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ABSTRACT

Nanoelectromechanical systems (NEMS) have advanced the technologies in a wide
spectrum of fields, including nonlinear dynasyi sensors for force detectiomass
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 achiewk unprecedented measuremt sensitivity. For optimized system
functionalization and design, precise characterization of material properties at the nanoscale
is essentialln this thesis, we will discuss three applications of NEmM8chanicaswitches,
using anharmonic nonlineayitto measure device and material properties, and mass
spectrometry and inertial imaging.

The first application of NEMS we discuss is NEMS switclsestches with physical
moving parts Conventional electronics, based largely on silicon transistors, isimgaa
physical limit in bothsize and power consumption. Mechanical switches provide a promising
solution to surpass this limidy forcing a jump between the on and off states. Graphene,
which is a single sheet of carbon atoarsanged in a hexagonal stture, has high
mechanical strength and strong planar bonding, makingn ideal candidate for
nanoelectromechanical switches. In addition, graphene is conductive, ddochases
resistive heating at the contact area, therefore reducing bonding issusgbaerquently
reducing degradationVe demonstrate using exfoliated graphene to fabricate suspended
graphene NEMS switches wisluccessful switching.

The second application of NEMS we discuss in this thesieisise ofmechanical
nonlinearity to measerdevice and material properties. Whihe thonlinear dynamics of

NEMS have been used previously to investigate the longitudinal speed of sound of materials
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at nane and micrescales, we correct a previously attempted method that employs the

anharmonicityof NEMS arising from deflecticdependent 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. &peeément with
literature values is reported.

The third application of NEMS waiscusss massspectrometrand inertial imaging.
Currently, only doublyclamped beams and cantilevers have beenexperimentally
demonstrated for mass spectrometry. We exterd aedimension 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 usipigta geometryWe show
that the mode shape is critical in performingNMEEmass speatmetry and inertial imaging,
andthat the mde shapes iplatesdeviate from the ideal scenario with isotropic stress. We

experiment with various neideal conditios to match norideal mode shape observed
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Chapter 1

| NTRODUCANMDMVERVI EW

This thesis focuses dhreedifferent applications of microelectromechanical
systems (MEMS) and nanoelectromacital systms (NEMS): mechanical
switchesthe use ofinharmonic nonlinearity to meastumesitu device and material
properties, andnass spectrometry. We will show how MEMS and NEkBte used
as a new paradigm ithese applicationdn 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 portionwe 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 portiare will describe how NEMS can improve
mass spectrometry (M) technique to quantify and identify the amount of analyte
in a soltion, 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 spectietry and show that experimental mode shapes deviate

from the ideal mde shapes and the sources that can cause thegealbiies.



1.1 Overview

In this chapterye 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 dowtmansistors in size. Finally, we describe mass

spectrometry and its many applications.

In Chapter 2 we discuss the operating principlef MEMS and NEMS
switches and survey NEMS switches made of different naiteand 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 graphiécteesand

preliminary data otthe optimization of graphene switplerformances

In Chapter 3we discuss a novel method of measuringinkgtu stress and
speed of sound in a NEMS device by accessing the mieahaanharmonic
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 vallasusew t
methodologyand show that the measured values match well with the bulk values

from literature.

In Chapter 4we begin our discussion of dastNEMS application of focus,

mass spectrometry. We begin hviproviding an overview ofNEMS mass
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spectrometrf{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 thBSlEHevice for mass
spectrometry of analys¢dacking symmetryWe also demonstrate that the measured
mode shape deviadrom the expected ideal mode shape from simulation and

propose various neitleal conditios which could account for the nadealities.

1.2 NanoelectromechanicaBystemgNEMS)

Nanoelectromechanical systems (NEM$) have advancedcience and
technologyin a wide spectrum of fields, including nonlinear dynanfig}s sensors
for force detectiofi3], mass spectromet#-6], inertial imagind7], calorimetry8],
and charge sensiiig]. Due to their low power consumption, fast response time, large
dynamic range, high quality factor, and low mass, NEs$provideinprecedented
measurement sensity. 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 thatbaigs 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 phonesabthe 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 aredias 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 citspand it is easr to access their nonlinear
behavior These poperties make NEMS sensors higlggnsitive andnteresting
candidatesystemsfor studying fundamental physiédsom quantum mechanic®

nonlineardynamicsas we will discuss i€hapter 3

1.3 Transistors and Switches

In this section, we provida background ofnicro- and nanemechanical
switches and transistors. We will discuss some of the challenges as the size of
transistorss downscaledLastly we will discuss using NEMS switches as a new

paradigm to overcomsome othe challenges of scaling down the size of transistors.

