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Abstract 

In this paper the high-field behavior of a graphene nanoribbon is 

studied in the degenerate and non-degenerate regimes. The drift 

velocity model presented shows that the transport behavior is 

different in each regime when subject to an electric field. Our 

theoretical results are compared with experimental data. The 

Fermi velocity (for the degenerate regime) and thermal velocity 

(for the non-degenerate regime) coupled with optical phonon 

emission have a large influence on the drift velocity leading to a 

velocity saturation preceded by a monotonic increase with 

increasing electric field. Also the effect of varying the channel 

length of a transistor employing a graphene channel is 

considered as well as the influence of the electric field created 

by the gate voltage. 

 

Keywords: Graphene nanoribbon, transistor, high field carrier 

transport, drift velocity, mobility.  

 

1. Introduction 

A Graphene sheet is a two-dimensional allotrope of sp
2
-bonded 

carbon arranged in a honeycomb lattice [1-3]. A graphene 

nanoribbon (GNR) however, depicted in Fig. 1, is a strip of 

graphene with a width of less than 10 nm [4] and shares a 

number of similarities with a graphene sheet. Much of the 

interest surrounding graphene is due to the high carrier mobility 

that it exhibits [1,2,5]. Moreover, carrier velocity control at high 

electric fields is essential in graphene field effect transistor 

(GFET), especially for GFET applications in the radio 

frequency region [6]. This makes graphene a material of great 

promise as an active element in electronic devices, particularly 

those based on low-noise, high-frequency operation. The 

modeling and simulation of high-field (~ 1 V/µm ) [7] mobility 

and velocity saturation effects are important for predicting 

device characteristics. Furthermore, velocity saturation of 

carriers in a transistor channel is an important effect that occurs 

in nano-sized channels  and thus it is of interest to gain an 

understanding of velocity saturation in nanoscale devices. 

 

 
 

                                          W 

 

Figure 1: Structure of monolayer GNR: length L, width, W and 

De Broglie Wavelength, .
D

λ
 

 

This can be done if quantities such as the density of states 

(DOS) and low field mobility are obtained. 

Here, we use some previous work on low field mobility 

modeling [8] both in the degenerate and non-degenerate regimes 

to analyze the drift velocity and hence the high field mobility. 

Existing work on high field transport [6,9,10] mostly discusses 

the influence of the optical phonons which limit the velocity as 

well as the current-carrying capacity under high electric fields. 

However, our work is not only limited to phonon emission; we 

also consider high field transport both in the degenerate (high 

carrier concentration) and non-degenerate (temperature 

dependent) regimes. Simple analytical models are used to 

demonstrate the carrier velocity and mobility in both regimes as 

will be discussed in details in the subsequent subsections.  

 

2. Mobility 

Based on a previous model for low field mobility in GNRs by 

Amin et al. [8], the mobility is deduced from the fundamental 

transport equation given by: 

 

 

D
L λ≥  



A study of the carrier properties of a graphene nanoribbon in a high magnitude electric field and associated effects in graphene nanoribbon transistors    154 

 

0

* *

qq

m m v

τ
µ = =

l
                     (1) 

 

Applying the above expression to parabolic band energy and 

making use of the Fermi-Dirac integral, we obtain the low field 

mobility for the degenerate and non-degenerate regimes, which 

depends on the carrier concentration and temperature 

respectively. The low-field mobility equations for the 

degenerate, 
0 _D GNRµ  and non-degenerate regimes, 

0 _ND GNRµ
 
are: 

0

0 _
*

ND GNR th

th

q
v

m v
µ

π
=

l
                (2) 

where 
th

v is the thermal velocity, and 

( )0 1

0 _
4 * 2

D GNR

B

q n

m k T

π
µ =

l h

                   (3) 

 

with the carrier concentration in a one-dimensional device 

denoted by 
1

n . At low appied electric field magnitudes, the 

carrier mobility does not depend on the electric field and the 

velocity saturation does not take place at all. However, as the 

electric field comes into play, the transport behavior will differ 

from the one observed for low fields as the quantum emission 

will influence the transport in a high field. This is because the 

electrons are accelerated by the field and hence gain enough 

energy to emit phonons. The photon energy is ωh  where ω  is 

the angular frequency of the associated wave [11] 

 

3. Drift velocity 

The drift velocity, 
d

v in a high electric field, E is given by [7, 

12]: 
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where 
0

µ is the low field mobility and 
sat

v is the saturation 

velocity, which refers to the thermal and Fermi velocity for non-

degenerate and degenerate regimes respectively, as suggested by 

Saad et al. [13]. In the work here, we apply the low field 

mobility model [8] to Eq. (4) for both the degenerate and non-

degenerate regimes. The drift velocity in Eq. (4) is also known 

as it depends on the horizontal electric field. This horizontal 

electric field exists due to the source-drain voltage, and thus is 

given by the voltage drop across the channel over the channel 

length, LCH [14]:  
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V
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The effects of varying the channel length can be observed by 

incorporating Eq. (5) into Eq. (4). Below are the calculated 

results for drift velocity effects in the degenerate regime found 

for channel lengths 32nm, 22nm and 16nm? 

