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A method named sacrificial beam is presented to fabricate graphene cantilever devices. The

mechanical properties of graphene cantilevers are studied using atomic force microscopy.

Graphene cantilever based 2-terminal nano-electro-mechanical systems switches are demonstrated,

and their DC characteristics and switch performance are investigated. A 3-terminal switch based on

a graphene cantilever is fabricated, and its electrical properties are also studied. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4738891]

Graphene, initially generated by Novoselov et al.,1 is a

two-dimensional honeycomb crystal of carbon atoms, and

has very unique electrical and mechanical properties. The

high carrier mobility of graphene (200 000 cm3/Vs (Ref. 2)

makes it an ideal candidate for future microelectronic

applications.3–11 Its thermal conductivity is 5000 W/mK,12

and its Young’s modulus is about 1 TPa,13 at least six times

higher than silicon, making it an excellent material for

nanoelectromechanical systems (NEMS).14–17 Two-end-

fixed beams and cantilevers are two important types of

NEMS structures, and the latter one may have more poten-

tial applications due to its linear behavior and high sensitiv-

ity. Graphene beams have been extensively studied since

2007;18–23 however, to date, graphene cantilever device has

not been reported because it is very challenging to fabricate

graphene cantilevers. Compared with a two-end-fixed

beam, making free-standing graphene cantilever is much

more difficult. In this paper, we present a sacrificial beam

(SB) approach, demonstrating a NEMS switch using this

method.

The fabrication process, as shown in Figure 1, starts with

depositing Cr/Au/Ti (10 nm/100 nm/10 nm) by electron-beam

evaporation on top of Si substrate. Cr and Ti work as the bot-

tom and top adhesion layers, respectively. Ti can be removed

together with SiO2 by wet etching process using buffered ox-

ide etchant (BOE). Therefore, graphene cantilevers can elec-

trically in contact with the Au layer with a good conductivity.

Sequentially, 300 nm SiO2 was deposited on top of metal

layers by plasma enhanced chemical vapor deposition

(PECVD) as an isolation layer. Next, we used mechanical

exfoliation method to transfer graphene on SiO2. The sequen-

tial electrodes fabrication involves photolithography, Cr/Au

electron-beam evaporation, and metal lift-off. We used

PECVD to grow amorphous silicon approximately 300 nm

thick on the sample, and used photolithography and SF6 dry

etching to pattern it to ensure that the amorphous silicon beam

covers the graphene flake. The sample was rinsed in BOE to

etch SiO2 and Ti layers, followed by a critical point drying.

The function of amorphous silicon beam, as the SB, is to keep

graphene to suspend during the wet etching process.

Figure 2(c) shows a free-standing amorphous silicon beam

with graphene cantilever attached on its lower surface. After

wet etching, we used SF6 dry etching to remove the SB, leav-

ing only suspended graphene cantilever. After SF6 dry etch-

ing, no obvious damage on graphene cantilevers was

observed. A prominent D peak was noticed in Raman spec-

trum (see Figure 2(e)) which indicates that the dry etching

may introduce defects in graphene. These defects were caused

by physical ion milling instead of chemical etching. Figure

2(a) is a scanning electron microscopy (SEM) image of a

free-standing graphene cantilever arrays. As a comparison, we

tried conventional BOE wet etching method. Without the SB,

it is impossible to keep thin graphene cantilevers suspended

after transferring it from one solution to another several times

(see Figure 2(b)). Since graphene is very thin, it may curve af-

ter the SB is removed due to the built-in stress. Figure 2(d)

shows a graphene 1 nm thick which was bended upward.

Even with the amorphous silicon beam, some graphene canti-

levers still collapsed onto the substrate after dry etching due

to large length/thickness ratios. According to our experimental

results, when the length/thickness ratio (l/t) is larger than 560,

keeping graphene cantilever suspended is very challenging

(see Figure 2(f)).

Mechanical properties of a graphene cantilever were

investigated by atomic force microscopy (AFM). To have a

better understanding of the width effect, we chose a gra-

phene cantilever with a large width/length ratio. A multimo-

dal AFM was used to acquire topographic images (Figure

3(a)) and collect force-Z curves in a 64 by 64 grid of loca-

tions (also called “force volume”) for mechanical assess-

ments. Dynamic mode instead of contact mode was chosen

for high-resolution topographic imaging to minimize the

tip’s shear interaction with the delicate structure to avoid

damage. Importantly, cantilever driving parameters were

chosen to place the oscillator in the net attractive regime

during dynamic mode imaging (dominated by van der Waals

attraction instead of repulsive contact), as monitored via the

phase signal. For mechanical measurements, the tip and

beam sample were brought together so that the vertical oscil-

lation of the AFM cantilever reduced to zero, and quasistatic

contact was achieved between the tip and the beam. During

indentation, the graphene cantilever was bended, and force

against the sheet also caused AFM cantilever to deflect. The
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relationship among the graphene cantilever displacement,

