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Abstract- In this paper analytical modeling for thelectrical

characteristics of low bandgap graphene nanoribbadeld effect
transistor (GNR-FET) has been presented. This anaigli

modeling is based on the two-dimensional Poissorgsi&ion in

the weak nonlocality approximation. At first, analgtl formula

for spatial distribution of electric potential alam the channel of
low bandgap GNR-FET has been derived. Then using tharmel

potential, an expression of drain current of low bedgap

GNR-FET is developed. The potential distribution andrrent are

expressed in terms of device parameters and applietiages.
Spatial potential has been investigated with diffetéevels of gate
voltage, gate length and drain voltage. Similartpe current has
been investigated with different applied voltages.shows that
drain current is controlled by applied voltages henthe device
might be applicable in digital and analog circuit§ his work of

analytical modeling would be helpful for analyzingp¢ device and
optimizing the parameters to improve its performanc

Index Terms—analytical modeling, graphene nanoribbon,
GNR-FET, spatial potential, low bandgap.

. INTRODUCTION

Silicon has been unparallel candidate in senuaotor
industry since long years. However, silicon basathihology
has reached to its upper physical limits of desigmplexity,
processing power, energy consumption, density agat h
dissipation [1]. While Si-based technology is amtung its
fundamental limits, the researchers are workingdirtd out
new candidate material to replace Si to overcome t
limitations [2]. Recently, grapheme is attractihg attention
of the researchers because of high mobility foridie
transport, high carrier velocity for fast switchjrgonolayer
thin body for optimum electrostatic scaling, exentithermal
conductivity [3]. Therefore, graphene might be éeraate
choice instead of Si. Graphene is one atom thiaker sheets
of spf bonded carbon atoms, which are densely packed i
honeycomb crystal lattice [2]. Graphene sheet ha® z
bandgap but if graphene is fabricated as an arfairips,
then it provides sufficient band gap for switchii3y, these
strips are called graphene nanoribbons (GNR). Paite
graphene, that consists of an array of grapheips sprovides
an opportunity to engineer the band structure Méw
devices based on electrically induced p-n junctiomi$izing
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operation of the GNR-FET is accompanied by fornmat
the lateral n-p-n junction in the channel and thergy barrier
[4]. In the channel, the p-type region is formedemthe top
gate applying sufficiently strong negative biastmtop gate.
In this case, the GNR-FET channel is partitioned three
sections: the source n-section, the p-section uheéeop gate
and the drain n-section, thus a lateral n-p-n jonds formed
in the channel [7]. Literature shows that the autrr@ltage
characteristics of GNR-FET, which is fabricatedhwiitigh
bandgap GNR, have been analyzed by Ryehiial. [4].
However, to have high bandgap GNR, the strips aplene
should be very narrow since band gap of grapheme
nanoribbons is inversely related to the width & ¢ghaphene
nanoribbons [8]. But fabricating very narrow strips$
graphene is challenging because of physical limitat of
fabrication process and tools. On the other haalgridating
GNR with higher width would be less challenging andre
feasible. Graphene nanoribbon with higher width loager
band gap, still sufficient for switching operati@md has
application in digital and analog circuits [3]. Githering the
feasibility of fabrication, attention should be givto analyze
GNR-FET that utilizes GNR with higher width, i.eow
bandgap GNR-FET. However, there are few reports on
analysis of such low bandgap GNR-FET in the litgmt In
this paper analytical modeling of electrical chagsstics of
low bandgap GNR-FET has been presented which iiitke
the literature on low bandgap GNR-FET.

To derive drain current, potential profile in theaanel is
required. So, the analytical formula for potentatribution
along the channel is developed and analyzed atafid then
analytical equation of drain current is developedd a
investigated. This work would fill the deficit ohalyzing low
bandgap GNR-FET and serve to improve its performdic

o%timizing the parameters.