In both the degenerate and non-degenerate cases, a shorter 

channel length produces a higher drift velocity due to the longer 

mean free path (mfp) of the carriers compared to the channel 

length. The carrier mfp is 0.4 µm in the degenerate regime and 

1.2 µm in the non-degenerate regime compared to the channel 

length of 16nm. 

However, a vertical electric field also exists, due to the applied 

gate voltage VGS which also influences the carrier velocity. This 

vertical  electric  field forces the  carriers to  move closer  to the 

 
Figure 2: Channel length effects on the drift velocity in the 

degenerate regime. 

 
Figure 3: Channel length effects on the drift velocity in the non-

degenerate regime. 

 

 

channel surface in which the carrier movement from source to 

drain will be reduced because surface scattering is dominant at 

the channel interface and hence the mobility is reduced. The 

carrier mobility can then be represented by an effective mobility 

given by [14]: 
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3. 1. Drift velocity in the degenerate regime 

Interestingly, it is found from our calculations that the drift 

velocity in the degenerate regime is slightly higher than the 

experimental result, as depicted in Fig.4. the calculated drift 

velocity is comparable with the experimental drift velocity for 

horizontal electric field values below 0.5 V / µm and tends to 

reach a saturation velocity more slowly compared to the 

experimental saturation velocity. Besides this, the higher drift 

velocity indicates that the mobility is also high. The mobility 

can be found by measuring the gradient of the drift velocity 

versus electric field graph. 

 

3. 2. Drift velocity in the non-degenerate regime 

In the non-degenerate regime, the difference between the 

calculated and experimental results is the other way around: the 

experimental drift velocity is higher, as shown in Fig. 5. 
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Figure 4: Comparison of the high field degenerate model with 

the experimental data of Dorgan et al. [7]. 

 

In this region, the calculated drift velocity is lower than the 

experimental drift velocity but reaches the same saturation level 

for a high electric field of 2 V/µm . This is because the thermal 

velocity plays an important role in determining the drift velocity 

in the presence of an applied electric field. Carriers travel with a 

thermal velocity in the non-degenerate regime where the carrier 

density is lower. The thermal velocity is 
52 8 10

th B
v k T= ≈ × m/s for the one-dimensional case [10]. 

This is adequate since we consider a GNR as a one-dimensional 

device. Returning to the drift velocity: the lower drift velocity 

also the mobility is low compared to the experimental results 

and compared to the degenerate mobility.  

Optical phonon emission in graphene is dominant in the 

presence of a high electric field with carrier energies in the 

range 10 meV to 200 meV [7,10]. This is enough for optical 

phonons to be emitted and we expect this strong enhancement of 

optical phonon emission to prevent the carriers in the GNR from 

gaining larger velocities with further increases in electric field. 

In other words, the optical phonon emission is the main cause of 

the scattering that limits the drift velocity such that it reaches 

saturation. This also holds true in the high electric field 

experimental and theoretical studies in Refs. [11,15]. 

Additionally, Tse et al. [10] have found that in doped graphene 

(high carrier concentration), the scattering process termed ‘hot 

electron scattering’, for energies below 200 meV, is dominated 

by inelastic scattering, whereas for carriers having energies 

above 200 meV, the scattering due to the electron-phonon 

interactions tends to dominate as the carriers are now able to 

emit longitudinal optical phonons. These hot carriers are 

responsible for reducing the mobility at high electric field 

magnitudes. The observation that the drift velocity in the 

degenerate regime is higher than that for the non-degenerate 

regime (see Fig. 6) can be explained as being due to the 

different velocities of the carriers in each regime: in the 

degenerate regime the velocity is the Fermi velocity of 

graphene, 
59.8 10

f
v ≈ × m/s [16], which is higher than the 

thermal velocity and gives an extra advantage to the carriers in 

the degenerate regime. 

 

4. Conclusion 

The drift velocity in the degenerate regime (
5

5.4 10≈ × m/s), is 

higher  than  the  drift   velocity  in  the  non-degenerate   regime  

 
Figure 5: The non-degenerate model compared with the 

experimental data of Dorgan et al. [7]. 

 

   
Figure 6: Comparing the degenerate and non-degenerate drift 

velocity models. 

 
(

5
1.8 10≈ × m/s) leading to better performance for devices 

operating in the degenerate regime. This is because the carriers 

in the degenerate regime travel with the Fermi velocity which is 

higher than the thermal velocity in the non-degenerate regime. 

The Fermi velocity (degenerate regime) and thermal velocity 

(non-degenerate regime) coupled with optical phonon emission 

greatly influenced the drift velocity in the respective cases 

leading to velocity saturation. Consequently, the carrier mobility 

also tends to be constant as the drift velocity no longer 

increases. Besides this, a shorter channel length, which is 

essential in order to reduce the device dimensions, offers a 

higher carrier drift velocity. This is consistent with our 

calculated results, and is due to the longer mfp of carriers in 

GNRs compared to the transistor’s channel length.  

This work has elucidated the degenerate and non-degenerate 

carrier transport behavior in GNRs. Further investigation is 

needed to confirm this theoretical study especially for the high 

electric fields in which many technologically important 

electronic devices operate. 
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