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 

Abstract— Graphene and related 2D materials have been 

extensively studied in recent years. As a result, numerous 

components have been developed for a wide range of applications 

in high frequency electronics and telecommunications. These 

include graphene field effect transistors (GFET) which can be used 

to provide amplification functions, splitters and photodetectors for 

optical mixing. Recently, 2D materials have also demonstrated 

their ability to be used as analog switches to transmit very high 

frequency signal, based on their ultimate thickness. This paper 

describes some of the methods used to manufacture these devices 

and circuits, as well as the characterization of their performance.  

 
Index Terms— Graphene, graphene transistors, high frequency 

electronics, RF switches 

 

I. INTRODUCTION 

raphene is considered to be one of the first two-

dimensional material discovered this century [1-3]. Based 

on its properties, graphene is a very interesting material for 

many applications [4]. If we consider applications in 

microelectronics, a large scale material is needed. Researchers 

are continuing to improve the growth of graphene and 

graphene-related materials to obtain high electrical properties 

[5, 6].The epitaxial graphene growth on silicon carbide 

substrate (SiC) is used in this work [7-10]. For this graphene, it 

is not necessary to carry out a transfer before manufacturing the 

devices. Once the graphene grown, a high quality micro-

fabrication process is required to obtain high-performance 

components. 

In this work, we describe the fabrication technology we used to 

fabricate top-gated graphene field effect transistors (GFET) on 

SiC. After fabrication, we explored the high frequency 

performance of GFETs. The details of the characterization 

procedure will be highlighted.  

In the last section, a recent result relating to an RF resistive 

switch will be described. This device is fabricated using a 

monolayer of MoS2 (molybdenum disulfide) produced by 

chemical vapor deposition (CVD) and transferred on our 

samples during the fabrication process. The performance of 

these state-of-the-art (SOA) switches will also be described. 
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II. PROCESS TECHNOLOGY FOR GFET FABRICATION 

A. Materials under consideration 

Epitaxial graphene used in this work was grown by chemical 

vapor deposition on a high-resistivity 6H-SiC substrate with a 

thickness of 500 µm thickness. Details of graphene growth are 

described in ref [8-9]. Fig.1 shows atomic force microscopy 

(AFM) image of the surface at room temperature. Here, we 

show 60 µm x 60 µm scan size image of the graphene surface 

morphology and the presence of steps which always appears on 

SiC surface. The surface could show some inhomogeneity at a 

nanometer scale, as it can be seen in Fig.1(a) (inset), here the 

light color indicates 1.95 nm of the maximum height.  

 

 
 

To investigate farther more the graphene quality and number 

of layers Raman spectroscopy was performed, at a laser 

wavelength of 473 nm, and 1 µm laser spot size in different 

position of the sample.  
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Fig. 1.  AFM image of 60x60 µm2. The inset is a zoom of the 

surface of graphene on SiC. 
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Figure 2 shows an example of the Raman spectrum acquired 

between 1300 and 3000 cm-1 obtained after elimination of the 

SiC peak, as the substrate peak is close to the graphene peak 

(Fig. 2 inset). The D peak is generally linked to defect or 

disorder in the graphene. In our case, the D peak is small 

indicating local good quality of the graphene. The peaks at 1592 

cm-1 and 2749 cm-1 correspond respectively to the G and the 2D 

band. It is possible to identify number of layer comparing the G 

peak intensity I(G) the 2D peak intensity I(2D) [11]. The ratio  

of the I(2D)/I(G) peaks is 0.83 which suggesting a bilayer 

graphene. The full width at half maximum (FWHM) of the G 

and 2D band are respectively equal to 23 and 59 cm-1.  

The carrier density and mobility measured on this bilayer 

graphene are 8.3x1012 cm-2 and 850 cm2.V-1s-1 respectively. 

 

B. Device structure and fabrication process. 

The main structure of RF transistors developed in this work 

is illustrated on the Fig. 3. Fig. 3(a) shows a typical dual gate 

topology inserted in a coplanar access line for on-wafer 

measurements.  

 

 

Fig. 3(b) illustrates the cross section (left) and the focus ion 

beam microscope image of the top gate (right).  

 

Figure 4 (a) shows the layout of the transistor produced. The 

electron-beam lithography is used for all stages of the 

fabrication process. (i) The first step in the manufacturing 

process is toelectrically isolated the device. To this end, 

graphene is etched all around the transistor region, leaving only 

the active part region and the source-drain contact regions. 

