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Abstract

Graphene is a versatile two-dimensional carbon material. Graphene has many properties

which make it a viable candidate to succeed silicon in the coming decades. Graphene is

especially interesting for high frequency electronics, such as field-effect transistors and na-

noelectromechanical systems. This paper summarizes our research activities on graphene

field-effect transistors (GFET) and graphene based nanoelectromechanical systems (NEMS).

1 Introduction

Graphene is a single atomic layer of carbon in a honeycomb structure. Graphene was thought to

be purely a theoretical form of carbon until this notion was proven wrong by Walt de Heer’s group

and Andre Geim’s group around 2004 [1,2]. Since then the interest in graphene has grown rapidly

resulting in over 7000 patents worldwide [3]. The rising academic and ecomical interest in this

’new’ material can be explained with the many properties that combine in graphene. Graphene is

the thinnest material and it is very strong and flexible. Graphene is also optically quite transparent,

though for just a single layer of atoms, it absorbs quite a significant amount of light, around

2.3% [4]. The electrical properties of graphene are also promising; graphene is an excellent heat

conductor, the charge carrier velocity is very high and the material allows both electrons and holes

as charge carriers with no impurity doping. Our research has focused on developing GFETs and

graphene NEMS for RF-filters. This paper is divided into three sections, Graphene Field- Effect

Transistors, Graphene NEMS and Conclusion.

2 Graphene Field-Effect Transistors

(a) A micrograph of a two-gate finger GFET.
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(b) The cut-off frequency of 100/1-µm two gate-

finger GFET at three operation points. Vds is 0.1 V.

Fig. 1: GFET RF results.

Graphene field-effect transistors utilize single- or few-layer graphene as channel material.

Graphene displays an ambipolar field effect which allows an eternal electric-field to control the
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(a) Drain current as a function of top gate voltage
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(b) Drain current as a function of drain-source voltage

Fig. 2: GFET DC behaviour.

charge carrier type and concentration [2]. The fabrication process of the GFETs studied in this

paper consists of the following steps. An ultra-thin layer of graphene grown by CVDwas prepared

onto 300 nm-thick silicon dioxide (SiO2) which was thermally grown on a highly doped silicon

substrate [5] [6]. The layer of the graphene was indentified using optical microscopy and Ra-

man spectroscopy. The p-doped silicon substrate was used as a global backgate. Ti/Au (5 nm/45

nm) metal contacts were first deposited on the graphene layer by e-beam evaporation followed

by oxygen plasma etching to define the 1-µm-long and 50-µm-wide graphene channel between

the source and drain. An optical microscope image of a transistor is shown in Fig. 1a. As a

dielectric gate insulator, 25 nm-thick aluminum oxide (Al2O3) was grown on the graphene chan-

nel by atomic layer deposition. Finally, for the top gate 800-nm-wide Ti/Au (5 nm/50 nm) finger

electrodes were deposited and patterned on the dielectric layer along the channel. The distance

between the source and drain is 1 µm, but the length overlapped by the gate is 800 nm.

Two types of measurements were performed on the set of transistors: DC (direct current)

sweeps and S-parameter measurements. A DC sweep was carried out for the CVD GFETs. First,

the Dirac point was located by sweeping the top gate voltage with constant drain-source voltage

(Vds). Next, Vds was swept at several constant top gate voltages. The DC operation of the nine

GFET samples was found to be quite uniform. The minimum conductance points were always

in the negative top gate voltages, between -8 to -20 V. The GFET minimum conductance point

is shifted to negative voltages due to PMMA residue from the fabrication process [7]. The drain

source currents (Ids) were in the range of 0.8-1.5 mA and the current on-off ratio is thus poor, less

than 2. Fig. 2a shows a typical VTG - Ids curve. Fig. 2b shows Ids as a function of Vds with VTG

ranging from -10 V to -5 V. The GFETs act as voltage controlled resistors. The GFETs showed no

current saturation at Vds up to 0.1 V. GFETs currently show no current saturation at low Vds [8].

Our samples broke down before reaching current saturation.

We performed scattering parameter measurements on few samples with the best DC charac-

teristics. The contact resistance extracted from DC-measurements is used in de-embedding. A

’stripping method’ de-embedding procedure using a measured open structure was used to subtract

the influence of the pads. The admittance equation for the de-embedding is YFET =
[
[YDUT −

YPad]
−1−ZR

]−1
. The GFETs studied showed modest cut-off frequencies fT between 30-80 MHz.

Fig. 1b shows that the highest fT is achieved with -10 V VTG, which is located at a steep part of

Fig. 2a. The test equipment was calibrated using the Short-Open-Load-Thru (SOLT) method. The

relatively low field-effect and quite high contact resistance limit the operation.
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(a) S21 with varying Vds from 0-0.9 V. VG is 0 V.
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(b) S21 with varying VG from 0-5 V. Vds is 1 V

Fig. 3: The transmission data for one graphene based NEMS is shown above. The waviness of the

data is caused by cross coupling between input and output of our measurement circuit board. The

dimensions of the resonator are: suspension height 250 nm, width 50 µm, length 0.8 µm.

3 Graphene NEMS

Graphene is mechanically strong and flexible. The Young’s modulus of graphene is approximately

1 TPa [9]. The mechanical properties of graphene make it an exceptional material for NEMS de-

vices. MEMS have been a promising technology for RF filters for some time now, but the MEMS

RF-filters are not easy to design as frequency tunable. We aim to design tunable RF-resonators,

and if successful, filters with graphene NEMS. The ultimate game changer would be to integrate

graphene FETs and NEMS devices on the same circuit. Graphene resonators can be made tunable

and can potentially reach higher frequencies than silicon-MEMS resonators. Alas, the tunabil-

ity range needs to be high enough and the fabrication techniques must evolve to support large

scale manufacturing. At the moment, graphene resonators have the same disadvantage as most

RF-MEMS devices; the impedance level is too high for 50 Ohm systems. The idea in graphene

NEMS is to suspend a piece of graphene over trenches. Actuation is achieved with a driving volt-

age. Tunability in graphene NEMS is achieved with adding a gate electrode beneath the suspended

graphene sheet. Figures 3a and 3b show the measurement data of a graphene beam-resonator fab-

ricated by Aalto O.V. Lounasmaa Laboratory. Fig. 3a shows the results of transmission amplitude

when changing the drain DC voltage. Fig. 3b shows the behaviour of the resonator when changing

gate voltage from 0 to 5 Volts while the drain voltage is kept constant.

4 Conclusion

Graphene has many properties which make it extremely promising for electronics, yet there are

some roadblocks, such as no energy gap, poor current saturation and the difficulty in making good

contacts to graphene. This paper presented a GFETs with fT in 80 MHz and a graphene based

NEMS.
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