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1 INTRODUCTION 
 
 Graphene is a graphite monolayer with a thickness of only 0.34 nm, formed of carbon atoms 
in a hybridization state of sp2, so that each atom is covalently bonded to three others. Graphene is 
also a two dimensional (2D) crystal and a natural 2D gas of charged particles. The ballistic transport 
of carriers in graphene takes place at room temperature over a distance of 0.4 µm and reaches an 
intrinsic mobility of 44 000 cm2V-1s-1 [1]. However, when graphene is deposited with a hexagonal 
boron nitride substrate [2] matching the graphene lattice, mobilities higher than 100 000 cm2/s and 
mean-free carrier paths of 1 µm are measured at room temperature. Due to these electrical 
properties, that are superior by orders of magnitude to those of semiconductors and semiconductor 
heterostructures, graphene is seen as a promising material for ultrafast nanoelectronic devices such 
as transistors with cutoff frequencies beyond 100 GHz, and optical devices, for example 
photodetectors; it could also be used as a transparent electrode for photovoltaic applications [3], [4]. 
The main challenge is to transfer these physical graphene properties into RF devices and circuits. 
 
 The electromagnetic properties of graphene in RF, microwave, millimeter waves are not well 
known and studied. Coplanar metallic lines deposited on graphene transferred on Si/SiO2 were 
studied and it was demonstrating that graphene is working as a DC voltage tunable matching device 
[5], and that the contact resistance – a serious issue in graphene is shorted beyond few GHz , the 
graphene devices behaving contactless during the measurements up to 110 GHz [6].  
The microwaves based on graphene are scarce except graphene transistors extensively studied by 
many groups in the world (see [3] for a comprehensive review). 
 
 This deliverable is dealing with the graphene devices design in NANORF project. In fact, in 
NANORF the high frequency devices are forming a receiver. Therefore, we will report on graphene 
antenna, graphene amplifier and a graphene rectifier. Adding a graphene mixer we will have a 
heterodyne receiver the best receiver knows in terms of low noise performances and sensitivity. 
However, the existing graphene mixers are not able to provide a conversion loss enough low to be 
used in a heterodyne receiver. Therefore, we will use a Schottky diode to perform this task. We note 
that many of the above devices were either not experimented not known and up to now so this WP is 
very challenging. The ultimate goal is to have a microwave receiver based on graphene. 
 
In Nano-RF project the second demonstrator is represented below (Figure 1): 
 

 
Figure 1 : Second demonstrator in Nano-RF project  
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The first receiver is a direct microwave receiver while the second is a microwave heterodyne receiver. 
Since the second solution is very risky, Nano-RF has proposed two solutions hoping to implement at 
least one of them, but we hope that both solutions will be finally successfully implemented. 
 
We note than green colour is used to indicate the devices to be fabricated in Nano-RF. 
 

2 GRAPHENE ANTENNA  
 

Since nowadays the graphene monolayer is grown by CVD techniques on SiO2/Si wavers with 
4 inch diameters we can imagine that an entire receiver could be fabricated on a such big wafer.  
 
The basic configuration of the graphene antenna is depicted in Figure 2. This is a coplanar 
waveguide (CPW) patch antenna. The patch is rectangular graphene monolayer sheet (blue) excited 
by a CPW .The ground of CPW is surrounding the patch antenna allowing radiations via the slots 
created by the graphene patch and the graphene patch. There are previous reports about such 
antenna with a metal resonator (see [7] and the reference herein]. However, as we will see further the 
graphene resonator provide to antenna new functionalities. The initial data for simulation with HFSS 
were : 

• 0f = 10 GHz,  

• 8.1=gλ cm ,  

• 2/gW λ≅ = 0.9 cm,  

• λ1.0≅L =0.18 cm  
• S= 450 µm.  

 
The CPW ground electrodes width are considered as 6S =2.7 mm and A=100 µm, B=50 µm.  
 
