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Japan Advanced Institute of Science and Technology 

ABSTRACT 

Energy and Environment Research Division 

School of Material Science 

Mizuta Laboratory 

Doctor of Philosophy 

Graphene-based Nanoelectromechanical (NEM) Switching Devices 

BY WENZHEN WANG 

Nanoelectromechanical (NEM) switch has become one of the promising 

candidates to overcome the limitations of conventional CMOS technology, which can 

offer extremely low leakage current, abrupt switching (SS < 3 mV/dec) and high 

ON/OFF ratio. By taking the advantages of graphene, which are atomic thin and high 

Young’s modulus, we can further reduce the pull-in voltage and scale down the size of 

graphene NEM switches. An autonomous GNEMS sensor system was proposed by 

Prof. Hiroshi Mizuta in 2013. Graphene NEM switch is planned to be utilized as a 

power gating device to shut down the power supply at the sleep-mode of sensor, thus 

saving the total energy dissipation. Currently, the critical issue, which hinders the 

development of graphene NEM contact switches, is the device reliability. The 

irreversible stiction at the contact often occurred, as the most common failure mode of 

graphene NEM switches. Au-C chemical bonding was recognized, originating from the 

permanent stiction, which should be excluded from the switch design. 

The aim of this study is to achieve stable switching operations of graphene NEM 

switches. To avoid the direct contact between graphene to metal, naturally grown oxide 

was selected as the contact material with graphene. The novel graphene contact devices, 

which combined transmission line method pattern (TLM) pattern with graphene NEM 

top-gated switches, were fabricated, intended to comprehensively investigate the 

graphene contact issues. In addition, periodic concave patterns were introduced into the 

contact interface to reduce the stiction. Static contact between graphene and Cr were 

studied from the TLM patterns, which indicated slightly negative values of static 

contact resistance owing to the doping from the metal and the substrate. All the dynamic 

GNEM contact switches showed clear pull-in operations, however, none of those 
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switches demonstrated the pull-out operations owing to a strong adhesive force. By 

analysing the measured contact resistance and contact pressure, plastic deformation of 

the Cr2O3 layer was discussed at the graphene-Cr2O3 contact interface, which resulted 

in the increase of vdW force, thus the irreversible stiction. 

 To reduce the stiction force, the periodic concave patterns at the bottom surface 

of the top gate were changed to the tip structures to further reduce the contact area. 

Besides, comparing with the geometry of GNEM switches studied in dynamic contact, 

shorter graphene beam length and larger air gap distance from suspended graphene to 

top gate were applied to the new design, aiming to increase the mechanical restoring 

force against the adhesive force. Additionally, the thickness of Cr2O3 was increased to 

around 2 nm to avoid the Joule heating due to the tunnelling current. After 

characterizing the redesigned graphene NEM switches, the hysteresis with clear pull-in 

and pull-out operations was observed first, but the pull-out operation was not observed 

in the 2nd cycle and after. We have attributed this phenomenon to the stored charge in 

the thicker Cr2O3 layer, which induced extra stiction force, resulting in the non-volatile 

operation. Moreover, an unexpected bi-stable NEM switch was realized experimentally 

by reversing the bias voltage on top electrodes. This was mainly due to the charge 

injection with opposite polarity to the Cr2O3, canceling the build-up charge in dielectric 

and further reducing the stiction force. A novel graphene NEM non-volatile logic 

device was interpreted from the bi-stable switching behaviour, offering the possibility 

for the instant-off and instant-on applications, further to be applied as a sleep transistor 

to the system to cut-off the standby energy consumption. 
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1 Introduction 

1.1 MOORE`S LAW AND CMOS LIMITATIONS 

In 1959, Richard Feynman’s gave an impressive lecture “Plenty of Room at the 

Bottom”, and he enlightened a new field where humans can manipulate and control 

things on a tiny scale, which was regarded as the beginning of nanotechnology. Six 

years later, Gordon Moore released his famous article “Cramming more components 

onto integrated circuit”, and he had observed that the density of transistors per square 

inch would be doubled every year, although the pace was amended from every year to 

every 18 months, which is the origins of the term of Moore’s law [1]. Now, we still 

keep benefiting from their foreseen deeply and widely in the modern life. The size of 

personal computer shrinks from the room-size to the palm-size, while the processing 

speed is even much faster. Our mobile phone has been redefined as a multi-functional 

device which consists of a digital camera, global position satellite (GPS) and 

music/video player. Accelerometers have been implanted into the airbag of a modern 

car and the controllers of game consoles, which make our life safer and more colourful. 

However, it is not possible to maintain the exponential growth indefinitely, and 

the channel length of complementary metal-oxide-semiconductor field effect transistor 

(CMOS FET) has reached 14 nm until the year of 2017, which is close to the physical 

limitations. Moreover, while continue the miniaturization of the device to improve the 

performance of the chip, the standby power consumption of CMOS technology 
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becomes an inevitable and serious issue of the power dissipation. As shown in Figure 

1.1, the leakage power is almost at the same level with the dynamic power when the 

gate length is lower than 40 nm [2]. Huge interests and attempts have been conducted 

to explore the novel technology beyond the conventional CMOS technology. Micro-

electromechanical systems (MEMS) and nanoelectromechanical systems (NEMS) 

shrinking the moveable element from micrometer-scale to nanometer-scale become one 

promising direction to overcome the bottleneck of conventional technology due to the 

nearly zero leakage current and the adaptability of the harsh environment. 

 

Figure 1.1 The trend of power consumption with CMOS scaling [2]. 

 

Besides, the subthreshold swing (SS), which is considered as a parameter to 

evaluate the switching behaviour of a transistor, is defined as the required voltage to 

modulate the source to drain current by one order of magnitude. The SS of conventional 

MOSFET is limited as 60 mV/dec at room temperature, while MEM/NEM switching 

devices have the strength of much smaller voltage swing, which is shown in Figure 1.2. 
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Figure 1.2 Comparison of transfer characteristics between a conventional MOSFET and 

other emerging technology. 

A comparison between MOSFET and emerging technologies, which are tunnel 

FET(TFET), impact-ionization MOSFET (IMOSFET) is shown above. Although, from 

the structure point of view, both of TFET and IMOSFET look similar. There are based 

on different mechanism, TFET is using tunneling process to have on current, while 

IMOSFET is utilizing the avalanche effect. Both of these two technologies can achieve 

sub-thermal switching. Currently, the issue of TFET is the low on current. IMOSFET 

has a relatively large threshold voltage and high off-current, which is not ideal for an 

ideal switching devices. In terms of the NEM FET, the biggest advantage of NEM FET 

is the very small subthreshold voltage, which can achieve around 2 mV/dec on 2007 

[16]. In addition, NEM FET keeps a low standby leakage current and large ON/OFF 

ratio. The high threshold voltage and reliability are still the problems of NEM FET. 

Additionally, as the era of the Internet of things (IOT) is coming, there are 

extremely high demands on novel sensors, which requires a well-developed technique 

for power management. NEM switching device will be one of the promising candidates 

for this application to save the power consumption.  

1.2 GRAPHENE 

Graphene is an atomically-thick two-dimensional (2D) material, which consists 

of hexagonal lattice which is made from carbon atoms. Graphene origins from the bulk 

material graphite, which can be easily found from the pencil lead. Due to the difficulties 

of obtaining monolayer graphene with high quality, understanding of the intrinsic 

properties of graphene was limited at the beginning of the study. Thanks to Dr. Andre 

Geim and Dr. Konstantin Novoselov, who were awarded the Nobel Prize in Physics 

(2010), obtaining the free-standing and almost defect-free graphene flakes is no longer 

tough task by simply mechanically exfoliating the graphite with the Scotch tape [3].  
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Figure 1.3 Utilizing graphene to build all-dimensional carbon materials [4]. 

1.2.1 ELECTRICAL PROPERTIES OF GRAPHENE 

Comparing with other existing materials, Graphene has unique band structure. In 

simple words, the conduction band and valence band of graphene are connected at one 

point, known as the Dirac point, in other words, as the charge neutral point. Moreover, 

the linear dispersion relationships are observed from both the conduction band and 

valence band when the energy level is not far away from the charge neutral point. The 

effective electron mass of graphene is zero thanks to the linear relationship of 

momentum k and energy E. Due to this massless behavior, intrinsic suspended graphene 

possesses extremely high electron mobility, approaching to 200,000 cm2/Vs measured 

at the low temperature [5]. When the 2D graphene sheet contacting with the metal, since 

the limited density of states (DOS) near the Dirac point and the difference in the work 

function, the contact resistivity indicating the transport of charge carrier is less than 10-

9 Ω cm2, which also plays an important role in the device performance [6]. 

1.2.2 MECHANICAL PROPERTIES OF GRAPHENE 

Graphene, as a thin atomic layer of material, has the thickness of 0.42 nm. The 

in-plane stiffness of graphene, 340 N/m, was characterized from freely suspended 

circular shaped membranes by using the nano-indentation, corresponding to an 

impressively high Young’s modulus of 1 TPa (Figure 1.4) [7]. The breaking strength 

was also reported from the same experiment, indicating to a bulk value of 130 GPa. 

Besides, breaking strain of 25% was investigated, and the graphene membranes were 
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easy to be broken under the nonlinear elastic regime. In the case of NEMS study, the 

mechanical properties of the moveable elements largely determine the performance and 

reliability of the device. These mechanical properties of graphene mentioned above are 

better than any of the thin-film materials under the use of NEM technology. In addition, 

graphene has another merit which is resistance to the natural oxidation, revealing that 

graphene-based NEM device has better reliability comparing with the device made 

from metals. 

 

Figure 1.4 Measured elastic constant of monolayer graphene [7] 

1.3 REVIEW OF RELEVANT LITERATURE 

1.3.1 MEMS AND MEMS SWITCHES 

Microelectromechanical system (MEMS) is a miniaturized engineering system 

which typically contains the MEMS components with the size ranging from micrometer 

scale to millimeter scale to perform specific functions (i.e., sensing, actuating and 

transducing). In general, a MEMS system has two main elements which are a 

sensor/actuator and a signal processing unit. Signals received from sensors or actuators 

are converted into readable forms by the converting unit [8]. 

An actuator driven by the external power sources is utilized to conduct the desired 

motion. There are four common actuating methods to achieve the motion of MEM 

devices, which are electrostatic forces, thermal forces, piezoelectric effect and shape 

memory alloys. The electrostatic switch is considered as a simple example of a simple 

actuator. In this thesis, we are mainly using electrostatic force to actuate the devices by 
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applying the voltage to metal electrodes. The configuration of electrostatic actuation is 

close to a two parallel-plate capacitor which charges two conducting plates in parallel 

and separate with a specific dielectric medium such as air and silicon dioxide. Direct-

current (DC) voltage is applied to the conducting plates, resulting in the relative 

displacement of the movable plates from their original position due to the electrostatic 

forces [8]. The schematic of a micro-gripper as an example of the MEM device actuated 

by the electrostatic forces is displayed in Figure 1.5. 

 

Figure 1.5 Schematic of a micro-gripper as an example of electrostatic-actuated MEM 

device. 

The first MEM switch, which is a silicon-based membrane-shaped relay, was 

reported on 1979. After that, there were several conferences and journal papers studying 

about the MEM switches with different vertical moveable structure designs such as 

cantilever type, multi-clamped membrane, and doubly-clamped beam type. In addition, 

laterally moveable switches have also been investigated, which showed better dynamic 

switching performance than that of vertical switches. An integration of MEM switch 

with conventional integrated circuit (IC) platforms was studied by Gretillat in 1997, 

which demonstrated the possibility of reducing the cost of mass production. To release 

commercialized MEM switches, much efforts mainly focused on the switches for the 

radio frequency (RF) applications, since the advantages (almost no leakage current, 

very small ON resistance) proved by the previous studies meet the requirements from 

the RF community [9]. During the period from the 1990s to 2000, large companies such 

as IBM, Motorola had intensively studied the MEM contact switch, however, due to 

the issues of packaging, commercialization [10, 11]. In the academic field, Prof. G. M. 

Rebeiz from University of California, San Diego (UCSD) and his group contributed 

two significant review papers of RF MEMS. Cantilever-type and server other types of 

metal-contact switches have been demonstrated by UCSD group, which showed high 

reliability under a nitrogen testing environment [12, 13]. However, no devices were 

produced to the market. The company named Omron from Japan achieved the first 
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successful products of RF MEM contact switch with decent packaging to increase the 

reliability, which showed outstanding performance. The Omron switch utilized wafer-

to-wafer boding for the SOI-based nanostructures to achieve a high isolation, and it was 

well designed with large metal hard contact, no dielectric layer to avoid the contact 

issues and dielectric charging [14, 15]. Another attempt on the hybridization of silicon 

CMOS and MEMS techniques was investigated by the researchers in EPFL [16]. A 

suspended-gate MOSFET was fabricated and characterized, which showed abrupt 

switching with a very small SS as 2.16 mV/dec (Figure 1.6). The image taken from 

Scanning Electron Microscope (SEM) was also displayed in Figure 1.6.  

 

Figure 1.6 (a) SEM image of the fabricated suspended-gate MOSFET. (b) Switching 

characterization of the suspended-gate MOSFET [16]. 

1.3.2 NEMS AND NEMS SWITCHES  

Nanoelectromechanical system (NEMS) is based on the heavily developed MEMS 

by further scaling the system down from micro-scale into nano-scale. The biggest 

motivation of researching the NEM devices is the almost zero power consumption at 

the OFF status. As known, conventional CMOS devices are facing with the bottleneck 

as an increase of standby power consumption when the sizes of the devices decrease. 

NEM contact switches utilize electrostatic forces to deflect the moveable element 

mechanically, further forming a physical contact with the actuation electrode by 

applying the voltage between these elements, resulting in the conversion of status. 