Transistors are used in every computer and most electronics today. As of
2009, aboup 1. transistordave beershipped10]. This translates fmn average,
more than one billion transistors per perddistorically thaigh, prior to the wide
use of transistors, mechanical switches and logic gates were studjed &,
realized long before transistors and electronic logic gaidsAnd it was not until
the past 50 years that transistors have replatags; mechanical logiand vacuum

tubes.
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A metatoxide-semiconductor (MOSyansistor has three major pads or

as part of the substratsource, drain, and gate. For the transistor to be turned on,
carriers (either electrons or holes) must flow fremarceto drain forming a current.

The gate is what determines the amount af@arand current that flows through the
transistor, varying the amount of current passing through based on the voltage applied

to the gate.Kigurel-1)

=
ﬁ

Figurel-1 Diagramof atransistor Thedrainandsourceblue)have

Source

Drain/\'

dopantof theoppositepolarity comparedo thesubstratégray). A
smallvoltageis appliedacrosghesourceanddrain,buttheamount
of currentthatis ableto flow from drainto sourcedepend on the

voltageappliedto the gate.

Modern MOS technology has beenfollowM@ or e 6s Law for devi ce
for half a century for achieving density, speed, and power improvemarttsesize
of transistors decreasver time the minimum feature sizer node, became one of
the metrics for the scaling of devicésgure 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
technologynodesTheblackdotsaretheyearsin which the nodes,
or the gate length of transistors,was first manufactured.The

magentalotsareprojectionsof future nodes.

In the scaling of transistors, the distance between the various parts of the
deviceas well as the voltage appliddcreas. This causdgakage current imarious
parts of the transistdo increaseOne of the majosources of leakage currastthe
subthresholdieakage, a noemero current from source to drain even when the
transistor is turned offAs the threshold voltage, tmeinimum voltage needed torn

on the transistodecreases, the subthreshold leakage incréb2es

A new paradigm of using mechanical switches has been proposed as a
solution to thesubtlreshold leakagessue. 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 tiiestate transistor power

consumption and improves tlestateto off-state current ratio.Since the first
MEMS switch was realized in 19723], the advancements in MEMS and NEMS
technology have made the realion of NEMS switchean interesting option thé
worthy of consideration, among a member of mashplimentary MOSmerging

logic devices, supplementing conventional transistors in various niche applications.

1.4MassSpectrometry

In thethird sectonof this thesis, we will discu$¢EMS-MS. In general, mass
spectrometry isn analyticamethod in which the analyte is identified and quantified
by using themassto-chargeratio of the analyteChapter 4will provide some
background intdraditional mass spectrometry methods anavide details about

NEMS-MS and NEMS inertial imaginNEMS-11) in both one and two dimensi®n

Mass spectrometry is used in a wide spectrum of fields: ge¢lagy6],
environmental sciendd7-19], forensics analysiR20-22], and proteomicf23-25],
the study of pradins in biological systemb geology, mass spectrometry is used for
carbon dating and measuring petroleum compositieenvironmental science, mass
spectrometry is used for testing water quality and food contamindtiastinical
testing, mass spectretry is often used to perform forensics analyses like confirming
drug abuse and it is also used to detect disease biomankemwborns In
proteomics, rass spectrometry is used for determining protein structures, their

functions, their folding patternand their interactiondMass spectrometry can also
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identify a protein from the mass of its peptide fragmants provide a method for

monitoing enzyme reactions, chemical modificatipneand even protein

modifications
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Chapter 2

NEMSWI TCHES

In this chapter,we will discussthe operatingprinciples of NEMS contact
mode switches surveyNEMS switchesmadeof different materials and examine
their capabilities We thengive anoverviewof the properties ofjrapheneandwhat
makes ita greatcandidateor NEMS switches.We discussthe fabricationprocess
for our prototypegrapheneNEMS switchesand demonstrate their performance.
Lastly, we describe our investigation on optimizing the graphene dérapsicess

which can be used enhancegraphene NEMS switches.