The graphene electrical permittivity is 3.3 (see WP3.2 deliverable where we report the measurement 
of this important parameter). 
 

graphene 

w 

L 
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S 

6-8 xS 
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Si HR εr=12.9 500 µm 

SiO2 300nm 

  

 

 
Figure 2 : The configuration of graphene antenna 

 
 
 The real part of the intraband term of conductivity is dominating over and ultrawideband range 
of frequencies starting from DC and ending at 2-3 THz. In the same range of frequencies, the 
imaginary part is very small ([8],[9]).  
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The intraband conductivity is given by: 
 

)]1)/ln(exp(2)/)[(2(/)( 22 +−+Γ−−= TkTkiTkie BBB µµωπωσ h                                          (1) 
 

where µ is chemical potential bVeαµ ≅  with bV  as bias voltage and α - a constant depending 

on the geometry of the device, T is the temperature and Γ is a scattering rate  independent of 
energy, τ/1=Γ , with ps1=τ .  

 
The surface impedance is given by :  
 

)()()(/1)( bsbsbS VjXVRVZ +== ωσ                                                                                       (2) 

 
Where sR takes values in the range 50Ω-2kΩ depending on applied voltage, while 

Ω−= 32.0Xs  without any influence on further results. From (2) we can see that sZ is 

depending on bias voltage which can tune it. 
 

The graphene surface resistance )( bS VR can be tuned by a DC voltage applied on CPW  500Ω- 1kΩ  

[8] ,[9] ,[10] the highest value 1-2 kΩ is at 0V. The graphene surface resistance value is nearly 
independent of frequency up to 2 THz [11] when interband conductivity becomes important. In Figure 
3 we can see the effects described above. The antenna S11 reflection coefficient is tuned via applied 
DC voltage. In the figure it is depicted the surface resistance and the DC voltage necessary to be 
obtain the corresponding SR . 

 
Figure 3 : The simulated S11 at various SR  

 
While at high surface resistances the VSWR is high but still good for antennas (VSWR=3) when 
antenna is biased the VSWR is reduced nearly to 1 attaining for 10 GHz 1.5. The best result is 
obtained at 13 GHz where the VSWR is only 1.02. )( bS VR .  

So, we can tune the antenna in the range 10-15 GHz to get the maximum performances. 
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This new effect not previously used in any antenna and is entirely due to graphene where the surface 
resistance is dependent on the applied voltage. 
 
The first simulation we have done having RS =250 Ω. The radiation pattern is depicted in Figure 4. 
However, the S11 was unsatisfactory and the radiation efficiency was 12 % which is quite low. 
 
We have increased RS = 500 Ω and we get a VSWR of 3.2 which could be accepted but the radiation 
efficiency has increased at 13 % .Increasing the surface resistance at 700 Ω we get a  radiation  
efficiency of 95 % at 13 GHz, the radiation pattern is similar with Fig.3 and will be not reproduced 
here.  
We note that this is the surface resistance of graphene CVD grown graphene to be used for the 
graphene antenna fabrication. Since we can change the resonance of the antenna changing the bias, 
we choose the frequency of 13 GHz and the SR =250 Ω and we get the S11 depicted in Figure 5 a  

VSWR of 1.02 at 13 GHz and the efficiency is given by : 
 

)/(
2

St ZE∫∫ /input power=0.73 

 
 

 
Figure 4 : The radiation pattern when SR =250 ΩΩΩΩ 
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Figure 5 : S11 at 13 GHz and RS =250 ΩΩΩΩ 
 
An optimized graphene antenna is represented in Figure 6 where Ls=8950µµµµm. 
 

 
 

Figure 6 : The optimized graphene antenna. 
 
 
The S11 parameter is displayed below in Figure 7. The VSWR at resonance is 1.4 while the other 
antenna parameters are represented in Figure 8. 
We see from Figure 8 that we get a pretty good efficiency of 79 %  
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Figure 7 : S11 for the optimized antenna. 
 
