

example, low contact reliability and limited endurance. Stiction is another major problem in 

Figure 6: Voltage-Sweep Showing Transfer characteristics of a MEM relay. 

Hysteresis behavior is typical due to the natural occurring forces of adhesion 

between two contacting surfaces. 
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M/NEMS devices [12]. Stiction occurs when the surface adhesion forces become higher than the 

spring restoring force. As a result, the device may be permanently stuck in the On-State. This may 

be caused by micro-welding, or surface area increase caused by plastic deformation. Therefore, 

contact materials with high melting point, high hardness, or low adhesion energy are needed to 

avoid this problem. Conversely, an abrupt increase in contact resistance (e.g. due to oxidation or 

friction polymers) may cause the device to appear permanently in the Off- State. As a result, 

materials featuring a thin passivation layer or high oxidation resistance properties will be needed. 

Finally, material transfer occurring between the contacting anode and cathode may lead to either 

permanent ON or OFF failures. This behavior can possibly be mediated by field emission effect 

across nano- gaps which would be enhanced by a large roughness of the contacting surfaces.  

Recent works have demonstrated that using molecular coatings between the contacting 

surfaces will yield a lower surface energy resulting in a smaller hysteresis [15].  This is achieved 

by filling the gap between the contacts with a specific organic molecule which is then compressed 

until the point that current is able to pass through by a mechanism known as tunneling. Current 

research is now being focused on using different filler materials to lower the operational voltage 

of the MEMS. 

2.2 TWO-DIMENSIONAL TRANSITION-METAL DICHALCOGENIDES (TMDCS) 

 

Two-dimensional layered materials such as transitional metal dichalcogenides (TMDCs) 

have received much interest lately due to their unique and useful properties. Much research is 

being performed to study their material, optical, and electronic properties and also how they can 

be used in practical devices. Two-dimensional layered materials consist of in-plane covalent/ionic 

bonding with van der Waals interlayer interactions. Unlike graphene, many 2D layered materials 
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are semiconductors. These include TMDCs (e.g. MoS2, WSe2), other layered dichalcogenides (e.g. 

SnS2, SnSe2), and black phosphorus (BP).  

A TMDC monolayer consists of three atomic layers in which the transition metal is 

covalently bonded by two chalcogens in a sandwich-like structure as shown in Figure 7 [16]. The 

weak van der Waals interactions between adjacent planes permit isolation of monolayers from the 

bulk using mechanical or chemical exfoliation methods. Monolayers of TMDCs have very distinct 

electrical properties from their bulk counterparts, primarily due to the confinement of charge 

carriers in two dimensions [16]. Furthermore, monolayers possess atomic scale smoothness and 

they have virtually no dangling bonds or defects which explains their exceptional mechanical 

properties such as very high tensile strains.  

 

 

One property of particular interest, called “deformation potential”, is the change in band 

gap due to mechanical strain. For example, the bandgap of MoS2 in its monolayer form is predicted 

to decrease to zero when subjected to 11% tensile strain [17] as shown in Figure 8. Additionally, 

MoS2 has shown exceptional strength with a fracture point at 11% tensile strain [18]. Deformation 

potential has been explored for various applications including: flexible electronics, strain-

engineered photovoltaics, and strain sensors [19, 20, 21, 22, 23].  

Figure 7: TMDC monolayer molecule with a sandwich-like structure in which the 

transition metal (red atom) is covalently bonded by two chalcogens (blue atoms). 
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Figure 8: Band gap change as a function on tensile strain in bi layered MoS2. 

  

Chemical vapor deposition (CVD) has been one of the most common methods to yield 

large-area and high quality TMDCs monolayers [24]. Fundamentally, this process can be quite 

simple. In this process, usually SiO2/Si or sapphire substrates are placed inside a vacuum chamber 

quartz tube. Then, solid precursors such as MoO3 and S are place inside the furnace using boats 

made out of ceramic, alumina (Al2O3), graphite, or even tungsten. These precursors are then 

heated until the material vaporizes, allowing them to react with each other and settle onto the 

substrate material to form monolayers. 

Another method is using mechanical exfoliation, which was proposed in 2004. Currently, 

it is one of the most used techniques due to the weak van der Waals forces between layers in 

TMDCs that allows isolation single-monolayers possible [25]. Micromechanical exfoliation 
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involves repeatedly peeling a TMD crystal using adhesive tape until a monolayer is obtained and 

then transferred onto a desired substrate.  

2.3 2D TMDC-MEMS TRANSISTOR - THE ‘STRITCH’  

Recently, the deformational potential of TMDCs was proposed for ultra-low power 

switching devices [26, 27, 28]. The idea combines both using MEMS and TMDC thin layers to 

overcome the CMOS power crisis. The proposed device works on the key concept of reducing the 

bandgap (hence increasing conductivity) of a TMDC thin layer by means of strain using a MEMS 

actuator. The way this device works is illustrated in Figure 9, where a thin layer of TMDC is 

suspended and clamped between a moveable beam (source) and a fixed stud (drain). In the OFF 

state, there is a small constant voltage applied between the source and drain (VDS) but there is no 

voltage applied between the gate and the source so the bandgap is still large, allowing only a very 

small current to pass through. However, when the gate voltage is increased, the electrostatic force 

will attract the movable beam towards it and will uniaxially strain the TMDC as shown in Figure 

9.bii. The strain on the TMDC causes a bandgap reduction and allows electrical current to pass 

between the drain and source, so the device is now in the ON state as shown in Figure 9.cii [27]. 

The theoretical model and first experimental proof of concept results were published in the IOP 

Semiconductor Science and Technology Journal [28].  
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Figure 9: (a) Isometric view of the device at On state, (b) and (c) crosssectional view of the 

device at Off and On state respectively [27] . 
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Chapter 3: Conductivity Modulation in Strained Transition-Metal-

Dichalcogenides via Micro- Electro- Mechanical Actuation  

3.1 INTRODUCTION 

 

Over the last five decades, integrated-circuit (IC) manufacturers have followed Moore’s 

Law by scaling down the size of the silicon-based transistors that are used as miniature electronic 

switches in digital computing chips [1]. As the density of transistors in the most advanced ICs has 

increased over time, chip heat dissipation has become a major challenge [2, 3, 4]. At the same 

time, the advent of cloud computing, social networking, mobile internet, and data analytics has 

steadily increased demand for information processing. These two trends together pose a growing 

energy consumption problem for digital computing. Fortuitously, the voltage signal levels 

currently used in digital ICs (0.8 V) are approximately 5 orders of magnitude higher than the 

Johnson noise levels in the metallic conductors (~8 μV) that convey the signals [7, 8]. This presents 

an opportunity to reduce the signal voltage by 102 times and the energy needed to charge and 

discharge the wires by ~104, since the energy scales as the square of the voltage, while maintaining 

good signal-to-noise ratio [8]. Equally important is maintaining a sufficiently large transistor 

on/off current ratio (~106) to ensure low standby power dissipation. Thus there is a need for new 

switch designs that can achieve high on/off current ratio with much smaller voltage signal [9]. 

