
Advanced Applications of 

Nanoelectromechanical Systems 

 

 

Thesis by 

Peter Hung 

 

In Partial Fulfillment of the Requirements for 

the degree of 

Doctor of Philosophy 

 

 

 

 

CALIFORNIA INSTITUTE OF TECHNOLOGY 

Pasadena, California 

 

2016 

(Defended May 24, 2016)



 ii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

â 2016 

Peter Hung 

ORCID: 0000-0002-9034-5330 



 iii 

ACKNOWLEDGEMENTS 

First and foremost, I would like to express my deepest gratitude to my advisor, 

Professor Michael Roukes, for his support throughout my graduate career. He has given me 

the freedom to work on various research projects over the years and he has always been 

supportive. He has also given me the opportunity to mentor many students throughout the 

years, ranging from high school student volunteers to SURF Fellows, and allowed me to 

serve as a teaching assistant for various classes. Last but not least, when he curated the 

inaugural TEDxCaltech early in my graduate career, he invited me to be part of the team that 

made it all happened. He has given me everything so that I can have a balanced set of skills 

in leading, teaching, mentoring, and performing research. 

I also want to thank Professor Philip Feng who taught me everything there is to know 

about nano systems, from fabrication to measurement. He walked with me through 

challenges in research and in life and shared with me common pitfalls in graduate schools so 

I could avoid them. He treated me as one of his own children and has continued to mentor 

me after he started his professorship at Case Western.   

Many others in the Roukes Group advised and supported me over the years: Dr. 

Warren Fon, Professor Luis Guillermo Villanueva, Dr. Rassul Karabalin, Derrick Chi, 

Professor Mehmet Selim Hanay, Dr. Matthew Matheny, Dr. Eric Sage, Professor Akshay 

Naik, and Dr. Scott Kelber. I also want to thank the many students whom I have had the 

pleasure of working with throughout the past few years. I will never forget the first summer 

in the Roukes Group when Professor Feng and I together mentored simultaneously three 

students: Josh Yoon- a freshman at the time and now graduate student at Stanford University 

Abraham Chien- a sophomore at the time and now graduate student at Princeton University, 

Derek Chou- a high school junior at the time and now a graduate student at the University of 

Illinois at Urbana-Champaign. Thanks to their different work schedules, I was able to work 

with each of them for part of the day on different graphene related projects, even if that meant 

we were often in the cleanroom until 4:00 AM. I am grateful for other students whom I have 

worked with: Marcus Bintz, Corwin Shiu, Max Jones, and two of my current officemates: 

Jarvis Li and Alex Place. 



 iv 

I have been very fortunate to have collaborated with some of the worldôs best 

theorists in my thesis work. I cannot thank Professors Michael Cross, Ron Lifshitz, and John 

Sader enough for working through calculation after calculation with me, especially since 

theory is not my strongest subject.  

I want to thank my wonderful officemates Dr. Caryn Bullard, Jarvis Li, Alex Place, 

and Paula Popescu for their day to day support in the office and in the lab. They have 

provided moral support and technical support whenever there was a need for either. I 

especially want to thank Jarvis Li and Alex Place for continuing our research in the Roukes 

Group after they completed their summer fellowships. Much of the work in this thesis would 

not have been possible without their hard work. I also want to take this opportunity to wish 

Jarvis Li all the best now that he has started his own project as a graduate student in the 

Roukes Group. 

I sincerely thank the rest of our research group and extended research group Su 

Naing, Loly Ekmekjian, Dr. Ed Myers, Dr. Jessica Arlett, Professor Erik Henriksen, Dr. 

Xinchang Zhang, Dr. Jean-Sebastien Moulet, and Dr. Sebastien Hentz. 

There are also many individuals outside of the research group, without whom, this 

thesis would not be possible. Special thanks to my thesis committee members and my 

candidacy committee members: Professor Michael Cross, Professor Jim Eisenstein, 

Professor Oskar Painter, Professor Keith Schwab, and Professor Nai-Chang Yeh. I also want 

to thank the Kavli Nanoscience Institute (KNI), where all of the devices in this thesis were 

fabricated, and all the staff of the KNI who has made my research possible: Mary Sikora, Dr. 

Guy DeRose, Melissa Melendes, Nils Asplund, and Matt Sullivan. 

I also want to thank Frank Rice for many hours of physics discussions, may it be a 

new way to understanding an old physics principle, the labs we teach in the Sophomore 

Physics Lab, my research, or the best method for analyzing particular sets of data. He is an 

amazing teacher and he does everything so that the teaching assistants in his course can be 

successful teachers as well. If it had not been Frank, I would not have received the Associated 

Students of California Institute of Technology (ASCIT) Teaching Award nor the inaugural 

R. Bruce Stewart Prize for Excellence in Teaching Physics.  



 v 

I want to especially thank the Graduate Office and the Deans Office for their 

continuous support throughout my tenure here at Caltech. Vice President of Student Affairs, 

Professor Joseph Shepherd, Assistant Vice President for Equity, Accessibility, & Inclusion 

Initiatives, & Title IX Coordinator, Dr. Felicia Hunt, Interim Dean of Students, Dr. Barbara 

Green, and Office Manager in the Deans of Students office, Rosemary Beth Larranaga have 

been an integral part of my success at Caltech. Whenever there were any issues, they were 

always there to help me in every possible way. 

I also want to thank the Student Faculty Program (SFP) Office for their support and 

guidance both through my undergraduate and my graduate career here at Caltech. Without 

the SFP Office, I would not have had the opportunity to work with so many amazing students. 

They have given me the skills I need to be an effective mentor. Last but not least, I want to 

thank them for their constant moral support over the past few months as I finish my thesis. 

They have always said that ñit takes village to help Peter graduateò and they have truly 

provided the support of a whole village. 

The Caltech Y has played a huge role in my development as a leader and a member 

of the community. They have consistently reminded me and many students that there is a 

whole world outside of Caltech that we live in. I have been fortunate to have had the 

opportunity to work with the Caltech Y Board, staff, and the Student Executive Committee 

and serve as their President during this past year. 