Thanks to the extremely low leakage current, NEM switches possess the huge 

advantages as reduced consumed power and increased ON/OFF ratio. Besides, the 

switching time of NEM switch is in the range of sub-microsecond, predicting from the 

analytical theory. NEM switches also have potential capability of working under the 

harsh environment like high radiation, external electric field and temperature,   The 



 

8 

 

NEM switches have been widely explored for the several applications like a relay, a 

logic device, transistor and sensor, which is consistent with these switches based on the 

conventional semiconductor technology. However, currently, almost all the NEM 

contact switches were fabricated in the laboratory. It is still immature for the mass 

production on the wafer scale. Furthermore, the low reliability of the device 

performance mainly due to the adhesive forces at the contact limits the development of 

NEM contact switches.  

Currently, most of the NEM switches were fabricated based on the conventional 

Si-based fabrication methods, using lithography to pattern the structure and then 

etching or depositing the desired materials to achieve the grounded structure. Finally, 

the grounded device will be immersed in the strong acid to release the movable elements 

like cantilevers and doubly-clamped beam. However, instead of using the top-down 

fabrication process, NEM switches fabricate by the bottom-up process were applied to 

fully utilize nanotubes and nanowires for building the nanostructures.  

In this section, varieties of NEM switches actuated by electrostatic force are 

reviewed and discussed. These NEM switches are classified into four individual groups, 

referring from the material of moveable element. There is a silicon on insulator (SOI) 

based NEM switches, nanowire-based NEM switches, carbon nanotube (CNT) based 

NEM switches, graphene-based NEM switches. 

 Nanowire-based NEM switches: Recently, a three-terminal NEM switching 

FET was successfully demonstrated by doubly clamped nanowire in 

experiments from the group in UCSD (Figure 1.7) [17]. Clear pull-in/pull-out 

operations were observed. Moreover, up to 130 switching cycles were 

measured, indicating the enhanced reliability due to three-terminal settings 

where the gate did not physically and electrically contact with the doubly-

clamped nanowire thus largely reduced the contact issues such as creep and 

wear. 
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Figure 1.7 (a) SEM image of the fabricated nanowire-based switching FET. (b) 

Switching characterization of the nanowire-based switching FET [17]. 

 Carbon Nanotube based NEM switches: A single-wall CNT was discovered 

by Prof. Iijima in 1991, which is a decade earlier than the observation of intrinsic 

monolayer graphene [18]. Interestingly, single-wall CNT can be considered as 

rolled-up graphene. Due to outstanding electrical properties (i.e., high 

conductivity) and mechanical properties (i.e., large Young’s modulus), CNTs 

were applied for the NEM switches from the beginning of this century and 

became one of the promising materials for NEMS applications. In 2004, a three-

terminal CNT NEM switch was demonstrated by the groups in Sweden [19]. 

Multiwall CNT was utilized as the cantilever-type nanostructure, and the CNT 

was deflected to contact with drain electrode by applying gate voltage. 

Switching hysteresis was observed experimentally from this device. Three years 

later, to adapt with existing CMOS technology, vertically aligned CNT-based 

capacitive switches were reported in Nature nanotechnology, showing the 

feasibility of large area fabrication of devices [20]. Horizontally aligned CNT 

switches were fabricated by the researchers from Switzerland (Figure 1.8) [21]. 

Low actuation voltage of 6 V was achieved. Owing to the high elastic stiffness 

of CNT and low mass, CNT-based switches showed improved performance at 

the frequency of gigahertz, which indicating the potential applications in the 

field of RF communications. 
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Figure 1.8 (a) SEM image of the fabricated CNT-based capacitive NEM switch. (b) C-

V characterization of the CNT-based capacitive NEM switch [21]. 

 Graphene-based NEM switches: Graphene is regarded as the material to 

improve the performance of NEM switches due to its better electrical (extremely 

high mobility) and mechanical properties (low mass, 1 TPa Young’s modulus). 

In addition, due to its hydrophobic characteristics and weak interactions 

between the layers, graphene-based NEM was expected to solve the stiction 

problem and the reliability issues. Researchers from Massachusetts Institute of 

Technology (MIT) firstly reported the graphene-based NEM switches on 2009 

[22]. They used polycrystalline graphene grown by the chemical vapor 

deposition (CVD) to define the moveable beam and bottom contact electrode. 

Graphene beam was broken after several cycles of operation. Two years later, a 

graphene NEM switch with very low pull-in voltage (1.85 V) was demonstrated 

by S. M. Kim and his colleagues, and their device fabrication showed the 

compatibility with the conventional CMOS technology [23]. Based on the 

quantitative study of exfoliated graphene-based NEM switches by Zhang’s 

group, they found that monolayer graphene was not ideal for the NEM 

application since it was too easy to tear. Multilayer graphene-based NEM switch 

worked with a point contact with the probe of Scanning Tunneling Microscope 

(STM), which reached high reliability among the graphene NEM switching 

devices (~500 cycles). Instead of doubly clamped structure, cantilever-type 

graphene NEM switches were also measured using both two-terminal and three-

terminal measurement by P. Li and his colleagues [24]. However, the reliability 

was still a severe issue of device performance. To overcome the adhesive forces, 

fully edge-clamped graphene membrane was intentionally designed to increase 
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the restoring force and to avoid the tear of graphene. Besides, in order to reduce 

the adhesive forces, line contact was applied to minimize the contact. Up to 30 

cycles were achieved from this design [25]. To achieve large-scale fabrication 

of graphene NEM switches, CVD graphene was widely attempted, however, 

due to the grain boundaries in the graphene, the degradation of both electrical 

and mechanical properties of graphene occurred, which resulted in the problem 

of device reliablity. Single-crystalline graphene-based NEM nano-scaled 

switches were fabricated, showing the lifetime of over 5000 switching cycles 

and low actuation voltage [26-27]. Recently, in Mizuta Lab, a bilayer graphene-

based NEM switch with local bottom electrode was achieved with very low pull-

in voltage, 1.8 V [28]. More importantly, the Au-C chemical bonding was firstly 

identified as the reason behind the stiction failure of the NEM switch. The 

Figure 1.9(a) of the fabricated graphene NEM switch from atomic-force 

microscopy (AFM) and the electrical characterization are shown below.  

   

Figure 1.9 (a) AFM image of the fabricated bilayer graphene NEM switch. (b) 

Switching characterization of the bilayer graphene NEM switching device with a local 

bottom electrode [28]. 

 Other 2D materials-based switches: Molybdenum disulfide (MoS2) as another 

two-dimensional material has also been an attempt for the application of NEM 

contact switch by T. Cui and his colleagues [29]. The actuation voltage was less 

than 10 V, which was much lower than conventional NEM switches. 

Furthermore, comparing with MoS2 and graphene, the adhesive energy 

measured from MoS2 is smaller than that of graphene. However, their MoS2-

based switch only operated with only few cycles. 
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1.3.3 NON-VOLATILE LOGIC 

Non-volatile logic, which is a new concept in the field of large-scale integration 

(LSI), is applied for the architecture design of the modern logic circuit. In general, there 

are two types of logic, which are the volatile type and non-volatile type. Regarding 

volatile logic, the circuit needs to supply the power from the extrinsic power source to 

maintain the bit state. By contrast, the information in non-volatile logic can be stored 

without continuously supplying the voltage. Currently, non-volatile logic is mainly 

used for the application of flash memory due to the large demands of high storage 

density and low power consumption. In addition, relatively low cost of non-volatile 

memory comparing with volatile type is another advantage of this technique. Moreover, 

by utilizing non-volatile logic, it has the possibility to overcome the bottleneck of von 

Neumann computing system, which is the limitation of time costing on data transfer, 

since the data storage and processing can be performed simultaneously under the non-

volatile logic. New architecture design of non-volatile logic circuits, which could 

achieve bi-functions as data processing and memory, has attracted more and more 

attention from the community. Non-volatile switch, as a basic cell to build the logic 

circuit, has two fundamental requirements, which are nonvolatility and at least two 

stable switchable states. Floating-gate flash memory, as a conventional non-volatile 

memory, faces the limitation during the miniaturization. Several different approaches 

such as magnetic memory and ferroelectric memory were investigated. Thanks to the 

nano-scale sizes and fast switching time, utilizing NEMS technique, as one of the 

candidates to achieve non-volatile memory cell, can also achieve a bi-stable mechanical 

switch (Figure 1.10) [30]. Graphene, which is a promising material in terms of both 

mechanical and electrical properties, will also be a suitable material for fabricating the 

non-volatile memory.  

 

Figure 1.10 Mechanism of a NEM memory cell [30]. 
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1.4 MOTIVATION AND CONTRIBUTION 

Based on current research, NEM switch becomes as one of the promising 

candidates to overcome the limitations of conventional CMOS technology, which can 

offer extremely low leakage current, abrupt switching (SS < 3 mV/dec) and high 

ON/OFF ratio. Thanks to the electrical and mechanical advantages of graphene, which 

are atomic thin and high carrier mobility, we can further scale down the size of NEM 

switches and reduce the pull-in voltage. Besides, as the era of Internet of things (IOT) 

is coming, Prof. Hiroshi Mizuta has proposed an complex, but comprehensive GNEMS 

sensor system (Figure 1.11) [31]. We can apply the graphene NEM switch to a power 

gating switch to cut the power supply when the sensor is in sleeping mode, thus 

effectively reducing the total energy dissipation. However, the critical point, hindering 

the development of graphene NEM switches, is the contact reliability. The irreversible 

stiction was often observed as the most common failure mode of GNEM switches. The 

chemical bond between Au and carbon was observed, which should be avoided from 

the design of GNEM switches [2]. 

 
Figure 1.11 The autonomous GNEMS sensor system proposed by Prof. Hiroshi Mizuta 

[31]. 

In this study, the aim is to achieve stable switching operations of graphene NEM 

switches. Instead of the contact between graphene to metal, I chose natural oxide as the 

contact material with graphene to avoid the irreversible stiction. Static contact between 

graphene and Cr and also dynamic contact between graphene to Cr2O3 were studied in 
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detail by our novel graphene contact devices. The deformation type at the contact 

interface was investigated, offering an insight of graphene dynamic contact. Moreover, 

a bi-stable NEM switch was realized experimentally, which can work as a non-volatile 

memory cell to overcome the von Neumann bottleneck.    

1.5 THESIS STRUCTURE 

This dissertation is organized into six chapters. The content of these chapters is as 

follows: 

 Chapter 2: Related Theory. In this chapter, several theories, which are related 

to my study of graphene NEM switching device, are introduced in sequence. 

The electromechanical analysis is firstly explained in detail, following with the 

introduction of short-range forces. After that, the graphene contact theories, 

which include both static contact and dynamic contact, are explained. Finally, 

the polarization and charging effect of the dielectric material is discussed. 

 Chapter 3: Fabrication of graphene NEM switching devices. In this chapter, 

the detailed fabrication processes of my graphene NEM switches are explained. 

I start from the fabrication of graphene NEM switch with a local bottom 

electrode by pre-defining trenches. Then, the fabrication method of switches 

with a local top actuation electrode is discussed. Moreover, my graphene contact 

device, which combines transmission line method (TLM) pattern and high-

resolution periodic pattern with the top-gated NEM switch, is introduced from 

a fabrication point of view. 

 Chapter 4: Study of contacts for graphene NEM switches. In this chapter, the 

graphene NEM switches with local bottom gate, and contact devices are 

characterized to investigate the static and dynamic contact between the graphene 

and actuation electrode. With the help of a simulation of finite element method 

(FEM) and comparison with contact models, the contact issues are further 

discussed. 

 Chapter 5: Characterization of graphene NEM switching devices. In this 

chapter, the fabricated graphene NEM switches with local top gates are 

characterized. A Periodic pillar structure is introduced into the contact interface. 
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Bi-stable switching behavior is observed and discussed, which is interpreted as 

a graphene NEM non-volatile memory cell.   

 Chapter 6: Summary and future work: In this chapter, my study about 

graphene NEM switching devices is briefly concluded. The future work based 

on current conclusion is listed. 
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2       Related Theory  

In this chapter, the basic physics and related equations behind the switching 

operations of MEMS/NEMS contact switches are introduced. Pull-in and pull-out of 

the movable element, as the fundamental operations of NEM contact switches, are 

explained at first. By using these equations, it is useful for designing the geometry 

structures of devices. Then, reliability issues of graphene NEM switching device, which 

is the most critical point of its development, are discussed from three different views 

which are static friction, graphene contact, and dielectric charging. 

2.1 ELECTROMECHANICAL ANALYSIS 

2.1.1 PULL-IN ANALYSIS 

 
Figure 2.1 1D parallel plate model to calculate the voltage of pull-in effect 

Figure 2.1 shows a typical one-dimensional (1D) parallel-plate model. One plate 

is fixed and controlled by a voltage source, which is normally considered as the fixed 

actuation electrode. The other plate, which is regarded as a movable element, is 

connected to the ground electrically. When applying the voltage on the fixed actuation 

electrode, electrostatic force generates owing to the potential difference, which attracts 
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the movable element approaching the actuation electrode. The electrostatic force related 

to the geometry of two plates and the applied voltage is express as below [1]: 

Felectrostatic = 
ε0WLV2

2g0
2                                                   (2.1) 

where ε0  is the vacuum permittivity, L and W are the length and width of its 

geometrical shape, V is the applied voltage of the actuation electrode, and g0 is air gap 

distance between the movable element and fixed electrode. The mechanical motion of 

a movable element modelled as a linear spring following the Hooke’s law, which acts 

as restoring force. The spring constant is determined by the geometry of the movable 

elements. The equation indicating a linear response of restoring mechanical motion of 

the movable element is shown below. 

Frestoring = Kd                                                   (2.2) 

where K is the spring constant of the movable element, and d is the distance moved 

from anchored electrode from its original position. For NEM contact switch study, 

double-clamped beam and single-clamped cantilever structure are often investigated. 