 

 
 

Figure 8 : The graphene antenna optimized performan ces. 
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We have used also the CST to simulate the antenna and even if the results using two different 
simulators based on two different ways to solve Maxwell simulation (HFSS –solving Maxwell’s 
equations in frequency domain and the CST in domain) are different CST simulator has given us 
supplementary information summarized in Table 1. 
 
 

8÷16 GHz Even mode  Odd mode  

Zport ~ 50 Ω ~ 119 Ω 

fres ~ 10.4 GHz ~ 10.7 GHz 

fbest matching ~ 11 GHz ~ 9.5 GHz 

η ~ 2.4% ~ 66% 

BW|-10 dB  ~ 4 GHz ~ 4 GHz 

Table 1 : CST results 
 
The CST simulation of the graphene antenna shows similar results with HFSS only if the excitation of 
the antenna is only in odd mode. When the graphene antenna is fabricated and we will obtain not 
satisfactory results, we will add a coupler at antenna input to be excited only in the odd mode. The 
CST simulations have used the same dimensions as the above graphene antennas. The S11 
reflection coefficient for the odd mode is good and it is depicted in Figure 9. 
 

 
 
 

Figure 9 : S11 of the odd mode excitation. 
 
The odd excitation radiation pattern is depicted in Figure 11 where the graphene antenna coordinates 
are depicted in Figure 10. 
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Figure 10 : Graphene coordination system in CST sim ulation. 
 

 
 
 
Figure 11 : The graphene antenna radition pattern a t 9.5 GHz using CST. 
 
 
We can see from above figure that the radiation efficiency is excellent.  
 
 

3 LOW NOISE GRAPHENE AMPLIFIER  
 
 The main issue of a low noise amplifier is to design a proper graphene FET. We have 
designed first (a) quasi ballistic graphene FET (b) and (c) two distinct methods for the design of the 
ballistic graphene FET. 
 
The graphene FET uses graphene (monolayer or bilayer) as a channel which is modulated by a gate 
or two gates. The configuration of the graphene FET can have various versions. If the substrate is a 
doped Si this is acting as a metal-like and as a back gate (BG) able to modulate the carrier density in 
graphene channels. If the Si substrate is of high-resistivity or is SiC then there is need of a top-gate 
(TG) to modulate the carrier density in graphene channel (TG). However, a combination TG and BG 
is possible for some graphene transistors. The oxide used for isolation of the metal gates is usually 

z 

y 

x 

graphene 
ground 
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SiO2, but especially for the top oxides Al2O3 or HfO2 can be used. For the top gates the thickness of 
oxides is ranging between few nm and 100 nm. Although the graphene FETs have reached cutoff 
frequencies of 300 GHz there is a lot of room in the improvements of graphene FET performances.  
 
The enhanced performances are expected to come from TG configurations, since the doped 
substrates are lossy in microwaves and millimeterwaves. As we will see the graphene contact 
resistance is main obstacle against outstanding performances of graphene FETs. 
Considering a graphene FET in TG configuration, so having an insulating substrate as it is depicted 
in Figure 12.  
 
 

SiO2 

insulating substrate 

graphene 

oxide 
TG 

S D 

 
Figure 12 : The configuration of the graphene trans istor with top gate. 

 
 
We will denote the gate length as L and its width is W and the potential surface as )(xϕ , where x is 
the position in the channel. If we consider the quantum capacitance limit, case in which the gate 
capacitance OXC is much greater than the quantum capacitance QC . In this case the channel voltage 

form can be simplified and written as [13]: 
 

DSCH VLxV )/(=                                                                                                                       (3) 

 
In this case, the drain is given by [Y4]: 
 

]3/([)/(),( 22
0

*
GSDSDSGSDSGDD VVVVnVLWeVVI −++= γµ                                                      (4) 

 
where 0n is the number of impurities considered to be 1011cm-2, [ ])/(1* LvV satDSµµµ +=  

where µ  is the mobility of the graphene FET and α is constant 222 / Fve hπγ = . The saturation 

velocity is 2/Fsat vv = , where Fv  is the Fermi velocity. 