There are many other offices and groups on campus that I need to thank: Thomas 

Mannion in the Student Activities and Programs Office, Joseph Lima from the Development 

Office, the Graduate Student Council, the Graduate Honor Council, The Gnome Club, the 

Center for Teaching, Learning, and Outreach, and last but not least, the many leaders over 

the years in the Science Olympiad club. They have all helped me balance the intense 

academic demands here at Caltech. 

I want to thank the Aerospace Corporation for sponsoring my summer research and 

all of my summer studentsô research during the past years. I want to especially thank Dr. 

Gary Stupian, Dr. Martin Leung, Joe Cheng, and Dr. Maribeth Mason for their continuous 

support. 



 vi 

I thank all my friends and mentors who have been so supportive throughout the 

years. I want to especially thank my mentors outside of Caltech: Dr. Allen Leung, Jenny 

Leung, Kerry King, and Dr. Ed Rodevich. I also want to thank my friends who were during 

the tougher times: Joe Salamon, Rico Chiu, Alan Deng, Calvin Yu, Ye Pei, Chris Li, Alex 

Chao, Adam Jermyn, Lyra Cao, Tony Zhang, Joseph Berleant, Kristie Yu, and Phillip Liu. 

Finally, I owe so many to my family and I cannot find the words to express how 

much I appreciate all that they have sacrificed for me. While neither of my parents finished 

middle school, they valued the importance of education and uplifted their roots so that I could 

have the top notch education available here. 



 vii 

ABSTRACT 

Nanoelectromechanical systems (NEMS) have advanced the technologies in a wide 

spectrum of fields, including nonlinear dynamics, sensors for force detection, mass 

spectrometry, inertial imaging, calorimetry, and charge sensing. Due to their low power 

consumption, fast response time, large dynamic range, high quality factor, and low mass, 

NEMS have achieved unprecedented measurement sensitivity. For optimized system 

functionalization and design, precise characterization of material properties at the nanoscale 

is essential. In this thesis, we will discuss three applications of NEMS: mechanical switches, 

using anharmonic nonlinearity to measure device and material properties, and mass 

spectrometry and inertial imaging. 

The first application of NEMS we discuss is NEMS switches, switches with physical 

moving parts. Conventional electronics, based largely on silicon transistors, is reaching a 

physical limit in both size and power consumption. Mechanical switches provide a promising 

solution to surpass this limit by forcing a jump between the on and off states. Graphene, 

which is a single sheet of carbon atoms arranged in a hexagonal structure, has high 

mechanical strength and strong planar bonding, making it an ideal candidate for 

nanoelectromechanical switches. In addition, graphene is conductive, which decreases 

resistive heating at the contact area, therefore reducing bonding issues and subsequently 

reducing degradation. We demonstrate using exfoliated graphene to fabricate suspended 

graphene NEMS switches with successful switching.  

The second application of NEMS we discuss in this thesis is the use of mechanical 

nonlinearity to measure device and material properties. While the nonlinear dynamics of 

NEMS have been used previously to investigate the longitudinal speed of sound of materials 
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at nano- and micro-scales, we correct a previously attempted method that employs the 

anharmonicity of NEMS arising from deflection-dependent stress to interrogate the transport 

of RF acoustic phonons at nanometer scales. In contrast to existing approaches, this 

decouples intrinsic material properties, such as longitudinal speed of sound, from properties 

associated with linear dynamics, such as tension, of the structure. We demonstrate this 

approach through measurements of the longitudinal speed of sound in several NEMS devices 

composed of single crystal silicon along different crystal orientations. Good agreement with 

literature values is reported. 

The third application of NEMS we discuss is mass spectrometry and inertial imaging. 

Currently, only doubly-clamped beams and cantilevers have been experimentally 

demonstrated for mass spectrometry. We extend the one-dimension model for mass 

spectrometry to a novel method for inertial imaging. We further extend the theory of mass 

spectrometry and inertial imaging to two dimensions by using a plate geometry. We show 

that the mode shape is critical in performing NEMS mass spectrometry and inertial imaging, 

and that the mode shapes in plates deviate from the ideal scenario with isotropic stress. We 

experiment with various non-ideal conditions to match non-ideal mode shape observed. 
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1 

C h a p t e r  1 

INTRODUCTION AND OVERVIEW 

 

This thesis focuses on three different applications of microelectromechanical 

systems (MEMS) and nanoelectromechanical systems (NEMS): mechanical 

switches, the use of anharmonic nonlinearity to measure in-situ device and material 

properties, and mass spectrometry. We will show how MEMS and NEMS are used 

as a new paradigm in these applications. In the first portion, we will discuss the 

challenges of scaling down the size of modern transistors and how the MEMS and 

NEMS switches we fabricated and measured resolve some of these challenges. In the 

second portion, we describe how to take advantage of mechanical anharmonic 

nonlinearity to determine device and material properties like tension and speed of 

sound in the material. In the last portion, we will describe how NEMS can improve 

mass spectrometry (MS), a technique to quantify and identify the amount of analyte 

in a solution, and inertial imaging, a technique to recover the high mass moments of 

the analyte. We will discuss the need for knowing the NEMS device mode shape in 

order to perform mass spectrometry and show that experimental mode shapes deviate 

from the ideal mode shapes and the sources that can cause these non-idealities.  



 

 

2 

1.1 Overview 

In this chapter, we describe the history and the applications of MEMS and 

NEMS and provide the background and motivation for using NEMS switches as a 

new paradigm for scaling down transistors in size. Finally, we describe mass 

spectrometry and its many applications. 

In Chapter 2, we discuss the operating principles of MEMS and NEMS 

switches and survey NEMS switches made of different materials and their state of 

the art capabilities. We then give an overview of graphene and how it is a suitable 

candidate for mechanical switches and discuss the fabrication process of these 

devices. Lastly, we demonstrate the performance of these graphene switches and 

preliminary data on the optimization of graphene switch performances. 

In Chapter 3, we discuss a novel method of measuring the in-situ stress and 

speed of sound in a NEMS device by accessing the mechanical anharmonic 

nonlinearity via large displacement. We correct a previously attempted method of 

using anharmonic nonlinearity which does not take into consideration the effect of 

stress on the mode shape. Lastly, we demonstrate the measured value using this new 

methodology and show that the measured values match well with the bulk values 

from literature. 

