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a b s t r a c t

We report the results of simulating a dual-gated grapheme nanoribbon field-effect transistor (GNR-FET)

working in the ballistic regime, when its channel is under various tensile uniaxial strain. Simulations are

performed based on self consistent solutions of the Poisson equation coupled with the Non-Equilibrium

Green’s Function (NEGF) formalism in mode space representation, assuming a tight-binding Hamiltonian.

The results show that the transistor I–V characteristics exhibit a zigzag behavior as the strain increases

from e = 0% to e = 10.17%, at which the GNR bandgap equals that of the unstrained one. The simulations

also reveal that initially the current decreases while the strain increases to e = 5%. However, as the strain

increases further, the current also increases, albeit at a rate that is less than that of the initial decrease.

This behavior is consistent with the variations of GNR band gap under strain. Furthermore, other switch-

ing characteristics such as transconductance, DIBL and Ion/Ioff are also studied, for which similar zigzag

behaviors are observed.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The invention by Novoselov of a single stable sheet of graphite

[1], known as graphene, has introduced a new candidate material

for the next generation of electronic devices. Graphene is a zero

gap two-dimensional material [2]. Nevertheless, its narrow stripes

with widths less than 100 nm, known as graphene nanoribbons

(GNRs), are quasi-one-dimensional materials exhibiting finite en-

ergy gaps [3]. Because of their excellent electrical and mechanical

properties and their ease of orientation during synthesis, GNRs

have demonstrated their potential as important material in elec-

tronic applications, specifically as the channel for transistors [4–

8]. In recent years, the fabrication of a 100 GHz transistor fromWa-

fer-Scale Epitaxial graphene [9], as well as a high-mobility GNR-

FET operating at low voltage at room temperature [10] have been

reported.

As described in [7], only armchair GNRs (A-GNRs) of widths nar-

rower than10 nmhave suitablegaps for electronic andoptical appli-

cations. Experimental andtheoretical studies showthatGNR-FETsor

GNR-tunneling FETs with sub-10 nm GNR channels can achieve Ion/

Ioff ratios of higher than 106, and also sub-threshold slopes as low as

13 mV/dec, which is much smaller than 60 mV/dec limit for MOS-

FETs [5,11]. Because of the difficulties in fabricating sub-10 nm

nanoribbons and also the importance of the edge effects in such

GNRs, researchers have devised new means to modulate the elec-

tronic band structure of GNRs in order tomake them suitable for dif-

ferent types of GNR-FETs. These methods include applying disorder

[12], doping [13], external fields [14], or mechanical strain [15–22].

In comparison to top-gated GNR-FET, a dual-gated device has the

advantage of better gate control ability. Hence, dual-gated GNR-

FET is more favorable structure to overcome short channel effects

and perform as close as possible to an ideal FET in the nanoscale re-

gime[23]. There is also consensus that in idealdevices,MOSFET-type

GNR-FETs showbetter device characteristics over SB-typeGNR-FETs

[24]. Recent studies also show that the band structure of a strained

GNR is directly related to the type and strength of the applied strain

[16–20]. Compared to a sheet of graphene whose band gap remains

near zero even under large strains, the band gap of a GNR is sensitive

to both uniaxial and shears strains. Moreover, since shear strain

tends to reduce band gap of A-GNRs [25], most studies have been

carried out for uniaxial strains.

Although electrical properties of GNR under various types of

strain have been studied and reported [25–28], only a few numer-

ical studies have been dedicated to the simulation of GNR-FETs un-

der a small range of strain using Non-Equilibrium Greens’ Function

(NEGF) in real space [29] and nonparabolic effective mass approx-

imation [11]. Furthermore, although there are some analytical

models for describing unstrained GNR-FETs [30,31], no analytical

model for electronic properties of strained GNR-FET has been

reported.
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In this paper, we present the results of our numerical studies on

the effects of uniaxial tensile strain in a wide range on the elec-

tronic properties of a dual-gated GNR-FET, using an atomistic

mode space approach into the NEGF coupled with the Poisson

equation.

