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An approach using Raman spectrum method is reported to measure pull-in voltages of graphene

capacitive shunt switches. When the bias excesses the pull-in voltage, the Raman spectrum’s

intensity largely decreases. Two factors that contribute to the intensity reduction are investigated.

Moreover, by monitoring the frequency shift of G peak and 2D band, we are able to detect the pull-in

voltage and measure the strain change in graphene beams during switching. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4773183]

Graphene is a two-dimensional honeycomb crystal of car-

bon atoms.1 Its high Young’s modulus2 (1 TPa, at least six

times higher than that of silicon) and low density (2.23 g/cm3)

make it a desired material for nanoelectromechanical sys-

tems,3–5 such as radio frequency (RF) switch. Two basic types

of switches are mainly considered in RF circuit design: DC

(direct current) contact switch and capacitive shunt switch.6,7

The latter has a dielectric layer on top of a pull-in electrode.

Compared with a DC contact switch, the reliability of a capaci-

tive shunt switch can be higher, making it more suitable for

higher frequency applications. Up to date, the graphene

switches reported are mainly DC contact8,9 because their pull-

in voltages can be directly determined by a method of meas-

uring current-voltage (I-V). However, this characterization

approach cannot be applied to capacitive shunt switches. It is

also challenging to measure the pull-in voltage by monitoring

the capacitance change between a graphene beam and a pull-in

electrode inasmuch as it is very small (approximately 10�5 pF),

which can be overwhelmed by parasite capacitance. In this pa-

per, we fabricated capacitive shunt switches based on graphene,

and investigated the pull-in voltages by Raman microscope,

which is frequently used in graphene research.10–12

The switch fabrication started from transferring mechan-

ical exfoliated graphene flakes on a SiO2/Si substrate, fol-

lowed by Cr/Au deposition and metal lift-off process to

fabricate electrodes. Sequentially, buffered oxide etchant

was used to remove SiO2 250–280 nm thick beneath gra-

phene. As a result, the graphene flake was suspended, and a

thin dielectric SiO2 layer existed between the graphene beam

and the Si pull-in electrode to provide DC isolation when the

switch is actuated to the down-state position (see Fig. 1(a)).

Raman spectroscopy was performed on the graphene

beam with an excitation Ar laser in a wavelength of 514.5 nm.

A laser spot was moved at the center of the free-standing gra-

phene membrane with the largest displacement along the

beam during switching. Next, we adjusted the vertical distance

between the Raman microscope and the graphene beam to

obtain the largest spectrum intensity, making sure that the

laser was focused on the beam well. A gradually increased

DC bias was applied. When it excessed a certain value, a sud-

den significant intensity reduction of Raman spectrum was

observed (see Fig. 1(d)). The DC bias value at the moment,

when the Raman signal intensity reduction took place, equals

to the pull-in voltage of the graphene switch. Figure 1(b) is

the scanning electron microscope (SEM) image of a graphene

beam which is collapsed onto a SiO2/Si substrate. Figure 1(c)

is the corresponding Raman mapping image (G peak) only

highlighted the suspended part, proving that its Raman spec-

trum intensity will largely reduce when the center of beam is

pulled down. Based on the Raman spectrum method (RSM),

we measured the pull-in voltages of a few capacitive shunt

graphene switches with different lengths and thicknesses. A

trend is clearly shown that either reducing the length or

increasing the thickness of graphene beams can result in a

larger pull-in voltage (see Fig. 1(e)), agreeing well with the

theoretical prediction. The theoretical prediction value of pull-

in voltages is derived from the following equation:

Vpull�in ¼
ffiffiffiffiffiffiffiffiffiffi
8kg3

0

27eA

r
; (1)

where k is the spring constant of the graphene beam, go is the

air gap between the graphene and the lower electrode, e is

the vacuum permittivity, and A is the size of the suspended

graphene beam over the lower electrodes. Among the capaci-

tive shunt graphene beam switches that we tested, 3 of them

have the same length and thickness. The difference of their

pull-in voltages is smaller than 1 V. Their pull-in voltages

are not exactly the same mainly because the thickness of gra-

phene beam measured by atomic force microscope (AFM)

has an error about 60.2 nm. The RSM is also suitable for

DC contact switches. Since it is an optical method, it cannot

be affected by the parasite current which may short cut the

upper and lower electrodes, a fatal to I-V method.

The reasons why the sudden reduction of Raman signal

intensity corresponds to the pull-in actuation were investi-

gated. When the graphene beam is pulled down by a static

electrical force, the laser from Raman microscope can no lon-

ger be focused well due to the out-of-plane motion. Thus, the

reflected Raman laser signal becomes weak. To verify it, we

left the suspended graphene beam still, and moved the Raman
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FIG. 1. Raman spectrum method. (a) Schematic view of a graphene capacitive shunt switch. (b) SEM image of a graphene beam collapsed on a SiO2/Si

substrate. (c) Raman G peak image of the graphene beam shown in (b). (d) Raman spectra of a graphene beam at “up-state” position and “down-state” position,

respectively. (e) Theoretical prediction of pull-in voltages (lines) and pull-in voltages measured by RSM (dots). l is the length of the graphene beam.

FIG. 2. Relation between the Raman spectrum intensity and out-of plane motion. (a) Schematic view of experimental set up. The graphene beam is kept still

and the Raman microscope moves vertically. (b) The G peak intensity decreases when the microscope moves far away from the graphene beam. 0 nm indicates

the best focused height. (c) The 2D band intensity decreases when the microscope moves far away from the graphene beam. (d) Relation between the normal-

ized G peak intensity and microscope motion.
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microscope vertically in the range from 0 nm to 1000 nm.