In Chapter 4, we begin our discussion of our last NEMS application of focus, 

mass spectrometry. We begin with providing an overview of NEMS mass 



 

 

3 

spectrometry (NEMS-MS). We demonstrate the shortcomings of one dimensional 

mass sensing and the need for actuating additional normal modes. In the process, we 

show the importance of knowing the mode shape of the NEMS device for mass 

spectrometry of analytes lacking symmetry. We also demonstrate that the measured 

mode shape deviates from the expected ideal mode shape from simulation and 

propose various non-ideal conditions which could account for the non-idealities.  

1.2 Nanoelectromechanical Systems (NEMS) 

Nanoelectromechanical systems (NEMS) [1] have advanced science and 

technology in a wide spectrum of fields, including nonlinear dynamics [2], sensors 

for force detection [3], mass spectrometry [4-6], inertial imaging [7], calorimetry [8], 

and charge sensing [9]. Due to their low power consumption, fast response time, large 

dynamic range, high quality factor, and low mass, NEMS can provide unprecedented 

measurement sensitivity. For optimized system functionalization and design, precise 

characterization of material properties at the nanoscale is essential. 

Today, MEMS are ubiquitous in our daily lives. MEMS accelerometers are 

installed in cars to detect impacts so that air bags deploy to protect us. MEMS 

accelerometers are also installed on laptops so that if the laptop falls, the computer 

can detect the fall and turn off the hard drive in time to prevent damage upon impact. 

MEMS gyros are installed in most smart phones so that the orientation of the phone 

is detected to allow the display to be in the correct orientation. MEMS are also used 

as radio frequency switches which can be used in circuits as phase shifters, tunable 
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filters, and matching networks. Lastly, MEMS are used as oscillators and frequency 

sources because they have high resonant frequencies and good frequency stabilities, 

making them ideal clocks. 

Compared to MEMS, NEMS are smaller so they are even lighter in weight, 

have smaller footprints when used for circuits, and it is easier to access their nonlinear 

behavior. These properties make NEMS sensors highly sensitive and interesting 

candidate systems for studying fundamental physics from quantum mechanics to 

nonlinear dynamics as we will discuss in Chapter 3. 

1.3 Transistors and Switches 

In this section, we provide a background of micro- and nano-mechanical 

switches and transistors. We will discuss some of the challenges as the size of 

transistors is downscaled. Lastly we will discuss using NEMS switches as a new 

paradigm to overcome some of the challenges of scaling down the size of transistors. 

Transistors are used in every computer and most electronics today. As of 

2009, about ρπ transistors have been shipped [10]. This translates to, on average, 

more than one billion transistors per person. Historically though, prior to the wide 

use of transistors, mechanical switches and logic gates were studied and, in fact, 

realized long before transistors and electronic logic gates [11]. And it was not until 

the past 50 years that transistors have replaced relays, mechanical logic, and vacuum 

tubes. 
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A metal-oxide-semiconductor (MOS) transistor has three major parts on or 

as part of the substrate: source, drain, and gate. For the transistor to be turned on, 

carriers (either electrons or holes) must flow from source to drain, forming a current. 

The gate is what determines the amount of carriers and current that flows through the 

transistor, varying the amount of current passing through based on the voltage applied 

to the gate. (Figure 1-1) 

 

Figure 1-1 Diagram of a transistor. The drain and source (blue) have 

dopants of the opposite polarity compared to the substrate (gray). A 

small voltage is applied across the source and drain, but the amount 

of current that is able to flow from drain to source depends on the 

voltage applied to the gate. 

Modern MOS technology has been following Mooreôs Law for device scaling 

for half a century for achieving density, speed, and power improvements. As the size 

of transistors decrease over time, the minimum feature size, or node, became one of 

the metrics for the scaling of devices. Figure 1-2 shows the scaling of devices over 

the past half century and the projection in the next few years. 
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Figure 1-2 Plot of semiconductor manufacturing process 

technology nodes. The black dots are the years in which the nodes, 

or the gate length of transistors, was first manufactured. The 

magenta dots are projections of future nodes. 

In the scaling of transistors, the distance between the various parts of the 

device as well as the voltage applied decrease. This causes leakage current in various 

parts of the transistor to increase. One of the major sources of leakage current is the 

subthreshold leakage, a non-zero current from source to drain even when the 

transistor is turned off. As the threshold voltage, the minimum voltage needed to turn 

on the transistor, decreases, the subthreshold leakage increases [12]. 

A new paradigm of using mechanical switches has been proposed as a 

solution to the subthreshold leakage issue. Since mechanical switches have to make 

physical contact for the current to flow, no current should be able to flow when the 
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switch is in the off state. This greatly reduces the off-state transistor power 

consumption and improves the on-state to off-state current ratio. Since the first 

MEMS switch was realized in 1979 [13], the advancements in MEMS and NEMS 

technology have made the realization of NEMS switches an interesting option that is 

worthy of consideration, among a member of post-complimentary MOS emerging 

logic devices, supplementing conventional transistors in various niche applications.  

1.4 Mass Spectrometry  

In the third section of this thesis, we will discuss NEMS-MS. In general, mass 

spectrometry is an analytical method in which the analyte is identified and quantified 

by using the mass-to-charge ratio of the analyte. Chapter 4 wil l provide some 

background into traditional mass spectrometry methods and provide details about 

NEMS-MS and NEMS inertial imaging (NEMS-II) in both one and two dimensions. 

Mass spectrometry is used in a wide spectrum of fields: geology [14-16], 

environmental science [17-19], forensics analysis [20-22], and proteomics [23-25], 

the study of proteins in biological systems. In geology, mass spectrometry is used for 

carbon dating and measuring petroleum composition. In environmental science, mass 

spectrometry is used for testing water quality and food contamination. In clinical 

testing, mass spectrometry is often used to perform forensics analyses like confirming 

drug abuse and it is also used to detect disease biomarkers in newborns. In 

proteomics, mass spectrometry is used for determining protein structures, their 

functions, their folding patterns, and their interactions. Mass spectrometry can also 
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identify a protein from the mass of its peptide fragments and provide a method for 

monitoring enzyme reactions, chemical modifications, and even protein 

modifications.  
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C h a p t e r  2 

NEMS SWITCHES 

 

In this chapter, we will  discuss the operating principles of NEMS contact-

mode switches, survey NEMS switches made of different materials, and examine 

their capabilities. We then give an overview of the properties of graphene and what 

makes it a great candidate for NEMS switches. We discuss the fabrication process 

for our prototype graphene NEMS switches and demonstrate their performance. 