Holes (micrometric and nanometric sizes) are also created in 

the contact regions during the same electron-beam lithography 

process, to ensure low contact resistance by etching holes under 

the graphene contacts [12]. These holes also improve the 

adhesion of the gold to the graphene, which is used for the 

source and drain contacts. (ii) The thin source and drain 

contacts near the gate region (Ni-1.5 nm)/ Au-30 nm) by the 

standard lift-off process and metal evaporation. (iii) The dual 

T-gate of 150 nm length (Lg) were defined by using three layers 

of poly-meta-methacrylate (PMMA) resist followed by multi-

steps electron beam  lithography. Then the gate oxide is 

deposited using four times 2 nm of evaporated Aluminum, 

following by oxidation in ambient air during 24H. The final 

oxide thickness is about 15 nm of Al2O3. The Ni (50nm) / Au 

(300nm) gate contact is then evaporated followed by lift-off 

Fig. 4 (b). (iv) Finally the coplanar waveguide accesses of 

source, drain and gate are fabricated also using the lift-off 

process. The evaporated metal is Ni (50nm) / Au (300nm). Fig. 

4 (c) shows the final structure of GFET. 

 

 

 

 

 

 

 

 

 

 

 

 

 

III. DEVICE CHARACTERIZATION 

After device fabrication, electrical measurements were 

performed to extract typical I-V characteristics and RF 

performance. The GFET under characterization shows gate 

length Lg=150nm and gate width of 2x15µm. The 

measurements were carried out using a standard probe station 

with Microtech’s probes. The DC and the RF measurements of 

the transistors were performed with the Semiconductor 

Analyzer HP4155A and the Vector Network Analyzer Rohde 

& Schwarz ZVA67. A common calibration procedure of Line-

Reflect-Reflect-Match (LRRM) was made before 

measurement.  

 

 
Fig. 2.  The Raman spectrum of the bilayer graphene on SiC. The inset 

shows the Raman spectrum of SiC substrate. 
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Fig. 3.  (a) Top view of the transistor structure at the end of process, (b) 

Schematic of the side view of the top-gated transistor (left) and Focus Ion 

Beam (FIB) image of the side view of one gate (right). 
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Fig. 4.  (a) Layout of the GFET, (b) GFET after metallizations in the active 

region of GFET, (c) Final device with coplanar waveguide accesses. 
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Figure 5 shows, shows the variation of the transconductance 

gm = dIDS / dVG) as a function of the gate voltage. The peak of 

gm reaches 10 mS (600 mS/mm) in absolute value at VGS = +1V 

and VDS = +1.5 V. Fig. 5(b) shows, for a top-gated GFET on 

SiC substrate, the current gain and unilateral gain deduced from 

the as-measured S-parameters, in the probe plans. From these 

gains, we deduce the current gain cut-off frequency (fT) of 40 

GHz and the maximum oscillation frequency (fmax) of 28 GHz, 

in the probe planes. These "as measured" performance included 

the impact of the coplanar waveguide accesses. 

For de-embedding procedure, specific structures such as 

“open” and “mute” structures are used, as illustrated in our 

previous work [13] to extract extrinsic performance. The 

extrinsic current gain cut-off frequency (fT_extr) performance of 

65 GHz is deduced from measurements carried out on this 

GFET.  

IV. ILLUSTRATION OF CIRCUITS BASED ON GFET 

When considering development of RF circuits using new 

device technology, the analysis of reliability of the process, and 

the yield of resulting devices, is of primary importance. This 

required a statistical analysis, from material properties to RF 

performance. This kind of analysis reveals the correlation 

between performances of the circuits and local properties of 

substrates [14]. The reliability of the process developed for 

GFET is sufficiently solid for circuit manufacture to be 

considered.  

 

A. Circuit on SiC 

The circuit fabricated here is a balun or splitter circuit based 

on GFETs, that transform the single-ended signals (unbalanced) 

into the differential signals (balanced) and vice versa. Thus, the 

balun is a device that consists of an unbalanced single-ended 

input port and two balanced output ports. The active balun 

circuit based on the integrated differential pair architecture of 

GFET is considered here. The main advantage is the small area 

and the potential low power consumption. Fig. 6(a) shows the 

electrical circuit considered and Fig. 6(b) shows the final circuit 

fabricated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The GFET balun is made up of two GFET transistors T1 and 

T2 whose the common source is connected to the ground (single 

gate transistor) Fig. 6(c). The GFETs TAL1 and TAL2 are 

connected as source-drain resistors. The layout of the balun 

circuit based on GFETs is introduced in the same mask as the 

previous GFETs, and the same process steps are used. The 

circuit is fabricated simultaneously on the same substrate with 

the previous GFETs on SiC substrate. The dimension of the 

GFET in balun circuit is changed to improve the reliability of 

the circuit. Therefore, the GFET used in this circuit shows gate 

length Lg=240nm and gate width of 24µm. for T1 and T2. 

 

First functionality test have been performed using time 

domain measurement using a RF source set at 100MHz and -

10dBm. One single RF probes is used at the input while a 

differential probe is used at the output. Two other RF probes are 

used for convenience to apply the DC bias. +2V and -2V are 

respectively applied on VDD and VSS. Also, 2V is applied on the 

input thanks to a bias tee. Figure 6(d) shows photography of 

the balun under measurement condition. 