Spring constants of double-clamped beam and cantilever are expressed as [2, 3]: 

Kdouble-clamped beam = 
32EWt3

L3                                         (2.3) 

Kcantilever= 
EWt3

4L3                                                 (2.4) 

where E is Young's modulus of material used for the movable element, L and W 

are the length and width of its structure, respectively, and t is the thickness of beam or 

cantilever. The electromechanical system is mainly governed by the mechanical 

restoring force and electrostatic force. As the voltage applied to the actuation electrode, 

the movable element is approaching to the fixed electrode at the beginning, since those 

two forces mentioned above are under equilibrium state. However, at a certain position 

(usually two-thirds of original gap distance), the electrostatic force overwhelms the 

mechanical restoring force, resulting in a sudden collapse of movable element on the 

electrode and a sharp increase of current. The phenomenon mentioned above is called 

pull-in effect, and we can calculate the pull-in voltage from the estimated electrostatic 

and restoring force at the position of two-thirds of original gap. The pull-in equation is 

shown below: 

Vpull-in = √
8𝐾g0

3

27ε0WL
                                              (2.5) 
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If we considered the spring constant of double-clamped beam and cantilever into 

the estimation of pull-in voltage, the equations of pull-in voltage could be rewritten as: 

    Double-clamped beam:   Vpull-in = √
256𝐸𝑡3g0

3

27ε0L4                                           (2.6) 

Cantilever:   Vpull-in = √
16𝐸𝑡3g0

3

81ε0L4                                            (2.7) 

2.1.2 PULL-OUT ANALYSIS 

For the pull-out operation, the assumed initial position of both plates is in contact, 

which is shown in Figure 2.2. By applying the voltage, electrostatic force is generated, 

while the mechanical restoring force reaches to the highest value because of the 

maximum distance moved from anchored electrode from its original position. With the 

decrease of voltage applied between movable element and actuation electrode, the 

electrostatic force is reducing. Once the mechanically-restoring force overcomes the 

attraction force, the movable element will be detached from the actuation electrode, 

which is called as pull-out. 

 

Figure 2.2 1D parallel plate model to calculate the voltage of pull-out effect 

Owing to the existence of dielectric oxide layer at the contact interface, the 

polarized dielectric layer governs the electrostatic force. Assuming the dielectric layer 

having the thickness of tox, the pull-out voltage can be described by the equation below. 

Vpull-out = √
2𝐾t0𝑥

2

𝜀𝑜𝑥ε0WL
(𝑔0 − t𝑜𝑥)                                 (2.8) 
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where 𝜀𝑜𝑥  is the relative permittivity of the dielectric oxide, and we can also 

applied this equation with the spring constants of double-clamped beam and cantilever, 

then the modified equations are listed below.  

Double-clamped beam:    Vpull-in = √
256𝐸𝑡2g0

3

27𝜀𝑜𝑥ε0L4 (𝑔0 − t𝑜𝑥)                           (2.9) 

 Cantilever:    Vpull-in = √
16𝐸𝑡2g0

3

81𝜀𝑜𝑥ε0L4 (𝑔0 − t𝑜𝑥)                        (2.10) 

The analytical equations describing the pull-in and pull-out voltage rely on ideal 

conditions such as material properties and precise geometry. In other words, these 

analytical models can be used for estimating or examining the proposed structures. 

There are always some gaps between estimated values and experimental results, since 

several physical factors, such as short range forces, dielectric charging effect, are not 

included in these models, which will be explained in next sections [4-5]. 

2.2 THE SHORT RANGE FORCES 

The short ranges forces in the study of MEMS/NEMS contact switches are mainly 

van der Waals (vdW) force and Casimir force, which perform as adhesive forces 

hindering the movable element away from the actuation electrode. In general, induced 

dipole moment occurs on all molecules or atoms owing to the non-uniform distribution 

of positive and negative charges, resulting in the interatomic forces between atoms or 

molecules [6]. VdW force can be considered as a sum of interatomic forces. Although 

the vdW force is weaker than bonding forces like covalent bonds, this van der Waals 

interaction mainly dominates at the separation distance lower than 10 nm [7]. Figure 

2.3 display the relationship between the separation distance of atoms and van der Waals 

interaction from two approximations. Positive pressure indicates repulsive force, and 

negative pressure shows interaction. The separation distance between 0.4 nm to 0.6 nm, 

which is close to the separation distance between two carbon atoms in graphene, gives 

relative high attractive force. Comparing with van der Waals force, Casimir force plays 

a dominant role at a relative longer range which is over 100 nm. 
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Figure 2.3 Difference between two van der Waals force approximation at the very short 

range [8].  

As scaling down the size of contact switch from micro-scale to nano-scale, 

especially for NEMS contact devices, the vdW force plays a more important role than 

Casimir force when the movable element and actuation electrode are in contact. 

Besides, the surface roughness of evaporated metal is only around several nm. Thus, 

vdW force as one of the primary sources of adhesive force has to be considered. Novel 

saw tooth shaped actuation electrode is designed and fabricated aiming to control and 

minimize the short range forces [9]. In addition, physical adsorption of gas molecules 

on the surface of graphene also origins from the van der Waals interaction. 

2.3 CONTACT STUDY 

The common failure mode of graphene NEM switch is the irreversible static 

friction between the movable graphene and the fixed contact electrode. The total contact 

resistance of graphene contact switches consists of the static contact resistance at the 

clamping contact electrode and the dynamic contact resistance between the movable 

graphene and the actuation electrode. Thus, detailed studies of graphene-metal contacts, 

especially for the dynamic contact, can understand the stiction between the graphene 

and the anchored metal contact and to realize reversible NEM switch operation. 
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2.3.1 STATIC CONTACT OF GRAPHENE 

The study of contact resistance between graphene and contact metals is widely 

conducted [10-15]. As reported, graphene devices on standard SiO2 substrates are 

highly disordered, and the carrier mobility in graphene reduces due to the scattering 

from impurities or charged surface states. Besides, the surface roughness of substrate 

and optical phonons on the surface are another two factors limiting the graphene 

characteristics comparing with intrinsic properties [17,18]. Theoretically, to obtain a 

low contact resistivity, a large difference of work function between metal and graphene 

is preferred. The reason is that the density of states (DOS) in graphene under the metal 

contact considerably increases. Thus the electrons can be transferred from metal to 

graphene swiftly. Experimentally, the measured results show that the work function of 

graphene under metal is quite different with the work function of graphene only. The 

work functions of graphene under Ni or Cr are similar to that of Ni or Cr, respectively. 

However, almost the same work function is observed from the graphene-Au and 

graphene-Pd contact. The low work function of graphene under the metal contact is 

considered as an obvious trend for the high contact resistance. Besides, there are several 

related factors listed below, which affect the static contact resistance. 

 Wettability: Wettability of the contact surface becomes a very important 

argument when discussing the metal to semiconductor contact.  Making the 

contact surface hydrophilic is one of the scenarios to improve the contact. 

Palladium, which has high wettability and the intermediate work function of 

4.6eV after contact, forms the best contact with graphene comparing with that 

of Cr [11]. 

 Layer Number of graphene: The layer number of graphene is almost 

independent of the contact resistance (Rc), and only the top one or two layers 

of graphene play the most important role in the formation of graphene and metal 

contact [10, 13]. 

 Channel width: The key parameter of the contact resistivity is the channel 

width rather than the contact area, which is illustrated by Fig. 2.4 [15].  
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Figure 2.4 Channel width type and area type of contact resistivity [15]. 

 Sheet resistance: The sheet resistance of graphene is independent of the Rc. 

When the graphene channel is under high bias voltage from the back gate 

silicon, the total resistance is dominated by the contact resistance of the Rc [10, 

12].   

 Annealing: Post-annealing removing the contamination at the interface has a 

strong effect on reducing the contact resistance. Ambient will introduce p-

doped into grapheme duo to the absorbed water molecules [10, 12, 14]. 

 Metal deposition quality and methods: By observing SEM images of the 

deposited metal surface, metal films like Pd, Ni, Co, which have small grains, 

has better contact performance than that of Ag, Fe, Cr. This is because that 

small grains in metal directly enhance the contact area with graphene layer [10]. 

Comparing with two metal deposition methods which are electron beam (e-

beam) evaporation and sputter, larger amounts of defects and carbon vacancies 

are observed on sputtered sample than that of evaporated sample by analyzing 

the Raman spectra data. This is due to that sputtered metal atoms possess larger 

kinetic energy compared to evaporation method. Regarding the contact 

resistance, sputtered metal contacting with mono/bilayer graphene show high 

contact resistance with the samples using evaporated metal [16]. Depositing 

metal under a high vacuum level has a significant influence on the reducing the 

contact resistance [17]. 

Regarding measuring the static contact resistance, transmission line method 

(TLM) is a frequently applied method to extract the contact resistance (Rc) between a 

metal and a semiconductor. As shown in Fig. 2.5, a typical TLM structure has several 

metal contacts (normally 5-7 contacts) with different interspacing distance. The contact 
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area of each electrode should be kept as the same size.  

 

Figure 2.5 A typical TLM pattern to extract the contact resistance 

For the TLM measurement, the total resistance (Rtotal) between two neighboring 

contact electrodes is including the graphene channel resistance (RG) and static contact 

resistance (RC) at graphene to metal contacts [15]. The relationship between Rtotal and 

RC is shown by 

Rtotal =  RG  +  2RC =  
𝜌𝐺

W
L +  2RC .                           (2.11) 

where L and W are the length and width of the GNR channel, respectively, and ρG is 

the sheet resistance of graphene. Sheet resistance is a measure of the resistance of thin 

films which normally have a uniform thickness. Theoretically, the sheet resistance is 

the ratio of resistivity to the thickness of the thin film. The unit of sheet resistance is 

ohms per square (Ω/□). By plotting the total resistance as a function of the interspacing 

distance between two neighbor contacts, we can extract the values of sheet resistance 

and contact resistance from the slope and the intercept in Y-axis, respectively. Finally, 

Table 2.1 displays A summary of experimental results of static graphene to metal 

contact resistance from literature is displayed in Table 2.1 [10-12,15].  

Table 2-1 Summary of measured static graphene-metal contact resistance 
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2.3.2 DYNAMIC CONTACT OF GRAPHENE 

During NEMS contact switch fabrication, e-beam evaporation has been applied 

with a controlled low deposition rate to minimize the surface roughness. However, the 

surface roughness of deposited metal is still around several nanometers when 

examining the surface by the AFM. Thus, the contact resistance of movable element to 

metal electrode changes as the real contact area varies due to the change in electrostatic 

force, which is the origin of dynamic contact resistance in the study of contact switches. 

By monitoring the dynamic contact resistance of contact switches, type of electron 

transport and change in contact interface can be analyzed [19]. Electrical contact 

resistance, the same concept with dynamic contact resistance, has been widely applied 

as an in-situ tool to understand the behavior of MEMS contact switch [20,21]. Then, 

two types of contact deformation which are elastic and plastic deformation are 

introduced, which gives a simple prediction of contact resistance based on the contact 

theory [22]. 

 Elastic deformation: If the deformation is elastic, the deformed shape will 

return to its original shape once the applied forces retract. Assume a single 

asperity contact model, for elastic deformation, the contact area A is described 

as  

A= πRα                                                  (2.12) 

where R is asperity peak radius of curvature, and the vertical deformation is 

expressed by α. Then based on the contact area, the relationship between contact 

force Fcontact and contact resistance RcDE is shown below 

RcDE  =  
ρ

2
(

4E′

3RFcontact
)

1

3
                                   (2.13) 

where ρ is the resistivity of the conducting material, H is the Meyer hardness 

of the softer material. E' is the Hertzian modulus, which is related to Young’s 

modulus (E) and Poisson's ratio (v) of two contact materials. 

1

E′  =  
1−v1

2

E1
 +  

1−v2
2

E2
                                    (2.14) 

If combining equation 3.12 and 3.13, we can derive the effective contact radius 

(r) as  

𝑟 =  (
3RFcontact

4E′ )

1

3
                                      (2.15) 
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To determine the elastic deformation from the measured contact resistance, the 

effective radius is a critical factor which should be analyzed. 

 Plastic deformation: If the deformation is plastic, the deformed shape will not 

return to its original shape once the applied forces retract. The contact area 

expression changed owing to the irreversible deformation, and the relationship 

between contact resistance under plastic deformation (RcDP) and contact force 

is shown below.  

 A= 2πRα                                            (2.16) 

RcDP =  
ρ

2
(

Hπ

Fcontact
) 

1

2                                  (2.17) 

where H is the Meyer hardness of the softer material, and we also can derive 

effective contact radius listed below. 

𝑟 =  (
Fcontact

Hπ
)

1

2
                                    (2.18) 

2.4 POLARIZATION/CHARGING OF DIELECTRIC 

A net polarization of dielectric materials occurs when an external electric field is 

applied. Not only one, but five different types are in charge of the polarization, which 

is electronic, atomic, dipolar, intrinsic space charge and extrinsic spacing charge [23, 

24]. The sum of these five types of polarization results in a net polarization of a 

dielectric.  

  Electronic Polarization 

Electrons which are bound to the atoms polarized when applying the external 

electric field. Electrons shift away from nuclei which possess positive charge. 

In this case, a temporary induced dipole can be assumed. This type of 

polarization occurs in every material, and also the speed of polarization is the 

fastest among those five types, which is around 10-15 second. 

 Atomic Polarization 

Comparing with electronic polarization, atomic polarization is based on the 

existence of permanent ionic dipoles, which is slightly slower for the response 

(10-14 - 10-12 seconds). Instead of shifting the electrons, the atoms move 

relatively once an external electric field in applied. 

 Dipolar Polarization 
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Dipolar polarization, which is also called as molecular polarization, need 

permanent molecular dipoles. Without applying the voltage, these molecular 

dipoles are randomly distributed in the dielectric. Once the external field is 

generated, dipoles will be oriented, being parallel to the electric field.  

 Intrinsic and Extrinsic Spacing Charge Polarization  

Both intrinsic and extrinsic spacing charge polarization belong to the 

interfacial polarization, which describes the motion of free charges in/between 

heterogeneous materials. Polarization from intrinsic spacing charge origins 

from the relocation of the intrinsic charges inside of the dielectric under the 

electric field, which performs the opposite polarity with the electrodes. The 

source of extrinsic charges is usually from the contact electrodes, and charge 

carriers inject into the dielectrics. Polarization due to the extrinsic spacing 

charges shows the same sign of charges with the applied electrodes. 