Lastly, we describe our investigation on optimizing the graphene transfer process 

which can be used to enhance graphene NEMS switches. 

2.1 Motivation  

As described in Section 1.3 Transistors and Switches, the demand for 

continuous miniaturization of computing and memory technology has made power 

consumption a critical aspect of device engineering. In particular, even when the 

device is in the off state, there is leakage current between the drain and the source [1-

3]. This leakage current scales up as the device is made smaller while maintaining 

the same voltage. While high-‖ material has drastically reduced the tunneling current 

from the gate [4], the drain-source leakage current in the off state is still an issue. As 

devices continue to scale down, the on-current to off-current ratio, ὍȾὍ , 

decreases exponentially. In a typical diffusion-dominated metal-oxide-
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semiconductor field-effective transistor (MOSFET) at room temperature, the 

fundamental minimum of φπ άὠ of change in gate voltage, ὠ ȟ is needed per decade 

of increase of drain-source current, Ὅ . Because of these issues, new paradigms 

offering promise for minimizing the leakage current are being explored so that further 

miniaturization of computer logic elements can continue. 

2.2 Operating Principle of NEMS Contact-Mode Switches 

NEMS switches offer an attractive solution to the leakage current issue 

caused by scaling down. Instead of a three-terminal device like a transistor, NEMS 

switches may have either two or three terminals. In a three-terminal device (Figure 

2-1a), there is a separate source, drain, and gate, but for a simple two-terminal device 

(Figure 2-1b), the gate and the drain are one and the same. In the device off state, the 

source and drain terminals are physically and electrically separated by an air gap. 

These two terminals are often composed of one stationary part (e.g., the substrate or 

a side gate) and one moving part (e.g., a cantilever or a doubly-clamped beam). 

To actuate the switch, a voltage potential is applied across its terminals. The 

minimum voltage needed to pull the moving part toward the stationary part is the 

pull-in voltage, ὠ . When the two parts touch, an ohmic contact is formed so that 

current flows from one terminal to the other, and the device is in the on state. Once 

the switch is closed, stiction due to van der Waals, Casimir forces, and other 

interfacial interactions can provide an additional force to keep the switch closed [5]. 

Because of stiction, the applied voltage has to be lowered by a non-zero amount to 
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the pull-out voltage, ὠ ὠ , before the stiffness of the device (e.g., related to 

the flexural rigidity in a doubly-clamped beam or cantilever) causes the moving part 

to move back to its original position, returning the device to its off state. By taking 

advantage of this mechanical motion of the NEMS switch to completely disconnect 

source from drain with an air or vacuum gap, ὍȾὍ  is improved dramatically, as 

we will demonstrate later in this chapter. 

In order to benchmark the performance of NEMS switches according those 

of transistors, the following four parameters are useful metrics: ὍȾὍ , switch-on 

(pull-in) voltage, switching time, and the number of cycles before failure. We will 

describe each of these below. 

As discussed in the previous section, the thermodynamic limit for ὍȾὍ  

in a MOSFET transistor is at least φπ άὠ of change in the ὠ  for each decade of 

change of the current Ὅ . Compared to MOSFET, NEMS switches have a clear 

advantage because the switch is always in one state until the voltage surpasses a 

threshold voltage, at which point, the switch is in the other state. The sudden, abrupt 

change from no contact to an ohmic contact between the two parts of the switch over 

an ideally zero change in voltage gives NEMS switches an ideal voltage swing in ὠ  

for each decade of change in drain current. This threshold voltage is called the switch-

on voltage, and often is taken as the pull-in voltage at which the source is pulled to 

the drain (for three-terminal devices) or the source is pulled to contact the gate/drain 

(for two-terminal devices). 
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Figure 2-1 Schematic of a three-terminal and two-terminal NEMS 

switch. (a) In the three-terminal NEMS switch, a potential 

difference between the gate (green) and the source (blue) pulls the 

thinner part of the source toward the gate. Because the right side of 

the source is not fixed, it will be pull toward the drain (orange). 

When the source makes physical contact with the drain, current 

flows through and the switch is in the on state. (b) In the two-

terminal NEMS switch, a potential difference between the gate 

(green) and the source (blue) again pulls the thinner part of the 

source toward the gate. When the source makes physical contact 

with the gate, current flows through and the switch is in the on state. 

The switch-on voltage is the minimum DC gate voltage needed so that the 

two parts of the drain and source electrodes of switch come in physical contact. This 

is analogous to the threshold voltage, ὠ, for a transistor. The switch-on voltage is an 

important metric for switches because it determines the overall power needed to 

operate the device. In general, the lower the voltage needed to actuate the switch, the 

lower the power consumption [6, 7]. In a two-terminal electrostatic switch, the 

electrostatic pull-in voltage is the switch-on voltage. The pull-in voltage is 
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determined by two forces: the capacitive force due to the applied potential and the 

restoring force due to rigidity. To simplify this calculation, the switch is modeled as 

a parallel plate capacitor with a vacuum air gap separation of Ὣ when no potential is 

present. The minimum voltage needed for the two parts of the switch to contact, the 

pull-in voltage, is given by [8] 

 ὠ
ψ

ςχ

ὯὫ

‭ὃ
ȟ Eq. 2-1 

where Ὧ is the spring constant of the device, ‭ is the permittivity of free space or air, 

and ὃ is the effective area of the capacitor. For a doubly-clamped beam with 

negligible tension, ὯᶿὬὉȾὒύ, where Ὤ is the thickness of the beam, Ὁ is the 

Youngôs modulus of the material, ὒ is the length of the beam, and ύ is the width of 

the beam, Eq. 2-1 is rewritten as  

 ὠ
ὬὉὫ

‭ὒ
ȟ Eq. 2-2 

In addition to the power consumption of the NEMS switch, the speed at which 

these switches are able to be turned on, or an equivalent measure, the inverse of the 

switching speed, the switching time, is also critical. This is analogous to the speed of 

a transistor with the fastest transistor realized to date operating at χφυ ὋὌᾀ at room 

temperature [9]. For a NEMS switch driven by capacitive actuation, if the applied 

voltage, ὠ, is at least ςὠ , the switching time is given by [10]: 
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 ὸ
ὠ