2.1 Motivation

As described inSection 1.3 Transistorsand Switches the demand for
continuous miniaturization afomputing and memory technology has made power
consumgion a critical aspect of device engineerimg particular, even when the
device is in the ofétate, there is leakage current betweemnlthi and thsource1-

3]. This leakage current scales up as the device is made smaller while maintaining
the same voltag&Vhile highll material has drastically reduced the tunneling current
from the gat¢4], thedrainsourcdeakage current in the off state is still an isf\ee.
devices continue to scale down, theon-current to off-current ratio, 'O ¥O

decrease exponentially In a typical diffusiordominated metatoxide
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semicondctor fieldeffective transistor MOSFET) at room temperaturethe

fundamentaiinimum ofg T wof change iryate witage® hs needed per decade
of increase of draksource currentO . Because of these issues, new paradigm
offering pramise for minimizinghe leakage curreate being exploresb thafurther

miniaturization ofcomputer logielementsan continue.

2.2 Operating Principle of NEMS Contact-Mode Switches

NEMS switches offer an attractiveolution to the leakage current issu
caused by scaling down. Instead of a thezminaldevice like a transistor, NEMS
switchesmay haveeithertwo or threeterminals.In a threeterminal devicgFigure
2-1a), there is a separate source, drain,gatd, but for a simple twermind device
(Figure2-1b), the gate and the drain are one and the dantiee device off state, the
source and draiterminak are physicallyand electricallyseparated by an air ga
These twderminals are often composed of one stationary part (leegsubstrate or

a side gate) anohemoving part €.g.,a cantilever or doubly-clampedbeam).

To actuate the switch, a voltage potential is applied across its terminals. The
minimum voltage needed tpull the moving part toward the stationary parthe
pull-in voltage, . 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 swich is closed, stiction due tean der Waals, Casimir forces, and other
interfacial interactionsanprovideanadditionalforce to keep the switch clos§s].

Because of stiction, the applied voltage has to be lowsrednorzero amount to
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the pullout voltagew W , before thestiffnessof the deviced.g., related to

the flexural rigidity in adoubly-clampedoeam 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 switatompletely disconnect
source fromdrain with an air or vacuum ga 7O is improved dramatically, as

we will demonstrate later in this chapter.

In order tobenchmarkhe performance of NEMS switchascording those
of transistors, the following four parameters are useful met@cgO , 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 limi©f#io
in a MOSFET transistor is at leagtré wof change in they for each decade of
change of the curreri®® . 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 ighia other state. The suddedrupt
change from no contact to an ohmic contact between the two parts of the switch over
an ideally zerachange in voltage gives NEMS swigzhan idealoltage swing i
for each decade ghange in drain currenthis threshold voltage is called theitch-
on voltage, and often is taken as thejuNoltage at which the source is pulled to
the drain (for thre¢erminal devices) or the source is pulled to contact the gate/drain

(for two-terminal devices).
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Figure2-1 Schematic of a threerminal and tweterminal NEMS

switch. (a) In the thregderminal NEMS switch, a potential
difference between the gatgréer) and the sourcéblue) pulls the
thinner part of theaurcetoward 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 then state (b) In the twe
terminal NEMS swiich, 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 spkgsical contact

with the gate, current flows through and the switch is irotigtate

The switch-on voltage is the minimunDC gatevoltage neededo that the
two parts of thelrain and source electrodessaiitch come in physical contact. This
is analogouso thethreshold voltagew , for a transistofTheswitch-onvoltage is an
important metc 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 consumptiof, 7]. In a twoterminal electrostatic switch, the

electrostatic pulin voltage is the switcbhn voltage. The pulkin voltage is
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determined by two forcethe 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 vacuwain gap separation &2 when no potential is
present. The minimumwoltage needed for the two parts of the switch to corttaet,

pull-in voltage, is given big]

, Q.
W ——h Eq.2-1

0
¢X O

where'Qis the spring constant of the devicés the permittivity of free spaaw air,
and 0 is the effective area of the capacitéior a doubly-clampedbeamwith
negligible tension™@® "OF0 0, whereQis the thickness ofhe beamO is the

