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Room-temperature (atmospheric-pressure) electrical conductivity measurements of wafer-scale,

large-area suspended (few layer) graphene membranes with areas up to 1000 lm2 (30 lm � 30 lm)

are presented. Multiple devices on one wafer can be fabricated with high yield from the same

chemical vapor deposition grown graphene sheet, transferred from a nickel growth substrate to large

opening in a suspended silicon nitride support membrane. This represents areas two to orders of

magnitude larger than prior transport studies on any suspended graphene device (single or few layer).

We find a sheet conductivity of �2500 e2/h (or about 10 X/sq) of the suspended graphene, which is

an order of magnitude higher than any previously reported sheet conductance of few layer graphene.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4772797]

One of the fundamental unknowns in graphene film

transport is the effect of suspending graphene on total con-

ductance. Recent progress in graphene materials synthesis

has allowed for large area chemical vapor deposition (CVD)

growth, however, progress in large area suspended graphene

has been slower. It is well known that the substrate has a dra-

matic effect on transport properties of single layer graphene,1

although suspended materials only up to about 1 � 1 lm

have been studied to date.2–4 However, larger size mem-

branes with in-plane electrical transport could enable further

studies and applications in a variety of fields, such as optical

and electronic devices, mechanical resonators, and chemical

and biological sensors.

To date, sub-micron and few-micron (less than 5 lm)

suspended graphene films obtained by mechanical exfolia-

tion and scotch-tape techniques have been demonstrated for

material structure studies,5–7 biological membrane and sens-

ing applications,8 as mechanical resonators,9,10 or pressure

chambers.11,12 Mechanical resonators built from free-

standing epitaxial graphene, up to 20 lm � 3.5 lm size,

grown on SiC substrates were also studied.13 In addition,

large area suspended graphene membranes (up to 100 lm in

diameter) were fabricated using mechanical exfoliation for

thermal conductivity investigations.14–16 Although mechani-

cally exfoliated graphene provides the highest quality gra-

phene film, the lack in controlling the number of layers,

shape, and position of the film on the substrate is a drawback

of such a technique.

Using CVD growth techniques (on Ni or Cu), 2–30 lm

(both width and length) suspended graphene films were fab-

ricated and mechanical and thermal properties of such mem-

branes were studied extensively.17–20 However, the absence

of metallic contacts in most of these studies prevented the

characterization of electronic properties of such suspended

membranes. Low temperature (�4 K), in-vacuum measure-

ment of electrical characteristics in suspended graphene with

very small sizes (0.1–3 lm in length and width)21–23 and

temperature-dependence of transport in suspended graphene

films24 all obtained from mechanical exfoliation have been

presented to study improved mobility of suspended gra-

phene. However, the suspended graphene was obtained

through a wet etching of substrate underneath graphene after

the deposition of the film and therefore the substrate/gra-

phene interface contamination should be removed through

another thermal process as described in Ref. 21. Another

study reports few-layer graphene (FLG) grown on Ni and

suspended over a 2.5 lm diameter hole.25 Thus, to date, elec-

trical transport measurements of suspended graphene have

been limited to very small sample sizes, in spite of the large

areas available through CVD growth techniques.

In this work, the room-temperature (atmospheric-pressure

condition) electrical conductivity measurement of wafer-

scale, large-area suspended (few layer) graphene membranes

with areas up to 1000 lm2 is presented. This represents areas

two to orders of magnitude larger than prior transport studies

on any suspended graphene device (single or few layer). We

find a sheet conductivity of �2500 e2/h of the suspended gra-

phene, which is two orders of magnitude higher than the gra-

phene from the same sheet on a solid substrate.

The wafer-scale device schematic is indicated in Fig. 1.

A silicon substrate with 300 nm LPCVD (low pressure

CVD) low-stress nitride cap was etched (using hot KOH)

through the backside to make arrays of nitride membranes.

Using reactive ion etching (RIE) technique, square holes of

5 � 5, 20 � 20, and 30 � 30 lm2 were opened at the center

of each nitride membrane. Few-layer graphene film is syn-

thesized via low-pressure chemical vapor deposition on Ni.26

Few-layer graphene was then transferred to the silicon

nitride membrane where it is freely suspended over the open-

ings in the nitride.

Conventional photolithography followed by e-beam

evaporation and lift-off process defines the electrodes (Palla-

dium/Gold (Pd/Au 10:50 nm)). Fig. 2(a) shows the Raman

spectrum of few-layer graphene deposited (inset: scanning

electron microscopy (SEM) image of a test sample, prepared

under the same process used to make other samples in this

manuscript, showing a suspended graphene film covering a

�5 lm hole and intact at the end of the fabrication process).