ὠ‫

ςχ

ς
 ȟ Eq. 2-3 

where ‫ Ὧ Ⱦά  is the resonant frequency of the device. Here Ὧ  is the 

effective spring constant and ά  is the device effective mass. While the pull-in 

voltage is the minimum voltage needed to actuate the switch, higher voltages are 

often used to reduce the switching time as shown in Eq. 2-3. Similarly, a higher 

resonant device frequency corresponds to a lower switching time. Plugging Eq. 2-1 

into Eq. 2-3 and assuming the switch is made of a doubly-clamped beam (e.g., 

ά πȢσωφ ”ὃὬ where ” is the mass density and Ὤ is the beam thickness), the 

switching time is represented as: 

 ὸ
πȢχωσ

ὠ
 
Ὣ”Ὤ 

‭
Ȣ Eq. 2-4 

Lastly, the life-time of a switch is measured as the number of cycles the 

device is able to withstand before failure. In the next section, we will survey current 

state of the art NEMS switches. 

2.3 State of the Art NEMS Switches Capabilities 

The ideal NEMS switch would have an infinite or very high on-current to 

off-current ratio, low pull-in voltage, fast switching speed (short switching time), and 

high number of switching cycles before device failure. Unique properties of various 

materials are often exploited to optimize one of these metrics of NEMS switches. In 
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this section, we describe NEMS switches with some of the current state of the art 

pull-in voltage and switching times. Because NEMS switches can be switched from 

off-state to on-state by going from slightly below to slightly above the pull-in voltage, 

the minimum voltage swing to turn on a NEMS switch is always going to outperform 

the φπ άὠȾὨὩὧ swing/slope of transistors, and thus will not be discussed in this 

section. 

In order to achieve a low pull-in voltage, piezoelectric actuation provides an 

interesting mechanism for use due to promise for low voltage operation. Instead of 

using electrostatic actuation by applying a voltage across both the moving part and 

the stationary part of the switch, the voltage is applied across a piezoelectric element. 

The applied voltage causes the material to expand or contract, and using asymmetric 

expansion and contraction, a piezoelectric doubly-clamped beam or cantilever 

deflects until it comes into contact with an electrode, thus closing the circuit. Using 

aluminum nitride (AlN), Piazza et al. have made doubly-clamped beams and 

cantilever NEMS switches with 520 mV as the minimum actuation voltage [11-13]. 

While the actuation voltage is small, the device has a large footprint of ͯ φπ‘ά , 

which is comparable to many piezoelectric NEMS switches demonstrated to date. 

Compared to transistors, most MEMS switches demonstrated to date have 

tended to be slower, with switching times typically on the order of microseconds 

[14]. By contrast, Feng et al. has made in-plane NEMS switches using silicon on 

insulator (SOI) cantilevers with resonant frequencies between ρ ρπ ὓὌᾀ or 



 

 

20 

switching speeds between ρπ ρππ ὲί [15-17]. One of the notable features of 

these Feng cantilever switches is the very small air gap between various parts of the 

switch: υπ ρππ ὲά between the cantilever and the gate and ςπ τπ ὲά between 

the source and drain. The small vacuum or air gap, as seen in Eq. 2-4, allows for 

faster switching times. 

In addition to using AlN and SOI as materials for NEMS switches, several 

other materials are used because of their unique properties, e.g., silicon carbide (SiC) 

[18], single- and multi-wall carbon nanotube (CNT) [19, 20], and graphene [21]. 

Silicon carbideôs advantage is its robustness to harsh conditions like high 

temperatures. Carbon-based material like CNT and graphene have been of interest 

given their light weight and stiffness. The attributes endow CNT and graphene based 

switches with faster switching times and lower pull-in voltages. 

When considering only the pull-in voltage and the switching time, Eq. 2-2 

and Eq. 2-4 are used to determine material properties ideal for fast switches with low 

power consumption. In order to minimize the pull-in voltage for a doubly-clamped 

beam NEMS switch with an air gap, the spring constant and air gap distance should 

be minimized while the area should be maximized. In order to minimize the 

switching time of this switch for a given applied voltage, a material with low mass 

density and architectures emphasizing thin movable elements are preferable. 

In the next section, we will discuss graphene which has properties that may 

make it an ideal material for NEMS switches. 
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2.4 Mechanical and Electrical Properties of Graphene 

Graphene, which is a single layer of carbon atoms arranged in a hexagonal 

structure, has many interesting properties that make it an attractive candidate for 

nanoelectromechanical switches. For example, as a single atomic layer, graphene can 

be defect-free [22]. Another advantage of graphene is that its mechanical strength is 

200 times that of steel; this offers interesting prospects for building robust moving 

parts for a nanoelectromechanical switches. While graphene has a very high Youngôs 

modulus of ρ Ὕὖὥ [23], the thinness of the material still allows for a low pull-in 

voltage (Eq. 2-2). Table 2-1 compares the Youngôs moduli of some common 

materials for making MEMS/NEMS switches [23-29]. 

Material  Youngôs Modulus (╖╟╪) 

Carbyne σςχππ 

Graphene ρπυπ 

Single Wall Carbon Nanotube ρπππ 

Silicon Carbide συπ ɀ τυπ 

Molybdenum σσπ 

Silicon ρσπ ɀ ρψψ 

 

Table 2-1 Comparison of the Youngôs modulus of NEMS switch 

materials. 

In addition, graphene has a low longitudinal sheet resistance; ”

ρρςυ ɱȾsquare; this can translate into high on-state conductance [30]. In the 
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following sections, we will discuss the graphene and other NEMS switches that 

we have fabricated and tested. 