Youngo6s modul utsisthefength bféhe meam, aadis the width of

the beamfq. 2-1is rewritten as

Eq.2-2

In addition to the power consumption of the NEMS switch, the speed at which
these switches are able to be turned omanocequivalent measure, the inverse of the
switching speedhe switching time, is also critical. This is analogtuthe speed of
a transistor with the fastest transistor realized to date operafing & Oat room
temperaturdg9]. For a NEMS switch driven by capacitive actuation, if the applied

voltage,w, is at leastw , the switching time is given 4¢0]:
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f6) _’00 C_)ﬁ:l Eq.2-3
w] C
where] ‘Q 7a s the resonant frequency of the devidereQ s the

effective spring constant artdd  is the deice effective massiVhile the pultin
voltage is the minimum voltage neededatduate the switch, higher voltages are
often used to reduce the switching time as showaqn2-3. Similarly, a higher
resonant deve frequency corresponds tdoaver switching time. Pluggingg. 2-1
into Eq. 2-3 and assuming the switch is made ofl@ubly-clampedbeam é.g.,

a ™ w'tp where” is the mass density ari@is the beam thickness), the

switching time is represented as:

™ Wo Q" "QS

Eq.2-4
w T

0

Lastly, the lifetime of a switch ismeasured as the number of cycles the
device is ableéo withstandoefore failureln the next section, we will surveyrrrent

state of the art NEMS switches.

2.3 State of the Art NEMS Switches Capabilities

The ideal NEMS switch wodlhave a infinite or vey high on-currentto
off-currentratio, low pultin voltage, fast switchingpeed (short switchirtgne), and
high number of switching cycles before device faillheique properties of various

materials are often exploited to optimize one of these meaifillEMS switchesin
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this sectionwe describe NEMS switches wiome ofthe currenstate of the art

pull-in voltage and switching timeBecause NEMS switches can be switched from
off-stateto on-stateby going from slightly below to slightly aboveetpultin voltage,

the minimum voltage swing to turn on a NEMS switch is always going to outperform
the @ T8 6¥Q 'Q swing/slope of transistgrand thus will not be discussed in this

section.

In order to achieve a low ptilh voltage, piezoelectriactuationprovidesan
interestingmechanism for usdue topromise for low voltage operatiomstead of
using electrostatic actuation lapplying a voltage acros®ththe moving part and
the stationary part of the switch, the voltage is appl@dss piezoelectric element
The applied voltage causes the material to expand or comindatising asymmetric
expansion and contraction, piezoelectricdoubly-clampedbeam or cantilever
deflects until it comes into contact with an electrabdasclosing the circuit. Using
aluminum nitride (AIN), Piazzaet al. have made doubly-clamped beams and
cantilever NEMS swiches with 520 mV as the minimum actuation voltdde13].
While the actuation voltage is small, the device hisgefootprint ofx ¢ fta

which iscomparable to maryiezoelectric NEMS switchetemonstrate to date

Compared tdransigors, most MEMS switchesdemonstrated to date have
tenced to beslower, with switching times typically on the order of microseconds
[14]. By contrast,Fenget al. has made wplane NEMS switcheasing silicon on

insulator (SOI)cantileverswith resonant frequeres betweenp p 1™ "Odor
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switching speds betweenp 11 p 1 dTi[15-17]. One of the notable featwef

these Eng cantilever switches is the veryal air gap between various parts of the
switch:u 1T p T &t dbetween the cantilever and the gateamd t1teé Gbetween
the source and draiithe smallvacuum orair gap, as seen Iaq. 2-4, allows for

faster switching time

In addition to using AIN and SOI as materials for NEMS switches, several
other materialareused because of their unique propeyres.,silicon carbie (SiC)
[18], single and multiwall carbon nanotube (CNTL9, 20} and graphen§1].
Silicon carbidé s a d v a itst rabgstness t® harsh conditions like high
temperaturesCarbonbased material like CNT and graphdrave been of interest
giventheir lightweight and stiffness. Thatributes endow CNT and graphdiased

switcheswith faster switching timeand lower pulin voltages.

When considering onlthe pulkin voltage and the switching timeq. 2-2
andEq.2-4 are used to determine material properties ideal for fast switches with low
power consumptionnlorder to minimize the puih voltage for adoubly-clamped
beam NEMS switch with an air gap, the spring constadtair gap distance should
be minimized while the area should be maximizkd.order to minimize the
switching time of this switch for a given applied voltage, a material with low mass

dengty andarchitectureeemphasizinghin movable elements aprefeable

In the next section, we will discuss graph&rtech has properties that may

make it an ideal material fNEMS switches.