 
In the case when the mobility is not known , we can extract it from [Y5]: 
 

LV

WI

en D

D

/

/1

∂
∂

=µ                                                                                                                       (5) 

 
where gVteVn αεε ≅= /gd0 , and 0ε  and dε  are the dielectric permittivity of air and of the  top 

dielectric  with thickness t . 
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Considering that L=W= 1µm, and that 3000=µ cm2/Vs , the drain-voltage characteristic DD VI −  for 
VG = 0.5 V , 0.8 V , 0.9 V , 1 V is depicted in Figure 13.  
 
We can see various curve shapes. At VG=0.5 V it is evident the cubic dependence between the drain 
current and the drain voltage. The DD VI −  is divided into three regions : (I) sublinear (II) saturation 

for which GSDS VV = corresponding to Dirac point  and (III) superlinear. Then, as soon as the gate 

voltage is increasing, we will retrieve in the DD VI −  dependence only the first two regions. The 

interesting case of DD VI −   for VG=0.5V is depicted separately in Fig.10 
 

Vg=1 V 

Vg=0.9 V 

Vg=0.8 V 

Vg=0.5 V 

 
Figure 13 : The DD VI −  for various gate voltages 

 

 

I 

II 

III 

 
Figure 14 : The three regions of the DD VI − curve at VG=0.5V 
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The GD VI − dependence is displayed in Figure 15 for 2.0=DV V.We see that the drain current is not 

zero even if the gate voltage is zero, a characteristic typical for graphene physics termed as minimum 
conductivity.  
 

 
Figure 15 GD VI − dependence is displayed for 2.0=DV V. 

 
 
The origin of this effect is not well understood, more theories exit to explain this unique phenomenon. 
The minimum of the )( GD VI curve is the Dirac point for DiracGG VV ,= . If DiracGG VV ,> we have 

typen −  conductivity, and if DiracGG VV ,< and we have typep −  conductivity. The curve has a  “V”-

letter  shape which is retrieved in any graphene FET measurements.  The transconductance is a key 
parameter of any transistor and is defined as gDm VIg ∂∂= / .  The cutoff frequency of the transistor 

is directly related to transconductance: 
 

)2/(1 gsmc Cgf π=                                                                                                              (6) 

 
where gsC is the gate capacitance.  

 
The transconductance is represented in Figure 16 for the graphene FET with the characteristics 
displayed above. 
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×10-2 

 
Figure 16 : The transconductance for graphene FET. 

 
 
We can see that the gm is small compared to the transconductance of semiconducting FET and this is 
due to the fact that the graphene monolayer has not a bandgap.  The transconductance has positive 
and negative values due to the ambipolar transport character of graphene. 
 
How we can have then a graphene FET transistor to be used in a LNA : 
 

• There graphene/metal contact is real problem for graphene transistors because its value  
cannot be decreased under certain limits. Metals with high work function are preferred, because are 
near of the workfunction of the graphene (-4.5 eV) and these metals produces the low resistance in 
graphene. In this respect, Ti/Pd/Au displays a contact resistance of 750 Ωµm which gives a contact 
resistivity of 2x10-6 Ωcm2 which is near the state of the art for contact resistance in GaAs technology 
[14].  

• A very high cutoff frequency (see eq. 6) implies a higher gm and a low gate capacitance : 
o To increase gm, we need an interdigital gate-drain configuration. In [15] with only 3 digit 

gate-drain array the gm is greater with more then one order of magnitude as above 
i.e.it is 1 ms/µm at a gate voltage of 0.6 V or to use as a  channel a graphene 
nanoribbon which has bandgap. 

o We have to decrease the gate capacitance using high electrical permittivity dielectrics 
like HfO2 with a thickness of 2-3 nm. In the WP 3 such gate oxides are specially 
grown for graphene FETs by Tyndal Institute. 

o Noise in the FETs having a high quality graphene monolayer is much reduced because 
the number of carriers is reduced in comparison to 3D semiconductor devices. 
Moreover, in the ballistic case the numbers of collisions between the carriers are much 
reduced.  

