
REVIEW ARTICLE
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As a result of the recent progress in fabricating large-area graphene sheets, graphene-based

mechanical devices have become vastly easier to manufacture and now show even greater promise for

a range of applications. This article reviews the progress of resonant graphene nanoelectromechanical

systems and the possible applications of this technology to signal processing, sensing, and other areas.

After discussing recent advances in fabrication and measurement techniques that make graphene

resonators a viable technology, the article presents what is known about the performance of graphene

mechanical systems. The authors also highlight unresolved questions, such as the source of the

dissipation in graphene resonators, and discuss the progress made on these issues to date. The authors

conclude with a discussion of important future directions for graphene research and the applications

for which graphene nanomechanical devices may be well suited. VC 2011 American Vacuum Society.
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I. INTRODUCTION

Graphene, a single layer of carbon atoms in a honeycomb

lattice, is a material of both scientific interest and technologi-

cal promise.1,2 It has remarkable electronic properties, includ-

ing ultrahigh electron mobility3 and the fact that its electrons

have zero effective mass, so that it offers a window into the

physics of the Dirac equation.4 The combination of its elec-

tronic properties and its two-dimensional geometry make it

useful for a number of technologies, including chemical sen-

sors,5 flexible and transparent electrodes,6 and high-frequency

analog transistors.7,8 In addition to its electrical properties,

graphene has unique mechanical properties. It is the strongest

material ever measured, with a breaking strain of nearly 25%,

and it is among the stiffest known materials, with a Young’s

modulus of 1 TPa.9 Therefore, it has also been suggested for

use in mechanical applications such as switches,10 membranes

separating disparate environments,11–14 and supports for trans-

mission electron microscopy.15

Among the devices for which graphene appears almost

ideally suited are nanoelectromechanical systems (NEMS),

mechanical devices that have at least one dimension smaller

than 100 nm.16 These devices are sometimes further classi-

fied into resonant and quasistatic NEMS17; here, we will

focus mostly on resonant NEMS. Since the small size of

NEMS makes them extraordinarily sensitive detectors of

mass, force, and displacement, the ultimate limit would be a

resonator one atom thick, but reducing most materials to

such small dimensions generally affects mechanical stability

and stiffness. Graphene, however, is simultaneously one

atom thick and enormously strong and stiff. Additionally, its

electrical conductivity enables integrated electrical transduc-

tion, and its planar geometry lends itself easily to standard

lithographic processing. Graphene’s suitability for mechani-

cal resonance applications has already been demonstrated in

many experiments.

This article highlights the remarkably rapid progress

made in the field of graphene nanomechanics during the past

several years, much of which has been enabled by advances

in growth and fabrication methods. We focus on the

challenges associated with building a new class of two-

dimensional resonator from graphene and utilizing it for

applications. We discuss the strides already taken toward

this goal in fabrication, actuation, and detection of graphene

NEMS, and we discuss progress in other important perform-

ance areas like resonant quality factor and frequency repro-

ducibility. We also discuss applications for which graphene

resonators have already been used, including simultaneous

sensing of mass, stress, and charge. Furthermore, we address

the relevance of NEMS fabrication techniques to mechanical

graphene devices that do not utilize resonance, such as elec-

tron transparent membranes for SEM and TEM studies. We

conclude by examining the fields in which graphene nano-

mechanics are likely to have a large impact and speculate

about what we can expect from graphene mechanical tech-

nology in the next few years.a)Electronic mail: hgc1@cornell.edu
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II. FABRICATION

The basic element of a flexural mechanical resonator is a

section of material that is suspended and free to resonate.

Therefore, this section will discuss the methods that have

been devised thus far to produce suspended graphene sheets.

There are a number of ways of producing suspended gra-

phene membranes, many of them developed for mechanical

resonance applications. First, we discuss the various means

by which graphene itself can be fabricated; then, we discuss

how suspended and electrically contacted devices can be

made from graphene.

