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New measurements of graphene ribbons allowed to highlight three electrical behaviors. We identified a mixed behavior 

consisting of a linear and a nonlinear trends. The measurements are associated with simulations in order to explain the 

charge carrier distribution in graphene and its impact on the transport in graphene devices. The results show the importance 

of the oxide doping and the minimum doping on the electrical activity of graphene. For the linear trend, a high and quite 

uniform doping is observed, around 1013 cm−2. So, for the linear and the mixed trends, the doping change between 1011–

1012 cm−2 and its distribution is localized close to the source and/or the drain terminals. 
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1. INTRODUCTION 

A material with very high mobility is a major asset for 

the manufacturing devices operating at very high 

frequencies. This is why the scientific community has put a 

great deal of effort into producing graphene field effect 

transistors (GFETs). The graphene two-dimensional 

structure confers unique properties on the charge carrier 

motion, such as zero effective mass and ultra-relativistic 

behavior [1 – 3]. Because of these particularities, 

extraordinarily high intrinsic properties have been predicted 

theoretically and verified experimentally [4 – 6]. At the 

interface between semiconductor and metal, graphene was 

discovered experimentally by Geim and Novoselov in 2004. 

Its extraordinary electronic properties have been much 

talked about, above all they make it a promising candidate 

in the quest for the new electronics area [7 – 12]. 

In the literature, several works [13 – 19] have proposed 

analytical and numerical developments associated with 

experiments as a support to understand the operation of the 

graphene devices. In our previous work, we identified linear 

and nonlinear electrical behaviors in GFET at 300 K [20] 

and 77 K [21]. To our knowledge, few studies propose the 

modeling of the electrical behavior of graphene FETs. For 

example, the electrical behavior of GFET was attributed to 

metal-graphene contact in Ref. [22]. According to Zamzuri 

et al. [23], the linear and nonlinear behaviors in GFET are 

related to damage under electron irradiation. Otherwise, 
Martini et al. [24] attribute the electrical properties of GFET 

to the ribbon structure.  

In addition to and in the light of what was reported 

previously, it is essential to find convergence in the 

explanation of electrical behavior in GFET devices. In this 

work, we identify another mixed behavior consisting of a 

linear and a nonlinear trends, and we use the simulation as a 

support for measurements to explain the divergence of 

electrical behavior. First, the scanning electron microscopy 
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(SEM) pictures show the studied devices. The devices 

fabrication process and the measurements experimental 

setup are mentioned. Second, we introduce a theoretical 

model based on the small signal equivalent circuit of the 

back-gated graphene transistors in order to study the impact 

of the technological parameters on the electrical 

characteristics. Thus, the results suggest that the variation 

and the distribution of carrier density is relevant for 

electrical behaviors.  

2. EXPERIMENT 

Outlines of the fabrication process are described as 

follows: two-terminal graphene ribbon devices with a back 

gate are fabricated on a conventional silicon (Si) substrate 

covered by a 90 nm thick thermal silicon dioxide (SiO2). 

Chemical vapor deposition (CVD) process is used for 

single-layer graphene deposition, then, the graphene layer is 

transferred onto the SiO2/Si substrate. For the device 

fabrication, optical lithography is used for electrode patterns 

through a mask, and Ti/Au (10 nm/100 nm) metallic 

contacts are deposited by the thermal evaporator. In order to 

extract the electrical characteristics in the graphene ribbons, 

we performed measurements in vacuum on a lot of 

monolayer graphene transistors. The devices are 10 µm long 

by 16 µm wide, supported by SiO2/Si substrate. In Fig. 1 a 

and b, a scanning electron microscopy (SEM) and an optical 

picture are shown, respectively. Advanced experimental 

details, measurements setup and methodology are reported 

in our previous studies [20, 21]. 

3. MODEL 

The following model is inspired by the already existing 

studies on GFET and double gate GFET (DG-GFET) 

[11, 12]. Our approach is based on the extraction of an 



equivalent small signal model of graphene ribbon in a back 

gate configuration. 

 

Fig. 1. Devices pictures: a – SEM image of the graphene ribbons 

devices; b – optical micrograph of one device 

 

Fig. 2. Graphene ribbon device: a – top view; b – front view; 

c – small signal circuit 

A schematic illustration of the small signal model is 

shown in Fig. 2 c. We also show a top view of the device in 

Fig. 2 a and a left view in Fig. 2 b. 