Fig. 2(b) demonstrates the I-V curve for different hole sizes

showing different resistance.

In our experiments, 7 membranes were fabricated and

the transfer process was done covering all but one of the
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holes, for yield of 85%. Graphene films are all from one

batch with the same growth parameter and cut in �1 cm size

sheets prior to transfer. Electrical measurements on 6 good

membranes (2 for each hole size) show a conductance within

the 50% for each membrane size (2 of each size).

In our measurement geometry, both the suspended graphene

and the graphene on the substrate (which we call the supported

graphene) are both measured in parallel (Fig. 1). Therefore, the

conductance measurement of a single sample alone cannot deter-

mine the relative contributions of the suspended vs. supported

graphene to the total measured conductance.

In order to infer the sheet conductivity of the suspended

graphene, a simple model, which assumes the conductivity is

independent of the area, has been developed. As it can be

seen from Fig. 1 top view, the channel area with graphene

film can be divided into 3 different regions: two are the

upper and lower sides of the membrane with similar dimen-

sions, (therefore, similar conductance and we count them

as one conductor with the width of Wtot–Wsus and length of

Ltot) and one area which includes the freely suspended mem-

brane with the width of Wsus and the left/right sides of mem-

brane up to the electrodes. Each section is then modeled as a

resistor/conductor, which is in parallel with other sections

and extended from one electrode to another. However, the

middle part includes the suspended area and the un-

suspended area on the left and right of it. Using this model,

the total conductance is given by

G ¼ rN
Wtot �Wsus

Ltot

� �
þ 1

1

rsus
þ 1

rN

Ltot � Lsus

Wsus

; (1)

where rN and rsus are the conductivities of graphene film on

nitride substrate and suspended membrane, respectively. Ltot

is the distance between the electrodes and Wtot is the width

of electrodes facing each other. Lsus is suspended graphene

membrane length and in our design, Wsus ¼ Lsus (the sus-

pended area was designed as square). The contribution of

possible graphene film extension to the outside of Wtot �
Ltot area is negligible comparing to the total conductance.

In our experiments, the total number of squares (i.e.,

Ltot/Wtot) was approximately the same for all 3 sample sizes,

and therefore the total conductance would be the same if the

suspended and supported graphene had the same conduct-

ance. However, as shown in Fig. 3, the conductance depends

strongly on the fraction of the area occupied by the sus-

pended graphene, changing by an order of magnitude. This

is clear indication of the high conductance of the suspended

graphene relative to the supported graphene.

In order to be more quantitative, we use Eq. (1) above fit

to our set of transport data for three different device sizes to

infer the conductance of the suspended and supported gra-

phene. Using this method, we find the conductivity of gra-

phene on nitride substrate (rN) is �20 e2/h while the

conductivity of the suspended area (rsus) is �2500 e2/h. This

clearly shows more than 120� sheet conductivity improve-

ment from unsuspended to suspended area within the same
film.

While there have been no other measurements in the lit-

erature of the conductivity of suspended FLG, we can

FIG. 1. (a) Optical image of wafer-scale fabrication with actual devices. (b)

3D schematic of a single device design with graphene film partially sus-

pended between electrodes. (c) Top view of large-scale fabrication and

zoomed-in single device.

FIG. 2. (a) Raman spectrum of few layer graphene with 2D, G, and D peaks.

In the inset; SEM image of suspended graphene film, scale bar is 2 lm. (b)

Current-voltage curve for different hole sizes demonstrating different con-

ductivity depending on hole size, and schematic of a single device.
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compare our results to that of supported FLG. The measured

sheet resistance of our suspended graphene (�10 X/sq) is

about an order of magnitude lower than that of FLG gra-

phene synthesized on Ni by CVD measured on solid sub-

strates by two other research groups,27,28 who found varying

sheet resistances typically around 250 X/sq or higher. The

mechanism for such an increased conductance is believed to

be related to decreased substrate related scattering, however,

it should be noted that domain size, density of defects,

impurities, and other material properties have significant

impact on the conductivity of graphene film which should be

taken into account for more precise comparison. In addition,

detailed theoretical models for multi-layer graphene have yet

to be developed.

The ability to fabricate high conductance suspended gra-

phene films can open the door to many potential applica-

tions. Of particular interest is the integration of graphene

films with electrochemistry, nanopores, and DNA sequenc-

ing, a future application that holds much promise for the use

of graphene films.8
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FIG. 3. Normalized conductance of few-layer graphene film as a function of

suspended/total area ratio. The green area is graphene on nitride membrane

and gray is the suspended graphene scaled for our samples. Conductance

increases with increase in suspended/total area ratio. “Prior works” (see

Refs. 21 and 22) show relative size of suspended graphene compared to our

samples in this figure (sizes are in lm).
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