   When discussing the dielectric effect, dipolar and interfacial polarization plays 

the major roles, since both of these two polarization are time-related [25]. The charging 

and relaxation time are from 10-12 seconds to years, and interfacial polarization is 

relatively slower than dipolar polarization [26]. 

 

Figure 2.6 Relationship between time and different types of polarization [26] 

The main challenge of NEMS contact switch is the irreversible adhesion between 

the movable element and actuation electrode. Since a thin oxide layer usually is applied 

on the contact interface to avoid the formation of bonding, the stiction of NEMS contact 

largely is due to the polarized dielectric layer. Once the voltage is applied to the 
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actuation electrode, randomly distributed dipoles in the dielectric get orientation. In 

addition, intrinsic and extrinsic spacing charge also plays an important role during the 

characterization of contact switch. Surface charges of the dielectric resulting from the 

polarization of molecular dipoles and intrinsic space charges show the opposite 

polarity, comparing with that of external electrodes. In contrast, polarization injected 

from the external charge carriers has the same polarity with the electrodes. It was 

reported that charge injection from either actuation electrode or moveable element 

resulted in irreversible stiction or variation of the pull-in voltage [27]. In terms of 

NEMS/MEMS contact switch, two different approaches of charging and polarization 

are conducted for the contactless state and contact state, which are illustrated in Figure 

2.7 [28]. 

 

Figure 2.7 Two polarization and charging mechanism for the (a) contactless mode (b) 

contact mode of NEM/MEM switches [28] 

When the NEM/MEM switch is under the non-contact mode with the dielectrics 

[Figure 2.7 (a)], the total polarization is considered as the sum of polarization from 

dipoles and polarization from intrinsic space charges, since both types of the 

polarization leading to the surface charges have the same polarity, which is opposite to 

the external electrodes. While the dielectric layer is contacted with external electrodes 

[Figure 2.7 (b)], additionally, polarization due to the external space charges is 

introduced and behaves like homo-charges. Charge injection and relaxation at the 

contact interface between the movable element and actuation electrode is more difficult 

than the other side because of the non-ideal contact. As reported, for the structure shown 

in Figure 2.8, charge injection from Al to SiO2 had quicker charging time and slower 

discharging time, comparing with charge injection from metal electrode to the 

dielectrics [27]. Charging time is exponential to the applied voltage, and saturation of 

charging at the top contact is easier than that from metal-dielectric contact due to the 

difference in the real contact area.  
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Figure 2.8 In contact state, charging and discharging occur from both directions. 
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3 Fabrication of Graphene 

NEM Switching Devices 

3.1 INTRODUCTION  

This chapter reported the fabrication methods of graphene NEM switching 

contact devices. Two different fabrication processes were developed in JAIST clean 

room. In general, fabrication of NEMS devices followed the conventional methods, 

which were widely applied for the fabrication of MEMS devices, using lithograph 

technology to define the patterns. In addition, microfabrication techniques such as dry 

etching and deposition were also frequently utilized to remove or add specific materials. 

Owing to the requirements of scaling down for NEMS devices, electron beam (e-beam) 

lithography with high resolution, provided from Elionix, are heavily conducted instead 

of using photolithography. Graphene NEM switches, which had the drawback of high 

pull-in voltage, chose global Si back gate to attract the graphene movable element, since 

it has the difficulty to fabricate local actuation electrode [1]. To fabricate NEM 

switching devices with low actuation voltage, smaller than 5V, local actuation 

electrodes were introduced into the processes with two different positions, which were 

local bottom electrodes and local top gates. Besides, TLM pattern was also introduced 

into the structure of graphene contact device to investigate the static contact between 

graphene and metal. Moreover, the contact surface of actuation electrodes was 

intentionally modified for a detailed study of dynamic contact issues. 

  All of the developed fabrication approaches started from a heavily p-doped 

silicon substrate covered with 290 nm of thermal growth oxide. The SiO2 surface was 

polished, which has only the surface roughness around 1 nm. The reason to choose the 

thickness of 290 nm was to introduce a 100-200 nm gap between the graphene and 

actuation electrode by etching the oxide away. The size of the substrate is 2 cm*1.5 cm. 
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Before using the substrate, the sample was cleaned by standard cleaning process with 

acetone and IPA, and two-minute sonication was also applied during the standard 

cleaning. To fully remove the residuals and an organic solvent, pirana cleaning is 

applied, following by drying the sample with a gentle nitrogen gas flow. 

3.2  FABRICATION OF SWITCHES WITH LOCAL BOTTOM 

ELECTRODES 

 To obtain a relatively small switch ON voltage and independence of switching 

operation, local bottom actuation electrodes were introduced into the fabrication 

approach of NEM switches. Although, a small air gap distance has the advantage of 

low pull-in voltage, weak mechanical force due to the small gap distance is difficult to 

pull-out the graphene movable elements from the contact surface. The air gap distance 

between the movable element and activation electrodes was intentionally designed as 

100-200 nm. Previously, there were several groups reported the graphene NEM 

switches with local bottom electrodes [2, 3]. Actuation electrodes were initially 

fabricated on a silicon dioxide substrate with conventional methods, following by 

burying the local bottom gates with new sacrificial oxide layer formed by plasma-

enhanced chemical vapor deposition. However, there was a must to use the mechanical 

polishing process to obtain a smooth surface for the exfoliation of graphene. In addition, 

comparing with the thermally grown oxide, the quality of PECVD oxide was still 

poorer, resulting in a larger leakage current. To achieve almost zero leakage current, it 

was necessary to keep utilizing the high-quality thermal growth SiO2. In this section, a 

new approach to introducing local actuation electrode was demonstrated, and by 

applying the methods, both graphene-based doubly clamped beam and cantilever types 

of NEM switches can be achieved. In general, the fabrication process flow is shown in 

Figure 3.1.  

3.2.1 FABRICATION PROCESS 
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Figure 3.1 Fabrication process of graphene NEM switches with local actuation 

electrodes. 

1) Pre-defined trench: the process started with a highly p-doped silicon 

substrate with 300 nm thermally grown SiO2. An etching window was opened 

by the conventional process which did spin coating the positive resist firstly 

following by an electron beam (e-beam) lithography. The resist called 

polymethyl methacrylate (PMMA) was utilized as not only a positive e-beam 

resist but also as the protective layer towards the etching process. Reactive-ion 

etching (RIE) with tetrafluoromethane (CF4) gas was applied to etch the 

unprotected SiO2 away in a controlled duration. The etching condition and 

etching selectivity between SiO2 and PMMA were discussed in detail in later 
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part of this section. After immersing the sample into acetone for 10 minutes to 

remove the e-beam resist, the trench was successfully fabricated. 

  In details, we firstly studied the dry etching rates of PMMA resist 

towards to the oxygen plasma etching, since it was necessary to protect the 

undefined area by PMMA resist after the dry etching. Three different dry 

etching conditions were performed by RIE and Inductively coupled plasma 

etching (ICP), which was listed in Table 3-1. The samples covered with PMMA 

resist were exposure by e-beam lithography to define the position of trenches. 

Then, developed samples were etched for a different duration, and the etched 

thickness was measured by atomic force microscopy (AFM). Figure 3.2 

displayed the relationships between etched PMMA thickness and etching 

duration. Based on the PMMA etching result, we extracted the etching rates 

under each dry etching condition by conducting a linear fit, which was shown 

in Table 3-2. RIE was selected as the method applied to the device fabrication 

because of the lowest etching rate among the three etching conditions.  

Table 3-1 Three different dry etching conditions 
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Figure 3.2 Relationships between etched PMMA thickness and etching duration under 

three dry etching conditions. 

Table 3-2 PMMA etching rates under three etching conditions. 

Etching Process Etching rate (nm/sec) 

ICP1 (Wide lines) 1.6 

ICP1 (Narrow Lines) 1.3 

ICP2 (Wide lines) 4.6 

ICP2 (Narrow Lines) 6.1 

RIE (Wide lines) 1.2 

RIE (Narrow lines) 0.9 

 

  For the real device fabrication process, large numbers trenches were 

defined, following with the method mentioned above. Typical optical 

microscopy and SEM images were shown in Figure 3.3(a) and Figure 3.3(b). 

The width of the trench is 2.2 μm, and the length is 50 μm. In terms of the depth 

of the trench, the topographic image was taken by using AFM, and the extracted 

depth was 200 nm, which were displayed in Figure 3.3(c) and Figure 3.3(d). 

Since the total thickness of SiO2 is 290 nm, after defining the trench structure, 

the thermal-grown SiO2 was still left. 
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Figure 3.3 (a) Optical microscopy image of pre-defined trenches. (b) SEM image of 

pre-defined trenches. (c) and (d) Topographic image of a pre-defined trench and the 

extracted profile. 

2) Deposition of local electrode: the local gate was introduced into the 

pre-defined trench during this step. Conventional nanofabrication techniques as 

e-beam lithography and metal evaporation were applied. To precisely locate the 

position of local bottom electrodes, the local registration (R3) of e-beam 

lithography system was conducted, which controls the misalignment distance 

within 150 nm. For example, if the width of trench is 1.5 μm, the width of 

bottom actuation electrode will be designed as 1.2 μm. A metal stack consisted 

of chromium (Cr) and gold (Au) was utilized for the local bottom gate to ensure 

a linear voltage to current response and also the resistance to strong acid 

solutions like hydrogen fluoride (HF). A typical thickness of the actuation 

electrode was 5 nm Cr and 25 nm Au. 

3) Deposition of SiO2: SiO2 was deposited on the top of local bottom 

electrodes by the e-beam evaporator. As shown in Figure 3.4, by considering 

the misalignment distance of the EBL system, evaporated SiO2 was precisely 

located into pre-defined trenches, and the height of evaporated SiO2 kept with 

the same level of the original thermally grown oxide. The evaporated SiO2 was 
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utilized to fill up the trench, which gave a smooth surface for mechanical 

exfoliation of graphene. The other function of the evaporated SiO2 was as a 

sacrificial spacer between the graphene and the local bottom electrode.  

 

Figure 3.4 (a) and (b) AFM images of pre-defined trenches with evaporated SiO2. (c) 

Extracted line profile of the trench with SiO2. 

4) Graphene exfoliation: Highly oriented pyrolytic graphite (HOPG) was 

mechanically exfoliated by the normal dicing tape in a clean room. We 

transferred the exfoliated graphene on the pre-patterned surface which had local 

bottom electrodes and evaporated SiO2 layer. Exfoliated graphene flakes were 

identified by an optical microscope, and the layer number was confirmed by the 

Raman spectroscopy. Figure 3.5 illustrated two mechanical exfoliated graphene 

flakes lying exactly on the top of pre-defined trenches, which were identified by 

optical microscope and SEM. 
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Figure 3.5 (a)-(d) Optical and SEM images of two exfoliated graphene flakes lying on 

pre-defined trenches 

5) Metal deposition: E-beam evaporation was utilized to deposit the 

selected metal for electrodes. Before depositing the metal, e-beam lithography 

was used to define the area on bi-layer positive resist (PMMA and MMA). The 

exposure area was removed by the mixed MIBK:IPA solution (1:3), and 

developing time was carefully controlled, which was 120 seconds. For the 

deposition, we firstly evaporated 5 nm Cr, which had better adhesive forces to 

SiO2 substrate comparing with Au. Then, Au with several tens of nm thickness 

was directly deposited on the top of Cr layer, which offered Ohmic contacts 

between two electrodes. The optical images of the device before and after metal 

evaporation were shown below (Figure 3.6).  
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Figure 3.6 (a) and (b) Optical images of the device before and after depositing the metal 

contact. 

6) Buffered HF etching and dry: To achieve suspension of double 

clamped graphene beam, buffered etch solution which comprised a 6:1 volume 

ratio of NH4F (40%) and HF (49%) in water was used. The sacrificial layer 

which was made of evaporated SiO2 is efficiently etched by BHF, and the 

typical etching duration was 40 seconds. To avoid the collapse of graphene 

movable elements owing to surface tension, critical point dryer was performed 

to dry the etched samples. To be mentioned, BHF etching is isotropic etching, 

thus not only the evaporated SiO2 but also the thermal-grown oxide are etched 

away. The etching rate for thermal oxide is around 1.5 nm/sec, and underetching 

need to be considered. Bending or strain are possible to be introduced into the 

double-clamped beam, resulting in the change of pull-in voltage.    

7) Graphene patterning by oxygen plasma: PMMA resist and e-beam 

lithography were used to define the etch mask. Reactive oxygen plasma was 

performed by the reactive ion machine to pattern the exfoliated graphene flakes 

into specific shapes like ribbon and cantilever. Figure 3.7 showed two PMMA 

etching masks designed for ribbon shape and cantilever shape. 
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Figure 3.7 (a) PMMA etching mask to pattern ribbon-shaped graphene. (b) Etching 

mask to pattern two graphene cantilevers. 

8) Diluted HF etching and dry: The same process with the step 6 

mentioned above. Two fabricated cantilever-type GNEM switching devices 

were shown in Figure 3.8. These SEM images were taken after the device 

characterization to avoid the charging effect. 

 

Figure 3.8 (a) and (b) Two fabricated graphene-based cantilever-type NEM switching 

devices with locally actuated electrodes. 
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3.2.2 COMPARISON 

During the development of fabrication process based on the trench method, the 

other process was mainly investigated by Jian, which used a polymer sacrificial spacer 

to achieve local actuation electrode [3]. The fabrication of Jian’s method was listed in 

Figure 3.9. Instead of predefining trenches, the bottom electrode was directly deposited 

on a 300 nm thermally grown SiO2 substrate, following with spinning coating a 

sacrificial polymer layer (PMMA) on the top. Mechanically exfoliated graphene was 

transferred to PMMA layer, and flakes were identified by an optical microscope. The 

fabrication of metal contact electrodes was followed by a conventional method. Finally, 

suspended graphene structure and contact electrodes were achieved by dissolving all 

the polymer layer with a conventional solvent for lift-off process.   

 

Figure 3.9 Fabrication process of graphene NEM switch with local bottom actuation 

electrode by using a sacrificial polymer spacer [3]. 