First, the current expression is given as [11]: 
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where q is the electron charge, µ is the carrier mobility, W 

and L are respectively the ribbon width and length, vsat is the 

carrier saturation velocity (= 106 m/s), VDS the drain-source 

potential and nrib is the carrier density along the ribbon. The 

carrier density can be expressed as [2]: 
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with nmin is the minimum carrier density pointing the charge 

neutrality point (CNP), Cq is the quantum capacitance, 

introduced the first time by Fang et al. [25] for the 

semiconductors, it was defined as the derived of a local 

charge with respect to the associated electrostatic potential 

Vrib, thereafter, it was used for the graphene devices 

[11, 26, 27]. At zero band gap energy, the expression of the 

quantum capacitance as a function of the temperature T and 

Vrib is given as: 

2

2

2
ln 2 2cosh

( )

ribB
q

BF

qVq k T
C

k Tv

  
= +  

   
, (3) 

where kB is the Boltzmann constant, ħ is the reduced Planck 

constant, and vF is the Fermi velocity. Applying the 

Kirchhoff law to the circuit described in Fig. 2 c, we can 

write Vrib as follows: 
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where Cox-back is the gate oxide capacitance per unit area, the 

effective back gate voltage Vgs-back-eff = Vgs-back – Vgs-Dirac with 

Vgs-Dirac is the back gate voltage at the Dirac point, i.e. when 

the ribbon carrier density is reduced to nmin, and V(x) is the 

potential evolution between the metallic contacts, from 

L = 0 to L = 10 µm, such as V(L) = VDS. 

4. RESULTS AND DISCUSSION 

In order to simulate the output characteristics, we 

proceed first by identifying the technological parameter that 

controls the current slope, i.e. nrib. According to Eq. 2, nrib 

depends on the gate oxide carrier density CqVrib and the 

minimum carrier density nmin resulting from the 

environment doping during the fabrication process. Then, 

when we apply the drain voltage, we study the local 

potential evolution along the ribbon from x = 0 to x = L. 

When the gate voltage is constant, CqVrib depends only on 

the drain voltage. Since we cannot experimentally control 

the graphene ribbon carrier density profile, theoretically, 

this is equivalent to assume that nmin does not have the same 

value along the ribbon, in these conditions, the nrib carrier 

density estimation is achieved by imposing a maximum 

convergence of the simulation to the current-voltage 

measurements. So, we developed a smart simulation 

algorithm that takes into account an adaptive convergence 

of the minimum carrier density values with respect to the 

potential evolution along the graphene ribbon, i.e., the 

algorithm fits the nmin values to the measured data at each 

point along the ribbon. The results of the nonlinear behavior 

corresponding to device 1 (Dev. 1 in Fig. 1) are plotted in 

Fig. 3. 

To have a clearer idea about the approach, we also 

plotted the output characteristics for a mean value of nmin in 

Fig. 3 a. For the lower and higher values of Vgs, the 

simulated output characteristics and the corresponding 

carrier density profiles are plotted respectively in Fig. 3 c, d 

and e. In order to support this assumption, we assume that 

the graphene/Ti/Au contact is ohmic [28 – 31]. Otherwise, 

we get a good agreement between the simulations and 

measurements for the transfer characteristics plotted in 

Fig. 3 b, with a CNP around 38 V. 

The carrier profiles in Fig. 3 d and e present the best 

approach to have a maximal convergence to the measured 

data. Fig. 3 d as well e shows two different profiles of nmin, 

the first one is a constant profile (equilibrium) and the 

second one is an adaptive or non-constant (non-equilibrium) 

profile, i.e. we don’t have the same Fermi level anywhere in 

the ribbon area. To compare both cases, we can easily 

distinguish that the simulations in the non-constant profile 

present the best agreement with the measurements. By 
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analogy with Fig. 3 c, when combining Eq. 1 – Eq. 4, the 

evolution of V(x) from the source to the drain reveals an 

interesting range of 0.6 V < Vds < 1.6 V in which the 

corresponding values of nmin change with the location in 

non-constant profile. These results could indicate that the 

ribbon lower carrier density regions act as a potential-

barriers for electron motion. 

 

Fig. 3. Dev. 1 electrical characteristics: a – output characteristics 

for several Vgs values; b – transfer characteristics for several 

Vds values. Symbols are measurements and lines are 

simulated curves; c – output characteristics with the 

associated carrier density profiles; d – Vgs = 0 V; 

e – Vgs = 40 V 

For Vds ≥ 1.6 V, nmin has a constant value and the current 

Ids has a linear trend. Two possible explanations could 

support this result: the carriers have enough energy to 

overcome the potential-barriers formed by the weakly doped 

locations, or, the electrons flow through a path where the 

doping is well distributed and/or almost uniform. From a 

physical point of view, for all qVrib energies at each point 

from x = 0 to x = L that are greater than the thermal energy 

KT, the graphene ribbon is in the non-equilibrium regime, 

i.e. we don’t have the same Fermi level anywhere in the 

ribbon area, so we don’t have the same carrier density.  

In Fig. 3 a, the simulations done for Vgs = 40 V show a 

significant difference between both curves associated to 

both nmin profiles. Indeed, for the nmin constant profile, the 

nonlinearity is less pronounced than the nmin adaptive 

profile. This observation is not highlighted for Vgs = 0 V, 

where the difference between the simulated electrical curves 

corresponding to the two profiles is very slight, because of 

nox range is comparable to the nmin range, note that 

nox = (1/q)×|−0.5CqVrib| is the gate oxide carrier density. 