A. Graphene production

Since graphite is composed of many stacked layers of gra-

phene, simply rubbing graphite against a solid surface pro-

duces graphene. However, many attempts to fabricate

graphene by this method produced only multilayer graphene

that was difficult to locate.18–22 The recent explosion of gra-

phene research was enabled by the discovery that monolayer

graphene is visible in an optical microscope if it has been

isolated on a layer of oxide of precisely chosen thickness on

a silicon wafer.1,23–25 The visibility of graphene under these

conditions, which is due to optical interference, enabled

rapid examination of large surface areas to determine where

single layer graphene is produced by even a very low

throughput method. Thus, rubbing thin flakes of graphite on

top of SiO2 on silicon, which yields few samples of single

layer graphene in a wide assortment of multilayer stacks,

became a viable method of producing graphene. This tech-

nique, called “mechanical exfoliation,” is shown in Fig. 1(a);

the visibility of graphene on an appropriate thickness of

SiO2 is shown in Fig. 1(b). While optical interference allows

single layers of graphite to be distinguished from multiple

layers, it was soon discovered that the number of layers in a

stack of graphene sheets could be determined from its

Raman spectrum, which enabled more quantitative confirma-

tion that a given sample was indeed monolayer gra-

phene.26,27 Being able to optically identify potential single

layer candidates and confirming their thickness with Raman

spectroscopy enabled production of the first suspended gra-

phene sheets via mechanical exfoliation, as we will discuss.

Mechanical exfoliation of graphene is still common prac-

tice today. However, locating graphene amid the assortment

of thicker graphite produced by mechanical exfoliation is

painstaking work, and the technique is not scalable. Fortu-

nately, a number of other techniques are used to fabricate gra-

phene in large areas. Epitaxial graphene growth, in which

graphene is formed by sublimating silicon from silicon car-

bide, has been used to grow large-area graphene.28,29 Two-

dimensional assemblies of reduced graphene oxides also have

been heavily studied,30–32 and although they do not exhibit

the electronic properties of graphene, they exhibit excellent

mechanical properties33 and may be well suited for NEMS.

Another approach is to grow graphene on metals by chemi-

cal vapor deposition (CVD). In early steps toward this method,

graphene was synthesized on ruthenium34 and iridium.35 For

device fabrication purposes, a major achievement was the

growth of few-layer graphene on nickel, which allowed both

large-area growth and isolation of the graphene from the

metal.6,36 Unfortunately, graphene growth on nickel was char-

acterized by regions with large numbers of layers. Soon there-

after, graphene growth by chemical vapor deposition on

copper was found to produce up to 95% single layer graphene,

with most of the rest bilayer graphene.37 Since this discovery,

much progress has been made in growing graphene by CVD

on copper, including the production of graphene on rolls of

copper38 [(Figs. 1(c) and 1(d)] and the production of graphene

from solid sources on copper using temperatures as low as

800 �C.39 Recent studies of graphene produced by CVD on

copper showed that it is polycrystalline40,41 and that its me-

chanical strength was weakened at its grain boundaries.42 How-

ever, slightly modified growth methods have been observed to

produce graphene with much larger grain sizes.43 It is sus-

pected that further work on this growth method will yield gra-

phene with fewer bilayer regions and larger grain sizes.

FIG. 1. (Color online) (a) Synthesis of graphene by mechanical exfoliation.

Graphite is thinned by repeatedly peeling layers apart with scotch tape, then

rubbed against a layer of oxide on a silicon wafer. (b) An exceptionally large

graphene flake obtained by exfoliation. Reproduced from Ref. 2. (c) Sche-

matic for producing large-area graphene from graphene grown on copper foil,

adopted from Ref. 38. Graphene is produced on a roll of copper foil and

attached to a polymer support using light pressure between two rollers. Using

additional rollers, the copper is dissolved and the graphene is transferred to the

final substrate. (d) The results of a similar process on a silicon wafer, together

with an optical image showing more than 95% monolayer coverage. The gra-

phene can be stacked to form several-layer-thick sheets, and Raman spectra

for various graphene thicknesses are shown. Reproduced from Ref. 38.
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B. Fabrication of mechanical devices