2. Modeling and simulations

Fig. 1 illustrates a schematic representation of the dual-gated

GNR-FET under study. The channel material is assumed to be a sin-

gle layer armchair graphene nanoribbon (A-GNR) of index n = 12,

sandwiched between two layers of compatible insulators, e.g.,

SiO2, that has a relative permittivity of er = 3.9. The index n denotes

the number of dimmer carbon atom lines along the transport

direction which is determined by the GNR width, W. Moreover,

Fig. 2 illustrates the unit cell of an A-GNR with n = 12. It is well

known that this type of GNR is a semiconducting material that is

suitable for the device under consideration. The width and length

of this GNR channel is assumed to be W = 1.35 nm and l = 10 nm,

respectively. The thickness of each insulating layer is chosen to

be dox = 1.5 nm. These particular dimensions are chosen to make

the unstrained dual-gate GNR-FET comparable to that of [8]. In

equilibrium, the gate metal’s Fermi levels are assumed to coincide

with that of the GNR. The channel is taken to be intrinsic and the

source and drain regions are assumed to be heavily-doped GNR

(�5 � 10�3 dopant/atom). The bond vectors (r1, r2, and r3) are also

shown in Fig. 2. Any strain in the channel modifies the bond vec-

tors accordingly [25]. Considering a uniaxial strain in the channel,

these modifications can be described by

r1 ¼ ð1þ eÞa0x
r2 ¼ 1

2
ð1þ eÞa0xþ

ffiffi

3
p

2
ð1þ meÞa0y

r3 ¼ 1
2
ð1þ eÞa0x� 1

2
ð1þ meÞa0y

ð1Þ

where a0 = 0.142 nm is the carbon–carbon bond length, e represents
the uniaxial strain, t � 0.14 is the Poisson ratio [32], and x and y are

the unit vectors along the x- and y-axis, respectively. Note that the

channel, along which transport occurs, is assumed to be oriented

parallel to the x-axis.

Before dealing with the electronic properties of GNR-FET under

uniaxial strain, we first consider the effect of uniaxial strain on the

band gap of an armchair graphene nanoribbon. This consideration

will help us to better perceive the physical meaning of the follow-

ing simulation results. In order to simulate the band structure, we

employed the tight-binding method, neglecting the edge bond

relaxation and the effects of coupling due to the third and higher

nearest neighbors. As described by Eq. (1), the bond vectors get

modified due to the uniaxial strain. These modifications eventually

affect the hopping parameters between the adjacent carbon atoms,

which in turn change the Hamiltonian matrix of the unstrained iso-

lated channel. These changes in the Hamiltonian matrix can be

considered as small perturbations. The details of transformation

to mode space for A-GNR under uniaxial strain are described in

Appendix A.

The relation between the GNR bandgap (EG) and the uniaxial

tensile strain depends on the GNR width (or index n). To clarify,

we illustrate this relation for GNRs with n = 12, 13, and 14 in

Fig. 3. A common behavior is the zigzag variations in EG–e profiles
for all three A-GNRs, similar to those reported by [25]. This zigzag

behavior is due to the fact that the graphene Fermi points moves

between discrete k-lines of allowed electronic states [33]. It is

noticeable that the zigzag turning point (i.e., the strain strength,

e, at which the slope of the EG profile changes sign) varies with n.

In fact, the Fermi point for each of these A-GNRs falls in the middle

of two neighboring k-lines that correspond to its turning point. By

an increase or decrease in the strain strength applied to a given A-

GNR, its Fermi point moves closer to one of the adjacent k-lines.

The turning points for A-GNRs of indices n = 12, 13, and 14 occur

at e = 5%, 9%, and 14%, respectively. Furthermore, this figure reveals

that the zigzag behavior for n = 13 is the inverse of the behavior for

n = 12 and 14. The figure also shows that the bandgap for the A-

GNR of the interest (i.e., n = 12) at e � 10.17% equals the unstrained

bandgap (i.e., EG0 = 816.8 meV). From the profile for n = 12, we

anticipate that as e increases from 0% to 5%, the channel conductiv-

ity and hence the drain current under a given biasing condition

should decrease, and then as e increases beyond 5% the drain cur-

rent should increase.

In order to simulate the device ID–VDS characteristics, we solved

the Schrodinger equation coupled with the Poisson equation in the

ballistic regime, using the NEGF in a mode space representation.

Use of the mode space enables us to decouple the two-dimensional

problem into n one-dimensional decoupled lattices which reducing

the size of the problem with respect to the real space mode [8,34].

The details of constructing perturbed Hamiltonian matrices used

for solving NEGF are described in Appendix A.

Fig. 1. Schematic representation of the modeled dual-gated GNR-FET.

Fig. 2. Unit cell (the rectangle) and bond vectors (r1, r2, r3) of an A-GNR of index

n = 12.

Fig. 3. Comparison of band gap dependence for A-GNRs of indices n = 12, 13 and 14

versus the strength of uniaxial tensile strain (e in %).
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Fig. 4a illustrates the ID–VDS for the GNR-FET of Fig. 1, whose

channel is under various values of uniaxial strain strength, from

0% to 10.17%. The bottom and top gates are taken to be under

the same biasing conditions of VBGS = VGS = 0.5 V. Fig. 4b also illus-

trates the drain current versus the strength of the uniaxial strain

applied to the same device, under the fixed biasing condition of

VDS = VBGS = VGS = 0.5 V. As could be anticipated, Fig. 4b shows that

the drain current decreases as the strain strength increases from 0%

to 5%, and then increases when the strain increases beyond 5%.