This result suggests there is a bond between the nonlinearity 

and the oxide charge density. From theoretical/simulation 

aspect, although the consideration of an average value of the 

density value is more often used, the results in Fig. 3 c, d 

and e demonstrate that the non-uniformity of the carrier 

density is in line with the experimental conditions, indeed, 

during the fabrication process, we have no control over the 

environmental doping of the graphene. For the second 

device (Dev. 2 in Fig. 1), a linear electrical behavior can be 

observed in Fig. 4 a. Experimentally, the CNP is situated 

beyond Vgs = 60 V, as shown in Fig. 4 b, so we cannot 

define the value of nmin and the mobility. 

 

Fig. 4. Dev. 2 characteristics: a – output characteristics; 

b – transfer characteristics; c – the associated carrier 

densities profiles. Symbols are measurements and lines are 

simulations 

Despite that, theoretically, we can optimize the 

simulation to get a good agreement with the measurements 

as shown in Fig. 4 a and 4 b, such as, CNP = 78 V, the 

mobility is 380 cm2/Vs and the carrier densities 

corresponding to Vgs values are plotted in Fig. 4 c. 

Gradually, as the gate voltage increases, nmin has a constant 

profile at 1.3 × 1013 cm−2, while nox profile decreases. For 

Vgs = 0 V, nox changes from 8.7 × 1012 cm−2 to 

9.2 × 1012 cm−2, which is more significant with respect to 

Vgs = 40 V, where nox changes from 4.3 × 1012 cm−2 to 

4.5 × 1012 cm−2. These variations could point the 

electrostatic field, as the gate voltage increases, the 

electrostatic field decreases and the gate field effect 

becomes dominant. In term of simulation, the main 

difference between the simulations done for Dev. 1 (Fig. 3) 

and Dev. 2 (Fig. 4) is identified by the CNP and nmin values, 

and consequently nrib, while the mobility plays a minor role. 

In summary, these results suggest that the carrier density in 

terms of concentration and profile plays an important role in 

the both electrical behaviors. In the literature, both of the 

nonlinear and linear behaviors were attributed to metal-

graphene contact and the damage under electron irradiation 

[22, 23]. These two reasons contribute to the local doping of 

the graphene, which is in line with our results. 

For the third device (Dev. 3 in Fig. 1), we get some kind 

of measurements describing a mixed electrical behavior. In 

Fig. 5 a, for Vgs = 0 V, we can identify two behaviors, a first 

one similar to a linear behavior for Vds < 1.4 V and a second 

one looks like a reverse non-linear behavior for Vds > 1.4 V. 

The carrier density changes from 1.1 × 1012 cm−2 to 

0.3 × 1012 cm−2, as shown in Fig. 5 b. For Vgs = 30 V, at the 



maximum value we could measure, we can identify three 

behaviors, a first one (I) similar to a linear behavior for 

Vds < 1 V, a second (II) similar a reverse non-linear behavior 

for 1.2 V ≤ Vds ≤ 2.6 V, and a third behavior (III) describes 

a kink or an avalanche effect. The profiles associated with 

these three behaviors are summarized in Fig. 5 c and e. In 

Fig. 5 c, the carrier density changes from 1.25 × 1012 cm−2 

down to 0.3 × 1012 cm−2 and increases thereafter from 

0.3 × 1012 cm−2 up to 1 × 1012 cm−2 as Vds keeps rising. The 

comparison between Fig. 5 b and c could highlight the 

explanation of these behaviors. In Fig. 5 b, the non-constant 

profile associated to the reverse non-linear (semi-saturation) 

behavior could demonstrate that the graphene region close 

to the drain is less doped than the area near the source. In 

addition, the range of the nox, which changes from 4.8 × 1012 

to 5.2 × 1012 cm−2, is more important than the range of nmin 

which plays a minor role and means that the electrostatic 

potential at the drain terminal has no significant effects. 

 

Fig. 5. Dev. 3 electrical characteristics: a – output characteristic. 

Symbols are measurements and lines are simulated curves; 

b, c – show the associated carrier density profiles; 

d – transfer characteristics; e – output characteristic 

measure-ments at Vgs = 30 V 

In Fig. 5 c, the range is comparable to the nmin range 

which could explain the increase of nmin and contribute to 

the avalanche effect. Otherwise, in Fig. 5 d, the transfer 

characteristics show a good agreement with the 

measurements for nmin = 1 × 1012 cm−2. 

5. CONCLUSIONS 

Three categories of electrical behavior in back-gated 

graphene ribbons are reported. The results show the 

importance of two relevant technological parameters: the 

oxide doping and the minimum doping on the graphene 

carrier density in terms of concentration and profile. For the 

linear trend, a high doping is observed over the graphene 

area, around 1013 cm−2. For the nonlinear and the mixed 

trends, the doping change between 1011 – 1012 cm−2 and its 

distribution is localized close to the source and/or the drain 

terminals. The comparison of our results for a constant and 

a non-constant profile with the literature shows that the local 

doping of the graphene is the origin of the behavior change. 
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