Zcantilever, the piezo stage movement (beneath sample), Zpiezo,

and the AFM cantilever deflection, Ztip, is

Zcantilever ¼ Zpiezo � Ztip: (1)

The force, F, applied to the graphene can be derived by

F ¼ KtipZtip; (2)

where Ktip is the spring constant of a calibrated AFM cantile-

ver. The force-Z data cube provided a 2D mapping of local

stiffness. It provides us with sufficient information about the

stiffness distribution. Figure 3(b) shows 4 force curves

derived from different positions described in the AFM height

image. Spot 1 was the curve from the rigid electrode with the

largest slope and was used as a reference to calibrate the sen-

sitivity of the AFM cantilever deflection. Spot 2 has smaller

stiffness than spot 3, corresponding to a less slope in a force

curve. Spot 4 is the softest position of the cantilever. In addi-

tion, the force curves imply that a graphene cantilever is a

linear system. In pure bending regime, the relationship

between force and displacement of a cantilever under con-

centrated force is given by

F ¼ Ewt3

4l3
Zcantilever; (3)

where E is the graphene Young’s modulus, l, w, and t are

length, width, and thickness of the graphene cantilever,

respectively. The Young’s modulus of 0.7 TPa and 0.8 TPa

was deduced from force curves 2 and 3, respectively. 0.8

TPa is a more reasonable result inasmuch as there is no edge

effect while indenting spot 3. Two factors mainly contribute

to the measurement error of Young’s modulus. The measure-

ment error of AFM cantilever’s spring constant is within

610%, and the measurement of the graphene’s thickness

with error about 60.2 nm. Therefore, the Young’s modulus

of graphene is about 0.8 6 0.09 TPa.

2-terminal graphene cantilever NEMS switches electro-

mechanically actuated are demonstrated and analyzed. The

top graphene film can be pulled down to be in contact with

the Au substrate electrically when applying a dc voltage on

the top (graphene) and bottom (Au) electrodes. Once the bias

is larger than the pull-in voltage, a sharp increase of the cur-

rent is observed, implying that the top graphene cantilever is

FIG. 2. Graphene cantilever. (a) SEM

image of graphene cantilever arrays. (b)

Graphene cantilevers which fabrication

do not involve SB. (c) SEM image of a

free-standing amorphous silicon beam

with graphene cantilever attached on its

lower surface. (d) A 1-nm-thick gra-

phene cantilever. (e) Raman spectra of

graphene cantilever before and after SF6

etching. (f) The relation between suspen-

sion and graphene cantilever’s length/

thickness ratio. The scale bar is 1 lm.

FIG. 1. Graphene cantilever fabrication process. (a) Deposit Cr/Au/Ti on Si

substrate, followed by SiO2 deposition. (b) Transfer mechanically exfoliated

graphene on substrate. (c) Fabricate electrode pads on graphene by lift-off

technique. (d) Deposit amorphous silicon on graphene and use SF6 to pattern

it. (e) Etch SiO2 and Ti layer by using BOE. (f) Use SF6 to remove SB.
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in contact with the bottom, and the switch is turned on. The

contact, 12 out of 19 cantilevers, is broken after the bias is

removed (one is shown in Figure 3(c)). Cantilevers larger

than 2 nm thick stand a much smaller chance to have stiction

failure after switching.

The spring constant of a cantilever under distribution

force is given by

k ¼ 2Ew

3

t

l

� �3

: (4)

Thus, the pull-in voltage is given by24

Vpull�in ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
8kg3

0

27elw

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16Et3g3

0

81el4

r
; (5)

where go is the air gap between graphene and Au, and e is

vacuum permittivity. In our experiments, the currents were

measured as a function of dc bias voltage. Figure 3(c) shows

the I-V curves of 3 cantilever switches in the same length of

1 lm. Cantilevers 1 and 2 have the same thickness of 4 nm,

but cantilever 1 is wider (4 lm) than 2 (2.5 lm). When the

dc voltage is increased, spot 4 in Figure 3(a) will be pulled

down first. Wider cantilever has softer edge, resulting in

smaller pull-in voltages. Graphene cantilever in device 3 is

thicker (6 nm), thus larger actuation voltage was needed. If

the cantilever is narrow (width less than 2 lm), the differ-

ence between measured pull-in voltage and the value pre-

dicted by Eq. (5) is within 10%, otherwise the measured

value is smaller due to the edge effect mentioned above.