Note that although for e = 10.17% the GNR bandgap of Fig. 3 returns

to its unstrained value of 816.8 meV, Fig. 4b indicates that the

drain current at this strain strength does not completely return

to that of the unstrained channel. This is because with an increase

in the strength of the uniaxial strain applied to an armchair GNR,

its bond length in that direction increases and hence the carrier

velocity decreases [22]. In fact, as can be observed from Fig. 4a,

behavior of the drain current for e = 10.17% (curve with upward tri-

angles) is more similar to that of e = 1% (dashes) than e = 0%. The

same statements applies when comparing the currents for e = 2%

(dashes-dots) with that of e = 9% (downward triangles) and the

current for e = 3% (dots) with that of e = 7% (squares). To help

understand it better, we illustrate in Fig. 5 the profiles of the poten-

tial energies across the device under the same biassing condition

and for different uniaxial strain values of 0% (solid line), 5%

(dashes) and 10.17% (dashes-dots). Comparison of these profiles

around the channel–drain junction reveals one of the two main

causes for the current reduction under the strain. The large dips

in the dashed and dash-dotted-lines around drain/channel inter-

face indicates that the carriers’ backscattering from the drain into

the channel increases under strain. This increase in backscattering

and hence large dip in channel potential profile is in turn due to the

reduction in carriers’ velocity under strain, as we mentioned ear-

lier. Fig. 5 also shows that the potential profile across the channel

under 5% strain is almost flat, whereas that of the channel under

10.17% strain with slower carriers has a slope of ��200 kV/cm.

This difference is due to the difference in their energy gaps, as ob-

served in Fig. 3.

Next, we investigate the short channel effects experienced by

the dual-gated (DG) GNR-FET of Fig. 1 under the uniaxial tensile

strain. In order to do this, in Fig. 6a we plot its ID–VGS characteris-

tics under the biasing conditions of VBGS = VDS = 0.5 V for various

strain values in the range 0 6 e 6 10.17% along with the ID–VGS

characteristics of a top-gated (TG) GNR-FET of similar dimensions.

Fig. 6b plots the threshold voltage as a function of the uniaxial

strain. A behavior that is commonly observed for both top-gated

and dual-gated GNR-FETs is that current capabilities decrease as

e increases from 0% to 5%. Beyond this range, however, the on-state

currents for both FETs start increasing. For example, for TG-GNR-

FET, the on-current under strain of e = 7% is larger than that under

e = 3% and for DG-GNR-FET those currents are almost the same.

Moreover, for a given e, the dual-gated device requires a more po-

sitive VGS to be turned on. This is in accordance with the profiles of

the threshold voltages as illustrated in Fig. 6b. Hence, for a given e
at a fixed VGS in the on state, the drain current for DG-GNR-FET is

smaller than the current for the TG-GNR-FET. This can be attrib-

uted to the less serious short channel effects experienced by the

dual-gated GNR-FET. In order to get more physical insight, we next

compare the ID–VGS characteristics in the deep sub-threshold re-

gion plotted in semi-log scales in the range �0.4 V 6 VGS 6 0.5 V.

The semi-log plots of the transfer characteristics of the DG-

GNR-FET under various uniaxial tensile strain strengths and a bias-

ing of VBGS = VDS = 0.5 V, obtained in the range �0.4 V 6 VGS 6 0.5 V

is illustrated in Fig. 7a. Fig. 7b shows the corresponding character-

istics obtained for a TG-GNR-FET with similar dimensions. A fea-

ture that can be observed in both sets of transfer characteristics

is the existence of a VGS, for a given e, at which the slope of lo-

g(ID)–VGS changes sign. This is the gate bias below which the cur-

rent due to the carriers’ band to band tunneling overcomes the

flow of the carriers between the source and the drain. This behav-

ior is called ambipolarity. A carful comparison reveals that this

turning point in the transfer characteristics of the DG-GNR-FET is

Fig. 4. (a) ID–VDS characteristics of the GNR-FET of Fig. 1, whose channel are under

various uniaxial strain: (pink) 0 6 e 6 5% and (blue) 6% 6 e 6 10.17%. The bottom

and top gates are biased at the same voltage of VBGS = VGS = 0.5 V. (b) The drain