Alternatively, micro/nano-electro-mechanical system (M/NEMS) devices [11] are known to have 

excellent on/off ratios with high steep transitions. However, stiction between the contacts is an 

issue and research has focused on using compressible materials and other coatings to improve 

reliability [15]. Lately, there has been remarkable progress on the exploration of two-dimensional 

layered materials, such as graphene and transitional metal dichalcogenides (TMDC) materials. 

Monolayers of TMDC materials have very distinct electrical properties from their bulk 



16 

counterparts, primarily due to the confinement of charge carriers in two dimensions [16]. 

Furthermore, combined with their excellent mechanical properties and ultra-low mass, TMDC 

materials have also been investigated for high frequency resonators. [21, 22] An important 

property of some TMDC materials is that their bandgaps (>1eV) are highly sensitive to strain, 

which make them excellent candidates for strain-based sensors [24, 23, 20]. The aforementioned 

property has also been explored in MoS2 field effect transistors demonstrating improved device 

performance, such on-current increase. [29, 30]. Recently, the large deformation potential 

(coefficient of strain-induced change in semiconductor band-gap energy) exhibited by TMDC 

materials was proposed for low-energy switching, as a theoretical analysis predicted an on/off 

current ratio of 106 for an input voltage signal of 75 mV [27]. In this chapter, the change in 

conductivity with applied uniaxial strain in TMDC materials is first analyzed. A micro-electro-

mechanical (MEM) actuator was then used to strain TMDC flakes, resulting in a large increase in 

their conductance. Moreover, a theoretical model is presented that predicts and closely matches 

the electrical characteristics of the MEMS-TMDC device. Finally, this chapter explores an energy-

efficient means to induce strain in the TMDC flake by scaling down the MEMS-TMDC device to 

the nanometer regime. The transfer characteristics are presented and compared to an ideal 

MOSFET device. 

 

3.2 CONDUCTIVITY VERSUS STRAIN IN TRANSITION-METAL DICHALCOGENIDES 

 

The influence of strain on the conductivity of a TMDC is presented in this section. Figure 

10(a) and (b) show perspective views of a TMDC under zero and non-zero uniaxial strain, 

respectively. 𝑥𝑜 is the equilibrium length of the TMDC at zero strain, 𝑥 is the length under strain 
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and 𝑤 is the width. From atomistic simulations [31], the influence of strain (and therefore lattice 

deformation) on the band-gap energy can be linearly approximated as 

𝐸𝑔(𝜀) = 𝐸𝑔0 + 𝜙𝑑𝑝𝜀  (7) 

where 𝐸𝑔0 is the band gap at zero strain, 𝜙𝑑𝑝 is the deformation potential, and 𝜀 is the strain, 

defined by 𝜀 = (𝑥 − 𝑥𝑜)/𝑥𝑜. Although the effective mass and mobility of electrons are also 

affected by strain [32], these effects are exponentially smaller than the effect of band-gap 

modulation and hence are not included in the analysis herein. 

 

Figure 10: Schematic diagrams of a transition metal dichalcogenide monolayer in its a) relaxed 

state and b) under uniaxial tensile strain. 

In this analysis piezoelectric effects can be ignored by using a bilayer (2L)-MoS2 since the 

bilayer does not show piezoelectric effects [24]. Another assumption is that the contact between 

the TMDC and the metal is Ohmic (or has minimal Schottky barrier). MoS2 has shown Ohmic 

contact with metals such as Au [33] and Sc [34]. Under these assumptions, the current flowing 

through the TMDC from drain to source is dominated by drift and expressed as, 

𝐼𝐷𝑆 = 𝑤𝑇𝑀𝐷𝐶(𝑞𝜇𝑒𝑛2𝐷 + 𝑞𝜇ℎ𝑝2𝐷)ℰ𝐷𝑆 = 𝑤𝑇𝑀𝐷𝜎𝑆ℰ𝐷𝑆 (8) 
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where 𝑤𝑇𝑀𝐷 is the TMDC width , q is the electron charge, and 𝜇𝑒 and 𝜇ℎ are the electron and hole 

mobilities, respectively. For MoS2, 𝜇𝑒 = 79 cm2V-1s-1 and 𝜇ℎ = 194 cm2V-1s-1 [32]. 𝑛2𝐷 and 𝑝2𝐷 

are the 2D electron and hole concentrations (cm-2), and ℰ𝐷𝑆 is the electric field between the source 

and drain. 𝑛2𝐷 is given by, 

𝑛2𝐷 = ∫ 𝐷𝑂𝑆2𝐷𝑓(𝐸)𝑑𝐸
∞

𝐸𝐶
  (9) 

where 𝑓(𝐸) is the Boltzmann distribution, 𝐷𝑂𝑆2𝐷 is the 2D density of states which can be express 

as, 

𝐷𝑂𝑆2𝐷 =
1

𝜋ℏ2
∑ 𝑔𝑖𝑚𝑖

∗𝑛
𝑖=1 𝐻(𝐸 − 𝐸𝐶𝑖)  (10) 

ℏ is the reduced Planck’s constant, 𝑔𝑖 is the valley degeneracy, 𝑚𝑖
∗ is the effective mass 

corresponding to each valley, and 𝐻(𝐸 − 𝐸𝐶𝑖) is the Heaviside unit step function. For TMDs, the 

valleys with energy above the first two levels can be neglected [35]. Thus the electron carrier 

concentration can be expressed as, 

𝑛2𝐷 ≈
𝑘𝑇

𝜋ℏ2 (𝑔1𝑚1
∗ + 𝑔2𝑚2

∗ exp (−
∆𝐸𝐶

𝑘𝑇
)) exp (−

𝐸𝐶−𝐸𝐹

𝑘𝑇
) = 𝑁𝐶2𝐷

exp (−
𝐸𝐶−𝐸𝐹

𝑘𝑇
) (11) 

where 𝑘 is the Boltzmann constant, 𝑇 is temperature, and ∆𝐸𝐶 is the difference between the two 

lowest valleys in the conduction band. In 2D TMDC materials several properties can be fine-tuned 

by just choosing the number of layers. Therefore, by considering the actual thickness of the TMDC 

through the 𝐷𝑂𝑆2𝐷 and bandgap, 𝑛2𝐷 and 𝑝2𝐷 sheet carrier concentrations can be formulated. 