2.5 Graphene NEMS Switch Fabrication Process 

In our first generation of graphene NEMS switches, graphene from highly 

ordered pyrolytic graphite (HOPG) was exfoliated onto a silicon wafer with a 

ςψυ ὲά thermally grown silicon dioxide layer. HOPG is defined as ñartificially 

grown graphite with an almost perfect alignment perpendicular to the carbon planesò 

[31]. It has many layers of graphene stacked on top of one another. The ςψυ ὲά thick 

silicon dioxide was used because it is optimal for having the greatest contrast for 

observing graphene under an optical microscope [32]. 

Graphene was exfoliated using the Scotch® tape method. A small flake of 

HOPG was placed on a piece of Scotch® tape and the tape was folded on itself so 

that both sides of the HOPG were covered by different parts of the tape. After the 

tape was firmly pressed, the tape was peeled apart so that there is HOPG on both 

sides of the tape, reducing the number of layers of graphite at each location. This 

folding process was repeated many times until the HOPG on the tape was translucent. 

The tape was then pressed on the ςψυ ὲά silicon dioxide substrate to transfer some 

of the HOPG to the substrate. The substrate was then inspected under the optical 

microscope to identify single-layer graphene to a few-layer graphene. 



 

 

23 

 

Figure 2-2 Raman spectrogram of the G and G' band for various 

thicknesses of graphene. The upper right is an optical image of the 

graphene sample of different thicknesses. The thickness is verified 

using AFM. Region 1 is single layer. Region 2 and 3 are bilayers. 

Region 4 has 4 layers. Region 5 and 6 have 7 to 8 layers. 
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In order to verify that the graphene is single-layer, Raman spectroscopy 

was performed with a υρτ ὲά laser. Based on the full width at half max (FWHM) 

and the relative amplitude of the various peaks on the Raman spectrograph, the 

number of layers of graphene was determined. Figure 2-2 shows the Raman 

spectrograms of various thicknesses of graphene, subsequently confirmed by atomic 

force microscopy (AFM). In verifying the number of layers of graphene, there are 

two key features: the Ὃ peak around ρυψπ ὧά  and the Ὃᴂ peak around ςχππ ὧά  

[33]. For one or two layers of graphene, the Ὃᴂ peak has a higher amplitude than the 

Ὃ peak. In particular, for a single-layer graphene, the intensity of the Ὃᴂ peak is about 

twice that of the Ὃ peak. In addition to the relative peak intensities, the FWHM of 

the Ὃᴂ peak goes from ͯσπ ὧά  for a single graphene layer to υͯπ ὧά . 

Once the graphene sample had been verified to be single-layer or bi-layer, 

alignment markers were patterned onto the chip using electron beam lithography. A 

bilayer of Poly-methyl methacrylate (PMMA) is used as the e-beam resist. 

495PMMA A4 is spun at τπππ Ὑὖὓ for ρ minute and baked for υ minutes, followed 

by the same procedure with 950PMMA A2. After developing the resist and finding 

the location of the graphene with respect to the alignment markers, the electrodes 

were designed and patterned using e-beam lithography again. After developing the 

resist, υ ὲά chromium (Cr)/σππ ὲά gold (Au) was evaporated using a thermal 

evaporator and was lift ed off in an acetone bath overnight. Lastly, the device was 

submerged in 10:1 buffered oxide etch for 3 minutes to release the device, submerged 
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in de-ionized water, followed with filtered isopropyl alcohol (IPA), and then dried 

via critical point drying. (Figure 2-3) 

 

Figure 2-3 Fabrication process of graphene doubly-clamped 

switches. (a) Device fabrication is done on a silicon substrate with 

285 ὲά silicon dioxide. (b) Graphene is exfoliated onto the 

substrate using the Scotch® tape method. The thickness of the 

graphene sample is then measured using Raman spectroscopy. (c) 

A PMMA bilayer is spun on the substrate, covering the graphene. 

(d) Alignment markers are patterned using electron beam 

lithography. (e) After locating the graphene with respect to the 

alignment markers, electrodes are designed and patterned using 

electron beam lithography. (f) 150 ὲά of gold is thermally 

evaporated onto the sample. (g) The sample is submerged in 

buffered oxide etch for 3 minutes. (h) The buffered oxide etch is 

then replaced with water, then isopropyl alcohol, and the sample is 

dried in the critical point dryer. 
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2.6 Graphene NEMS Switch Experimental Setup 

In order to measure the performance of these graphene NEMS switches, they 

were placed in the chamber of a Lakeshore PTXX probe station. All measurements 

were performed at room temperature and at a pressure of ρπ ὸέὶὶ. Resistance of 

each device was measured using an SR 830 lock-in amplifier with radio frequency 

(RF) of σψȢςυ ὯὌᾀ. 

 

Figure 2-4 Experimental setup for graphene device resistance 

measurement. A resistance of ρππ Ὧɱ and ὠ  at σψȢςυ ὯὌᾀ was 

used while the device is in a vacuum ρπ ὸέὶὶ. 

The device resonance was also measured using a frequency modulation 

scheme [34]. An RF voltage at frequency Ὢ ɝὪ was applied to the drain of the 

device while a DC and an RF voltage at Ὢ was applied to the substrate. The two RF 
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signals were mixed using an external commercial mixer (Mini-circuit ZFM-2+) 

and used as the reference for the SR 830 lock-in amplifier to detect the signal from 

the source of the device. (Figure 2-5) 

 

Figure 2-5 Frequency modulation mix down technique for 

measuring resonant frequency of the graphene device. An RF signal 

of frequency Ὢ ɝὪ was applied to the source of the device while 

a DC signal with an RF signal at frequency Ὢ was applied to the 

gate of the device. A commercial mixer was used to mix down the 

sources and the mixed down frequency at ɝὪ was used as the 

reference for the SR 830 lock-in amplifier. The signal from the 

drain was fed into the SR 830 for measurement. 

After characterizing the devices, an HP 4145B semiconductor analyzer was 

used to measure the switching performance of the devices. The source of the device 

was grounded while the gate was swept using the HP 4145B source/measure unit 
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(SMU) starting from π ὠ. The gate voltage upper sweep range was increased 

typically from ρ ὠ, ς ὠ, υὠ, ρπ ὠ, then ςπ ὠ to ensure the voltage applied was not 

too high such that it damages the device. 