current versus the strength of uniaxial strain applied to the channel, when

VDS = VBGS = VGS = 0.5 V. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Fig. 5. Potential profile across the device of Fig. 1 under no strain (solid line),

compared with those when the device is under the strains of strengths 5% (dashes)

and 10.17% (dashes-dots).
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about 200 mV more positive than the similar points in the transfer

characteristics of TG-GNR-FET. This means that the ambipolar

behavior in the DG-GNR-FET is more severe than that observed

by the TG-GNR-FET with the same dimensions. This is because

for a given VDS, a decrease in VG raises the energy bands within

the channel region of the DG-GNR-FET more than it raises the en-

ergy bands in the TG-GNR-FET channel. Furthermore, the observa-

tions show that the turning points in the transfer characteristics of

the TG-GNR-FET and DG-GNR-FET under strains eP 5% remain

fixed at about VGS � �0.2 V and 0 V, respectively.

We next compare the short channel effects experienced by the

DG-GNR-FET and TG-GNR-FETs for the current levels at which the

ambipolar behavior is less significant. In order to do this, we inves-

tigate the effects of the various uniaxial tensile strains on the drain

induced barrier lowering (DIBL) of both devices at ID = 10�10 A. The

DIBL is usually expressed by DVGS (mV)/DVDS (V). Fig. 8 illustrates

the result of this investigation. The solid curve represents the DIBL

for the DG-GNR-FET as the uniaxial tensile strain varies, whereas

the corresponding characteristic for the TG-GNR-FET is repre-

sented by the dashed curve. As seen from this comparison, the DIBL

for the DG-GNR-FET is smaller than that for the TG-GNR-FET over

the range of strain applied to the channel.

Another important feature that can be extracted from the trans-

fer characteristics of Fig. 7 is the device ON–OFF ratio (i.e., Ion/Ioff).

In Fig. 9 we plot the Ion/Ioff ratio for the DG-GNR-FET with superior

DIBL as a function of the uniaxial tensile strain. As seen in this fig-

ure, the ON–OFF ratio increases with the uniaxial tensile strain val-

ues of up to e = 5%. Then, it falls down as e increases further.

At last, we study the effect of uniaxial tensile strain on the

transconductance, gm = @ID/@VGS, of the DG-GNR-FET that describes

the device’s switching-on characteristic. Fig. 10a illustrates the

plots of gm–VGS for the DG-GNR-FET of Fig. 1 for VDS = 0.5 and var-

ious values of tensile strain. On the other hand, Fig. 10b illustrates

Fig. 8. DIBL versus the uniaxial tensile strain applied to a top-gated (solid line) and

dual-gated (dashes) GNR-FET for VDS = 0.4 V related to VDS = 0.1 V at current level of

10�10A.

Fig. 7. Semi-log plots of the transfer characteristics of (a) the DG-GRNR-FET of

Fig. 1, with VBGS = VDS = 0.5 V, and (b) a TG-GNR-FET with similar dimensions, with

VDS = 0.5 V. All simulated under various uniaxial tensile strains.

Fig. 6. (a) ID–VGS characteristics of DG-GNR-FET of Fig. 1 when its channel is under

various uniaxial tensile strain strengths and the biasing of VBGS = VDS = 0.5 V,

compared with similar characteristics obtained for a TG-GNR-FET of similar

dimensions. (b) Comparison of the corresponding threshold voltages.
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the device transconductance for VGS = VDS = 0.5 V as a function the

uniaxial tensile strain. As one can see from this figure, gm is about

18 lS for e = 0 and reduces to �0.07 lS for e = 5%. Then, it starts

increasing again for e > 5% until it reaches 9 lS at e = 10.17%. This

behavior is due to the decrease in carrier velocity with uniaxial

strain, as explained earlier.

3. Conclusion

In this paper we study the effect of uniaxial tensile strain on the

electronic properties of a dual-gated GNR-FET with channel length

of 10 nm in the ballistic regime, using mode space NEGF coupled

with Poisson equation. Simulation results for the unstrained device

are consistent with those presented in [8]. Simulations show that

as the strain increases up to e = 5% the band gap increases almost

in a linear fashion. Then it decreases to its unstrained value as

the strain increases further to 10.17%. Because of this periodic

behavior of an AGNR’s band gap, we decide to determine the

dependence of the other electronic properties to strain. The ID–

VDS (ID–VGS) characteristics for given values of VGS (VDS) vary with

the strain. The variation of current is a nonlinear function of strain

and is consistent with the characteristics reported by [29] for TG-

GNR-FET under uniaxial strain in the range 0 6 e 6 2%. Further-

more, the on-current and off-current are both minimum for

e = 5%. Although the on-current starts increasing as strain goes be-

yond e = 5%, this increase is at a rate lower than that of the initial

decrease. This lower rate is due to the decrease in the carriers’ drift

velocity under the strain. Simulations show that the transconduc-

tance of the simulated device is highest when unstrained. Simula-

tions also show that the variation in transconductance versus

strain inversely corresponds to that of the band gap. Furthermore,

simulations show an improvement in the off-state switching char-

acteristics and the short channel effects for device under strain.