 
We note some particularities of noise properties in graphene FETs [16]. 

- High quality of graphene (low defects) is crucial for low noise which can reach amplitudes of 
10-9 
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- The 1/f noise is not too much increased in the top gate graphene FEts (our case). 
- A low dose of electron irradiation (via SEM or EBL) with low energy (20 keV) reduce 1/f noise 

with one order of magnitude; the consortium has the equipment to this treatment to get low 1/f noise. 
 
A more elaborate model which holds either for ballistic and diffusive regime was developed recently 
by the authors [17]. The model starts from “Top-of-the-barrier”[18] models generally used for ballistic 
graphene transistor , but generalize it to any type of transistors. 
The method is based on few equations. We consider a top gate transistor where the drain current is 
given by : 
 

pnD III −=                                                                                                                              (7) 

 
where the two currents are assigned for electrons and holes, respectively and are described both of 
them by Landuaer formula. The Fermi distributions, the DOS are shifted in energy by the electrostatic 
potential U=UL+UP which is computed using a lumped element model consisting in  capacitor network 
CG, a source CS  and drain CD capacitance . We assume that CS=CD. The source and drain 
capacitance is a fit parameter. While )( DDggL VCVCeU +−= ., while UP is calculated with the help of 

Poisson relations. The electrostatic potentials are them used to scale the physical parameters of the 
drain current and finally to calculate the drain current. 
 
Below, we will provide some examples to prove the power of this method which works irrespective of 
the graphene transport mechanisms. 
For example, we are using our own experimental results obtained earlier regarding a graphene FET 
[19]. The relevant dimensions of the graphene FET are:  gate length 200 nm, source-drain distance 2 
µm and source-drain width 40 µm . The gate dielectric is a 100 nm thick PMMA layer. The simulated 
and experimental values of the graphene FET are depicted in Figure 17, also the extracted mean fee 
path is 100 nm (meaning that high quality monolayer graphene), while the maximum mobility was 
about 8000 cm2/Vs. We see also that at low drain voltages the simulation and experimental results 
coincide while at high voltages the differences are more important. However, the simulations help us 
to extract also the physical parameters of graphene and also how to improve the graphene FET.  
 

 
Figure 17 : The comparison between experimental and  simulated values for I D-VD. 
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Therefore in Figure 18 we can see how the drain current is improved when the thickness of the 
dielectric is decreasing. 
 

 
 

Figure 18 : The drain current at different dielectr ic thicknesses. 
 
So, we can design a graphene FET transistor with a powerful method. When the fabrication of the 
graphene FET will be completed we will measure the S parameters of the graphene FET and we will 
design the matching circuits to get a LNA. 
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4 THE DETECTOR 
 
The graphene monolayer rectifier [20],[21] is depicted in Figure 19. 

 

metallic 
contacts 

dout din 

L 

x 

y 

Graphene monolayer 

 
Figure 19 : The geometric diode based on a graphene  monolayer 

 
In Figure 19, we see that the geometric graphene monolayer diode was modeled as a trapezoidal 
shape, with the length of the device not exceeding 100-200 nm in order to work in the ballistic regime. 
We assume that outin dd > , the rectification being produced for the current flowing parallel to the x 
axis.  The device is modeled as a succession of N regions of constant and unequal widths denoted 
by jd ,  j = in,1,…, out.  

The wave vector component along y is discrete and given by jdn /π , while the wavenumbers along x 

are  

2222
, )/(/)()sgn( jFjjjn dnvVEVEk π−−−= h , 

where 
)1/( +−= NjeVV j  with V the bias voltage between the two metallic contacts, and 300/cvF ≅  

is the Fermi velocity. If 
)sgn( jVE −
 > 0 the carriers are electrons and, on the contrary, if 

)sgn( jVE −
 < 0 

the carriers are holes. The carrier ballistic transport appears in the device only when jnk ,  are real. 