The switching speed measurement is also conducted.

For electromechanically actuated switches, the switching

time consists of the response time, which is the time needed

to overcome mechanical inertia, and the rise time of the volt-

age due to capacitance charging. A step function was applied

to the device input terminal, and the output signal was meas-

ured across a resistor in series to ground. In order to compare

the waveform difference in time domain, both the input and

output signals were displayed on the same digital oscillo-

scope synchronously. When an input voltage of 10 V was

applied, we observed a pulse output signal, as shown in Fig-

ure 3(d). The oscillations in the input and switch output

waveforms may arise from resonance associated with the in-

ductance and the capacitance from the instrumentation. The

different time needed to reach the maximum voltage between

the two signals was approximately 25 ns, which is the delay

time and also an upper bound of the intrinsic switching speed

of our graphene cantilever switch. The switching time, t, is

given by24

t ¼ 3:67Vpull�in

2pf0V
; (6)

where V is the step function voltage, and f0 is the first order

resonant frequency of cantilever. The switching time, t,
derived from Eq. (6) is 17 ns, which is in the same order of

the delay time we measured. The difference is mainly caused

by air damping.

In addition to 2-terminal switch which is easier to fabri-

cate for initial research, we also fabricate and characterize 3-

terminal switches for further investigation. Two terminals are

located on the signal transmission line (source and drain), and

the third terminal (gate) is used to turn on/off the switch. We

developed a 3-terminal graphene cantilever with the similar

fabrication procedure, as shown in Figures 4(a)–4(d). First,

we deposited Cr/Au/Ti on a SiO2/Si substrate, and used photo-

lithography, BOE, GE-6 Au etchant, and CR-12 R Cr etchant

to pattern Ti, Au, and Cr, respectively. Sequentially, PECVD

was used to deposit 300 nm SiO2 on top (see Figure 4(a)).

FIG. 3. (a) AFM topographic image of a

graphene cantilever. (b) Force curves of

graphene cantilever. 4 curves are derived

from the different positions described in

(a). Inset shows a schematic view of

AFM indentation. (c) I-V measurement

of 3 different graphene cantilevers. A dc

voltage was applied on the top (gra-

phene) and bottom (Au) electrodes. Once

the bias was larger than the pull-in volt-

age, and a sharp increase of the current

was observed. The inset is the SEM

image of a graphene cantilever beam af-

ter switching which is still suspended.

The scale bar is 1 lm. (d) Input and out-

put waveforms of graphene cantilever

switch. The difference in time needed to

reach the maximum voltage between the

two signals was approximately 25 ns,

which is the delay time.
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After using mechanical exfoliation to transfer graphene on

SiO2, we chose graphene flakes located on top of the Cr/Au/Ti

pattern edge and fabricate the top electrodes (see Figure 4(b)).

Finally, the SB technique was used to make graphene cantile-

ver suspended. Figure 4(e) is a SEM image of a 3-terminal

graphene cantilever switch. We define graphene, intermediate

metal layer, and the conductive silicon substrate as S, D, and

G, respectively. Voltages of VGS and VDS are applied to the

device. When VGS is smaller than the pull-in voltage, no cur-

rent is observed between S and D (IDS¼ 0). Once VGS reaches

8 V, the graphene cantilever is pulled to be in contact with D

electrically. Consequently, IDS largely increases, indicating

the switch is turned on (see Figure 4(f)). The 3-terminal

switch is reversible. The contact is broken after the bias is

removed.

In summary, a method SB is reported to fabricate gra-

phene cantilevers. The mechanical properties of graphene

cantilevers are studied by AFM indentation, and the Young’s

modulus of graphene, 0.8 TPa, is derived from indentation

force curves. We demonstrate 2-terminal graphene cantilever

RF switches with their dc characteristics and switching speed

investigated. 3-terminal switch is also developed, and its elec-

trical properties are studied. In addition, we believe that the

graphene cantilever is likely to be a good platform for various

types of NEMS sensors and actuators. As a sensor, it has bet-

ter sensitivity than the two-end-fixed beam with the same

dimensions. The high sensitivity of micro-scale cantilever has

been discussed in many papers. For example, the development

of micro-fabricated cantilevers for AFM signified an impor-

tant milestone in MEMS sensors.25 As an actuator, it can take

advantage of the linear relationship between the actuation

force and the displacement with a very high Young’s modu-

lus. The linearity of graphene cantilever has been proved by

AFM indentation in this paper. Therefore, compared with gra-

phene two-end-fixed beam, it may have more potential appli-

cations to MEMS and NEMS.
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the Characterization Facility at the University of Minnesota.
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