2.7 Graphene NEMS Switch Measurement 

We evaluated the performance of seven devices of various dimensions using 

the techniques discussed in the above sections. This section summarizes the results 

of this study along with a tale of the devicesô measured characteristics. 

Device resonant frequency was measured as a function of DC voltage applied 

to the gate. Figure 2-6 shows a typical result. The device used for this measurement 

was σȢτ ‘ά long and ςȢπ ‘ά wide. As the potential across the device and the 

substrate increases, electrostatic force also increases, causing the frequency to rise. 

The lowest frequency does not correspond to a gate voltage of π ὠ because residual 

charges on the graphene from the fabrication process require a nonzero gate voltage 

to balance their effect. The discontinuities at ρχ ὓὌᾀ most likely result from the 

resonance of the gold ledge used for clamping the graphene. This resonant frequency 

does not tune with the gate voltage, which is consistent with the expected behavior. 
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Figure 2-6 Resonant frequency plot as a function of gate voltage. 

The frequency increases as a function of gate tuning because the 

potential applied across the device and the substrate induces 

additional tension in the device, increasing the resonant frequency. 

The discontinuities at ρχ ὓὌᾀ most likely come from the 

resonance of the gold ledge used for clamping the graphene. 

Figure 2-7 and Figure 2-8 show the measured voltage and current responses 

of two graphene NEMS switches. In our first bilayer graphene device of length 

ςͯȢψ ‘ά and width ͯ ρ ‘ά (Figure 2-7), we see the typical behavior with ὠ τ ὠ 

and ὠ ς ὠ. ὍȾὍ ρππ and it took less than ρπ άὠof voltage change to 

increase the current by a decade (compared to the φπ άὠ minimum for a decade in 

current for a transistor). 
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Figure 2-7 Scanning electron micrograph and performance of a 

graphene sample. (a) Scanning electron micrograph image of a 

suspended, doubly-clamped graphene ribbon/membrane structure 

that can enable a two-terminal vertical electrostatic switch (via 

coupling to the conductive Si substrate) and/or an out-of-plane 

graphene membrane resonator. (b) Top-view SEM image of the 

device showing the measured in-plane dimensions. (c) Two-

terminal NEMS switching test data showing an abrupt switching at 

ὠ ~4V, with a very small swing, a high on/off ratio, and a ~2V 

hysteresis. (d) Same data as shown in panel (c) but with measured 

current in logarithmic scale.  

In our second device, (Figure 2-8) the single layer graphene is shorter with 

length ωππ ὲά, but it is not as well clamped. We show the response of the device 

over multiple pull-in and pull-out cycles. In this device, the pull-in voltage increased 

over time, most likely due to the poor clamping and deformation of the device from 

each pull-in cycle. After 18 cycles of pull-in and pull-out, the device finally failed. 
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Figure 2-8 Multiple pull-in and pull-out cycles on a ωππ ὲά length 

graphene NEMS switch. The pull-in voltage increased over time 

until failure after ρψ cycles. 

A total of seven devices, similar to those presented above, were successfully 

fabricated and measured. A summary of their performances is listed below in Table 

2-2 with the devices mentioned above being device ρ and ς in the table. All devices 
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were between one and four graphene layers thick. The swing per decade or the 

change in voltage needed for a decade of change in current, Ὓ, for all devices is less 

than ρπ άὠȾὨὩὧὥὨὩ. While the HP 4145B has a minimum voltage step size limit of 

ρ άὠ, most of our measurements were performed with a voltage step size of ςπ άὠ 

to υπ άὠ. In addition, we limited the on-state current compliance to between ρ ‘ὃ 

and ρππ άὃ depending on the response of the device. The current limit minimizes 

excessive heating to the device which may alter the device performance. By 

performing the measurement with smaller voltage step sizes, a more precise swing 

per decade can be measured. In addition, while the switching time was not measured 

directly, we are able to deduce the switching time to be ρππ ὲί from the measured 

resonant frequencies of the devices using Eq. 2-3. 
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Table 2-2 Summary of the graphene doubly-clamped devices and 

their switching performances. All devices were between 1 and 4 

layers of graphene. The swing/slope are all below ρπ άὠȾὨὩὧ and 

these values are limited by the step size and the current limit set 

during the measurement. Similarly, ὍȾὍ  are limited by the 

maximum current set by the measurement and thus these values are 

expected to be orders of magnitude higher than reported. 

A set of devices worth noting are devices 4 through 6 which is composed of 

three pieces of graphene sharing the same electrodes. The novelty of having graphene 

pieces of various sizes sharing an electrode is that they each have a slightly different 

pull-in voltage. By actuating only the graphene device with the smallest pull-in 
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voltage each time, even after this particular piece of graphene fails after multiple 

pull-in and pull-out cycles, the remaining graphene pieces can continue to make 

electrical connections by applying a higher voltage. This is a possibility in improving 

the longevity of the devices. 

 

Figure 2-9 Scanning electron micrograph of graphene switching 

devices 4 through 6. This set of devices is composed of three pieces 

of graphene with slightly difference dimensions. Due to the 

different dimensions, each piece of graphene has a slightly different 

pull-in voltage. This allows the switch to continue to work even 

after one of the pieces of graphene fails due to testing over time. 

In this section, we showed the results of our graphene NEMS switches. 

Compared to traditional transistors, our switches had a much smaller swing voltage, 



 

 

35 

ρπ άὠȾὨὩὧ. We also demonstrated that our devices have a switching time 

typically ρππ ὲί. While these prototype devices are still not as fast as the state of 

the art transistor and cannot last ρπ cycles like many current transistors, through 

engineering and optimization of the design and fabrication process, the performances 

of graphene NEMS switches will improve. The current method using the Scotch® 

tape method and HOPG requires each device geometry and location to change based 

on the graphene piece available. This prevents large scale engineering and testing of 

graphene device geometry and other parameters. In the next section, we will 

experiment with graphene grown on a copper foil to achieve large graphene areal 

coverage. 