2.4 Mechanical and Electrical Propertieof Graphene -
Graphene, which is a singl@yer of carbon atoms arranged in a hexagonal

structure, has many interesting properties that make #ttaactivecandidate for

nanoelectromechanical switchEBsr exampleasa single atomic layegraphen&an

be defecfree[22]. Another advantage of graphenéhatits mechanical strengtis

200 times that of stedhis offers interesting prospects for buildirdpust moving

parsfor ananoelectromechanical swieh\While graphene haswery highY o un g 6 s

modulus ofp "Y0 ¢&3], the thinness of the material still allows for a low gnll

voltage Eg. 2-2). Table2-1 compar es t he iYosomegcorsmonmo d u |

materialsfor making MEMS/NEMS switchei23-29].

Material Youngds Mdé
Carbyne OC X T TT
Graphene pPTL UL TT
Single Wall Carbon Nanotube PTTT
Silicon Carbide CUZIT LT
Molybdenum 00Tl
Silicon pogzp Yy

Table2-1Compari son of the Youngébés modul

materials.

In addition, graphenéhas a low longudinal sheet resistance;

p p ¢ds g u;athisecan translate into high @tate conductancg0]. In the
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following sections, we will discuss the grapbesand 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 (HOPGyas exfoliated onto a silicon wafer with
¢ Y& d&thermally grown silicon dioxide layeHOPG is defined asartificially
grown graphite with an almost perfect alignment perpendicuthetoarbon planés
[31]. It has many layers of graphene stacked on top of one anbiieer. & athick
silicon dioxidewas used because it is optinfal havingthe greatest contrast for

observinggraph@eunder an optical microscof@?2].

Graphenevas eXoliated using theScotch® tapanethod. A small flake of
HOPGwas placed on a piece of Scotch® tape and thewapdolded on itself so
that both sides of the HOP®@erecovered by different parts of the tape. After the
tapewas firmly pressed, the tapeas peeled apart so that there is HOPG on both
sides of the tapeeducingthe number of layers of graphite at each location. This
folding processvas repeated many times until the HOPG on thewagsdranslucent.
The tapewas then pressed on they & asilicon dioxide substrate to transfer some
of the HOPG to the substrate. The substvede theninspectedunder the optical

microscopdo identify singlelayer graphento a fewlayer graphene.
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Figure 2-2 Raman spectrogram of the G and léand for various
thicknesses of grapheriEhe upper right is an optical image of the
graphene sample of different thicknesses. The thickness is verified
usingAFM. Region 1 is single layer. Region 2 and 3 are bilayers.

Regim 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 sinlgiger, Raman spectroscopy

was performed with a p & alaser. Based on the full widtt half max(FWHM)

and the relative amplitude of the various peaks the Raman spectrograph, the
number of layers of graphene was determinddgure 2-2 shows the Raman
spectrograms of various thicknesses of graphene, subsequently confirmed by atomic
force microscopy (AFM). In véying the number of layers of graphene, there are
two key features: th®©peak aroung) v Yot  and thé@peak around X ToiX

[33]. For one or two layers of graphene, i@®eak has a higher amplitude than the
“Opeak. In particular, for a singlayer graphene, the intensity of ti@peak is about

twice that of théOpeak. In addition to theelative peak intensities, theAFHM of

the"@peak goes frorh o T for a single graphene layert@ &

Once the graphene sampleadtseen verified to be singlayer or bilayer,
alignment markersierepatterned onto the chip using electron beam lithography. A
bilayer d Polymethyl methacrylate RMMA) is used as the-lgeam resist.
495PMMA Adis spun att Tt Tt (for p minute and baked far minutes followed
by the same procedure with 950PMMA Aidter developing the resist and finding
the location of the graphene witespect to the alignment markers, the electrodes
weredesigned and patterned usingeam lithography again. After developitige
resist v € & chromium Cr)/o &t a gold (Au) was evaporated using a thermal
evaporator andgvas lifted off in an acetone dh overnight. Lastly, the deviceas

submerged in 10:1 buffered oridtch for 3 minutes to release the de\scdmerged
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in de-ionized water, followed with filtered isopropyl alcohol (IPAhd then dried

via critical point drying(Figure2-3)