Comparing the trench-based method with Jian’s method, there were two 

advantages. Firstly, the exfoliated flakes can be patterned into desired shapes such as 

beam and cantilever, which offered the convenience to investigate the switching 

performance with a comparable geometry. The other merit is that the air gap thickness 

can be controlled by the depth of the trench, while the thickness of the sacrificial 

polymer was almost fixed. The maximum mechanical restoring force which was 

determined from the air gap thickness between graphene movable element and 

actuation electrode was critical to overcoming the adhesive forces to obtain the pull-out 

effect. However, the trench-based method also has a weakness as slanted sidewalls of 
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the trench, which may result in stiction problem due to the reduce of mechanical 

restoring force. 

3.3 FABRICATION OF SWITCHES WITH LOCAL TOP ELECTRODES 

3.3.1 FABRICATION PROCESS 

After investigating the existence of Au-C bonding at the graphene to gold contact, 

the fabrication process must be modified. Besides, comparing with switches with local 

bottom electrodes, much stronger mechanical restoring was preferred to have bigger 

chance to achieve pull-out operation. Moreover, the fabrication process was simplified 

by introducing local top contact electrode instead of a local bottom gate, since a 

conventional bottom-up process can be followed. The fabrication process of graphene 

NEM switch with the local top gate was initially developed by Chikuba and Kanetake 

in Mizuta lab [4, 5]. The process was based a common method to fabricate GNR device, 

which consisted of mechanical exfoliation, graphene patterning, and deposition of 

contact metal. After that, as shown in Figure 3.10, a bilayer of hydrogen silsesquioxane 

(HSQ), which was a negative tone e-beam resist, was utilized as the sacrificial spacer 

to separate the graphene and top electrode. After depositing metal electrode with a stack 

of Cr/Au, the top gate was released by the BHF and critical point dryer.  

 

Figure 3.10 Fabrication process of the local top actuation electrode. [4] 

3.3.2 FABRICATION OF DYNAMIC CONTACT DEVICE 

In this study, a modified process was developed to carefully control the air gap 

thickness by introducing evaporated SiO2. Furthermore, in order to investigate the 

graphene contact, TLM pattern and periodic pattern were introduced into the structure 

of the device.  
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All the dynamic contact devices were fabricated on mechanically exfoliated 

graphene on a SiO2/Si substrate. The fabrication process of a doubly clamped graphene 

NEM contact switching device with a local metal top gate and the periodic concave is 

illustrated in Figure 3.11(c). We transferred a graphene flake mechanically exfoliated 

from highly oriented pyrolytic graphite (HOPG) onto the thermally grown SiO2 with 

the thickness of 290 nm. The fabrication processes are as follows. (1) Polymethyl 

methacrylate (PMMA) polymer was spun onto the sample. The graphene flake was 

patterned into a nanoribbon shape by electron-beam (e-beam) lithography and O2 

plasma etching. (2) Then, static contact electrodes were fabricated with a Cr/Au (10/50 

nm) metal stack by a conventional microfabrication processes. (3) HSQ, a negative tone 

e-beam resist, was employed to be patterned into an array of square concaves with high-

resolution as a seed of the periodic pattern at the bottom surface of TG. (4) Next, the e-

beam-evaporated SiO2 sacrificial layer was deposited to cover both the GNR and the 

HSQ pattern. (5) After that, a top contact electrode was fabricated with Cr/Au (5/160 

nm) via the conventional methods used in step (2). The deposition rate of the top gate 

was controlled at a low speed of 0.5-1 Å/s for the first 20-nm-thick metal, assuring good 

reproducibility of the HSQ patterns from the top surface of the SiO2 sacrificial layer. 

(6) Finally, the device was immersed in the buffered hydrofluoric acid (BHF) for 

removing the sacrificial layer to release the GNR beam, and then the device was dried 

in the critical point drier in order to prevent the collapse of the suspended graphene 

nanoribbon due to the capillary force. The fabricated device was placed in ambient 

condition for eight hours to allow the natural oxidization of chromium at the bottom 

surface of the TG. 



 

48 

 

 

Figure 3.11 (a) Schematic diagram of the static contact GNR device. (b) Schematic 

diagram of the dynamic contact graphene NEM devices with DCUR and DCPP. (c) 

Fabrication process of a GNEM switch with periodic patterns on the TG. 

 Transmission line method (TLM) pattern: TLM pattern, which was applied 

to study the static contact, was added into the fabrication of graphene contact 

device. At least five contact electrodes were needed for the TLM structure. 

Thus there was a strong demand of large sizes of exfoliated graphene flakes. 

Flakes were patterned into long ribbons by oxygen plasma and e-beam 

lithography. Three fabricated graphene-based static contact devices were 

displayed in Figure 3.12, and the minimum spacing distance between two 

adjacent electrodes was 300 nm. Additionally, considering the undercut due to 

the final BHF process, anchored parts of these contact electrodes were 

intentionally larger than the area nearby the GNRs.    
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Figure 3.12 Three fabricated graphene static contact devices with TLM pattern. 

 Periodic pattern at the contact interface: The topographic images of the HSQ 

pattern and e-beam-evaporated SiO2 sacrificial layer were obtained by AFM as 

shown in Figure 3.13(a)-2(c). In this work, an array with the designed square 

dimension of 80 nm and the interspacing distance of 80 nm was used to realize 

the periodic concave pattern on the bottom surface of the TG to reduce the total 

dynamic contact area [Figure 3.13 (d)]. The height profile in Figure 3.13 (c) 

shows that the height of the HSQ pattern was ~20 nm, which is consistent with 

the thickness of HSQ under a high spin rate (5000 rpm). However, there was a 

remarkable difference of approximately 7.5 nm in depth between the HSQ and 

SiO2 concave patterns. This is mainly due to the evaporated SiO2 being partly 

deposited on the slanted sidewall of the HSQ pattern, resulting in a reduced 

depth when transferring the HSQ periodic pattern to the sacrificial SiO2 layer. 

In the case of the bottom surface of the TG with DCPP, the profile of the bottom 

surface should follow the topography of the evaporated SiO2 layer. Thus, by 

comparing with the original HSQ patterns, shallower concave periodic patterns 

with slanted sidewalls were expected to be transferred to the dynamic contact 

surface. The AFM images in Figure 3.13(e) and Figure 3.13(f) illustrate the 

device before and after defining the top electrodes (i.e., dynamic contacts). The 

difference between the designed structure and real results of HSQ patterns was 

mainly attribute to the proximity effect, which can be optimized by controlling 

the dose and beam current. These top electrodes have been deposited on the 

surface with different HSQ patterns on SiO2, revealing the successful 

introduction of the periodic pattern into the dynamic contact interface.  The 
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significance of periodic is illustrated in Figure 3.14. We plotted the relationship 

between the vdW force and separation distance according to the analytical 

equation, indicating that the critical range of separation distance was under 2 

nm. By introducing the HSQ pattern, the separation distance was enlarged, 

resulting in the large decrease of vdW force.    

 

Figure 3.13 (a, b) AFM images of HSQ pattern and deposited SiO2 on the HSQ pattern. 

The insets indicate the schematics of the process. (c) Height profiles measured along 

the dotted red and solid green lines in (a) and (b). (d) Dimensions of the designed HSQ 

squares array. (e, f) AFM images of the dynamic contact graphene NEM device before 

and after depositing the TGs. The gray solid line in (e) indicates the patterned GNR. 

                
Figure 3.14 Relationship between vdW force and separation distance. 
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Figure 3.15 SEM images of a typically fabricated graphene contact devices. 

SEM pictures of a typically fabricated graphene contact device were displayed in 

Figure 3.15. Six bottom contact electrodes were fabricated to form the TLM pattern, 

aiming to study the static contact between graphene to Cr. In addition, two suspended 

top gates were defined to achieve two graphene NEM switches. For this particular 

device, the periodic pattern was not included in the top gate, and further characterization 

of graphene NEM switches and graphene contact devices were demonstrated in the next 

two chapters.  

3.4 SUMMARY 

In this chapter, the fabrication process developed for graphene NEM switch with 

local bottom electrode was introduced firstly. The pre-defined trench was applied to 

place the local bottom gate. By using this process, both cantilever-type and doubly 

clamped beam type of graphene NEM switches were fabricated. The weakness of the 

trench approach was analyzed, and a comparison with Jian’ s fabrication process was 

discussed. After that, the fabrication method of graphene contact device was given, 

which basically followed the conventional method to fabricate the GNR device with a 

local top gate. In addition, TLM pattern and periodic pattern originating from the high-

resolution HSQ pattern were explained in detail, which were introduced into the 

fabrication process to investigate the static and dynamic contact between graphene and 

metal.   
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4  Study of contacts for 

graphene NEM switches 

 

4.1 INTRODUCTION 

Understanding the contact mechanisms for graphene to metal contact in physics 

was a challenge. Failure of switching operation was often due to the contact issues like 

deformation and real contact area, which was widely discussed in RF MEMS. However, 

there was no detailed study about graphene to metal contact, which was important to 

improve its reliability. In this chapter, the contact between graphene to actuation 

electrode was investigated. We started from the graphene NEM switches with local 

bottom electrodes. Then, by analyzing the graphene contact devices, the static contact 

and dynamic contact were discussed, respectively. Finally, the deformation type of 

graphene to chromium oxide was revealed. 

4.2 GRAPHENE NEM SWITCHES WITH LOCAL BOTTOM 

ELECTRODES 

Based on the fabrication method described in Chapter 3.2, two types of graphene 

NEM switches, which were graphene double-clamped beam and graphene cantilever, 

were fabricated and characterized in vacuum condition. All the measurement was 

conducted in a closed probe station provided by the company called System Brain. 

Besides, the probe station was connected to the semiconductor analyzer, Agilent 

B1500A.  Figure 4.1 displayed two measured devices. One was the double-clamped 

device with the beam length of 1.5 μm and 120 nm air gap thickness, and the other 

device was graphene cantilever type, which had a 500 nm-long cantilever and the gap 
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distance of 90 nm. Multilayer graphene was used for both devices to obtain a strong 

mechanical restoring force. A two-terminal measurement configuration was applied to 

both kinds of devices, shown in the insets of Figure 4.2. As the applied voltage 

increased, the current between the graphene movable elements and local bottom 

electrode were monitored.  

 

Figure 4.1 Double-clamped type and cantilever type of graphene NEM switches 

 

Figure 4.2 Measurement configurations of both double-clamped type and cantilever 

type of graphene NEM switches. 

Clear and sharp pull-in behaviour were observed on both devices at the voltage 

of 3.5 V and 9.6 V, respectively. A very low pull-in voltage was obtained, lower than 

5 V, which was compatible with the modern CMOS techniques. Theoretically, the pull-

in voltage of cantilever type of device should be smaller than that of clamped beam 

device owing to a weaker spring constant. In this study, due to a thicker layer thickness 

of graphene for the cantilever switch, which was understood from the Raman 

spectroscopy, larger pull-in voltage was measured. By reducing the layer number to 

bilayer or monolayer graphene, the reduce of pull-in voltage can be expected. However, 

both of the devices suffered from a stiction failure after the pull-in operation. The 

formation of Au-C chemical bonding was attributed as the main reason of the stiction 
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[1]. Besides, slanted sidewall was observed at the predefined trench by using AFM, 

which may result in a decrease of mechanical restoring force and increase of adhesive 

force like vdW force. Based on those issues mentioned above, we changed to graphene 

NEM switches with local top gate, which offered a different contact mechanism.  

By using Jian’ s method, another bilayer graphene GNEM switch was fabricated. 

The layer number was confirmed by the Raman spectroscopy, since four Lorentzian 

sub-peaks were fit to the 2D band of the spectroscopy of graphene. The optical and 

AFM images of the fabricated device were displayed below, and the length and width 

of the graphene ribbon were 2.5 μm and 1.5 μm, respectively. From the electrical 

characterization, the device showed small leakage current before the physical contact 

between the graphene beam and the bottom actuation electrode. At the voltage of 1.8, 

a sudden increase in current was observed, which was regarded as the pull-in voltage, 

and the pull-in voltages were stable during the first several cycles. However, at the final 

cycle, the current did not return to the background leakage level even the applied 

voltage was back to 0 V. Permanent stiction between the graphene and gold was 

observed, which was attributed to the Au-C chemical bonding.  

  

Figure 4.3 The optical, AFM images and electrical characterization of the fabricated 

bilayer GNEM switch with a local bottom actuation electrode [1]. 

4.3  GRAPHENE CONTACT DEVICE 

The total contact resistance of our graphene NEM switches was obviously 

composed of the static contact resistance at the clamping points and the dynamic contact 

resistance between the movable graphene and the top gate. TLM method was 

introduced into graphene contact device to study the graphene/Cr contact. Moreover, 
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by introducing local top contact electrode with the metal stack of Cr/Au, the dynamic 

contact was changed to graphene to chromium oxide because of the existence of instant 

oxidation of Cr layer. In addition, we also introduced a periodically patterned square 

concave array at the dynamic contact interface, aiming to reduce the GNR-contact 

stiction force. This pattern made the contact area, and hence the van der Waals (vdW) 

interaction, smaller and was expected to facilitate the reversible switching operation.   

4.3.1  STATIC CONTACT STUDY 

In the TLM measurement, the total resistance (Rtotal) between two adjacent static 

contact electrodes consists of the resistance of the graphene channel (RG) and the static 

contact resistance (RC) at the graphene to metal contacts [2]. The relationship between 

Rtotal and RC is shown by 

Rtotal =  RG  +  2RC =  
𝜌𝐺

W
L +  2RC .                              (1) 

where L and W are the length and width of the GNR channel, respectively, and 

ρG is the contact electrodes is regarded as a function of the length (L) in the TLM 

equation. The contact resistance is extracted from the intercept at L = 0 of a linear fit of 

Eq. (1). All the measurements are conducted at room temperature and a low pressure of 

~0.1 Pa to reduce the influence of the atmospheric environment. 