2.8 Optimization of Graphene for NEMS Switches 

Our preliminary results from tests of graphene NEMS switches proved 

promising, so we conducted further experiments to optimize various aspects of their 

design and fabrication. This section discusses some of those follow-on investigations 

using chemical vapor deposition (CVD) graphene grown on copper foil instead of 

exfoliated graphene. While exfoliating graphene is simple to perform, the process is 

unreliable in depositing single layer graphene, size of samples are small, and the 

process is time consuming. Exfoliated graphene is unscalable for technological 

applications. CVD graphene, on the other hand, is a promising candidate for 

producing consistent single layer to arbitrary shapes and sizes.  
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We begin with our typical CVD graphene transfer process. For all of our 

experiments in this section, commercial CVD graphene grown on copper foil from 

Graphene Supermarket was used. Both sides of the copper foil have CVD graphene 

because of the growth method. For each sample, we started with a small piece, 

ρͯ ὧά ρ ὧά, of CVD graphene on copper and applied a drop of 950PMMA C8 

to cover one side of the CVD graphene. The PMMA/CVD graphene was then placed 

in a beaker of ρὓ iron (III) chloride (FeCl3) for 30 minutes. The PMMA/CVD 

graphene flows due to the surface tension of water and the hydrophobic nature of 

PMMA. The FeCl3 etched the copper causing graphene on the bottom side of the 

copper foil to sink to the bottom of the beaker. After 30 minutes, the 

PMMA/graphene sample then underwent successive de-ionized water baths to rinse 

away metal particles left from the etch. The sample was then collected on a clean, 

ςψυ ὲά silicon dioxide on silicon substrate with alignment markers pre-patterned. 

The sample was then dried in the air for 4 hours. Another drop of 950PMMA C8 was 

placed on the graphene to reflow the preexisting PMMA to release any tension built 

up during the transfer process. The sample was then heated to φπᴈ for 30 minutes. 

Finally, the PMMA was removed in an acetone bath. 
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Figure 2-10 CVD graphene transfer procedure. (a) We began with 

commercially purchased CVD graphene. (b) 950PMMA C8 was 

applied to the CVD graphene. (c) The PMMA/graphene was etched 

in a ρὓ FeCl3 solution. (d) With the copper etched, the bottom 

graphene layer sinks to the bottom of the beaker. (e) The FeCl3 was 

then replaced with de-ionized water three times to remove leftover 

metal and etchant. (f) The PMMA/graphene was lifted from the 

water with a silicon/silicon-dioxide chip with pre-patterned 

alignment markers. (g) Another drop of PMMA was applied to the 

graphene to reflow the PMMA. Then the sample is heated for 30 

minutes. (h) The PMMA was removed in an acetone bath.  
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The CVD transfer process resulted in continuous graphene for the most 

part but there are periodic tears in the graphene and residual PMMA in the resulting 

graphene. Every device fabricated using this transferred graphene still has to be 

designed individually depending on the location and size of the continuous graphene. 

We experimented with the following steps to minimize the number and size of the 

tears and the amount of residual PMMA: 1) the amount of PMMA applied in the first 

step, 2) functionalization of the silicon dioxide surface of the substrate, and 3) the 

duration of leaving the sample in acetone to remove the PMMA. 

Figure 2-11 shows the results from using various amounts of PMMA to hold 

onto the top graphene layer while etching the copper foil. When a drop of PMMA 

was put on a piece ͯρ ὧά ρ ὧά of CVD graphene, large areas of graphene, 

ρͯπ ‘ά ρπ ‘ά or larger, rolled up. When excess PMMA was removed prior to 

the transfer process with a piece of Texwipe®, the transferred graphene is practically 

holes-free with the exception of a few small tears on the order of ͯς ‘ά ς ‘ά. 

When these samples were placed in the etchant, the sample with the excess PMMA 

tends to curl upward like a bowl, most likely due to the surface tension, while the 

sample without the excess PMMA remains flat to the surface of the water. The extra 

stress from the excess PMMA is likely the cause of the holes in the graphene. 

 In order to be more precise than simply wiping the excess PMMA off, a 

spinner was used to spin the excess PMMA off at υππ Ὑὖὓ and at τπππ Ὑὖὓ. In 

both of these cases, many micro-tears on the order of ͯρ ‘ά to ͯ υ ‘ά were evenly 
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distributed across the entire sheet of graphene. In the case where the spin speed is 

higher, the micro-tears were bigger. The results here were representative of the three 

repeated trials we performed. 

 

Figure 2-11 The effect of PMMA quantity on quality of transferred 

graphene. (a) A full drop of 950PMMA C8 is applied to a piece of 

CVD graphene ρ ὧά ρ ὧά and resulted in large holes. (b) Excess 

PMMA was removed with a Texwipe® and the transferred 

graphene is relatively holes free. (c) Excess PMMA was removed 

by spinning at υππ Ὑὖὓ and transferred graphene has mirco-tears 

distributed throughout. (d) Excess PMMA was removed by 

spinning at τπππ Ὑὖὓ and larger micro-tears resulted throughout.  
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Figure 2-12 shows the effects of the substrate preparation on the quality of 

transferred graphene. During the transfer process, after the copper foil was etched 

away from the CVD graphene and triple rinsed with de-ionized water, a substrate 

was used to lift the graphene out of the water. The substrate used is a silicon chip 

with a layer of ςψυ ὲά silicon dioxide and ρππ ὲά gold alignment markers pre-

patterned. Through trial and error, we discovered that by dipping the substrate into 

diluted solution of 1 part 10:1 buffered oxide etch (BOE) to 50 parts de-ionized water 

for 1 or 2 seconds prevents long tears in the transferred graphene. We note that the 

transfer of graphene must be performed soon after the diluted BOE treatment. 

Attempts at dipping all the substrate in the buffered oxide etch a few days in advance 

of transferring the graphene onto them did not prevent the long tears. We hypothesize 

that this is due to new hydrogen bonds being formed from the quick diluted BOE dip, 

which allowed the graphene to adhere better to the substrate for subsequent steps of 

the transfer process. 
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Figure 2-12 The effects of substrate preparation on the quality of 

transferred graphene. (a) CVD graphene transferred to a typical 

Si/SiO2 chip. (b) CVD graphene transferred to the same chip that 

has been treated with 1 part 10:1 buffered oxide etch to 50 parts de-

ionized water. There is a dramatic reduction in the number of long 

tears. 


























































































































































































































