Thus, specifying the number of layers is essential to account for the thickness of the TMDC 

molecule. For a 2L-MoS2, the lowest valley of the conduction band occurs at the K point giving a 

valley degeneracy 𝑔1 = 2 with a 𝑚1
∗ = 0.579𝑚𝑒, whereas the second lowest valley occurs 

between the K-Γ points giving a degeneracy of 𝑔2 = 6 with a 𝑚2
∗ = 0.542𝑚𝑒, and ∆𝐸𝐶 ≅
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69.3 meV [36]. In a similar way, the hole concentration, considering only the valley at the Γ point 

with an effective mass of 𝑚ℎ
∗ = 1.168𝑚𝑒 [36], is given by, 

𝑝2𝐷 ≈
𝑚ℎ

∗ 𝑘𝑇

𝜋ℏ2 exp (−
𝐸𝐹−𝐸𝑣

𝑘𝑇
) = 𝑁𝑉2𝐷

exp (−
𝐸𝐹−𝐸𝑣

𝑘𝑇
). (12) 

Combining (11) and (12) under the assumption that a TMDC is intrinsic so that the electron 

and hole concentrations are equal to each other (𝑛2𝐷 ≈ 𝑝2𝐷), the sheet conductivity can be 

expressed as 

𝜎𝑆(𝜀) = 𝑞√𝑁𝐶2𝐷
𝑁𝑉2𝐷

(𝜇𝑒 + 𝜇ℎ) exp (−
𝐸𝑔(𝜀)

2𝑘𝑇
) (13) 

where q is the electronic charge, 𝑁𝐶2𝐷
 and 𝑁𝑉2𝐷

  are the two-dimensional effective density 

of states in the conduction band and valence band, respectively, and 𝜇𝑒 and 𝜇ℎ are the electron 

mobility and hole mobility, respectively. The conductivity of a TMDC therefore can be expressed 

in terms of the deformation potential and strain by substituting (7) into (13) to obtain 

𝜎𝑆(𝜀) = 𝜎𝑆𝑂
exp (−

𝜙𝑑𝑝𝜀

2𝑘𝑇
 )  (14) 

where 𝜎𝑆𝑂
=  𝑞√𝑁𝐶2𝐷

𝑁𝑉2𝐷
(𝜇𝑒 + 𝜇ℎ) exp (−

𝐸𝑔0

2𝑘𝑇
) is the strain-free sheet conductivity in 

units of Siemens. The level of strain required to increase the conductivity of the TMDC by a 

specified amount can be determined by solving Equation (14) for strain: 

𝜀 =
−ln (𝜎𝑆 𝜎𝑆𝑂

⁄ )2𝑘𝑇

𝜙𝑑𝑝
  (15) 

Figure 11 plots the strain to strain-free conductivity ratio (𝜎𝑆 𝜎𝑆𝑂
⁄ ) of mono- (1L), bi- (2L), 

and tri- (3L) layer MoS2 films as a function of tensile strain using the reported deformation 

potential for these thicknesses [37], up to the ultimate tensile strain of 11% for a mono-layer of 

MoS2 [18]. From this plot it can be seen that a switching device using this material can achieve an 

on/off current ratio of 1011, in principle. Their exponential dependence of conductivity on strain 
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and exceptional strength motivates the investigation of TMDC materials for switching 

applications. 

 

Figure 11: Normalized conductivity of MoS2 films as a function of strain. 

3.3 EXPERIMENTAL CONDUCTIVITY OF STRAINED 2L-MOS2 

 

In this experiment, pre-existing MEMS cantilever actuators were used to uniaxially strain 

MoS2 flakes. The fabrication process of the MEMS is reported by Nuo Xu, Tsu-Jae King Liu, et 

al. elsewhere [38] . MoS2 bi-layers were mechanically clamped and suspended between the fixed 

pad (drain) and movable beam (source) of the MEMS actuator. A voltage was then applied between 

the gate and source terminals to strain the 2L–MoS2 flake and its conductivity was measured. 2L–

MoS2 was selected for this experiment due to its relatively large deformation potential.  
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Figure 12: Schematic diagram of mechanical exfoliation of MoS2 flakes using cleanroom tape 

and a hot plate at 50 °C. 

 

The MoS2 flakes were mechanically exfoliated from a rock source as shown in Figure 12.  

Cleanroom tape was used to transfer the TMDC flakes from the rock source to the substrate due 

to its minimal residue. The piece of tape with the TMDC flakes is then placed on a silicon substrate 

with an oxide (260nm for optical contrast) at 50 degrees Celsius (to get rid of air bubbles in the 

tape) and slowly peeled. Next, Raman/PL spectroscopy is utilized to verify the number of layers 

by analyzing the frequency difference between the two vibration modes as shown in Figure 13 

[39]. In this case, a frequency difference of 21 cm-1 indicated that the MoS2 flake was bi-layered.  
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Figure 13: Raman Spectroscopy of 2L MoS2 mechanically exfoliated on patterned SiO2/Si 

substrate. 

The MoS2 flakes are then transferred onto the MEM actuator using poly(methyl- methacrylate) 

(PMMA) as the transfer medium as described in Figure 14 [40]. This process starts by spin coating 

PMMA A11 950 onto a SiO2/Si substrate at 2000RPM followed by a heat treatment at 180 °C for 

90 seconds. This step is done twice to achieve a thick (~4 um) PMMA layer. The next step is to 

cut PMMA slabs using a micro-engraver. Then using a micro- hook, the PMMA slab is picked up 

and placed on the desired TMDC flake. The substrate undergoes a heat treatment at 160 °C for 90 

seconds so the TMDC flake adheres to the PMMA. Then the PMMA slab with the TMDC is picked 

up using the micro-hook and placed directly on the MEMS actuators followed by a heat treatment 

at 180 °C. Finally, the PMMA slab is dissolved using dichloromethane (DCM), which is a solvent 

similar to acetone but dissolves the PMMA in a less aggressive manner.  