 

Figure 4.3 (a) AFM image of contact device D1 and optical microscopy images of 

devices D2 and D3. Grey solid lines (D2, D3) indicate the location and shape of the 

GNRs. (b) TLM fitting for contact devices D1, D2, and D3. Overall resistance of D1 

and D2 after BHF etching. The inset shows the fitting results for a small range of 

interspacing distances (0-1 µm). 

Initially, we deposited the Cr with a slow rate by the e-beam evaporator to ensure 

a static contact between Cr-graphene-SiO2, the static contact resistance we analyzed 
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was between graphene - Cr interfaces. For this purpose, we fabricated three static 

contact devices based on the patterned bilayer graphene nanoribbons (GNRs) (D1, D2, 

and D3), which were indicated in the AFM and optical images in Figure 4.3(a). The 

GNRs for these three devices were 400, 140, and 120 nm, in width, respectively. The 

measured total resistance shows good linear dependence on L, and the static contact 

resistance extracted from the intercept of the fitting lines displays slightly negative 

values. The inset of Figure 4.3(b) displays the TLM fitting for a small interspacing 

range indicated by a red dotted rectangle, and the intercept values extracted from linear 

fitting for D1, D2, and D3 are -218.6, -23497, and -2060.3 Ω, respectively. The contact 

resistance originating from carrier injection/extraction at the interface of graphene to 

Cr should be positive [3]. The negative contact resistance from the TLM measurements 

is primarily due to the underestimation of the inhomogeneity of the GNR channel and 

the impacts from metal or surrounding insulators [4]. Charge puddles and carrier doping 

from the metallic electrodes and substrates are dominant origins of the carrier 

inhomogeneity in the contact and channel regions [5, 6]. The impacts of the material 

deposition and acid etching can also be vital. All the fabricated static contact devices 

showed an overall increase in total resistance after the GNR channels were suspended 

as a result of the BHF etching. The total resistances measured for some of the D1 and 

D2 devices are shown for comparison by using squares and triangles in Figure 4.3(b). 

Because of the high acidity and the undercut of SiO2, the graphene/Cr bonds at the static 

contact interface weakened, which will result in the increase in contact resistance. 

4.3.2  DYNAMIC CONTACT 

To analyze the dynamic contacts of the GNR and Cr/Au contacts, four different 

double-clamped GNEM switches were characterized. Details of these switches are 

given in Table 4-1. GNEM switches A and B have uniform microscopic roughness 

under the TG, as shown in Figure 4.4(c). The bottom surface of the TG for GNEM 

switches C and D have the periodic concave structure created using controlled HSQ 

arrays (Table 4-1), which leads to reduced surface roughness area, as shown in Figure 

4.4(f).  

Table 4-1 Table Device parameters of the dynamic contact GNEM switches, A-D. 
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The two-terminal measurement configuration shown in the inset of Figure 4.4(a) 

was used to characterize the switching performance. By gradually increasing the 

actuation voltage VTB between top gate and bottom contact electrodes, and electrostatic 

force increased with the electric field between the top gate and bottom contact resulting 

in the deflection of the GNR. At the pull-in voltage, the electrostatically deflected 

graphene which overwhelmed the mechanical restoring force formed a physical contact 

with the top gate. A sudden increase in the current ITB from the leakage level was 

expected to be observed owing to physical contact. All these measurements were 

conducted by a semiconductor analyzer (Keithley 4200 SCS). 

 

Figure 4.4 (a, b) Characterization of dynamic contact resistance of two graphene-based 

NEM switches A and B with uniform roughness on TG (DCUR). Insets: ITB-VTB 

curves of the 1st switching operation, and the two-terminal measurement configuration 

for the dynamic contact study. (c) SEM image of device A after the measurement; scale 

bar: 0.5 µm. Schematic diagram of graphene-TG contact with the uniform roughness 
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surface (DCUR). (d, e) Characterization of dynamic contact resistance of switches C 

and D with the periodic patterns on the bottom surface of the dynamic contact (DCPP), 

as shown in (f). Inset: ITB-VTB curves of the first switch operation. (f) SEM image of 

device D after the measurement; scale bar: 0.3 µm. Schematic diagram of graphene-TG 

contact with the periodic patterns. 

The insets of Figure 4.4(a), 5(b), 5(d), and 5(e) depict the initial pull-in of all four 

GNEM switches A, B, C, and D. The pull-in voltage is marked by arrows. Note the 

abrupt and clear pull-in operation as expected for GNEM switches. At low VTB, only 

the pico-ampere level currents were measured, which was the leakage current indicating 

the open contact between the TG and the graphene beam. This is normally considered 

as the “OFF” status of a switch. The ON states of these switches were defined at the 

voltage when the corresponding current suddenly changed by approximately two orders 

of magnitude from the leakage (OFF states) to high current. At the voltage of 3.4 V 

(Switch A), 3.7 V (Switch B), 7.4 V (Switch C), and 3.9 V (Switch D), abrupt increases 

in current were observed, indicating the physical pull-in of the graphene beam onto the 

bottom surface of the TG. For GNEM switch A, the lowest pull-in voltage of 3.4 V was 

achieved due to the monolayer graphene. On the other hand, GNEM switch D, showing 

a reasonably low leakage current in the pico-ampere range, exhibited a slightly higher 

Vpull-in of 3.9 V presumably due to the use of a thicker bilayer graphene. Owing to the 

uneven contact surface from the concave patterns, another sudden increase in contact 

resistance was observed. The air gap between the TG and GNR was reduced to 65 nm 

for GNEM Switch B, which resulted in a relatively low Vpull-in of 3.7 V even with 

multilayer GNR. The step-like behavior in the inset of Figure 4.4(b) was attributed to 

the contact with the lift-off ears at the TG. However, the multilayer GNR with 90 nm 

air gap (GNEM switch C) showed the highest Vpull-in of 7.4 V. 

The pull-in voltage of the doubly clamped beam is given by 

Vpull−in = √
8Kg0

3

27ε0WWTG
,        K =

32EWt3

L3  ,                            (2) 

where K is the spring factor of the graphene double-clamped beam, 𝑔0 is the 

initial gap between the dynamic contact and the suspended graphene beam, ε0 is the 

vacuum permittivity, E is the Young's modulus of graphene, L and W are the length 

and width of the GNR, respectively, and t is the beam thickness, which is closely related 
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to the layer number of graphene. WTG is the width of the TG shown in Fig. 1(c). The 

measured and calculated pull-in voltage are given in Table 4-1. For simplicity, the pull-

in voltage for the GNEM switches with the periodic pattern TG (GNEM switches A 

and B) were calculated by assuming the same footprint as that for the uniform roughness 

devices (GNEM switches C and D). A quantitative comparison of the measured and 

calculated pull-in voltage did not show good agreement. Nevertheless, the trends 

observed with variations in GNR thickness and air gap appear consistent with the 

calculations. An increase in effective gap distance expected as a result of the release of 

strain and also the degradation of the contacts due to the undercut of SiO2 after the BHF 

etching could be possible origins for the increase in measured pull-in voltage. 

However, after the initial pull-in operation, a finite conductance remained 

between the top and bottom contacts, which implies that the graphene beam is still in 

contact with the TG even after the applied voltage was set to 0 V. All four GNEM 

switches showed irreversible characteristics after the initial pull-in operation. It was 

expected for GNEM switches with the periodic pattern that contacts would facilitate 

the pull-out operation owing to the reduced contact area. However, no reversible 

switching operation was observed for GNEM switches C and D. It is likely that the 

mechanical restoring force was generally insufficient for achieving the pull-out 

operation. The formation of carbon – metal chemical bonds is unlikely in our present 

devices because of the presence of a thin Cr2O3 layer in the dynamic contact [1]. 

To obtain detailed information on the dynamic contact characteristics to 

investigate the switching failure mode after the initial pull-in stiction, we performed 

electrical contact resistance (ECR) analysis in all of these GNEM switches [7]. 

Traditional microscopy techniques cannot be used to conduct the in situ monitoring of 

the NEM contact interface. ECR analysis is used as an in-situ diagnostic tool to study 

the contact interface behavior of the microelectromechanical system (MEMS) [8-10]. 

Owing to the presence of a thin chromium oxide layer and periodic concave patterns at 

the contact surface, we monitored the change in dynamic contact resistance at the 

graphene-top gate contact interface by gradually increasing the electrostatic force. In 

this case, we used the same measurement configuration shown in Figure 4.4(a). Figure 

4 shows the measured characteristics of the applied voltage versus ECR (i.e., RC_dynamic) 

for all four switches. In Figure 4.4(a) and 4(b), the dynamic contact resistance steadily 
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decreases with the increase in electrostatic force, which indicates the gradual increase 

in contact area with applied electric field, as indicated in Figure 4.4(c). By contrast, a 

sudden decrease in dynamic contact resistance for the graphene switches with the 

periodic pattern is observed [Figure 4.4(d) and 5(e)]. We succeeded in observing the 3rd 

measurement cycle only for GNEM switch C as the burnout of the GNR was avoided 

during the 2nd measurement by setting the current compliance appropriately. The 

contact resistance measured from the results of the 3rd evaluation retained the same 

order of values at the end of the 2nd measurement. The other switches suffered from 

burnout at the end of the 2nd measurement cycle as indicated in the individual figures. 

In terms of GNEM switch D, the contact resistance was gradually decreased in the same 

manner as switches A and B at the beginning, indicating a steady increase in contact 

area. However, at a voltage of 2.08 and 2.24 V, two sudden drops by about one order 

of magnitude in contact resistance were observed. We attributed these sudden contact 

changes to the locally abrupt pull-in of the GNR to the inner slanted sidewall of the 

concave patterns, which is illustrated in Figure 4.4(f). Suspended GNRs were first 

pulled-in onto the natural Cr2O3 on top of the concave globally, and then some of the 

GNRs were physically broken beyond a certain critical voltage, as shown in the SEM 

image in the inset in Figure 4.4(c). This breakdown might be assisted by the point 

defects and edge irregularities in the GNR [11, 12]. In the case of GNEM switch C, a 

very high current density of 0.5× 10−2 A/µm was reached before the GNR was broken. 

This is consistent with the observation of breakdown current density due to second-

order three-phonon scattering in the suspended exfoliated graphene ribbon [13]. The 

other switches A, B, and D, might have reached such a high current density just before 

GNRs were broken down.  

4.3.3 FINITE ELEMENT METHOD SIMULATION 

Interestingly, the second pull-in was observed for the DCPP NEM switches, as 

shown by blue colored arrows in Figure 4.4(d)-4(e), which is attributable to the GNR 

pulled-in locally onto the sidewalls in the concave. To verify our scenario, we 

performed a 3D FEM simulation as follows.  
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Figure 4.5 (a) FEM model of a graphene NEM switch with the periodically patterned 

electrode. Dimensions are based on the measured switch D. (b) One-dimensional plot 

of beam displacement with the applied voltage. Inset: 1D plot of beam displacement 

after initial pull-in. (c) Beam displacement at pull-in voltage of 1.5 V. (d) Beam 

displacement in the periodic concave patterns (4.5 V). Displacements in (c) and (d) are 

indicated by the same colour bar. 

The electrical and mechanical properties of the NEM contact switches were 

analyzed by FEM based on the software, IntelliSuite [14]. The dimensions were adapted 

from the experimental GNEM switch D (Table 4-1). The GNR was modelled as an 

isotropic and elastic material with a thickness of 0.7 nm. The initial air gap between the 

suspended graphene beam and the substrate is 90 nm. The concave periodic patterns 

with slanted-sidewall surfaces with a depth of 5 nm were included. The model was 

meshed with mechanically adaptive meshing to refine the deflection of the suspended 

beam locally. Figure 4.5(a) illustrates the geometry of the doubly clamped GNEM 

switch and the periodic concave patterns of the actuation electrode. The material 

properties of the graphene were obtained from Ref. 15. Figure 4.5(b) shows the 

graphene beam displacement with the applied voltage. The displacement was measured 

at the centre of the suspended graphene beam denoted as X in Figure 4.5(a). The pull-

in occurred at 1.5 V, at which the beam displaced by 90 nm and made contact with the 

bottom electrode [Figure 4.5(c)], which was considered as the overall pull-in. When the 

applied voltage was increased beyond the pull-in voltage, the beam started to pull-in 

into the slanted concaves. The displacement of the graphene beam inside the concave 
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pattern is shown in the inset of Figure 4.5(b), and the local pull-in was observed from 

the simulation. Figure 4.5(c) visualizes the beam deformation at the pull-in voltage. 

Moreover, Figure 4.5(d) shows the beam displacement inside the concaves at the 

voltage of 4.5 V. It is evident from Figure 4.5(d) that the beam pulled-in locally inside 

the periodic concave patterns. 

 

4.3.4 COMPARISON WITH CLASSIC DYNAMIC CONTACT MODELING 

For an understanding of the GNR dynamic contacts, we also performed classical 

dynamic contact modeling analysis of the ECR characteristics. The contact forces 

generated at the dynamic contact interface are defined as the difference between the 

electrostatic force and the mechanical restoring force, and the electrostatic force and 

the mechanical restoring force of a doubly clamped beam are expressed as [16, 17] 

Fcontact = Felectrostatic −  Frestoring ,                              (3) 

Felectrostatic  =  
Aε0εrV2

2(g0−d)2 ,                                                 (4) 

 Frestoring  =  Kd ,                                     (5) 

where A is the area of the electrodes, ε0 and εr are the vacuum permittivity and 

relative permittivity of the medium between two electrodes, respectively, V is the 

applied voltage, g0 is the initial gap between two electrodes, d is the beam deflection 

distance, and K is the spring factor of the beam mentioned above. The thickness of the 

graphene was extracted from the AFM image (Table 4-1). In our dynamic contact study, 

after the graphene reaches the pull-in state, the electrostatic force tends to be infinite 

from Equation (4). However, we should consider the existence of thin naturally 

oxidized chromium oxide (Cr2O3) as the medium between two electrodes. 