The number of modes is 
)]/(||[Int Fjjj vVEdN hπ−=

, where 
)1/()( +−−= Njdddd outininj .  

 

The simulations regarding the number of modes dependence on the bias voltage are independent on 
the number of discretization regions N. In graphene there is a finite number of outgoing modes 
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irrespective of the voltage polarization, but there is a voltage range around 0 V in which no charge 
carrier transport occurs, and thus the outgoing mode number and the current are zero. This region of 

zero current has an extent of outF dv /hπ  and is the signature of the rectification behavior of the device. 
The current-voltage characteristics of the device is found by solving the Dirac equation in each 
discretized region after imposing the continuity conditions at each interface for the spinorial 
wavefunction. Further, the current through the triangular-shaped graphene flake is calculated with the 
Landauer formula. The current-voltage dependence is strongly influenced by the value of outd . This 
influence can be seen in Figure 20, where we present simulations for FE = 0.2 eV and ind = 100 nm, 

outd = 10 nm (magenta solid line), ind = 100 nm, outd = 20 nm (blue dashed line) and ind = 50 nm, outd = 
10 nm (black dotted line).  

 

 

 

Figure 20 : The current-voltage characteristics for  different d in and d out  dimensions.   
 
The fabrication was done mainly to demonstrate that such a new way to build a graphene rectifier is 
possible. The fabrication details are found in [21] and imply e-beam patterning of the rectifier position 
on wafer, oxygen plasma cut graphene in the trapezoidal-like shape, followed by another e-beam 
patterning for contacts and the final liftoff in acetone. The wafer with graphene rectifier is represented 
in Figure 21 and the graphene rectifiers in Figure 22.   
 

 
Figure 21 : The on-wafer view of graphene detector 
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                               (a)                                                                           (b) 
 

        
 
                          (c) 

Figure 22 : The graphene rectifier 
 
In Figure 22 it is represented in (a) the entire structure of the graphene rectifier, (b) the graphene 
rectifier with metallic contacts (c) the detail of the rectifier –neck diode 28 nm , diode shoulder 100 
nm. 
 
 
The I-V characteristics were obtained using a Keithley 4200 SCS. The graphene wafer with metallic 
contacts ready to be measured is represented in Figure 23. 
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Figure 23 : Graphene wafer ready to be measured 

 
In Figure 24 the I-V dependence is displayed. 
 

 

Voltage (V) 

Current(A) 

 
Figure 24 : The I-V dependence of the rectifier 

 
 
We see that at low back gate voltage the curves have a zero current in region of 150 mV so working 
as a rectifier, while at high back gate voltages (40-60V), this region vanishes and we see the 
behaviour of a transistor with a back gate and having saturation. Two physical mechanisms are 
taking place (a) at low back gate voltages we have the ballistic rectification as described by the above 
modelling while at high back gate voltages the number of so carriers is so high so the graphene 
constriction is saturated with carriers and the current is constant. 
 
Another rectifier was proposed using the a graphene monolayer shape as below in Figure 25 
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Figure 25 : The Y rectifier 
 
The distance between arms is 300 nm while its width is 100 nm and is working also in the ballistic 
regime. The rectification here is also due the geometry. The interferences between the two arms are 
at the origin of current rectification. This Y graphene shaped was carved in a CPW between the 
central conductor and the grounds. We have 2X50 Y –shaped graphene attached to the CPW. The 
left top and right top edges of each nanoribbon are electrically in contact with the signal and the 
ground electrode, respectively. To contact the bottom edge of each nanoribbon, without contacting 
the center of the “Y”shaped graphene junction, a metallic air-bridge is formed between adjacent 
bottom electrodes. This metallic air-bridge was anchored at the bottom of each “Y” and eventually is 
electrically connected to the signal electrode that leads to the output port. 
This rectifier was simulated with the equivalent circuit below in Figure 26. 
 
 

 
 
 

Figure 26 : The Y rectifier equivalent circuit. 
 