The first suspended graphene sheets were produced using

mechanical exfoliation, relying on the ability to identify gra-

phene on an oxide surface.26,44,45 In one method,26,45 gra-

phene sheets were produced by mechanical exfoliation on a

standard SiO2 surface and modified by electron-beam lithog-

raphy and etching to produce suspended graphene sheets on

a metallic scaffold for transmission electron microscopy. In

another experiment,44 mechanical exfoliation was used to

fabricate graphene on top of predefined trenches in SiO2,

resulting in a doubly clamped beam that was confirmed to be

monolayer graphene by Raman spectroscopy [Figs. 2(a) and

2(b)]. In both cases, only a small number of samples were

produced. Nonetheless, the advent of suspended graphene

proved very useful for the graphene community. Bolotin et
al. showed that suspended graphene could be used to achieve

ultrahigh electron mobility,3 making exfoliated suspended

graphene instrumental in the recent observation of the frac-

tional quantum Hall effect in graphene.46,47 It is also possi-

ble to produce enclosed volumes sealed by exfoliated

graphene,48 as in Figs. 2(c) and 2(d), and to use lithography

to produce arrays of graphene resonators of different lengths

and shapes from exfoliated graphene, as shown in Figs.

2(e)–2(g).49 Mechanical exfoliation is still used today to pro-

duce mechanical resonators50 and other types of devices

from graphene because it yields strips of very clean graphene

without the need for lithography. Additionally, the continual

refinement of the exfoliation technique has enabled the pro-

duction of very large suspended graphene sheets with dimen-

sions on the order of 50 lm.51 However, the technique is not

scalable to producing large numbers of devices.

A more scalable means of graphene device production

involves first growing a large-area sheet of graphene and sub-

sequently processing it to create devices. In some cases, the

graphene can be processed on the surface on which it was

grown. For example, it is possible to grow graphene on top of

copper and subsequently remove the copper, resulting in

arrays of field effect transistors.52 Similarly, it is possible to

fabricate suspended graphene for TEM studies by selectively

etching copper from beneath graphene grown by CVD.53 It is

also possible to make nanomechanical resonators by, for

FIG. 2. (Color online) Graphene resonators made by mechanical exfoliation. (a), (b) Schematic and

SEM image of a graphene resonator made by exfoliating graphene over a trench, reproduced from Ref.

44. (c), (d) Schematic and AFM image of a graphene resonator made by exfoliating graphene over a

well. The graphene sheet (c) bulges upward in response to pressure, and (d) self-tensions by adhering

to the sidewalls of the well when not acted on by other forces. Reproduced from Ref. 48. (e)–(g) Sche-

matic and SEM images of graphene resonators fabricated by mechanical exfoliation followed by litho-

graphic processing. Reproduced from Ref. 49.
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example, etching silicon carbide from beneath graphene

grown epitaxially on SiC [Fig. 3(a)].54 However, the sub-

strates on which graphene can be grown are not necessarily

the ideal substrates for devices. For example, the nanome-

chanical devices fabricated in Ref. 54 were electrically

shorted to their doped SiC substrate and could not be probed

electronically. For this reason, we focus on what has been the

primary approach to creating graphene mechanical devices

thus far, which is growing graphene and subsequently trans-

ferring it to another surface for processing.