Appendix A. Strained A-GNR Hamiltonian in mode space

As shown in Fig. A.1, the n-AGNR is composed of A and B sub-

lattices. If the number of carbon atoms in the entire channel is n,

the size of the tight-binding Hamiltonian matrix is n � n as follows

[8]:

H ¼

a1 b2

bþ
2 a2 b1

b1 a3 bþ
2

b2 a4 b1

b1 a5 � � �
� � � � � �

2

6

6

6

6

6

6

6

6

4

3

7

7

7

7

7

7

7

7

5

ðA:1Þ

where all of the sub-matrices are (n/2) � (n/2). According to hard

wall boundary condition for GNR edges, the mode space basis set

for A and B type atom lines along the width direction is

uiq ¼ 2
ffiffiffiffiffiffiffi

nþ1
p sin qp

nþ1
2i

� �

ðA sublatticeÞ

wiq ¼ 2
ffiffiffiffiffiffiffi

nþ1
p sin qp

nþ1
ð2i� 1Þ

� �

ðB sublatticeÞ
ðA:2Þ

where ‘i’ is the atom index in real space and q is the index for wave

vector in mode space. In the unstrained case, after the basis

Fig. 9. Ion/Ioff ratio of the GNR-FET of Fig. 1 in (a) linear (b) logarithmic scale as a

function of the uniaxial strain (%) applied to the device channel.

Fig. 10. Transconductance of the DG-GNR-FET of Fig. 1 versus (a) VGS, for VDS = 0.5 V

and various uniaxial tensile strains, and (b) uniaxial tensile strains with

VGS = VDS = 0.5 V. Fig. A.1. Schematic representation of n = 12 A-GNR describing A and B atom lines.
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transformation, the two dimensional lattice of GNR is transformed

to n uncoupled lattices in mode space. The matrix Hamiltonian for

the qth mode is

Hq¼

U1 b2q

b2q U2 b1q

b1q U3 b2q

b2q � � �

2

6

6

6

4

3

7

7

7

5

where : b1q¼ t0 ;and b2q¼2t0 cos
pq
nþ1

� �

ðA:3Þ

Here we show the transformation process to mode space when a

uniaxial strain is applied. As we know, the eigenstates of H are

wb ¼ sin
pp

nþ 1
sin

3pp
nþ 1

� � � sin ðn� 1Þpp
nþ 1

� �T

; ub

¼ sin
2pp
nþ 1

sin
4pp
nþ 1

� � � sin npp
nþ 1

� �T

ðA:4Þ

When a uniaxial strain is applied along the armchair direction the

bond lengths are increased correspond to Eq. (1) and the hopping

parameters are perturbed as the following [25].

dt1 ¼ t0ð�2eþ 3e2Þ
dt2 ¼ dt3 ¼ t0 � ð1�3mÞe

2
þ 1

4
ð1� 3mÞ2e2

� � ðA:5Þ

For strained GNR, [b1 + Db1]=(t0 + dt1)[I]. Since b1 is diagonal, it re-

mains unchanged after the basis transformation to mode space

and then b1q_str = t0 + dt1. On the other hand, as the increase in r2
and r3 is equal in uniaxial strain case, we assume dt2 = dt3 = dt.

Hence the other type of coupling matrix ([b2]) changes as follow.

b2 þ Db2 ¼ ðt2 þ dt2Þ

1 . . . 0

1 1

1 1 . . .

. . . . . .

2

6

6

6

4

3

7

7

7

5

ðA:6Þ

db2q ¼
hEwjDb2jEui
Ew EwEu

�

� Eu
� 	 ¼

wþ uþ
 � 0 Db2

Dbþ
2 0

� 

wu½ �

wþwþuþu

¼ uþDbþ
2wþ wþDb2u

wþwþuþu

¼ 4dt

ðN þ 1Þ
X

N�1

k¼1

sin
kpp
nþ 1

sin
ðkþ 1Þpp
nþ 1

¼ 2dt cos
pp

nþ 1
ðA:7Þ

and therefore we have:

b1q str ¼ t0 þ dt1

b2q str ¼ ð2t0 þ 2dtÞ cos pp
nþ1

ðA:8Þ
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