Il. DEVICE STRUCTURE

The device structure of GNR-FET considered in ¢osk
is shown in Fig.1. The figure shows common source
configuration. The device has two gates: top gat lzack
gate. Graphene nanoribbons are used as channeleétnon
channel is formed in the GNR between the ohmiceamand

graphene nanoribbons as the channel material has berain contacts because of the application of pasitbltage at

reported [5]. A graphene-based field-effect-traiosisiith an
n+-Si substrate serving as a back gate and a setahg as a
top gate, has been fabricated and characterized T}t
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the back gate. Graphene nanoribbons are shown Fig 2
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thickness between GNR layer and top gate. The atpiation
governing the spatial distribution of the elecpatential (¢)

in the active region of the transistor channel tetesl as
follows [4], [9], [10].

Wb+Wg d2¢_¢—Vb _¢—Vg =4£(
3 d® W, W, £

9

> -¥,) @

With the boundary conditions,

_ Ly _Ly ) 5
Vs Channel ¢(X— 7}‘0: ¢[X—?]—Vd (2

i z (Etaphcis Bans il This equation is a consequence of the two-dimeasion

Poisson’s equation in the weak nonlocality appr@tion
. [9],[10]. Heregp corresponds to the electric potential along the
. 2 channel,e is the charge of electrons,is dielectric constant
Back Gate (relative permittivity) of the insulating materisgparating the
channel from the gatg, and) . are electron and hole sheet
Fig. 1 Schematic view of graphene nanoribbon field effect transistor densities in the channel respectively.

(GNR-FET) structure. Here, Vg=top gate voltage, Vo= back gate voltage, The electron and hole densities in the source anthd

Va= drain voltage, W= thickness of insulating layer between regions are related to the Fermi energy, whicheckoned
graphene-nanoribbons and back gate, Wg= thickness of insulating layer

between graphene-nanoribbons and top gate, Lg= length of the top gate. from the middle of the band gap, as follows [4].

; g S 2 —E
Graphene stips (nanoribbons) Y= 4 expl + 5100 | Eexpl /KBT)dE ®)
Thdv KeT )i, JE? -2,

g Eext-)
4= 4 ex{i E +elg V“)] sCdE  (4)
Thdv KgT i JE2 -5/

Here,# is reduced Plank’s constantis the characteristic
velocity of charge carrier, band gap=2zvi/d , Er is the
Fermi energy in the source region with supers¢gpand in
the drain region with superscript!; Kz is Boltzmann
constant and is temperature. It is to note that since band gap
A=2zviild , A (bandgap) is reduced for larg&nanoribbon
width).

Gap between strips The following equations can be derived from (3) &
Fig. 2 Top view of GNR-FET showing graphene nanoribbon strips. s 2\ Eé + e¢ A
Hered isthewidth of graphene strip and dsisthe separation between Zx =|——|exp x K, (5)
two adjacent strips. Thdv KgT 2K T

The positive back gate voltage is sufficiently highinduce 2N EY + e(¢ -V ) A
Y : : >d= exg = —F d/ K (6)

the necessary electron density in the source aaid dection. Thdv KT Yok T
The top gate controls the drain current by forntimg energy 8 °
barrier for the electrons propagating between soand drain
contacts.

The energy gap is electrically induced by the bgate
voltage [4]. The GNR-FET is based on a patterneglyzne

=%

H

Here K1 (A/(2KgT)) is the modified Bessel function of first
order. When bandgap) is very low, them\/(2KgT) would be
less than unity, i.e.A{(2KgT))<<1; this condition would be
more strongly valid at high temperature wh&T becomes
, } larger. Under the condition of\((2KgT))<<1, the value of
Iayer that consututes_ a dense array of para!labnbbgns of K4(A/(2KgT))can be approximated. According to mathematics,
width d and the spacing between the nanoribbowls vehere 1o asymptotic approximation of Bessel functiof(gK for
ds<<d, as shown in Fig. 2. The two edges of nanoriblawes r<<1 jg,

connected to conducting pads acting as the tramsisurce . 1 .,
and drain. The back gate is a highly conductingsate. "ok (¢)= 7 )

So, for low bandgap nanoribbons, the valuk ¢i/(2KgT))
becomes(2KgT)/A . Then equations (5) and (6) take the
following forms.