Transferring graphene after its growth is often necessary

for a number of reasons. First, CVD growth from gaseous

sources requires temperatures greater than 900 �C, which

poses a challenge for semiconductor processing.39 Second,

the small-scale patterning required to make graphene devices

is more easily done on standard silicon wafers than on the

metal that facilitates graphene growth. Finally, it is often

useful to isolate the graphene from the substrate on which it

is grown, as in the case of the SiC-derived devices men-

tioned earlier. Currently, the most widely employed transfer

method begins with graphene grown on copper, which we

will discuss in detail here. However, transferring graphene

produced by other methods, including mechanical exfolia-

tion55 and CVD on nickel,10 has been useful for many appli-

cations. It is also possible to make few-layer graphene

resonators out of reduced graphene oxide transferred to a

patterned substrate [see Fig. 3(b)].56

The transfer of graphene from copper follows earlier pro-

cedures developed to transfer graphene from nickel.36 Fol-

lowing growth of graphene on copper, the graphene is

typically coated with a thin polymer layer such as PMMA

(Ref. 37) or thermal release tape38,57 to maintain mechanical

stability during transfer. Then, the copper is removed by

etching with a chemical such as ferric chloride or ammonium

persulfate. We note that ferric chloride has been observed to

contaminate the surface of graphene with iron,40,53 which is

problematic for some applications. Following the dissolution

of copper, the graphene is rinsed in water and brought into

contact with the final substrate. Finally, the support layer is

removed to leave single layer graphene on an arbitrary sur-

face. Typically, PMMA has been removed using acetone,58

methylene chloride,59 or thermal decomposition at 300 �C.60

This transfer method is robust and can be used to make

mechanical devices of many shapes and sizes. For example,

to make the electrically contacted, doubly clamped beam

resonators described in Ref. 59, CVD-grown graphene was

transferred to SiO2, patterned using lithography and oxygen

plasma, and contacted by evaporated electrodes. Then, a buf-

fered oxide etch was used to remove the oxide from beneath

the device, leaving it free to resonate. In another approach to

making doubly clamped graphene beam resonators, gra-

phene was patterned into strips while it was still on the cop-

per using lithography and oxygen plasma. Then, the typical

transfer process was used to place the strips on top of prefab-

ricated trenches or electrodes. A similar approach was used

to make mechanical switches out of graphene.10 Fabricating

mechanical devices from graphene does not require shaping

graphene lithographically. The drumhead resonators in Ref.

61 were fabricated by simply transferring graphene onto a

circle defined in silicon nitride. Figures 3(b) and 3(c) show

some of the devices that have been made using the transfer

of large-area graphene.

III. PERFORMANCE, CHALLENGES, AND
APPLICATIONS

Although graphene possesses many properties that seem

to make it ideal for mechanical resonance applications, its

promise must be validated by experiments. Here, we

describe the challenges associated with making useful elec-

tromechanical resonators from graphene and describe the

efforts designed to overcome these challenges.

A. Actuation and detection of mechanical motion

The performance of a nanomechanical resonator as, for

example, a mass sensor is often limited by the readout tech-

nology.62 Hence, the transduction of graphene resonator

motion is critical to the success of graphene NEMS. We

briefly review the methods that have been developed to drive

and detect the motion of graphene resonators.

The motion of the first graphene electromechanical reso-

nators44 was monitored via an optical interferometric

effect.63 Briefly, a laser impinges on the device perpendicu-

lar to the plane of the graphene sheet, reflecting from both

the graphene and a silicon backplane beneath the device.

The graphene and the reflective backplane form a Fabry–

Perot interferometer that transduces device motion into var-

iations in the reflected light intensity; these variations are

FIG. 3. (Color online) Graphene resonators made using large-area graphene. (a) Epitaxial graphene resonators fabricated by

shaping the graphene on SiC and undercutting it using a wet etch (Ref. 54). (b) Resonators made of reduced graphene oxide.

Scale bar, 1 lm (Ref. 56). (c) Arrays of doubly clamped beam resonators (2 and 5 lm in length) made from CVD graphene

(Ref. 59).
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monitored by a fast photodiode connected to a spectrum ana-

lyzer. This technique has been used in several instances to

measure the motion of graphene resonators,56,59,61 and it has

the advantage of being able to transduce the motion of any

suspended graphene sheet without requiring electrodes.

Future work utilizing on-chip optical components may even

enable portable optical readout. However, the method cur-

rently requires bulky optics and can cause issues with laser

heating. Electrical readout was a logical next step to enable

portable graphene nanoelectromechanical systems.

Electrical transduction was demonstrated in graphene49

using a technique first developed to detect the motion of car-

bon nanotubes.64 This technique overcomes the high-fre-

quency impedance issues associated with monitoring

electrical signals from nanomechanical resonators by using

the resonator itself to mix down the signal to a lower fre-

quency. The measurement is accomplished by suspending a

graphene sheet above a backgate between two electrodes

(source and drain). A dc voltage is applied to the gate in

order to tension the device, while an oscillating gate voltage

at frequency f is applied to the gate to drive resonator motion

via capacitive attraction. A second rf voltage at frequency

fþDf is applied to the source. Because the graphene con-

ductance G changes with distance from the gate, G oscillates

with frequency f on resonance, while the source–drain volt-

age V is oscillating with frequency fþDf. The result is a

mixed-down source–drain current I¼VG at Df. For gra-

phene, this technique gives �60 dB dynamic range while

allowing frequency tuning of �100% via the backgate.49

Variations on this method have been demonstrated to

improve signal to noise even further.65

The major drawback of the mixing technique is its

speed.50 Operating at the frequency Df (typically �1 kHz)