Figure 2-3 Fabrication procesf graphenedoubly-clamped
switches(a) Device fabrication is done on a silicon substrate with
285 ¢4 silicon dioxide. (b) Graphene is exfoliated onto the
substrate using th&cotch® tape method. The thickness of the
graphene sample is then measured using Raman spectroscopy. (c)
A PMMA bilayer is spun on the substrate, corg 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 lithographyf) 150 ¢& of gold is thermally
evaporated onto theample. §) The sample is submerged in
buffered oxide etch for 3 minutes)(The buffered oxide etch is
then replaced with water, then isopropyl alcolaold 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 swiitelyes,
wereplaced in the chamber of akeshord®TXX probe station. All measurements
wereperformed at room temperature and at a pressyserofo € i Resistance of
each devicavasmeasured using an SR 830 laokamplifier withradio frequency

(RP) of 0 @ UQ Q&

SR 830

Vacuum

Figure 2-4 Experimental setup for graphene device resistance

measurementA resistance op T andw ato @ UQOgvas

used while the device isinavacuunp ™ 0 €1 i

The device resonanasas also measured using frequency modulation
schemd34]. An RF voltage afrequency’Q 3'Qwasapplied to the drain of the

device while a DC andnRF voltage atQvasapplied to the substrate. The two RF
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signalswere mixed using an externatommercial mixer (Minicircuit ZFM-2+)

and used as éhreference for the SR 830 lerkamplifierto detect the signal from

the source of the devicgigure2-5)

SR 830

f+Af Af
Ref Input

Figure 2-5 Frequency modulation mix down technique for

measuring resonant frequency of the graphdsviceAn RF signal

of frequencyQ 3'Qwas applied to the source of the device while
a DC signal with a RF signal at frequencidwas applied to the
gate of the device. A commercial mixges used to mix down the
sources and the mixed down frequencyz@was used as the
reference forthe SR 830 lockn amplifier. The signal from the

drainwas fed into the SR 830 for measurement.

After characterizing the devicesn HP 4145B semiconductor analyress
used to measure the switiet) performance of thdevices The source of the device

was groundedvhile the gatevas sweptusing the HP 4145B souroeeasure unit
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(SMU) starting fromTt. The gate voltage upper sweep ramgss increased

typically fromp w, ¢ w, LW, p T, theng T to ensure the voltage applieds not

too high such that it damages the device.

2.7 Graphene NEMS Switch Measurement

We evaluated the performance ofese 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

Deviceresonant frequenayas measured as a function of D@ltage applied
to the gateFigure2-6 shows a typical result. The device used for this measurement
was o8& ‘ & long and¢8t® & wide. As the potential across the device and the
substrate increases, electrostatic f@ls®increases, causing the frequencyise
The lowest frequency does not correspond to a gate voltage bécause residual
chargeon the graphene from the fabrication progesgiire a nonzero gate voltage
to balance their effecfhe discontinuities ap 0 "Odmost likely result fronthe
resonance of the gold ledge used for clamping the graphene. This resonant frequency

does notune with the gate voltage, which is consistent with the expected behavior.

devi



Frequency (MHz) Current

(PA)

-8 6 -4 2 0 2 4 6 8
Gate Voltage (V)

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 devicecreasinghe resonant frequency.
The discontinuities atp ) "Oa most likely come from the

resonance of the gold ledge used for clamping the graphene.
Figure2-7 andFigure2-8 showthe measured voltage and current responses
of two graphene NEMS switels In our first bilayer graphenedevice of length
x ¢q' aand widthk p* a(Figure2-7), we see the typical behavior widh 1 @
andw cw. 0710 p 1 and it took less thap T wof voltage change to
increase the current by a decade (compared t@ tiéecominimum for a decadm

current for a transistr
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Figure 2-7 Scanning electron micrograph and perfance ofa
graphene samplga) Sanning electron micrograpimage of a
suspendeddoubly-clampedgraphene ribbon/membrane structure
that can enable a twerminal vertical electrostatic switch (via
coupling to the conductive Si substrate) and/or anobplane
graphene membrane resonat@y) Topview SEM image of the
device showing the measured-plane dimensions(c) Two
terminal NEMS switching test datashing an abrupt switching at

® ~4V, with a very small swing, a high on/off ratiand a ~2V
hysteresis(d) Same data as shown in panel (c) but with measured

current in logarithmic scale.

In our secondlevice (Figure2-8) the single hyergraphene is shortavith
lengthw 1T &1 ¢, butit is not as well clampedVe show the response of the device
over multiple pulin and pultout cycles. In this device, the piti voltage increased
over time, most likely due to the poor clampargl déormationof the devicerom

each pulin cycle After 18cycles of puliin and pultout, the device finallyailed.
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Figure2-8 Multiple pull-in and pultout cycleson aw 1t 8t dlength

grapheneNEMS switch The pultin voltage increased over time

until failure afterp yeycles.