Approximately 1-nm-thick natural Cr2O3 can be assumed, and its dielectric constant is 

11.8 [18]. In addition, the initial gap thickness was chosen as the deflection distance for 

calculating the mechanical restoring force, since the graphene remained in contact with 

the TG during the measurement. The applied voltage versus dynamic contact resistance 

for NEM switches B, C & D were converted to the contact force versus contact 
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resistance (Figure 4.6) using the method mentioned above. Two classical dynamic 

contact resistances models of elastic and plastic deformation types were applied to the 

graphene/Cr2O3/Cr interface [17]. Elastic modeling is generally for contacts with 

relatively low contact forces where the deformed surface can return to its original shape 

after removing the contact force. In contrast, permanent surface change occurs owing 

to the displacement of atoms in the plastic deformation [17]. 

Equations (6) and (7) display the relationship between the contact force Fcontact 

and the dynamic contact resistance (RC_dynamic). RcDE is the elastic material deformation 

dynamic contact resistance, while RcDP is the plastic deformation dynamic contact 

resistance [19]. The relationship between the contact resistance and the contact force 

for elastic and plastic contacts is given by 

RcDE  =  
ρ

2
(

4E′

3RFcontact
)

1

3
,    

1

E′  =  
1−v1

2

E1
 + 

1−v2
2

E2
,                       (6) 

RcDP =  
ρ

2
(

Hπ

Fcontact
) 

1

2 ,                                               (7) 

where E' is the Hertzian modulus, and E1 and E2 are the elastic modulus; v1 and 

v2 are Poisson's ratios for two contact materials. ρ is the resistivity of the conducting 

material, R is the asperity peak radius of curvature, and H is the Meyer hardness of the 

softer material. Here, Young's modulus and Poisson's ratios of graphene and Cr2O3 are 

1 TPa, and 0.165, and 124 GPa and 0.25, respectively [20-22]. The Meyer hardness of 

Cr2O3 is 21 GPa [23]. 

The dynamic contact resistances measured for GNEM switches B, C, and D were 

analyzed using both elastic and plastic deformation contact models in Figure 4.6. The 

measured curve has a large offset in contact resistance with these models. This is only 

attributed to the diffusive current flow considered in these models (Eqs. (6) and (7)). 

Other conducting modes such as ballistic or quasi-ballistic are not included. These two 

classic models basically follow the power law, resulting in a proportional relationship 

between contact force and the contact resistance. The difference between these two 

models was mainly observed for a small contact force range. Interestingly, for all these 

GNEM switches, the measured dynamic contact resistance showed good agreement 
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with the plastic deformation model, RcDP  ∝ Fc
−

1

2 , which was illustrated by the 

magnified plots in Figure 4.6.  

 

Figure 4.6 Contact force versus contact resistance curves from measured GENM 

switches B, C, and D and two dynamic contact models of elastic and plastic 

deformations. Dotted lines: shifted contact resistance of two classical models to 

compare with the measured results. Magnified plots: comparison between the 

experimental results with two contact models for small contact force ranges. 

4.4 SUMMARY 

First of all, both cantilever-type and beam-type of graphene NEM switches with 

local bottom gate were measured, showing abrupt pull-in at low voltage. However, both 

of the devices failed due to the stiction from Au-C bonding. After that, graphene contact 

devices were investigated. We reported graphene-metal contacts by fabricating the 

transmission line model (TLM) pattern of Au/Cr static contact electrodes onto a 

graphene nanoribbon (GNR), which was cointegrated with GNR nano-electro-

mechanical (GNEM) switches and suspended top electrodes for dynamic contacts. The 

static contacts showed the linear channel length dependence of total resistance, which 
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was amenable to the standard TLM theory. The slightly negative contact resistance 

extracted from the TLM analysis was attributable to the inhomogeneity of the GNRs 

due to the doping from the metal and the substrate. To investigate the Au/Cr – GNR 

dynamic contact properties, we introduced two types of Au/Cr actuation electrode 

surfaces with and without a lithographically patterned periodic array of square 

concaves, which were expected to reduce the Au/Cr – GNR stiction effectively. For 

both surface structures, clear pull-in operations were observed for the GNEM switches 

with doubly clamped mono-, bi-, and multilayer GNRs. However, none of the GNEM 

switches achieved pull-out operation regardless of the introduction of the periodic 

surface pattern. It was found for the periodically patterned dynamic contacts that the 

GNRs first showed global pull-in onto the top surface of the pillar array and then 

exhibited local pull-in onto the slanted sidewall surfaces of the concave, resulting in an 

increase in stiction. Such a local pull-in phenomenon was confirmed by 3D FEM 

simulation. In addition, plastic deformation at the contact, increasing the vdW 

interaction, was observed as a result of the local pull-in failure mode, which completely 

hindered the GNRs from pulling out from the contact surface. 
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5 Characterization of 

graphene NEM switching 

devices 

 

5.1 INTRODUCTION  

Last chapter, the dynamic contact between graphene and naturally oxidized 

chromium was investigated. Plastic deformation was observed by examining the 

relationship between contact force and dynamic contact resistance. Contact area 

increased due to the plastic deformed interface, resulting in the increase of adhesive 

force and further the irreversible stiction at the contact. To improve the reliability of 

graphene NEM switches, the stiction failure from the plastic deformation should be 

minimized. In this chapter, a set of GNEMS switches was fabricated, which increased 

the deposited thickness of Cr at the bottom of TG to enhance the hardness of contact 

material. Besides, the geometry of devices was redesigned, which had larger air gap 

and short beam length to largely increase the mechanical restoring force. Moreover, 

instead of square concave structure which is applied to the dynamic contact device, 

periodic pillar pattern was introduced into the bottom surface of the top gate by utilizing 

the same technique explained in Chapter 3.3.2. Then, more detailed information about 

the new graphene NEM switches is given in the next section. 
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5.2  DEVICE STRUCTURE AND DIMENSION 

In this study, the graphene NEM switches kept using double-clamped graphene 

beam with local top electrodes. Bilayer graphene exfoliated from HOPG was used to 

obtain reliable mechanical properties and low thickness. The layer number was verified 

by Raman spectroscopy, and 2D components of the measured spectroscopy shown in 

Figure 5.1 was analyzed by four Lorentzian fitting, which agreed with the reported 

experiment data [1].  

 

Figure 5.1 2D peak of a graphene Raman spectroscopy with four Lorentzian fitting 

Two bilayer graphene-based contact switches were fabricated for characterizing, 

and detailed parameters of these four devices are listed in Table 1. To achieve stronger 

mechanical restoring force comparing with the previous study, the shortest length of 

beam reached to 0.75 μm, and the air gap thickness was increased to 120 nm.  

Table 5-1 Device parameters of four measured contact switches 
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Figure 5.2 (a) Design of a typical net-like pattern of HSQ (b) AFM image of patterned 

HSQ under the e-beam evaporated SiO2 (c) and (d) Extracted profiles from red and 

green lines.   

Moreover, the structure of lithographically patterned HSQ was changed, aiming 

to achieve periodic pillars at the bottom of the local top gate. The designed HSQ pattern 

with a net-like structure was illustrated in Figure 5.2(a), followed with an AFM image 

of patterned HSQ under the e-beam evaporated SiO2. The topology was analyzed from 

the AFM image, which indicated the total height of HSQ and SiO2 was around 120 nm. 

More importantly, thanks to the slanted sidewall of evaporated SiO2 demonstrated in 

previous dynamic contact study; saw-like profile was clearly observed with a depth of 

around 4 nm and ~80 nm interspacing, which was the origin of periodic pillars in TG. 

Finally, optical and SEM pictures of a fabricated suspended graphene NEM switch with 

a local top gate were displayed below (Figure 5.3). Large sizes of anchored metal 

electrodes were intentionally designed, which offered a good mechanical stability after 

the BHF etching. 
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Figure 5.3 (a) Optical image of a fabricated GNEM switch. (b) SEM images of 

patterned a NEM contact switch with the suspended graphene and local top electrode. 

5.3  RESULTS AND DISCUSSION 

5.3.1 PULL-IN CHARACTERIZATION 

Two devices listed in Table were characterized by the two-terminal measurement 

configuration which was shown in the inset of Figure 5.4.When gradually increasing 

the applied voltage on TGs, the current between TG and anchored electrode was 

monitored. The sudden and sharp increase in current was observed from each of the 

four GNEM contact switches, which indicated double-clamped graphene beam was 

physically contacted with the top actuation electrode. The compliance of current was 

set as 200 nA to avoid the stiction from a high level of current due to the joule heating. 

Pull-in effect was clearly observed on the four contact switches, and the measured pull-

in voltage was 22.45 V (Switch C), 29.9 V (Switch D). Comparing with the previous 

study, the measured voltage was relatively large, which was due to the shorter beam 

length and the larger air gap thickness. 
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Figure 5.4 Characterization of pull-in effect of four GNEM switches. 

As mentioned in the previous chapter, the pull-in voltage of the doubly clamped 

beam is given by 

Vpull−in = √
8Kg0

3

27ε0WWTG
,        K =

32EWt3

L3  ,                            (2) 

where K is the spring constant of the graphene beam, 𝑔0 is the initial air gap between 

the suspended top gate and the graphene, ε0  is the electric constant, E is Young's 

modulus of the material of beam, L and W are the length and width of the GNR, 

respectively, and t is the beam thickness, which is also considered as the thickness of 

GNR in this study. WTG is the width of the top actuation electrode. By using the device 

parameters in Table 5-2, the corresponding analytical values of spring contact and 

pull-in voltage were listed in Table 5-2.  

Table 5-2 Device parameters of four measured contact switches 

 

As discussed in Chapter 4, the gap between the analytical values and measured 

data may attribute to the difference between the assumed flat surface and the surface 
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modified at the bottom of TG due to the HSQ pattern, and also to the released strain 

after suspension of the device. Thus, it will be useful to calculate the effective spring 

constant based on the measured pull-in voltage, which has considered these unknown 

parametes inside the device. As expected, for the devices with improved design, the 

effective spring constants were at least 5 times larger than that of previous devices. 

However, after graphene beams collapsed on the top gates, strong stiction was observed 

among these four devices by checking, which was indicated by a linear electrical 

response between the TG and anchored electrode when we applied a small voltage bias. 

The stiction problem should be clear to improve the reliability of our graphene NEM 

switch. 

5.3.2 TYPE OF DEFORMATION 

As the graphene beams were stuck to the top contact surface, the same method 

used for dynamic contact study was conducted to investigate the type of contact 

between the graphene and the surface with periodic pillar structures. Measured 

responses between the applied voltage and the current from Switch A and Switch B 

after first pull-in were utilized to the analyze the contact pressure and contact resistance, 

which were shown in insets of Figure 5.5. Furthermore, both elastic and plastic 

deformation models for the contact of graphene and Cr2O3, which were demonstrated 

in Chapter 4, were compared with the measured data (Figure 4.6). The deformation 

between graphene and the pillar-structured surface was still plastic deformation, which 

was consistent with the results in the last chapter. However, if we compare the contact 

resistance measured from periodic pillar patterned surface with that from concave 

pattern top gate (Figure 4.6), the resistance from pillar surface was four orders larger 

than that from concave patterned surface when the contact force was weak, indicating 

that the real contact area between graphene beam and pillar structure was much smaller 

than that from the previous study. Less contact area, which was good for graphene NEM 

switch, had less adhesive force. As the increase of contact force, a relatively fast drop 

of contact resistance was observed, suggesting a rapid increase of contact area as the 

graphene beam and pillar deformed. The small contact force is preferred to reduce the 

stiction force. Since the relation between contact force and contact resistance followed 

the power law, to achieve low contact force practically, the pull-in voltage of switch 

should be lower than 0.5 V, which is not realistic to achieve stable pull-out operation 
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by considering a very weak mechanical restoring force and short range force like vdW 

force. Besides, plastic deformation was often observed from MEMS contact switches. 

Another mechanism of stiction needs to be investigated to enhance the reliability of 

graphene NEM switch.     

 

Figure 5.5 Contact force versus contact resistance curves from measured GENM 

switches A, and B, and two dynamic contact models of elastic and plastic deformations. 

Dotted lines: shifted contact resistance of two classical models to compare with the 

measured results. Insets: Measured responses between the applied voltage and the 

current from Switch A and Switch B after the 1st pull-in. 

5.3.3 BI-STABLE NEM SWITCH 

In general, during the characterization of a MEMS/NEMS contact switch by 

sweeping the applied voltage, the main adhesive force, preventing movable element 

away from the contact electrode, is the electrostatic force due to the polarized dielectric 
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layer.  

In order to reduce the polarization effect inside of the dielectric layer, we 

modified the measurement configuration as shown in Figure 5.6, which applied voltage 

to bottom contact electrode and set top gate as ground. By using the reversed 

configuration, the oppositely polarized charge can be injected into the existed Cr2O3 

and interacted with the remained charge. This approach was firstly applied to the device 

A, which had a stiction issue after the 1st pull-in operation. The measurement was 

conducted under the vacuum condition the room temperature. 

 

Figure 5.6 (a) Typical measurement configuration for characterizing a NEM switch. (b) 

New measurement configuration with a reversed biased 

As shown in Figure 5.7, interesting results were observed after applying reversed 

bias for the switch A. Switch A started from an exponential increase in current, 

suggesting a direct contact between the doubly- clamped beam and the TG. After that, 

a sudden drop in current was observed as the applied voltage increased. When sweeping 

the voltage back from high voltage, only small current was measured. We suspected 

that at the voltage of 17.5 V, the graphene beam was retracted from the top gate and 

returned to its original position, literally, pull-out effect. For the second characterization, 

the normal measurement configuration was used again to observe the pull-in operation. 

As expected, a sharp increase of current was measured at the voltage of 27.8 V, 

indicating a physical contact. However, the beam was stick to the TG again after the 

pull-in operation. To pull out the graphene beam, the same method was applied for the 

third cycle, resulting in a clear drop in current after sweeping the voltages. Another 

pull-in effect was confirmed after the fourth cycle, which was shown in Figure 5.7.  
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Figure 5.7 Characterization of Switch A with reversed bias configuration and normal 

switching configuration. 