significantly limits operation bandwidth and prevents rf

applications of these oscillators that would require direct

readout of frequency. To transduce the motion of NEMS at

megahertz frequencies; however, one needs to increase the

RC-limited cutoff frequency. In systems with a global back-

gate (often, the entire wafer acts as the gate), this cutoff fre-

quency is set by unnecessary stray capacitance between the

source and drain electrodes and the gate. Xu et al. eliminated

this problem by employing a local backgate to reduce stray

capacitance.50 In this geometry, current across a source and

drain was measured while a driving force was applied to the

resonator by the local backgate. They found that the reso-

nance could be observed through the change in current at the

resonant frequency of the device due to the gate-tunable con-

ductance of the graphene. At the expense of more stringent

fabrication, this technique allowed them to acquire a given

data set �100 times faster than with the mixing technique,

while maintaining comparable signal to noise.

It is worth noting that other drive mechanisms hold much

promise for graphene NEMS. In particular, nonresonant os-

cillatory motion of very small, high-frequency resonators

has been actuated and detected using scanning tunneling mi-

croscopy.66 These devices have an estimated frequency of

400 GHz and could allow highly sensitive mass detection or

exploration of quantum behavior in mechanical oscillators.

However, driving the resonant motion of these devices will

be challenging.

Actuating motion of most graphene NEMS has proven

simpler than detecting it. Both electrical and optical drive

methods have been used to drive graphene over its full

dynamic range; that is, from a minimum vibrational ampli-

tude comparable to thermal fluctuations to a maximum

vibrational amplitude characterized by the onset of Duffing

nonlinearity.17 In most cases, electrical drive uses capacitive

attraction to drive the motion of the resonator relative to a

gate, as described earlier. The optical method utilizes a

strobed laser whose light is partially absorbed by the gra-

phene sheet, so that the sheet is periodically heated and

cooled at the driving frequency; thermal expansion and con-

traction then convert these temperature changes into device

motion.67 Using the optical method, resonator motion can be

monitored without fabricating electrodes, which allows reso-

nators to be examined with minimal resist contamination.

B. Quality factor

An important metric for the performance of any nanoelec-

tromechanical resonator is its quality factor, defined as

Q ¼ 2p
Etotal

DEcycle

¼ f

Df
; (1)

where f is the resonant frequency of the resonator, Df is the

full width half power maximum of the Lorentzian amplitude

response peak, Etotal is the total energy stored in the resona-

tor, and DEcycle is the energy lost per cycle. Quality factor

can be thought of as the purity of the tone with which a reso-

nator vibrates: the higher the quality factor, the narrower the

resonance peak in frequency space. High quality factors are

desirable to optimize the performance of a nanomechanical

resonator acting as a sensor or signal processor.

A commonly observed trend in NEMS is that as resona-

tors are made smaller, quality factor tends to drop in inverse

proportion to surface area to volume ratio R, presumably

because surface effects begin to dominate the quality factor

at small volumes. For example, single crystal silicon resona-

tors of a variety of different shapes and sizes rarely exceed

RQ� 1000 nm�1 because thinner resonators generally have

lower quality factors.68 It might be expected, therefore, that

graphene’s large surface area to volume ratio would cause it

to have a low quality factor. The room temperature quality

factors of the first graphene resonators, which were produced

by mechanical exfoliation, seemed to be in keeping with this

trend, with measured Q� 80,44 Q� 125,49 and Q� 300

(Ref. 69) (RQ< 2000 nm�1 assuming a thickness of.335

nm). Doubly clamped beams made from CVD graphene

demonstrated similar quality factors (Q< 250).59 Thicker

variants of graphene, including graphene oxide56 (Q� 4000)

and epitaxial graphene54 (Q� 1000) demonstrated higher Q,

but not higher RQ products.

Recently, the achievement of quality factors as high as

2400 in CVD graphene drumhead resonators demonstrated

that graphene could have RQ products exceeding 14000
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nm�1 at room temperature, a value surpassed only by much

larger high stress silicon nitride membrane resonators.61

This evidence suggests that despite its large surface area to

volume ratio, graphene can have respectable quality factors.