23 

 

Figure 14: Schematic diagram with experimental optical micrographs of PMMA transfer process 

of a MoS2 flake on top of a MEMS. 

 

 

Mechanical clamping and electrical contacting of the MoS2 flake to the poly-Si0.35Ge0.65 was 

achieved by deposition and patterning of Cr/Au via electron beam deposition and lithography using 

SiO2 
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a lift-off process. Gold was used for two reasons; MoS2 with Au contacts have ohmic behavior (or 

minimal Schottky barrier) [41]; it has also been shown that sulfur atoms form semi-covalent bonds 

with Au atoms, creating a strong clamping mechanism [42, 43]. Finally, the cantilever beam was 

released by selectively removing an underlying sacrificial layer of SiO2 using anhydrous vapor 

HF. Figure 15 shows optical microscope images of the device with a MoS2 flake suspended 

between the movable source and fixed drain electrodes comprised of patterned poly-Si0.35Ge0.65.  

 

 

Two independent devices were fabricated and tested by two different researchers using the 

same MEMS design but different actual MEMS actuators and MoS2 flakes. Measured 𝜎𝑆 𝜎𝑆𝑂
⁄  

versus 𝑉𝐺𝑆 characteristics of the two devices are plotted in Figure 16. The conductivity ratios of 

flake 1 (blue trace) and flake 2 (pink trace) increased to 400 and 20 when the applied gate voltages 

were increased to 28 V and 31.5 V, respectively. A constant voltage of 200 mV was applied 

between the drain and source in both devices. The dimensions and material parameters of the 

MEMS actuator and MoS2 flakes are listed in the experimental column of Table 1. The tensile 

Figure 15: (a) Low- and (b) high-magnification optical microscope images of a fabricated 

MEMS-TMDC device with a bilayer MoS2 flake. Inset shows MoS2 flake #1 on a SiO2/Si 

substrate before it was transferred to the MEMS actuator. 
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strain induced in the MoS2 films were calculated to be 𝜀𝑇𝑀𝐷 = 2.7 % and 𝜀𝑇𝑀𝐷 = 2.1 % for flakes 

1 and 2, respectively, using Equation (15) and the measured 𝜎𝑆 𝜎𝑆𝑂
⁄ . 

 

 

 

 

 

 

Figure 16: Measured (circles) and theoretical (solid lines) transfer characteristics 

of MEM-actuated TMDC devices. Red trace compares the transfer characteristics 

of a scaled MEMS-TMDC device to an ideal MOSFET (black trace). 
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Table 1: MEMS and TMDC dimensional and material parameters. 

 

3.4 THEORETICAL CONDUCTIVITY VERSUS VOLTAGE TRANSFER CHARACTERISTICS 

A force-balance model of the MEMS actuator, incorporating the MoS2 flake as a spring, 

was created to predict the conductivity-voltage characteristic of the device as shown in Figure 17. 

In this model, the one end of the cantilever beam (which also serves as the current-conducting 

source electrode) is free to move laterally while the other end is fixed. The gate and drain electrodes 

are both fixed. (The fixed electrodes are shown in gray in Figure 17.) 𝐹𝐶𝐴𝑁 and 𝐹𝑇𝑀𝐷 are the spring 

restoring forces of the cantilever beam and the TMDC film, respectively. 𝐹𝑉𝑊1 and 𝐹𝑉𝑊2 are the 

van der Waals forces between the beam and the gate electrode and between the beam and the non-

contacted and fixed electrode oppose the gate. 𝐹𝐸   is the electrostatic force associated with the 

voltage applied between the gate and source, 𝑉𝐺𝑆. It is noted that the electrostatic force induced by 

the voltage between the source and drain was determined to be insignificant compared to FE due 

Parameter Experimental Theoretical Units 

2L-MoS2 TMD    
ϕdp -11.67 -11.67 eV/strain  

Young Modulus (ETMD) 140 140 N/m2 (x 109) 

tTMD 1.38 1.38 nm 

kTMD 193.2 193.2 N/m 

Poly-Si35Ge65  MEM actuator   

Young Modulus (ESiGe  ) 152 152.0 N/m2 (x 109) 

L 73.0 20.0 μm 

Lc 63.8 12.0 μm  

LD 3.0 1.0 μm  

W 1.41 1.00 μm 

t 1.00 1.50 μm  

kCAN 0.622 11.97 N/m 

𝒙𝒐 400 10.6 nm 

VDS 0.2 0.072 Volts 

MEMS-TMDC Device Flake 1 Flake 2   

WTMD 100 300 10.6 nm 

VGS 28 31.5 0.072 Volts 

σs/σso 400 20 106 dimensionless 

𝜀TMD 2.7 2.1 6.1 % 
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to the much smaller area of the drain electrode compared to the gate. Additionally, the 

displacement of the cantilever beam required to strain the TMDC is much less than the 

displacement required for pull-in; hence, the device avoids stiction. Therefore, since there is no 

physical contact between the gate and beam, the adhesion forces are not included in the model. 

Finally, 𝑥𝑜 is the both the length of the MoS2 flake and gap between the gate and source (and drain 

and source) when the device is at equilibrium (unstrained). Based on this model, the force balance 

equation at steady state is given by  

𝐹𝐸 = 𝐹𝐶𝐴𝑁 + 𝐹𝑇𝑀𝐷 + 𝐹𝑉𝑊2
− 𝐹𝑉𝑊1

. (16) 

Note that FVW1 is subtracted on the right hand side of Equation (5) because it acts in the same 

direction as 𝐹𝐸, i.e., it helps to induce tensile strain in the TMD film. However, the van der Waals 

forces are insignificant when 𝑥𝑜 > 15 nm. Furthermore it is assumed that piezoelectric effects can 

be ignored because 2L-MoS2 do not exhibit piezoelectricity [44]. Equation (16) is rewritten in 

terms of the dimensional, material and electrical parameters of the device but excluding the wan 

der Waals forces as follows: 

𝜖𝑜𝐴𝑉𝐺𝑆
2

2𝑥𝑜
2(1−𝜀)2 = 𝑘𝐶𝐴𝑁𝑥𝑜𝜀 + 𝑘𝑇𝑀𝐷𝑊𝑇𝑀𝐷𝜀  (17) 

where 𝐻 = 4 × 10−19 J is the Hamaker constant for SiGe, 𝜖𝑜 = 8.854 × 10−12 F/m is the 

permittivity of free space, 𝑘𝐶𝐴𝑁 is the effective stiffness of the cantilever, A is the actuation area, 

and 𝑉𝐺𝑆 is the voltage applied between the gate and source.  
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Figure 17: Force-balance model of the MEMS-TMDC device showing the various forces. 