[11. POTENTIAL DISTRIBUTION

A. Derivation of the Differential Equation Governingthe

Potential Distribution s — (4KBT )ex LEi+eg @)
The active region of GNR-FET region is under thedate, T Urhdv T KT

which is defined as-1L4/2 < x < Ly/2 and-W, < z < W,. Here AK.T E¢ +eld -V

the axisxis directed along the nanoribbons, whereas trezaxi Zi :( : j r{+ = e(¢ d )] 9)

is directed perpendicular to the nanoribbons ared ghte 7hdv KeT

planes (Fig. 1). Hergg is the gate length, is the layer At the source position potentigl= 0, therefore, at source
thickness between GNR layer and back gatgis the layer X°,-X:,=&V,/472W ; at the drain position potentigi=V,

g
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therefore, at drairg? -9 =g, -V, )/42w [4]. Here the o 0 4 it [E%hdv) 1
quantities with the index ‘0’ are the electron ik densities sin sin 32 K.T
W A\ Ke

B
in the immediate vicinity of the source and draamtacts.

Under this consideration the following equations dze YA\ &V, hdv 2 ep
derived. T 32eWK,T 326WK,T ) KgT
sinr{ Ee J: [‘Evbhdv]( 1 J (10)  Finally, (16) can be presented in the followingnipr

K.T) (32w |\ KT do_ 3, 3 [Vb vgJ

— = - _b 4 9

sin Ef ) _( &MV, —Vyndv) 1 a1 O W, W, +W, (W, W,
KT 32%W, KT

L[ 96 YeK T\ evgdv | [ evndv ? ep | (18)
W, +W, | gndv ) 32eWK,T 32:WK,T) KT
Above two equations give us the value of Fermi gyném

the source and drain region as follows. Solving (18) by using the boundary condition stg@dwe
get the following equation.

ES = (KBT)sinh*KN bhd"j( 1 H (12) sinh ( A(H LZQD
32eW, )\ KT 5oy

~ ¢ sinh(AL,)
E? = (K,T)sinht{ | £V ~Va)hdv i 1 (13)
32eW, KgT
Using above values of Fermi energy in the sourcedaain +V 1. 3 COSKAX) -1 (19)
region, the following equations can be found fr@nand (9). CAT WW, +W COSV{ALQ]
2
4K T eg
S =| —B_lexp + X
¥ ( mdvj F{ KBTJ Here, , o
A=,/B+C\1+DV?;B= ;C = ;
ex iSinh_ﬂmJ(lﬂ (14) T W, T dvanlwg, + W)
32eW, | K T 5- 2122
sa _(4KeT ool L P -Va)), 1024677 2K A2
N ThHdv KT We know, corresponding to each potentigl, the barrier

for electron is ep. The minimum potential will correspond to
exqd + sinh™ £V, —Vg)hdv | 1 (15) maximum barrier for electrons and maximum barrigit w
32eW, KgT decide the current. Therefore, minimum potentialfiactor to

The above equations state the relationship of liagtren be used to determine the current equation. The rmoim

and hole density with the electric potential. Usitigese value_ofgo exist; ax = 0. Putt_ingx =0 in (19), we get .the
relations in equation (1), we can arrive at theofeing following equation of the minimum value of the dhec

equations which govern the potential distributiorder the potential o).
top gate in the active region. B sinh(ALg /2)
d¢ _ 3 . __ 3 [V, Ve mo sinh‘ALgi
dx® W)W, W, +W, (W, W,
96 Y eK,T L hdvY 1 16 T L ! -1/ (20)
+ (e—Bjsin e—¢+sinh’l £V, (16) 9 A W W, +Wg2 COSP{ALg /2)
W, +W, | gidv KT 322W | KT
4’ 3 3 [Vb v, ) [ 96 ] eK.T Now we are going to investigate the variation ofeptial
—_ ¢ == _b 4+ 9 14 [73) X . . . .
o WW, W, W, (W, W, W, +W, | andv with device parameters and applied voltages. bwhirk, the

analysis has been carried out for the GNR-FET \hih
sinr{e@ _Vd)+sinh—l|:[€(vb _Vd)hva[ 1 JD (17)  following parameters fixed as=3.9(for SiQ), d=60 nm,
32eW, KgT v=1C m/s, T=800 K, W,=100 nm,W,=30 nm. The other

parameterdg, Vg, W, andVy were varied to see the effect of
B. Spatial Distribution of Potential along the Channel ~ change of these parameters on electrical charsitsrof the