The rectification can be seen in the current at 20 GHz (Figure 27) where minima and maxima of the 
current are seen along the central conductor of the CPW 
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Figure 27 : The rectification current of Y-shaped g raphene. 
 
 
 

5 THE GRAPHENE MIXER 
 
The graphene resistive mixer is based up now on graphene FETs [22]. However, for a high 
conversion loss (CL) it is necessary that the graphene channel resistance denoted Rds must have 
very different values when gate voltage is zero (when Rds is maximum) and a high gate voltages 
(when Rds is minimum) i.e Rds(Vg=0)/Rds(Vgmax)>15-20.  
 
This requirement cannot be fulfilled in graphene monolayer due to the absence of the bandgap. He 
next was to nanopattern the graphene channel to open small bandgap in the channel. Now 
Rds(Vg=0)/Rds(Vgmax) is about 10-12  [23] , but the nanopatterning of the graphene is a tedious task 
and the results are not always reproducible. Of course, a channel with a bilayer graphene will be the 
bet for a resistive mixer [24] where the ratio Rds(Vg=0)/Rds(Vgmax)>100 ,but to get such a transistor it 
is necessary to apply a very high dc field able to destroy the FET anytime. 
 
So, we have decided to abandon the graphene mixers based on FET and to return to a simple 
solution – a graphene Schottky diode made recently in the consortium [25]. Recently, we have 
fabricated a Schottky - like diode able to withstand currents at mA level and to operate at millimeter 
wave frequencies, at which no graphene-based Schottky diode has been reported so far.  
To achieve this performance level we have used a graphene monolayer with asymmetric metallic 
contacts deposited on a high-resistivity Si substrate, with resistivity greater than 8 kΩ, on which 300 
nm of SiO2 were thermally grow. 
 
Schottky contact with graphene with a work function of 4.5 eV is displayed in the Table 2 below. We 
have used Cr as a Schottky contact 
 

Metal  Work function (eV)  

Al  -4.27 eV (the best)  

Ti -4..3 3 eV 

Table 2 : Schottky contact with graphene 
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The resistive contacts on graphene are displayed in the Table 3 below: 
 

Metal  Work function (eV)  

Pd  -5. 12 eV 

Pt -5.6 eV 

Cr -4.45 eV (like 
graphene) 

Table 3 : Resistive contacts 
 
We have used Ti as Schottky contact and Cr for resitive contact .The Schottky diode is represented 
in Figure 28.  
 

 
 

Figure 28 : The Schottky diode on graphene 
 
Extensive measurements in dc and the range 0.04 -60 GHz were performed and an equivalent circuit 
was extracted. The I-V characteristic is displayed in Figure 29 showing strong nonlinearities either for 
positive or negative voltages. The device can work also as a rectifier since in the range 0-2V the 
current is low. 
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Figure 29 : The I-V dependence of the graphene Scho ttky diode. 

 
The equivalent circuit is depicted in Figure 30 
 
 
 

 
 

Figure 30 : The equivalent circuit 
 
 
From many simulations we have extracted the series resistance and capacitance junction values are 
extracted as it is shown from below Table 4 : 
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Bias voltage (V) RS [Ω] CJ [fF]  

0V 60 3.5  

1V 60 3.5  

2V 60 3.5  

3V 60 3.5  

4V 60 3.5  

Table 4 : Series resistance and capacitance junctio n values 
 
Now, if we consider a quadrature coupler where in two arms are RF signal, LO and the two Schotky 
diodes the conversion loss is given by [26] : 
 

CL(dB)= 3.9 +1.7f/fc +9 Rs/Z0 
 
Where fc=/2πRs Cj=75 GHz  
Considering f=10 GHz and an output impedance of 100 Ω (which will be transformed latter in 50 Ω, 
we obtain a CL= 9.2 dB 
 
 
 

6 CONCLUSION 
 
In this deliverable, we presented the design of the different graphene devices which will be made 
during the project. We have presented a design for graphene antenna, graphene amplifier and a 
graphene rectifier  
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