The MEM actuator was fabricated with a low-thermal-budget microfabrication process 

using polycrystalline silicon-germanium (poly-Si0.35Ge0.65) as the structural material (Young’s 

modulus 𝐸 = 152 𝐺𝑃𝑎) [13]. The effective stiffness of the cantilever beam is estimated using the 

following formula, which assumes a uniformly distributed load throughout the actuation length of 

the beam [10]: 

𝑘𝐶𝐴𝑁 =
2𝐸𝑊3𝑡

3𝐿3 [
3

8−6(𝐿𝐶 𝐿⁄ )+(𝐿𝐶 𝐿⁄ )2] (N/m) (18) 

where L is the total length of the beam, LC is length of the portion of the beam in which the 

electrostatic force is applied, W is the beam width, and t is the thickness, as depicted in Figure 17. 

Using the parameters listed in Table 1 in Equation (18), the stiffness of the cantilever beam was 

determined to be 𝑘𝐶𝐴𝑁 = 0.622 N/m. The stiffness of 2L-MoS2 is 𝑘𝑇𝑀𝐷 = 193.2 N/m, which is 

calculated by multiplying the Young’s modulus (140 GPa) by the film thickness (1.38 nm) [37, 

18, 45]. 
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Using Equations (14) and (17), 𝜎𝑆 𝜎𝑆𝑂
⁄  can be solved numerically as a function of 𝑉𝐺𝑆 for a given 

value of 𝑥𝑜 and  𝑊𝑇𝑀𝐷: 

𝜎𝑆(𝑉𝐺𝑆) = 𝜎𝑆𝑂
exp (−

𝜙𝑑𝑝𝜀(𝑉𝐺𝑆)|𝑥𝑜,𝑊𝑇𝑀𝐷

2𝑘𝑇
 ). (19) 

Using the values in Table 1 and 𝑊𝑇𝑀𝐷 as the sole fitting parameter for each flake, Equation 8 is 

plotted in Figure 16. Reasonably good fits were achieved using WTMD values of 100 nm and 300 

nm for Flakes 1 and 2, respectively. The parameter WTMD represents an effective width of the TMD 

since it was difficult to experimentally observe the structural integrity of the MoS2 films or how 

well they were clamped across their width. The model predicts that a conductivity ratio of 106 

should be achievable. However, experimentally the increase was limited to 400 due to either 

rupture of the MoS2 film or slippage of the TMD film from the Cr/Au clamps. Nevertheless, these 

experimental results demonstrate the feasibility of exponential conductivity modulation in TMDC 

using a MEM actuator.  

 

3.5 SWITCHING ENERGY OF NANOMETER-SCALED DEVICE  

 

This section explores an energy-efficient means to induce strain in the TMDC flake to 

leverage the exponential dependence of TMDC conductivity on strain. The approach is to scale 

down the MEMS-TMDC device to the nanometer regime to take advantage of the van der Waals 

force (𝐹𝑉𝑊1) to assist in straining the TMDC.  

First, a TMD is modeled as a massless spring with constant stiffness, 𝑘𝑇𝑀𝐷 (N/m). 

Moreover, to simplify the analysis, the width of the TMD is assumed to be equal to its strain-free 

length, i.e., 𝑊𝑇𝑀𝐷 = 𝑥𝑜. Under these assumptions, the strain energy density in a TMD is  

𝐸𝑇𝑀𝐷 =
𝑘𝑇𝑀𝐷𝜀2

2
 (20) 
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To ensure reliable operation (i.e., high on/off current ratio over many switching cycles), the 

maximum strain induced in the TMD should be much lower than its ultimate tensile strain. 

Therefore, a large deformation potential (𝜙𝑑𝑝) is desirable to lower the amount of strain needed to 

achieve a specified 𝜎𝑆 𝜎𝑆𝑂
⁄ ratio. Using Equation (15) a strain of 𝜀 = 0.061 is required to achieve 

𝜎𝑆 𝜎𝑆𝑂
= 106⁄  in 2L-MoS2. 

Substituting (15) into (20) gives 𝐸𝑇𝑀𝐷 in terms of the TMD’s stiffness, deformation potential, and 

on/off conductivity ratio: 

𝐸𝑇𝑀𝐷 =
2(𝑘𝑇)2𝑘𝑇𝑀𝐷(ln 𝜎𝑆 𝜎𝑆𝑂

⁄ )
2

𝜙𝑑𝑝
2  (21) 

Figure 18 plots 𝐸𝑇𝑀𝐷 as a function of 𝜙𝑑𝑝 for several TMD materials at room temperature, for a 

fixed value of 𝜎𝑆 𝜎𝑆𝑂
= 106⁄ . For example, 2L-MoS2 has an energy density of 𝐸𝑇𝑀𝐷 = 0.38 

aJ/nm2. 

 

Figure 18: Strain energy density versus deformation potential for several TMD materials. The 

curve corresponds to kTMD = 124.24 N/m. 
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As the MEMS-TMDC device is scaled to 𝑥𝑜 < 15 nm the van der Waals forces (𝐹𝑉𝑊1 and 

𝐹𝑉𝑊2) become increasingly significant. Therefore, the force-balance model should take these 

forces into account as follows, 

𝜖𝑜𝐴𝑉𝐺𝑠
2

2𝑥0
2(1−𝜀)2 = 𝑘𝐶𝐴𝑁𝑥𝑜𝜀 + 𝑘𝑇𝑀𝐷𝑥𝑜𝜀 +

𝐻𝐴𝑉𝑊

6𝜋𝑥𝑜
3(1+𝜀)3 −

𝐻𝐴𝑉𝑊

6𝜋𝑥0
3(1−𝜀)3   (22) 

where 𝐴𝑉𝑊 = (𝐿𝐶 + 𝐿𝐷)𝑡 is the effective area for the van der Waals forces. In order to achieve 

low switching-energy, the cantilever was designed such that 𝑘𝐶𝐴𝑁 is ~10Χ smaller than 𝑘𝑇𝑀𝐷. This 

ensures that the total spring restoring force (𝐹𝐶𝐴𝑁 + 𝐹𝑇𝑀𝐷) is dominated by the TMD and the 

cantilever contributes negligible strain energy to the system. The dimensions of the cantilever are 

listed in the theoretical column of Table 1. This results in 𝑘𝐶𝐴𝑁 = 11.97 N/m and 𝐴 = 𝐿𝐶𝑡 = 18 

µm2. All the dimensions of the MEMS are kept constant except for 𝑥𝑜, which is the gap between 

the gate and source and length of the TMDC as shown in Figure 17.  