 
 

Fig. 5.  Performance of GFET on SiC: (a) DC characteristics of bilayer 

graphene on SiC with Lg = 150 nm, W = 2x15 µm. The evolution of the 
drain current ID and the transconductance gm as a function of the gate 

voltage VGS at VDS=+1.5V, (b) RF gain performance measured on the 

probes plan (as measured) and the de-embedded values from which cut-

off frequencies are deduced (ft, fmax and extrinsic value ftextr. 
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Fig. 6. Balun circuit: (a) Electrical circuit of the GFET balun, (b) 

Optical image of the balun circuit fabricated, (c) SEM image of T1 and 

T2 configuration  highlighting the layout; (d) Photography of the balun 

circuit under measurement condition. Chip size is 0.19mm². 
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Figure 7(a) shows the measurements that reveal the circuit is 

working as expected. Indeed, the circuit show 180° phase shift 

between the two outputs. However, and attenuation of 20 dB 

can be observed. This is directly correlated to the transistor 

performances and especially to the voltage gain of GFET which 

remains lower (low transconductance combined to high 

conductance). 

 

 
 

 

 

The RF characterization of this circuit was made under a 

differential measurements using the 4 port PNAX vector 

network analyzer from Keysight, to obtain calibrated datas at 

the probe level. For the differential measurement, the 

intermediate frequency is set to 100 Hz and the input power is 

fixed to -10 dBm. The setup is calibrated using a calibration kit 

dedicated to differential probes. The details on the 

measurements are described in the reference [15]. 

 

From S parameters measured, the other factor of merit such 

as a phase difference between two outputs is extracted. Fig. 7(b) 

shows that phase difference betwwen two outputs is less than 

10° up to 6 GHz. 

V. RF SWITCHES 

The nonvolatile resistive switching phenonmenon in 

monolayers and multilayers materials [16] is promising for 

electronic applications. Because of the ultimate thickness of 2D 

layers, analogue RF switches based on 2D materials shows a 

favorable scaling of the cut-off frequency versus device size 

[17] [18], compared to other emerging technologies. We have 

design switches consisting of a vertical junction made of metal 

electrode/ 2D material/metal electrode. The 2D material for this 

work is molybdenum-disulfide (MoS2) which acts as switching 

material. The switching is activated by applying positive or 

negative bias to the device. This device is embedded in a 

coplanar waveguide for DC and RF measurements. Figure 8(a) 

shows the scanning electron microscope (SEM) image of the 

switch and Fig. 8(b) the top view of the switch embedded in the 

coplanar waveguide. The fabrication process of this kind of 

switches is described in ref. [19].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The DC measurement Fig. 9(a) shows that the switch is in a 

high-resistance state (HRS) until the application of a SET 

voltage, which brings the device into a low-resistance state 

(LRS). This state persists until a negative bias is applied 

(RESET) to force the switch into a high-resistance state.  

RF measurement is performed from [0.25 – 480] GHz using a 

four VNA working on four frequency bands: 0.25– 110 GHz / 

140-220 GHz / 220-325 GHz / 325-480 GHz.  

 

 

From measured S parameters (Fig. 9(b)), it appears that in the 

ON state, the power loss of the switch is around -1dB @ 

300GHz, and large attenuation across the switch in the OFF 

state (isolation around -20dB @300GHz). The factor of merit 

of RF switches extracted from measurement are Ron=8Ω, Coff = 

0,9fF, Fc=22 THz. These performances are sufficient to 

perform data communication experiments for 6G @300 GHz.  

 

 

 

 

 
 

Fig. 7.  Performance of balun circuit (a) Oscilloscope measurement when 

applying a sinusoidal input voltage with an amplitude of 32mV at the input 

(channel D-Green) and sensing the two outputs (channel B-Orange and C-

violet); (b) Three port S parameters measurement up to 20 GHz using a 

PNAX: phase difference between the two outputs. 
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Fig. 8. (a) SEM image of the vertical resistive switch with gold as 

bottom electrode (BE), MoS2 as dielectric and gold as top electrode 
(TE). The active size is 0,5µm x 0.5 µm; (b) Resistive switch embedded 

in a coplanar waveguide for RF applications. 
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VI. CONCLUSION 

These results achieved in this work show that graphene 

technology, characterization and modelling techniques are 

mature enough, and allow today to move from RF devices to 

integrated RF circuit. This methodology could be transfer easily 

to the other new emerging 2D materials as transition metal 

dichalcogenides and other’s. The performances achieved when 

RF devices and circuits are considered remains lower compared 

to the conventional technologies, which is not surprising given 

that graphene and related 2D materials remain new materials, 

and the improvement of their performance still ongoing. These 

aspects will be discussed during the oral session, as well as new 

device concept for HF switches (over 100 GHz). 
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Fig. 9. (a) DC characteristics of resistive switch showing a switching 

voltage of 1V and reset around -1.25V; (b) Transmissission coefficient 

of RF switch in the ON state (lower lost), and in the OFF state. Lost over 
15 dB up to 320 GHz. 
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