Since it has been theoretically predicted that clamping

graphene membranes on all sides should improve the quality

factor by eliminating “spurious edge modes,”70 it was

hypothesized that the clamping geometry of these resonators

was important to their high quality factors. At lower temper-

atures, the quality factor of graphene resonators improves

considerably, and values as high as Q� 100000 at 90 mK

have been observed.71

The cause of the dissipation in graphene resonators is still

unknown; however, it does show distinct characteristics (see

Fig. 4). Studies of doubly clamped beam resonators made

from both exfoliated49,69 and CVD (Ref. 59) graphene show

similar dissipation as a function of temperature, with dissipa-

tion rapidly decreasing from 300 to 50–100 K, then decreas-

ing more slowly, with Q�1� T0.3–0.4, at lower temperatures.

This behavior bears a striking resemblance to that of carbon

nanotube resonators at low temperature.72 Arrays of CVD

graphene resonators have also enabled studies of dissipation

as a function of size. In circular drumhead resonators made

of graphene, quality factor was found to be linearly depend-

ent on diameter, reaching Q� 2400 for resonators 22.5 lm

in diameter.61 The physical reasons for the dependence of

dissipation on temperature and size remain unknown,

although theories73,74 have been proposed. Recent evidence

suggests that nonlinear damping determines the resonant

quality factor of both nanotube and graphene resonators at

low temperatures and should be considered in any theory of

dissipation in these ultrathin structures.71

C. Frequency reproducibility and tuning

One of the important landmarks in the application of gra-

phene resonators will be the ability to produce a resonator of

a given target frequency many times over. Mechanical exfo-

liation has performed poorly in this regard, because it is dif-

ficult to produce large numbers of devices, and also because

mechanically exfoliated graphene sheets are deposited with

uncontrolled shape and tension, leading to unexpected fun-

damental modes of vibration.75 Ripples are also an intrinsic

feature of suspended graphene sheets that, if not controlled,

could lead to a large variation in frequency from device to

device.76

New fabrication approaches have improved this reprodu-

cibility, although similar problems were observed in early

epitaxial and CVD graphene devices. Arrays of resonators

made from epitaxial graphene on silicon carbide were simple

to produce in large numbers, but they showed wide variabili-

ty in their resonance frequencies for a given length.54 This

variation was attributed to uncontrolled buckling in the

membranes caused by compressive stress. Doubly clamped

CVD graphene beams under tension also had wide variations

in their frequencies and displayed complicated spectra with

modes that were challenging to predict.59 In the same experi-

ment, however, it was found that the modes were more pre-

dictable for resonators that were clamped on all edges. Data

taken for circular drumhead resonators in Ref. 61 supported

this assertion. The current data suggest that resonators with

free edges have more degrees of freedom, making it more

difficult to control tension and rule out modes for which the

edges are vibrating. Clamping the membrane on all sides

alleviates these problems, and perhaps in addition increases

quality factor as discussed earlier.

Because of graphene’s remarkable thinness and flexibil-

ity, its frequency can be adjusted over a wide range by

applying electrostatic tension via a backgate. See Fig. 5 for

the resonant frequency of one graphene resonator as a func-

tion of gate voltage. The strong dependence of frequency on

gate voltage is promising for signal processing applications

requiring a tunable frequency source. For example, graphene

resonators could be useful as tunable filters for wireless com-

munication applications.77

D. Performance as sensors

One of the most exciting potential applications of gra-

phene NEMS is sensing of mass,78 force,79 and position.80

FIG. 4. (Color online) Properties of the quality factor of monolayer graphene. Doubly clamped exfoliated graphene resonators (Ref. 49) (a) and a doubly

clamped CVD graphene resonator (Ref. 59) (b) display similar temperature dependence of quality factor. (c) Drumhead resonators (inset top left) made of

monolayer CVD graphene display size-dependent quality factors at room temperature. Inset bottom right, the highest published quality factor for a mono-

layer graphene resonator at room temperature, Q¼ 2400 6 300. Reproduced from Ref. 61.
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Graphene’s advantage as a sensor is that its low mass and

flexibility make it couple strongly to the outside world. For

example, the minimum mass resolvable with a mass sensor

against a background of white noise is62

Dmmin ¼ 2ðmeff =QÞ10�DR=20; (2)

where meff is the effective mass of the resonator, Q is the

quality factor, and DR is the dynamic range in decibels.