The various forces and the electrostatic force required to induce 𝜀 = 0.061 (𝜎𝑆 𝜎𝑆𝑂
= 106⁄ ) 

in a 2L-MoS2 flake are plotted in Figure 19 as a function of 𝑥𝑜 . The green line represents 𝐹𝐸 for 

an applied voltage of 𝑉𝐺𝑆 = 0.072 V. The black solid and dotted lines correspond to the spring 

restoring forces of the 2L-MoS2 and cantilever beam, respectively. The red dotted line represents 

−(𝐹𝑉𝑊2
− 𝐹𝑉𝑊1

), which increases as 𝑥𝑜 is scaled down. The blue solid line represents the sum of 

the forces on the right hand side of Equation (16). When 𝑥𝑜 > 15 nm, the spring restoring force 

of the TMDC is dominant and scales with 𝑥𝑜. However, the van der Waals forces increase 

according to 1 𝑥𝑜
3⁄  and as the device is scaled down to 𝑥𝑜~15 nm, they become significant. This 

causes the sum of the forces on the right hand side of Equation (16) to decrease faster with 

decreasing 𝑥𝑜, as shown in Figure 19. The solution to Equation (16) occurs at the intersection 

between the blue and green lines, at 𝑥𝑜 = 10.6 nm. This analysis serves to illustrate the benefit of 

van der Waals force to lower the switching energy of a MEM-actuated TMD switch.  
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Figure 19: Forces in a theoretical MEMS-actuated TMDC switching device (cf. Table 1) as a 

function of x_o  at a tensile strain of ε=0.061. 

The strain energy 𝐸𝑀 is calculated by integrating the force in Equation (16) over the distance 

traveled, from zero to the displacement needed to induce 6.1% strain (to achieve 𝜎𝑆 𝜎𝑆𝑂
⁄  = 106). 

The total electrical energy, 𝐸𝑇, needed to operate the MEMS actuator is calculated by adding the 

strain energy 𝐸𝑀 to the electrical energy, 𝐸𝐸, needed to charge the plates . The energy densities are 

then calculated by dividing by the area of the TMDC layer, 𝑥𝑜
2, and are plotted in Figure 20 as a 

function of 𝑥𝑜. 𝐸𝑀 is constant when 𝑥𝑜 is large and is approximately equal to the strain energy 

density given above for the TMDC alone, 𝐸𝑇𝑀𝐷 = 0.38 aJ/nm2. However, when 𝑥𝑜 is scaled below 

15 nm, 𝐸𝑀 decreases sharply due to the action of FVW1 to assist in straining the TMDC and reaches 

𝐸𝑀 = 0.014 aJ/nm2 at 𝑥𝑜 = 10.6 nm. The red solid line represents 𝐸𝐸, which also decreases 

sharply when 𝑥𝑜 is scaled down below 15 nm and is approximately 25 times larger than 𝐸𝑀. The 

black dotted line represents the total energy density  (𝐸𝑇 = 𝐸𝑀 + 𝐸𝐸).   
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Figure 20: Switching energy density as a function of 𝑥𝑜. 𝐸𝐷 decreases rapidly when 𝑥𝑜 is scaled 

below 15 nm due to the action of FVW1. 

Finally, the calculated transfer characteristic of the MEMS-TMDC device with 𝑥𝑜 = 10.6 

nm (cf. Table I) is plotted (in red) in Figure 20, along with the ideal transfer characteristic of a 

MOSFET (in black). Note that the MEM-actuated TMD device exhibits steep switching behavior 

with an effective subthreshold swing of 17 mV/dec compared to 60 mV/dec for the MOSFET. 

Moreover, the device achieves 𝜎𝑆 𝜎𝑆𝑂
⁄  = 106 at 𝑉𝐺𝑆 = 0.072 V. The ideal resonant frequency of 

the MEMS-TMDC device was calculated to be 𝜔𝑜=1.25 MHz, which was about four times higher 

than the MEMS alone, due to the high stiffness and low mass of the TMDC film. 
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It should be noted that fabricating such a device is challenging since it requires air gaps 

with aspect ratio 𝑡 𝑥𝑜⁄ = 150. However, the world's leading dedicated semiconductor foundry 

(Taiwan Semiconductor Manufacturing Company, TSMC) have demonstrated that features with 

sub-15 nm gaps are possible, which are being manufactured in high volume today by using its 7 

nm process technology [46]. Furthermore, self-aligned double patterning (SADP) and tilted ion 

implantation processing techniques can also be used to achieve sub-15 nm feature sizes [47, 48]. 

As well, deep reactive ion etching has been optimized to achieve aspect ratios of 120:1 in trenches 

of 35 nm [49], indicating the MEMS-TMDC device with actuation gap < 15nm can be fabricated 

using existing technologies. 