Once combining these four measurement results together (Figure 5.8), we can 

find that all of these results shared the same level of leakage current, which proved the 

pull-out of graphene at the first characterization of reversed bias. Besides, the pull-in 

voltage was shifted to a higher value, owing to the increase of injected charge from the 

movable graphene beam [2]. The sudden decrease in current was explained by the 

increase of energy barrier for transporting carriers due to a local oxidation of graphene 

at the graphene-metal contact [3]. However, our measurement was conducted in a high 

vacuum environment (10-4 mbar), which did not agree with the oxidation scenario. The 

observed pull-in and pull-out switching behaviour was proposed to be attributable to 

the polarization and charging effect of the dielectric layer at the bottom of the top gate. 

 

Figure 5.8 Combination of all the four measurement cycles (Switch A). 

In this study, the dielectric layer was the naturally grown Cr2O3 which is highly 

disordered, the molecular dipole and intrinsic space charge inside of the Cr2O3 layer 
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polarized when applying the voltage. Moreover, the external spacing charge can easily 

inject into the dielectric layer since the amorphous Cr2O3 had large numbers of defect 

states. As explained in Chapter 2, the polarized dipole and intrinsic charges in 

dielectrics under an external electric field behaved opposite polarity to the electrodes. 

In contrast, the same polarity of free space charges with that of the contact electrode 

was injected into the dielectric. By injecting opposite sign of spacing charges from the 

reversed biasing, the magnitude of the internal electric field was decreased, thus 

reducing the stiction force due to the polarized dielectric. Consequently, the beam was 

pulled out from the top electrode once the mechanical restoring force overwhelmed 

adhesive force. 

Although, the fabricated switch still suffered from stiction problem due to the 

polarized dielectric layer, interestingly, the observed bi-stable switching behaviour can 

be interpreted as a NEM non-volatile memory cell, which perfectly meet the two 

fundamental requirements, non-volatility and at least two stable states. For our 

graphene NEM switching device, two distinguished states were corresponding to two 

beam positions, which were at fully suspended or in contact, which was illustrated in 

Figure 5.9.  

The bi-stable switching characteristics were also observed on Device D when 

applying the normal and reversed bias voltage. The first six cycles of measurement were 

shown in Figure 5.10. The graphene NEM memory cell was initially at “0” state. As 

the applied voltage increased, the device showed the clear pull-in behaviour at the first 

cycle, indicating the switching operation from “0” state to “1” state. The NEM non-

volatile logic cell retain the state “1” when the applied voltage returned to 0 V. In terms 

of the 1st , the 3rd , and the 5th sweep, reversed bias was applied to inject charges with 

opposite polarity, resulting in the clear drop in measured current, which suggested the 

detachment of graphene beam from the contact interface. By performing a reversed bias 

voltage on the actuation electrode, the logic cell can be turned off from state “1” to “0”. 

As shown in the 2nd and the 4th cycles, the graphene beam can be pulled up and stuck 

with the top gate once sweeping the voltage on the actuation electrode, which referred 

to switch state from “0” to “1”. And the reasons behind the bi-stable characteristics 

were due to charge injection from metal and graphene to oxide layer, resulting in the 

charge storage and neutralization. 
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Figure 5.9 Graphene NEM memory states corresponding to the beam positions. 

 
Figure 5.10 Characterization of a bi-stable non-volatile logic cell (Switch D) with 

reversed bias configuration and normal switching configuration. 

 
Figure 5.11 Explanation of charge storage when applying the forward bias and reverse 

bias. 

Bi-stable and non-volatile states can be realized via our graphene NEM switch. 

Previously, Si-based NEM non-volatile logic cell was demonstrated by introducing a 

charging layer as oxide/nitride/oxide. The role of the oxide charging layer was to store 

charges, further resulting in non-volatility [4]. Our graphene NEM non-volatile 

memory cell shared the same concept by introducing the dielectrics (Cr2O3) as the 

charging layer. Two advantages of the graphene NEM non-volatile memory logic cell 

were extremely low standby power consumption and long retention time. The retention 

time of the GNEM non-volatile logic, which was determined by the relaxation time of 

the dipoles and the discharging time of injected charge, can take several days [2]. 

Utilizing the graphene NEM non-volatile memory cell is promising to overcome the 
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bottleneck of von Neumann, since the data storage and processing can be performed 

simultaneously in the non-volatile logic circuit [5]. 

 

Figure 5.12 Pull-in and pull-out effect measured from Switch B 

The device B was kept in vacuum chamber overnight. After 14 hours from the 

last measurement, another cycle was characterized by the normal two-terminal 

configuration. As shown in Figure 5.12, clear pull-in and pull-out operations were 

observed in this cycle. Comparing with previous measurements, weaker effect of 

dielectric polarization due to the overnight storage was supposed to be the reason 

behind the pull-out of graphene beam. Although only one cycle of volatile hysteresis 

was observed on this device due to the dielectric charging issue, it still indicated the 

flexibility of our graphene NEM switches, which can be integrated as either a non-

volatile type or a volatile memory cell. 

Finally, the scalability of graphene NEM switches was studied, which was mainly 

based on the analytical pull-in voltage, regarding as the threshold voltage (Vth). The 

device scaled down in three parameters (beam length L, beam width W and air gap 

distance g0). The analytical equation of pull-in voltage considering with the scale factor 

k was listed below. Figure 5.13 showed the dependence of Vth on the channel length L 

for both Si-based and graphene-based NEM switches.  

Vpull-in = k−0.5 ∗ √
256𝐸𝑡3g0

3

27ε0L4                                             (5.1) 

where E is Young’s modulus of the material, L and t are the length and thickness 

of the movable element, g0 is the gap distance between actuation electrode and movable 

element. We started the scalability analysis of graphene NEM switches with the 
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geometry as L (100 μm), W (50 μm), g0 (10 μm) and t (2 μm). In comparison, the 

parameters of Si-based NEM switching devices were adapted from the reported 

experiment result (L: 60 μm, W: 10 μm, g0: 220 nm, t: 1.8 μm) [6]. According to the 

reference, the minimum air gap distance achieved by NEMS device was 4 nm []. Si-

based NEM switches cannot shrink to sub-micro range due to the large thickness of the 

movable element. In contrast, the calculation predicted that graphene-based NEM 

switches can be downscaled to nm with a relatively low threshold voltage. By further 

reducing the graphene layer from 2 nm to monolayer graphene (~0.4 nm), the scalability 

of graphene NEM switches is expected to be improved. 

 

Figure 5.13 A comparison of the scalability between Si-based NEM switching devices 

and graphene-based NEM switching devices.  

5.4 SUMMARY  

Four bi-layer graphene NEM switches with local top electrode were characterized. 

A periodic pillar pattern was introduced into the contact interface to reduce the stiction 

force. Interestingly, bi-stable switching characteristic was obtained by applying normal 

and reversed voltage on top electrodes, which was attributed to the charge storage and 

charge neutralization at the contact (graphene/Cr2O3/Cr). A graphene NEM non-

volatile memory cell was interpreted based on the bi-stable switching behaviour, 

offering the advantages like extremely low standby power consumption. A hysteresis 

with clear pull-in and pull-out was measured, which also demonstrated the flexibility 

in applications from a non-volatile memory cell to a volatile switch. Finally, we have 

theoretical demonstrated the scalability of graphene NEM switching devices with a 

comparison of Si-based switching devices. 



 

82 

 

 

5.5 REFERENCE 

[1]  A. C. Ferrari et al., “Raman Spectrum of Graphene and Graphene Layers,” Phys. 

Rev. Lett., vol. 97, no. 18, p. 187401, Oct. 2006. 

[2] Z. Peng, X. Yuan, J. C. M. Hwang, D. Forehand, and C. L. Goldsmith, "Top versus 

bottom charging of dielectric in RF MEMS capacitive switches," Proc IEEE Asian 

Pacific Microwave Conference, pp. 1535-1539, 2006. 

[3] C. Wu, F. Li, Y. Zhang, and T. Guo, “Recoverable electrical transition in a single 

graphene sheet for application in nonvolatile memories,” Appl. Phys. Lett., vol. 

100, no. 4, p. 042105, Jan. 2012. 

[4] W. Y. Choi, H. Kam, D. Lee, J. Lai, and T. J. K. Liu, “Compact Nano-Electro-

Mechanical Non-Volatile Memory (NEMory) for 3D Integration,” in 2007 IEEE 

International Electron Devices Meeting, 2007, pp. 603–606. 

[5] J. Von-Neumann, “The principles of large-scale computing machines,” Annals 

Hist. Comput. no. 10, p. 243, 1989. 

[6] “Suspended-gate MOSFET: bringing new MEMS functionality into solid-state 

MOS transistor - IEEE Xplore Document.” [Online]. Available: 

http://ieeexplore.ieee.org/document/1609384/. [Accessed: 13-Feb-2017]. 

[7] J. O. Lee, Y. Song, M. Kim, M. Kang, J. Oh, H. Yang & J. YoonA "Sub-1-volt 

nanoelectromechanical switching device", Nat. Nanotechnol. 8 36-40, 2013. 

 

 

 

 



 

83 

 

6 Summary and future work 

6.1 SUMMARY 

In this thesis, I have demonstrated the study of graphene NEM switches from 

fabrication to device characterization. From the view of the fabrication process, first of 

all, graphene NEM switch with local bottom electrode was introduced. The pre-defined 

trench was used to offer the place deposit the local bottom gate. Both cantilever-type 

and double-clamped beam type of graphene NEM switches were achieved. The 

weakness of the trench approach was analyzed, and a comparison with Jian’ s 

fabrication process was discussed. After that, the fabrication method of graphene 

contact device was given, which was basically followed the conventional method to 

fabricate the GNR device with a local top gate. In addition, TLM pattern and periodic 

pattern originating from the high-resolution HSQ pattern were explained in detail, 

which was introduced into the fabrication process to investigate the static and dynamic 

contact between graphene and metal.   

In terms of the study of graphene contact, both cantilever-type and beam-type of 

graphene NEM switches with local bottom gate were measured at first, which showed 

abrupt pull-in at low voltage. However, both of the devices failed due to the stiction 

from Au-C bonding. After that, graphene contact devices were investigated. We 

reported graphene-metal contacts by fabricating the transmission line model (TLM) 

pattern of Au/Cr static contact electrodes onto a graphene nanoribbon (GNR), which 

was cointegrated with GNR nano-electro-mechanical (GNEM) switches and suspended 

top electrodes for dynamic contacts. The static contacts showed the linear channel 

length dependence of total resistance, which was amenable to the standard TLM theory. 

The slightly negative contact resistance extracted from the TLM analysis was 

attributable to the inhomogeneity of the GNRs due to the doping from the metal and the 

substrate. To investigate the Au/Cr – GNR dynamic contact properties, we introduced 

two types of Au/Cr actuation electrode surfaces with and without a lithographically 
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patterned periodic array of square concaves, which were expected to reduce the Au/Cr 

– GNR stiction effectively. For both surface structures, clear pull-in operations were 

observed for the GNEM switches with doubly clamped mono-, bi-, and multilayer 

GNRs. However, none of the GNEM switches achieved pull-out operation regardless 

of the introduction of the periodic surface pattern. It was found for the periodically 

patterned dynamic contacts that the GNRs first showed global pull-in onto the top 

surface of the pillar array and then exhibited local pull-in onto the slanted sidewall 

surfaces of the concave, resulting in an increase in stiction. Such a local pull-in 

phenomenon was confirmed by 3D FEM simulation. In addition, plastic deformation at 

the contact, increasing the vdW interaction, was observed as a result of the local pull-

in failure mode, which completely hindered the GNRs from pulling out from the contact 

surface. 

Finally, for the characterization of graphene NEM switches, four bi-layer 

graphene NEM switches with local top electrode were characterized. A periodic pillar 

pattern was introduced into the contact interface to reduce the stiction force. Clear pull-

in and plastic deformation were observed from the initial measurement. Interestingly, 

bi-stable switching characteristic was obtained by applying normal and reversed 

voltage on top electrodes, which was attributed to the charge storage and charge 

neutralization the contact (graphene/Cr2O3/Cr). A graphene NEM non-volatile memory 

cell was interpreted based on the bi-stable switching behaviour, offering the advantages 

like extremely low standby power consumption. Moreover, the novel NEM non-volatile 

memory cell offered the possibility to overcome the bottleneck of the von Neumann 

architecture by realizing data storage and data processing simultaneously.  Finally, a 

hysteresis with clear pull-in and pull-out was measured, which also demonstrated the 

flexibility in applications from a non-volatile memory cell to a volatile switch. 

6.2 FUTURE WORK 

From the study, we have known that the plastic deformation between graphene 

and Cr2O3, which is not good for the reliability of device operation. Besides, although 

the natural oxide layer can prevent the formation of chemical bonding, it also brings the 

issue of dielectric charging to the contact, which may shift the hysteresis leading to the 

non-volatile switching behavior. To achieve stable pull-in and pull-out operations of 
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GNEM switches, it is necessary to modify at least two parameters in the design, which 

are the thickness of Cr and the thickness of Cr2O3. Since Cr is relatively hard among 

the metal and also resists to the acid etching, increasing the thickness of Cr will be the 

way to enhance the hardness of contact electrode. Besides, due to the existence of 

instant oxidation of Cr, there will be no need to wait for the oxidation of Cr over a long 

time, which can minimize the effect from the dielectric charge, thus stabling pull-in and 

pull-out operation. In addition, the initial contact force is critical to the contact 

deformation, suggesting to gently increase the applied voltage. 

Three-terminal graphene NEM switching device will be certainly developed 

shortly, which has the big advantage as being fully integrated with the conventional 

CMOS technology. In addition, three-terminal non-volatile logic cell, which enables to 

achieve data processing and data storage simultaneously in the logic circuit, will 

generate a novel logic architecture to overcome the von Neumann bottleneck.  

According to Prof. Mizuta’s roadmap towards the development of GNEM 

switches, a graphene to graphene contact NEM switch is under the development. 

Besides, other two-dimensional materials like boron nitride (BN) and MoS2 were also 

recommended to be integrated into the contact interface to improve the stability. 

 

 