This movement was precisely controlled by software. The

results demonstrate that when the laser was not in focus, both

G peak and 2D bands’ intensity decreased (see Figs. 2(b) and

2(c)). For instance, when the microscope is 300 nm from the

best focused height, the G peak’s intensity is 80% of the origi-

nal value approximately. Therefore, Raman microscopy is a

powerful tool to monitor graphene’s out-of-plane motion in

the range of a few hundreds nanometers.

The second reason resulting in the Raman signal reduc-

tion is the contact between the graphene beam and the SiO2/Si

substrate when the switch is at down-state. To prove this

assumption, we first etched a few trenches on a Si substrate by

SF6. Sequentially, SiO2 was deposited on the Si surface. Next,

we transferred graphene on top of trenches (see Fig. 3(a)).

Three samples were studied by Raman mapping (100� 100

pixels), and their top SiO2 were 6 nm, 20 nm, and 100 nm in

thickness, respectively. The intensity difference of the G peak

and 2D band was clearly shown between the suspended part

and supported part of each graphene flakes. The Si-Si peak

images help us to figure out the position of suspended part and

supported part. In addition, intensities of the supported parts

are proved to be a strong function of the thickness of SiO2

layer. For the graphene transferred on thin SiO2 (6 nm and

20 nm), the suspended part has much larger G peak and 2D

band intensity than that of supported part (see Figs. 3(d)–3(i)).

If the thickness of SiO2 is100 nm, the suspended graphene’s

intensity is slightly smaller (see Figs. 3(j)–3(l)) because the

FIG. 3. Relation between the Raman spectrum intensity and SiO2/Si substrate. (a) Schematic view of experimental setup. Graphene is on top of SiO2/Si

trenches. (b) and (c) Optical and SEM image of graphene flake over trenches, respectively. (d)–(f) Raman mapping images of a graphene flake on top of SiO2

6 nm thick. (d)–(f) are images of Si-Si peak, G peak, and 2D band, respectively. (g)–(i) Si-Si peak, G peak, and 2D band Raman images of graphene on top of

SiO2 20 nm thick. (j)–(l) Si-Si peak, G peak, and 2D band Raman images of graphene on top of SiO2 100 nm thick.
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thickness of the SiO2 layer is crucial for the enhancement of

the Raman intensity. The enhancement factor F is13

F ¼ N

ðd1

0

jFabFscj2dx; (2)

where N is a normalization factor, Fab is net absorption term,

Fsc is the net scattering term, and d1 is the thickness of gra-

phene. When the thickness of SiO2 reduces from 100 nm to

0 nm, F largely decreases (much smaller than that of sus-

pended graphene). When the graphene beam contacts the

pull-in electrode with a thin layer of SiO2 on top, its Raman

spectrum intensity decreases.

Besides, we focused the laser spot on the anchor part of the

beam which is not in contact with the substrate even when the

beam is at “down-state” (see Fig. 4(a)), thus the substrate doping

effect can be avoided.14 We observed a sudden frequency shift

of both G peak and 2D band after the graphene beam was pulled

down, while no frequency shift was observed for the Si-Si peak

(see Fig. 4(b)). This phenomenon proves that the shift of G peak

and 2D band is due to the strain in a graphene beam instead of a

Raman system drift. The strain e can be estimated15

e ¼ Dx=x
c

; (3)

where �x is the Raman wavenumber change from the

unstrained value x, and c is the Gr€uneisen parameter, which

is 1.8 and 2.7 for the G peak and 2D band, respectively.16

Thus, the strain increase of the graphene beam is approxi-

mately 0.2%. By measuring the bias value that causes the

sudden shift, we can also determine the pull-in voltage (see

Fig. 4(e)). For the graphene switch we tested, the G peak

shifted from 1586.7 cm�1 to 1582.5 cm�1 when the DC bias

reached 5 V. Nevertheless, after the bias was removed, the G

peak frequency did not recover because the graphene was

stuck on the substrate. With this method, we are able to mea-

sure the pull-in voltage and also detect the in situ strain

change of a graphene beam during switching.

In summary, capacitive shunt graphene switches are fabri-

cated and a method is reported to characterize their pull-in vol-

tages. When the DC bias is larger than the value of pull-in

voltage, the intensities of G peak and 2D band dramatically

decrease. Two influencing factors are studied: (1) The laser is

no longer focused on the graphene beam due to the out-of-

plane movement. (2) Graphene collapsed on a Si substrate with

a thin SiO2 layer has much smaller Raman signal enhancement

factor than that of free-standing graphene. Moreover, by meas-

uring the frequency shifts of G peak and 2D band we can

detect the pull-in voltage and estimate the in situ strain change

in a graphene beam during switching. In addition to the gra-

phene beam, we believe that RSM is also able to characterize

the pull-in voltage of a graphene cantilever or a grahene mem-

brane. Moreover, Raman microscopy has been used to study a

variety of materials, such as carbon nanotube,17 silicon,18 nio-

bium sulfide,19 molybdenum sulfide,20 and boron nitride.21 All

of the materials mentioned above have characteristic peaks in

Raman spectrum, and their intensities and frequencies are sen-

sitive to the out-of-plane motion or the change of strain. There-

fore, we believe RSM is a generic approach to characterize the

pull-in voltage of various nano devices.

The authors acknowledge the assistance of fabrication

and characterization from Nanofabrication Center and Char-

acterization Facility at the University of Minnesota.

FIG. 4. Detection of pull-in voltages from Raman spectrum shifts. (a) SEM image of a graphene beam at “down-state” position. The red spot demonstrates the

position of Raman laser spot. (b) Si-Si peak at “up-state” position and “down-state” position. (c) G peak at “up-state” position and “down-state” position. (d) 2D

band at “up-state” position and “down-state” position. (e) G peak frequency shift during switching.
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