3.6 NEW MEMS ACTUATOR DESIGN  

 

As previously mentioned, pre-existing MEMS lateral actuators were used to strain the 

MoS2 flakes. Since the MEMS actuator design was not specifically made to strain TMDC flakes, 

the overall fabrication yield was poor. As a result, this motivated us to design and fabricate new 

MEMS actuators to be able to control the TMDC strain more effectively at lower actuation 

voltages. The design and fabrication process of the new MEMS actuator and the experimental 

results were published in the MRS Advances Journal [50] and are presented in the next chapter. 
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 Chapter 4: Exponential Conductivity Increase in Strained MoS2 Using 

Comb- Drive MEMS Actuators 

4.1 INTRODUCTION 

Exploration of two-dimensional layered materials have tremendously increased over the past nine 

years, such as graphene and transitional metal dichalcogenides (TMDC) materials. These 

monolayers of TMDC materials have a weak interlayer van der Waals structure with strong 

covalent in-plane bonds [16]. In their monolayer form, TMDCs possess excellent in-plane 

mechanical properties, such as a high ultimate tensile strain of 11% [18]. These excellent 

mechanical properties permit the use of externally applied stress to influence their optical and 

electrical properties. One useful property is the large deformation potential (change in bandgap as 

a function of strain) that some TMDC materials possess. This is useful for strain-based sensors 

and for improving the performance of MoS2 field-effect transistors [3- 9]. Recently, the large 

deformation potential exhibited by molybdenum disulfide (MoS2) was proposed for low-energy 

switching [27, 28]. In this device, a MEMS actuator is predicted to uniaxially stretch a MoS2 bi-

layer flake up to 6% strain and increase its conductivity by six orders of magnitude with an applied 

gate voltage of 0.1 V, corresponding to an effective subthreshold swing of 17 mV/dec. As proof 

of concept, a SiGe MEMS cantilever was fabricated to strain MoS2 flakes. Conductivity increases 

up to 400 were demonstrated corresponding to 2.7% strain. In this work, a comb-drive MEMS 

actuator was fabricated and used to strain a MoS2 bi-layer flake to 3% resulting in a 3000 times 

increase in its conductivity.  

4.2 FABRICATION PROCESS OF COMB- DRIVE MEMS ACTUATORS 

A comb-drive MEMS actuator was designed to strain MoS2 flakes and measure their 

conductivity. Figure 21(a) shows a schematic of the comb-drive actuator. The shuttle is able to 
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move up and down using four folded springs which have an effective stiffness of ~10% of the 

stiffness of the MoS2 flake. A MoS2 flake is placed and anchored between the moveable shuttle 

and fixed terminal as shown in Figure 21(a). Eight pairs of combs are used to move the shuttle 

upward when a voltage is applied between fixed gate and source terminals. This stretches the MoS2 

flake. To measure conductivity, a small constant voltage is applied between the drain and source 

(across MoS2 flake) and the current is measured. 

 

 
Figure 21:  (a) Schematic diagram of MEMS-TMDC actuator. Optical micrographs of a 

fabricated MEMS-TMDC actuator at (b) 20X and (c) 50X magnification. Inset of (c) shows a 2L 

MoS2 flake on SiO2 at 100X 

 

 

a) b) 

c) 



37 

A CMOS compatible SiGe process was utilized to fabricate the MEMS actuators. The 

process contains 3 photo- and 1 e-beam- lithographic steps as shown in Figure 22. First, a layer of 

80 nm thick aluminum oxide (Al2O3) was deposited by atomic-layer-deposition (ALD) onto a Si 

(100) wafer (Figure 22b)). This layer serves as an isolating layer for the device. Then a 300 nm 

low-temperature oxide (LTO) layer is deposited using low-pressure chemical vapor deposition at 

400˚C. This layer serves as a sacrificial layer for the MEMS. The next step is to define regions 

where the SiGe will be anchored to the ALD layer. This is achieved by using the first 

photolithographic step to etch regions of LTO and leave the ALD exposed (Figure 22(c)). Then 

boron-doped polycrystalline silicon-germanium (poly-Si0.35Ge0.65) was deposited by LPCVD at 

410˚C as the structural material (Figure 22(d)). The SiGe layer was then patterned using the second 

photolithographic step and an HBr/Cl2 etch (Figure 22(e)). A conformal layer of Ni is then 

deposited and patterned to serve as an electrode (Figure 22(f)).  

MoS2 flakes were obtained using mechanical exfoliation (scotch tape method) from a rock 

source and were transferred onto the MEMS actuator (Figure 22(g)). The number of layers was 

first verified using both Raman spectroscopy and color contrast between the flakes and 260nm 

SiO2/Si substrates. The MoS2 flakes were then transferred to the MEMS actuator using Poly-

methyl-methacrylate (PMMA) as the transfer medium. Mechanical clamping (and electrical 

contacting) of the MoS2 flake was achieved by deposition and patterning of Ti/Au via electron 

beam deposition and e-beam lithography using a lift-off process (Figure 22(g)). Finally, the 

sacrificial LTO layer was selectively removed in anhydrous HF vapor to release the structure, as 

shown in Figure 22(h). 
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Figure 22: MEM actuator fabrication process. 



39 

4.3 ELECTRICAL CHARACTERIZATION  

Optical images of the fabricated MEMS-TMDC device are shown at 20X and 50X 

magnification in Figure 21(b) and (c), respectively. The suspended MoS2 bilayer flake is very thin 

and difficult to observe, however the inset of Figure 21(c) shows a 2L MoS2 flake on a SiO2 

substrate at 100X.  

During electrical actuation, it was discovered that vertical actuation of the shuttle occurred 

at much lower voltage (~4 V) compare to lateral actuation if a bias voltage was applied to the 

substrate as shown in Figure 23. Lateral actuation required ~80 V. This is due to the much larger 

area (and therefore capacitance) of the device in the out-of-plane direction compared to the in-

plane direction. Therefore, the devices were actuated vertically to produce larger strain on the 

MoS2 flake. 

 

Figure 23:  (a) Schematic diagram of the MEMS-TMDC device and a magnified cut- out 

view along  A’A with the electrical measurement configuration with the TMDC  (b) 

unstrained and (c) strained. 
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Figure 24(a) and (b) show a 3000 times increase in current in the MoS2 flake when a voltage 

between the body and substrate was applied. Since the voltage between the drain and source was 

maintained at VDS=0.25 V, this implies a three orders of magnitude increase in conductivity due 

to tensile strain. The change in conductivity is repeatable as shown in Figure 24(a) which plots 3 

forward I-V characteristics. Figure 24(b) plots a forward and reverse I-V characteristic and reveals 

hysteresis behavior arising from the structure reaching pull-in and making contact with the bottom 

Al2O3 insulating layer. The current from the body to the source was also monitored to detect if any 

leakage was occurring. Figure 24(b) show that the leakage current, IBS, was at or below the 

resolution limits of the measuring instrument (<10-12 A).  