Either (16) or (17) may be solved to get the paagiip)  device- o
equation as the function ®{i.e. position) to obtain the spatial  Fig- 3 shows an example of the spatial distribufiong
distribution of potential. We are solving (16) heteor the channel, i.e., in thedirection) of the electric potential in
graphene-nanoribbons with lower band gap, the gnerfie active region (under the top gate) calculated d
barrier for electrons propagating between sourak gmin GNR-FET withLg = 300 nm,V, = 2.0 V, V4= 0.5 V and
contact, gets reduced. In this situation, the valielectric different values ofV,. We see that the absolute value of
potential ) is very low but still drain current is controllab  potential increases with the increase of absolateevof the
Using the formula, sinka)=sinh(@) +(cosh(a))x, whem is  top gate voltag¥,. That is, the barrier for electrons increases
very small, the last term of (16) can be expandebedow. with increasingl V, .

B
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Again, the spatial variation of potential at diat drain
voltages has been calculated wig+ 300 nmVy=-0.3V,V,

= 2.0V and presented in Fig. 4. It shows thahatsburce side

IV. CURRENT-VOLTAGE CHARACTERISTICSOF LOW
BANDGAP GNR-FET

The following formula for the drain current densiign be

(at x = - Ly/2), potential level doesn't change with drainyejyeq considering that the current is causedhbyetectrons

voltage, i.e., the barrier for the electrons praeng from the

source is insensitive to the drain voltage. Orotiver hand, at

the drain side (ak = + Ly/2), potential level increases with

increasingVy, i.e., the barrier for the electrons propagating

from the drain is increasing with increasiig

The effect of gate length.§) on the potential in the channel

has been investigated. The spatial distributiopaiéntial in
the channel for different gate lengths is showRig 5. The
potential increases with the decrease of gate heagboth
source and drain sides; however, the change alrtie side
is more. That is, the barrier for the electronm@easing at
both source and drain sides with decreasigdowever the

effect at the drain side is stronger than sourde. si
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overcoming the potential barrier under the top {4élte

— 29 T s T d
] [dpy, f5 =~ [dpvy,f; (21)
[ pa
Here,v, is the velocity of the electron with momentprin
the lowest sub-band of the nanoribbon conductiordtend

s d . .
P, and p, are the momenta of the electrons with energies

elpml ande(lpm|+Vy) respectively. Considering the electron
and hole gases are non-degenerate, the electrorhaed
distribution functions in the sub-bands with n ssistated

below [4].
= :ex;{ie¢i E. —V*p° +A2/4]
KgT

Also, the value o¥, is,
2 p
JV2p2+0% /4
Integration of (21) gives the following equation darain
current density.

J= aexr(ﬂe¢m){exp(sinhl(ﬁwb ))ex;{— 'Bm]
—explsinh™ (ByAV, -V, )))exp{— ﬁ\/m ﬂ (22)

Here,

vV, =V

_ 2eK, T p= 1 v
" Tmd PR T 3w

Equation (22) shows the dependence of drain current
density on different parameters of the device applied
voltages. Her@,,is given by (20).

Now let us look at the behaviour of drain curreatiation
with different applied voltages. To see the effeictop gate
voltage on the drain current of a low band gap GRNR-,
drain current has been calculated as the functfodrain
voltage for different top gate voltages with certaalues of
back gate voltage and gate length. Fig. 6 preshatsesults
calculated for different top gate voltages with lbagate
voltage of 2 V and gate length of 300 nm. We se¢ dnain
current increases with drain voltage but currentobges
insensitive to drain voltage after reaching satarmatThat is,
the device exhibits the standard FET charactesisticthe
magnitude of top gate voltage is increased thendrarrent
level is reduced; this is because the barrier fectens
increases with increasing top gate voltage, meatiaarlier.