Therefore, graphene’s small mass gives it an impressive sen-

sitivity. In one experiment,49 a graphene resonator manufac-

tured via mechanical exfoliation was estimated to have mass

sensitivity �2 zg with a detection bandwidth of �3 Hz. As a

two-dimensional material, graphene tends to have greater

mass than its one-dimensional carbon nanotube counterparts,

and better mass sensitivities have already been achieved at

room temperature with carbon nanotubes.81 Significantly

reducing at least one graphene dimension by, for example,

fabricating resonators from graphene nanoribbons will be

necessary for graphene to compete with carbon nanotubes in

total resolvable mass. However, graphene has the advantage

of a large surface area for mass flux capture, so that it is

expected to have impressive sensitivity to mass per unit area.

Experiments suggest that a circular drumhead resonator

made of graphene should be able to resolve 3 pg cm�2 at

room temperature, which is superior to the performance of

quartz crystal microbalances.61

Another application at which graphene is expected to

excel is force sensing.61 The minimum force=HHz resolv-

able by a resonant sensor is

dFf ¼ ð4keffkBT =xQÞ1=2; (3)

where keff is the effective sprint constant, kB is the Boltz-

mann constant, T is temperature, and x is frequency. At

room temperature, graphene resonators have achieved an

estimated dFf� 200 aN=Hz1=2.61 This number should be

compared to the force sensitivity of ultrasensitive cantilevers

used to do magnetic resonance imaging, which is �1

aN=Hz1=2 at 100 mK.79

Because graphene is both electrically and mechanically

active, it can be used to simultaneously sense mass, stress, and

charge. The data from one such experiment on an exfoliated

graphene resonator is presented in Fig. 5. Before and after depo-

sition of the analyte pentacene, the resonant frequency is plotted

as a function of gate voltage Vg, which allows determination of

the mass and stress by fitting the curve to the function:

f ðVgÞ ¼
1

2L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T0 þ TeðVgÞ

qw

s
; (4)

where L, w, and q are the length, width, and density of the

resonator, T0 is the inherent tension in the device, and Te is

FIG. 5. (Color online) Electrically contacted graphene resonators can sense mass, tension, and charge simultaneously. In a color plot of

dI=df as a function of frequency f and gate voltage, the graphene resonance stands out as a U-shaped feature. The dependence of the res-

onant frequency on gate voltage can be fit to extract the density q and strain e0 of the graphene sheet. Here, the deposition of pentacene

on an as-fabricated exfoliated graphene resonator (a) causes the measured density and tension to increase (b). (c) Subsequent cleaning

restores the density of the sheet to that of a pristine graphene resonator. (d) The addition of more pentacene increases the mass and the

stress in the graphene. For each step, the charge can be studied by looking at the plots of conductance vs gate voltage. Figure adopted

from Ref. 49.
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the tension induced by the gate voltage.49 Simultaneously,

the conductance as a function of gate voltage is measured.

When 1.5 nm pentacene is evaporated on an exfoliated gra-

phene transistor, the mass of the device goes up, the stress

increases, and the charge neutrality point moves to the right.