 

 

4.4 2L-MOS2 STRAIN CALCULATION 

The conductivity of a 2-dimensional layer is dominated by the change in band-gap energy 

∆𝐸𝑔 according to the following formula, 

Figure 24: (a) I-V characteristic of MEM-TMDC device for three cycles. (b) I-V 

sweep demonstrating hysteresis behavior and leakage current at noise level. 
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𝜎𝑠

𝜎𝑠𝑜
= 𝑒(

−∆𝐸𝑔

2𝑘𝑇
)
  (23) 

where k is the Boltzmann’s constant, T is temperature, and 𝜎𝑠 and 𝜎𝑠𝑜 are the sheet conductivities 

under strain and no-strain, respectively. This is because the effect of strain on the effective mass 

and mobility of electrons is exponentially smaller [32]. Moreover, the band-gap energy is predicted 

to change linearly with applied strain according to 

 

 ∆𝐸𝑔 = 𝜙𝑑𝑝𝜀   (24) 

where 𝜙𝑑𝑝 is the deformation potential and 𝜀 is the strain. Combining, Equations (23) and (24) 

gives, 

𝜎𝑠

𝜎𝑠𝑜
= 𝑒

(
−𝜙𝑑𝑝𝜀

2𝑘𝑇
)
  (25) 

which shows that the conductivity changes exponentially with applied strain [28]. Figure 25 plots 

the predicted strain of MoS2 bilayers as a function of conductivity ratio, 𝜎𝑠 𝜎𝑠𝑜⁄ . Using the 

experimentally measured conductivity ratio of 𝜎𝑠 𝜎𝑠𝑜⁄ = 3000 a maximum strain of 𝜀 = 3.3% is 

predicted. 
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Figure 25: Strain percent as a function of experimental conductivity ratio in bilayer-MoS2. 

 

Additionally, a force balance model of the MEMS-TMDC was also used to calculate the 

strain in the MoS2 flake: 

𝐹𝐸 = 𝐹𝑀𝐸𝑀𝑆 + 𝐹𝑇𝑀𝐷   (26) 

where 𝐹𝐸 is the electrostatic force induced by a voltage signal applied between the substrate and 

source (movable structure). 𝐹𝑀𝐸𝑀𝑆 and 𝐹𝑇𝑀𝐷 are the spring forces of the folded flextures and the 

TMD film, respectively. In Equation (26), the young modulus of the TMDC can be represented as 
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the in-plane stiffness divided by its thickness, thus, Equation (26) can be expanded in terms of 

device parameters and material properties: 

 

𝜖𝑜𝐴𝑉𝐺𝑠
2

2(𝑔𝑜−𝑥)2
= 𝑘𝑀𝐸𝑀𝑆(𝑔𝑜 − 𝑥) + 𝑘𝑇𝑀𝐷𝑊𝑇𝑀𝐷𝜀  (27) 

where the strain is defined as 𝜀 = (𝑙𝑓 − 𝑙𝑜)/𝑙𝑜 and the final length,  𝑙𝑓 = √𝑙𝑜
2 + 𝑔𝑜

2 . The distance 

𝑔𝑜 = 0.30 𝜇𝑚 was determined by the amount of sacrificial LTO deposited discussed earlier in the 

fabrication process. The rest of the parameters in the model are shown in Table 2, where a 

combination of optical microscopy and a finite-element simulation software of the MEMS device 

were used. Using Equation (27) the strain vs voltage characteristic of the device was calculated as 

shown in Figure 26. The strain-voltage characteristic model agrees well with the experimental 

data.  
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Figure 26: Strain as a function of body-source voltage. Experimental 

data and theoretical model matched closely. 



45 

Table 2: MEMS-TMDC parameters used for fitting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameter Experimental Units 

2L-MoS2 TMD   
ϕdp -11.67 eV/strain 

Young Modulus (ETMD) 140 N/m2 (x 109) 

tTMD 1.38 nm 

kTMD 

WTMD 

𝒍𝒐 

193.2 

3.5 

1.2 

N/m 

μm 

μm 

Poly-Si35Ge65  MEM actuator  

Young Modulus (ESiGe  ) 152 N/m2 (x 109) 

A 9064 μm2 

kCAN 86 N/m 

𝒈𝒐 300 nm 

VDS 0.25 Volts 
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Chapter 5: Conclusions and Future Work 

The large deformation potential of MoS2 in its  -bi-layer form theoretically provides for 

large changes in conductivity, by up to six orders of magnitude, at tensile strain levels 

approximately one-half of their fracture point. Prototype cantilever MEMS-TMDC devices show 

increases in TMDC conductivity up  to 400X in response to an applied gate voltage. The theoretical 

model matches the experimental data reasonably well, using an effective TMDC width as the sole 

fitting parameter. In principle, a MEMS actuator can be used to induce the tensile strain, with a 

strain energy density as low as 0.01 aJ/nm2 for actuation gap size 𝑥𝑜 < 15 nm due to van der Waals 

forces, with an actuation voltage below 0.1 V corresponding to an effective subthreshold swing of 

17 mV/dec.  Due to the poor yield during fabrication, this motivated us to design and fabricate 

new MEMS actuators to control the strain more effectively on the TMDC flakes at lower voltages. 

As a result, poly-Si0.35Ge0.65 MEM comb-drive actuators with large out-of-plane actuation 

areas were fabricated successfully to specifically strain bi-layered MoS2 flakes while 

simultaneously measuring electrical properties. Vertical actuation of the MEMS actuators 

provided strains up to 3.3% and an increase in TMDC conductivity by three orders of magnitude 

for several cycles. The theoretical model implemented also closely matched the experimental data. 

The amount of strain provided by the MEMS actuators was limited due to the small gap in the 

vertical direction.  

To conclude, the large deformation potential and high ultimate tensile strain exhibited by 

bi-layered-MoS2 allows for large changes in conductivity, demonstrating the ability to use MEMS-

actuated TMDC devices for various applications including ultra-low power computing and strain 

based sensors. Currently, a new MEMS design is being designed to achieve higher conductivity 

(strain) changes in the TMDC at lower actuation voltages-  and get closer to the low energy device 

(goal) as shown in Figure 27. Furthermore, new efforts are being made to fabricate the MEMS-

TMDC device all in the same lab here at the University of Texas at El Paso. 
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Figure 27: Conductivity ratio as a function of gate voltage for experimental 

devices and the final goal. Inset showing current MEM actuator design to provide 

higher strains to the TMDC at lower voltages. 
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