A total of seven devices, similar to those presented above sueressfully
fabricated and measurefl.summary of their performances is listed below able

2-2 with the devices mentioned above being depiemdc in the table. All devices
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were between one and four graphene layers thick. swing per decade dret

change in voltage needed for a decade of change in ctifémtall devicess less

thanp 1@ G¥Q'Q ¢ (Ve theHP 4145Bhas a minimum voltage step size limit of

p & &) most of our measurements were performed with a voltage step siz& ab

tou T w In addition, we limited th@n-statecurrentcompliance to betwegm' 0

andp Tt dt 0 depending on the response of the device. The current limit minimizes
excessiveheating to the device which may alter the device performaBge.
performing the measurement with smaller voltage step sizegre preise sving

per decade can be measured. In addition, while the switching time was not measured
directly,we are able to deduce the switching time to ke 1t &t ifrom themeasured

resonant frequencies of the devices usigg-3.



Thickness Switch-On

o 2D-Di i Swing/sl
t (nm) L L |men5|o_ns . Voltage S“E;:i/ / dc::; Ion/Iogs
[#layers] | V7% W1, w2 (pm) Von (V) - -
107
0.68[2] 2.75,2.82,1.08,1.04 4.02 <10 1.03 x 10-11
= 9.7x 10%
0.05
0.34[1] 0.9,09,2.2,2.3 28.7 <10 2x10-13
= 25x 1011
0.1
0.68 [2] 3.4,34,233,14 2.4 <10 1.13x10-5
= 236x108
1.7,1.7,1.0,1.0 0.1
0.68 [2] 1.8,1.8,1.25,1.25 3.6 <10 422x10"8
19,1.9,1.75,1.75 — 885x 103
0.05
1.36 [4] 5.75,5.7,2.4,2.6 23.6 <10 9 x10-10
= 5.6x107

Table2-2 Summary of thegraphenedoubly-clampeddevices and

their switching performancedll devices were between 1 and 4
layers of graphene. The swing/slope are all belowt ¢¥Q Qaod

these values are limited by the step size and the current limit set
during the measurement. Similar® 7O are limited by the
maximum current set by the measurement and thus these values are

expected to be orders of magnitude highen tiegoorted.

A set of devices worth noting are devices 4 through 6 which is composed of
three pieces of graphene sharing the same electidesovelty of having graphene
pieces of various sizes shariag electrodés that they each have a slightly diént

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

pull-in and pultout cycles, the remaining graphene pieces can continue to make
eledrical connections by applying a higher voltage. This is a possibility in improving

the longevity of the devices.

AccY Spot Magn Det WD Exp
00 kY 3.0 36000x TLD 66 0 Caltech

Figure 2-9 Scanning electron micrograph gfaphene switching
devices 4 through @his seof devices is composed of three pieces
of graphene with slightly difference dimensions. Due to the
differentdimensions, each piece of graphene has a slightly different
pull-in voltage. This allows the switch to continue to work even

after one of the pieseof graphene faldue 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,
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p T8 6¥Q'Q dWe also demonstrated that our devibase a switching time

typically p mati While these prototype devices are still astast as the state of

the art transistor and cannot lgstt cycles like many current transistors, through
engineering and optimization of the design and fabricgdiocess, the performances

of graphene NEMS switches will improvEhe 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 engieeetitegting of
graphene device geometry and other parameters. In the next section, we will
experiment with ggphene grown on a copper foil &chieve large graphene areal

coverage.

2.8 Optimization of Graphenefor NEMS Switches

Our preliminary results frontests of grahene NEMS switcheproved
promising, so we conducted further experiments to optimize various aspects of their
design and fabrication. This section disess®me of those follovon investigations
using chemical vapor deposition (CVD) graphgnewn on copper foil instead of
exfoliated graphen&Vhile exfoliating graphene is simple to perform, the process is
unreliable in depositingingle layer graphene, size of samples are snaall the
process is time consuming. Exfoliated graphene is laideafor 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 tisi section, commercial CVD graphene grown on cofipkefrom
Graphene Supermarket was udgoth sides othe copper foil have CVD graphene
because of the growth method. For each samptestared with a small piece,