After cleaning via Ohmic heating, the charge neutrality point

moves to near zero gate voltage, and the resonance becomes

more tunable, consistent with the pentacene leaving the de-

vice. These measurements demonstrate that graphene can

simultaneously sense mass, force, and charge, which has

numerous applications; for example, the simultaneous sens-

ing of mass and charge of an analyte would be analogous to

mass spectrometry. In addition, a similar way of reading out

stress was used for more fundamental studies of the thermal

expansion of graphene.69

E. Membranes

Despite its thinness, graphene is impermeable to gases.48

In combination with its force sensitivity, this fact gives gra-

phene unique capabilities as a pressure sensor. The geometry

shown in Figs. 2(c) and 2(d), for example, is�1 lm3 encapsu-

lated on one side by a graphene sheet. Because the resonance

frequency of the graphene depends on the pressure differential

between the two sides of the membrane, measuring the fre-

quency as a function of pressure produces a minimum that

indicates when the pressure inside the chamber is equal to the

pressure outside the chamber [Fig. 6(a)]. Hence, the pressure

in a very small encapsulated volume can be probed, which is

expected to be useful for investigating chemical reactions and

phase transitions or detecting photons.48

In addition, encapsulated small volumes are expected to be

useful for biological investigation. Graphene has already been

used as an electron transparent, conductive support for study-

ing viruses82 and elongated DNA (Ref. 83) with transmission

electron microscopy, but its impermeability to gases can add

to this functionality— it could act as a transparent membrane

that separates a fluid from the vacuum required to generate an

electron beam; thus enabling imaging of biomolecules through

a fluid. The same fabrication techniques that have been used

to fabricate suspended graphene NEMS can be used to create

these structures. For example, Fig. 6(b) shows a yeast cell

being imaged by SEM through a suspended graphene mem-

brane produced by mechanical exfoliation.

IV. OUTLOOK AND CONCLUSIONS

As uniquely thin nanomechanical systems, graphene

NEMS have the potential to be applied in more useful and

more novel ways than the above-mentioned proof-of-principle

demonstrations. As functionalization of graphene sheets

advances,84 their sensitivity to mass and stress could be

wielded to enable highly sensitive biological and chemical

sensing.85 Furthermore, graphene resonators may be able to

sense mass in unique ways; for example, a graphene drum res-

onator with degenerate eigenmodes should be able to deter-

mine both the mass and the position of an adsorbed particle

using only measurements in a narrow band of frequency near

the fundamental mode.86 Along very different lines, graphe-

ne’s high force sensitivity has elicited suggestions that it be

used in cavity optomechanics.87

In addition, there is much physics that remains to be

explored for graphene mechanics. In particular, the source of

mechanical dissipation in graphene resonators is only now

being studied. If it can be understood, then graphene could

act as an ideal system in which to study dissipation, as

defects in this 2D crystal should be easier to control than in

bulk. In addition, graphene resonators may prove useful for

studying a mechanical system in its ground state, a long-

sought experimental platform that was achieved only

recently.88 Cooling a mechanical system to its ground state

is a challenging feat that requires extremely low tempera-

tures and the ability to detect zero point motion on the order

of xzp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�h=2mx

p
.89 Therefore, graphene’s advantage in

this area stems again from its small mass and its demon-

strated ability to transduce motion into an electrical signal.

We should also note that many other two-dimensional

materials have been studied and will provide interesting

FIG. 6. (Color online) (a) Graphene is impermeable to gases, so that it can seal off a small volume of air. The pressure in a small volume

enclosed by a graphene sheet can be measured by finding the resonance frequency of the graphene as a function of external pressure.

Reproduced from Ref. 48. (b) A yeast cell is contained in a small volume of air beneath a graphene sheet. Because the graphene is trans-

parent to electrons, it is possible to see the analyte inside the well, while the pressure inside the well can be determined via resonance

measurements. (Barton et al., unpublished work).
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mechanical systems. Fluorinated graphene; for example, is

transparent but also mechanically strong,90,91 so that it could

be a good material from which to build high-finesse optome-

chanical cavities.92 Other two-dimensional systems of inter-

est include h-BN, MoS2, and NbSe2, which are insulating,

semiconducting, and metallic, respectively.24,93,94 In general,

making mechanical devices out of single atomic layers opens

up a wide range of possibilities enabled by the low mass and

flexibility of these materials, while different materials will

enable tailoring of the optical and electrical properties of the

devices. As an example, thin NbSe2 resonators have been

used to study the physics of charge density waves at the

nanoscale.95

The field of nanomechanics has been pushing miniaturi-

zation for more than a decade, and with graphene and other

2D materials, it is finally reaching the limits of thinness. Gra-

phene resonators have already proven that they can be manu-

factured in large arrays. They resonate with predictable

frequencies, quality factors in the thousands at room temper-

ature, and good dynamic range; they can also be applied to

basic sensing of mass and force. Now, the challenge is to use

this class of mechanical resonators to enable new applica-

tions and experiments.
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