Similarly, the effect of back gate voltage has been
estimated by calculating drain current as the fonadf drain
voltage for different back gate voltage with certaalues of
top gate voltage and gate length. Fig. 7 showsdiizén
current of a low band gap GNR-FET as a functiothefdrain
voltage for different back gate voltages with t@tegvoltage
of -1V and gate length of 300 nm. We see thdtdfliack gate
voltage is increased the drain current level iseased. That
is, the effects of top gate voltage and back galtage on the
drain current are opposite, however, drain currént
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controllable by gate voltage and hence applicabldigital

and analog circuits.
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Fig. 6 Drain current density versusdrain voltage of a low bandgap
GNR-FET at different top gate voltages, with back gate voltage of 2 V
and gate length of 300 nm.

160
140

RSN E S E e e R a e e s e e
L,=300nm & =
v

E

-1V

l
I

120

100

<
=3

|

0

p

80

-
<

\

!

60

th

<

40

Drain current density (A/m)

20

s bvere v b berr b be v b b by
0.1 0.2 0.3 0.4
Drain voltage (V)

0
0.0

0.5

Fig. 7 Drain current density versusdrain voltage of a low bandgap
GNR-FET at different back gate voltages, with top gate voltage of -1V
and gate length of 300 nm.

To see the sensitivity of drain current to the tgte
voltage, saturated drain currents of GNR-FET waleutated
for different top gate voltages with gate length360 nm,
back gate voltage of 2V, and drain voltage of 0.6¥;results

are plotted in Fig. 8.
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= 100[ Mom BV ey
— r & . V= 0.5V ]
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5 i ]
= IL. B
= 601 =
2 B ]
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= r o
= i il
& W e -
T Slope=5(Am WV ) i

1 T A O O I B

2 4 6 8 10

Top gate voltage (absolute value) (V)
Fig. 8 Saturated drain current versustop gate voltage of a low bandgap
GNR-FET, with gate length of 300 nm, back gate voltage of 2V and
drain voltage of 0.5V.

We found that drain current changes with top gateage
at the rate of minimum 5 AV * and maximum 18 AV ™.

Similarly, to see the sensitivity of drain currémback gate
voltage, saturated drain currents were calculatedifferent
back gate voltages with gate length of 300 nm, dgape
voltage of -2V, and drain voltage of 0.5 V and #dtin Fig. 9.

We observed that drain current changes with badk ga-
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voltage at a constant rate 4.5 Awi*, which is less than the
minimum rate of change of drain current causedopydate
voltage. That is, drain current is highly sensitigetop gate
voltage compared to back gate voltage.
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4 [ 8
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Fig. 9 Saturated drain current versus back gate voltage of a low

bandgap GNR-FET, with gate length of 300 nm, top gate voltage of -2 V
and drain voltage of 0.5 V.

The analytical expressions and results of poteraiad
drain current of low bandgap GNR-FET, presentedhia
paper, are similar to those presented by Ryehial. [4],
however, there is a little difference, this logibalcause they
worked with high bandgap FET whereas our work thvaw
bandgap FET; the results of our work are in goag@mgent
with the published works in this area.

V. CONCLUSION

The analytical modeling of electric potential i tthannel
of low bandgap GNR-FET shows that potential incesasith
the increase of absolute value of top gate voltage barrier
for electrons increases with top gate voltage. &fiect of
drain voltage shows that potential is insensitivedrain
voltage at the source side but potential increastésdrain
voltage at the drain side. The study of the efédécfate length
reveals that potential increases at both sourcedeaid sides
with the decrease of gate length but the effettteatirain side
is dominant. The analytical modeling of drain cutref low
bandgap GNR-FET shows that drain current versusdra
voltage exhibits standard FET characteristics. mrairrent
level decreases with the increase of top gate geltavel,
whereas, drain current level increases with theesme of
back gate voltage, that is, the effects of top gateage and
back gate voltage on drain current are oppositejeker,
drain current is controllable with gate voltageaDrcurrent is
found highly sensitive to top gate voltage comparedack
gate voltage. This work would be helpful to analyaes
bandgap GNR-FET and to optimize the device paramete
and applied voltages to have better performance.
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