x pod pwaof CVD graphenen copper ad applied a drop of 950PMMA C8

to cover one side of the CVD graphene. The PMMA/CVD graphene was then placed
in a beaker o0 iron (lll) chloride FeCk) for 30 minutes. The PMMA/CVD
graphene flows due to therface tension of water and the hydrophobic nature of
PMMA. The Fe etchedthe copper causing graphene on the bottom side of the
copper foil to sink to the bottom of déhbeaker. After 30 minutes, the
PMMA/graphene sample then underwent succesivenizedwater baths to rinse
away metal particles left from the etch. The sample was then collected on a clean,
¢ Y& dsilicon dioxide on silicon substrate with alignment markerspatéerned.

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 durirg the transfer process. The sample was then heatedtdor 30 minutes.

Finally, the PMMA was removed in an acetone bath.



(c)

(b) | ]
———

(d)

Fe3 Fe3*
Fed+

Fe3 Fe¥
Fed+

(f)

(h)

Figure2-10 CVD graphene transfer procedufa) We began with
commercidly purchaed CVD graphengb) 950PMMA C8 was
applied to the CVD graphene. (c) The PMMA/graphene was etched
in apd FeCk solution. (d)With the copperetched the bottom
graphendayersinksto the bottom of the beaker. () The Fas

then replaced with dmnized water three times to remove lefer
metal and etchant. (f) The PMMA/graphene was lifted from the
water with a silicon/silicordioxide chip with prepatterned
alignment markers. (g) Another dropPMMA was applied to the
graphene to reflow the PMMAThen 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 grapfoerthe most

part but there are periodic tears in the graphene and residual PMMA in the resulting
graphene Every devicefabricated using this transferred grapheti# has to be
designed individually depending on the location and size of the continuous graphene
We experimented with the following steps to minimize the nurabdsize of the
tears and the amouat residual PMMA: ) the amount of PMIA applied in the first
step, 2 functionalization of the silicon dioxide surface of the substeatd3) the

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

Figure2-11shows the results from using various amsohPMMA to hold
onto the top graphene layer while etching the copperidiena drop of PMMA
was put on a piecepwd p®aof CVD graphene, large areas of graphene
x p1t @ p 1t aorlargerrolled up. When excess PMMA was removed prior to
the transfer process with a piece of Texwipe®irthesferred graphene is practically
holes-free with the exception of a few small tearsthe orderof ¢* @ ¢‘ a
When these samples were placed ingtohant, the sample with the excess PMMA
tends to curl upward like a bowhost likely due to the surface tensiovhile the

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

stress from the excess PMMA is likely the caofsthe 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 @t 0 (and att 1t 1tY0 OIn

bothof these cases, many mieears on the ordervfp‘ atox v‘ d&wereevenly
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distributed across the entire sheet of graphene. In the case where the spin speed is

higher, the micrdears were bigger. The resultsénarere representative of the three

repeated trials wperformed

(a) (b) No graphene

No graphene

Graphene

/' =
Mlicfotesr Micro tear

Figure2-11 The effect of PMMA quantity on quality of transferred
graphene(a) A full drop of 950PMMA C8 is applied to a piece of
CVD graphaep ® & p & dand 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 ab Tt 0 Gand transferred graphene has mitears
distributed throubout. (d) Excess PMMA was removed by

spinning att Tt i (and larger micrdears resulted throughout.
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Figure2-12 shows the effects of the substrate preparation on the quality of

transferred graphene. Duritige transfer process, after the copper foil was etched
away from the CVD graphene and triple rinsed withatezed water, a substrate

was used to lift the graphene out of the water. The substrate used is a silicon chip
with a layer of¢ Y& d silicon diakide andp Tt at dgold 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 5&patibnized water

for 1 or 2 secomsiprevents long teaiia the transferred graphene. We note that the
transfer of graphenenust 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 didpretent the long tears. We hypothesize
that this is due to new hydrogen bonds being formed from the quick diluted BOE dip,
which allowed the grapherte adhere better to the substrate for subsequent steps of

the transfer process.



Figure2-12 The effects okubstrate preparation on the quality of
transferred graphen¢a) CVD graphene transferred to a typical
Si/SiQz chip. (b) CVD graphene transferred to the same chip that
has been treated with 1 part 101ifferedoxide etch to 50 pastle-
ionized water. There is a dramatic reduction in the number of long

tears.
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