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1 Introduction

Since its discovery, graphene has attracted scientists for its possible use in electronics
due principally to the high electron mobility; moreover, the thickness of just one atom
[2] could represent the ultimate miniaturization. In the last years, several graphene field
effect transistors (GFETSs) have been designed [3] with the aim to substitute the standard
silicon metal oxide field effect transistors (Si MOSFETSs). The main issue is due to the
absence of gap in monolayer graphene, causing the ambipolar conduction in the device
and, consequently, a very narrow current-off region. In addition, the physical features of
the metal-graphene interface at the contacts are not completely understood because they
are rather different with respect to the case of traditional semiconductors in which the
Ohmic or Schottky conditions are usually appropriate. The considerations above make to
conceive GFETs a very challenging target in nano-electronics.

Appropriate and accurate simulations of the current flowing in the channel of GFETs are
crucial to help the designers in improving and optimizing such devices. The drift-diffusion
models represent the simplest way of modeling and are employed in all the standard simu-
lation tools. In the case of GFETs several applications are already present in the literature
[4-7] but only compact models are employed for the electrostatic potential. Instead, in
[8] a full 2D Poisson equation is included and coupled with the drift-diffusion equations.
A new GFET geometry that seems to overcome the zero gap issue and presents a wide off
region, robust enough for engineering purposes, has been introduced in [1]. An impor-
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tant issue is to address the importance of the degenerate statistics since often the standard
drift-diffusion model based on the Maxwell-Boltzman approximation of the Fermi distri-
bution is used. For such a reason, in this paper we compare the results obtained with the
drift-diffusion model in the degenerate case and in the non-degenerate case for the GFET
proposed in [1].

The plan of the paper is as follows. In Sect. 2 the mathematical model is described; in
Sect. 3 the numerical method is explained; in Sect. 4 numerical results and comparisons

are shown.

2 Mathematical model
The physical setting is represented by the device proposed in [1], here depicted in Fig. 1. It
is made of a sheet of graphene sandwiched between two layers of oxide. Source and drain
metallic contacts are placed along all the device thickness while gate contacts are located
in the central area of top and bottom oxide.

In order to simulate the current flowing in the channel of the device, we adopt the 1D

bipolar stationary drift-diffusion model

3 3
I _on Do (1)
0x ox

e being the (positive) elementary charge. /,(x) and J,(x) are the electron and hole current
respectively. R denotes the generation-recombination term. The previous equations are
coupled with the 2D Poisson equation for the electrostatic potential in the whole section.
The system (1) is set in the interval [x;,x4] and is augmented with Dirichlet boundary
conditions for electron and hole densities as will be explained below.

In this paper, we adopt two different models for the expression of currents, one in the

degenerate case and another one for the non-degenerate case.
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Figure 1 Schematic representation of the simulated GFET. In the direction orthogonal to the xy-plane the
device is assumed infinitely long
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2.1 Degenerate case
The electron and hole current densities are expressed in terms of the quasi-Fermi energies

(see for example [7])

(n) 2
e ae
]n:,unn—Fr ]p=l/~pp8—;; (2)

ox
where 7 and p, ef!’) and sl(f), in and p, are the densities, quasi-Fermi energies and mobil-
ities of electrons and holes, respectively.
The electron and hole densities, 7n(x) and p(x) respectively, are evaluated as

n(x) = (‘gf;z /szFD (k, 8}")) dk, x € [x1,%4],

plx) = éf;z /szpp (k, —s}p)) dk, x € [x1,x4],

with g; = 2 and g, = 2 the spin and valley degeneracy. f¢p indicates the Fermi—Dirac distri-
bution

(e(k) —ep) — (eF - 8D)>]1
ksT ’

fin(k,ep) = [1 + exp(

where ep = —e¢(x, yg;) is the Dirac energy and ¢(x, y) is the electrical potential, here eval-
uated on y = yg, ¥4 being the average y-coordinate of the graphene sheet (see Fig. 1). &F
denotes the Fermi level (in pristine graphene ¢r = ¢p), (k) — ep = hve|k| represents the
graphene dispersion relation (strictly valid around the Dirac points), which is the same for
electrons and holes (see [2, 9, 10]), & is the reduced Planck constant, vy the Fermi velocity,
kg the Boltzmann constant, T the lattice temperature, kept at 300 K (room temperature).
The crystal momentum of electrons and holes is assumed to vary over R?.
We impose Dirichlet boundary conditions on the system (1), (2)

eP(x1) — ep(x1) = £ (1) — ep(x1) = a Aep,

e (x4) — £p(xa) = £ (x4) — £p(x4) = @ A,

The quantity Aer is the difference of the work functions between metal and graphene. Its
value depends on the material the contact is made of. However, only part of the electrons,
which the metal can furnish, enters graphene because of quantum reasons (for further
explanations see [1]). This gives rise to a kind of contact resistance which is modeled by
multiplying Aer by the parameter 0 < o < 1. In this paper, we use the value Agr = 0.25 eV
and o = 1. Simulations with different values of @ can be found in [1].

2.2 Non-degenerate case
In the presence of low density the Fermi—Dirac distribution can be approximated by the
Maxwell-Boltzmann one and the current relations can be written as (see for example [11])

on a9 ap ¢
T :Dna—x —en,una, ]p:—Dpa —ep,u,pa, (4)
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where D, = u,kgT and D, = u,kgT are the classical Einstein relations (strictly valid only
at equilibrium) for the electron and hole diffusion coefficients, and ¢ represents the elec-
trostatic potential along the graphene sheet.

In this case, we impose the following Dirichlet boundary conditions on the system (1),

(4)
n(x1) = n(xa) = Esbv /fpp(k,aAep)dk,
(27)? Jg2
plr) = plxs) = éf;z /R fio(k,—aAep) dk

2.3 Generation-recombination and mobilities
Inboth cases, for the generation-recombination term R we adopt the Shockley—Read—Hall
model, as suggested in [4] by analogy with standard semiconductors

np — Hepe

Rse—— — (5)
t(n+p+2./1epe)

where 7, and p, are the equilibrium electron and hole densities, that is obtained with
zero source-drain voltage, and 7 is the generation-recombination relaxation time. For the
simulations, in the present paper we have set t = 10 ps. The qualitative behavior is similar
for other values of 7 [1]. Indeed, in [4] an additional term has been included for describing
tunnelling effects. It depends on several experimental parameters and its effect should be
not very relevant [1]. Here, it is neglected.

The mobility models p,, = u,(n, E) and u, = w,(p, E) depend in general on the carrier
densities # and p and on the electric field E, defined along the graphene sheet as

¢
dx

They represent a crucial point for an accurate determination of currents. A mobility model
obtained from experimental results has been introduced in [12]. In this paper, we adopt a
model deduced by a fitting procedure on extensive simulation of the homogeneous Boltz-
mann equation solved by a deterministic numerical method [13, 14]. It has been presented
in [15, 16] and in the general form, including also the presence of a substrate as in the sit-
uation adopted here, in [8].

2.4 Poisson’s equation
The system (1) is coupled with the 2D Poisson equation for the electrostatic potential,
solved in the section of the device

V- (eV@) = hix,y), (6)
where

h(x’y) — e(n(x) _P(x) - nimp)/tgr; lf (x,y) (S [xl,x4] X [yz,yg]’ (7)

0, otherwise.
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The dielectric function € is given by

6gr’ lfye [)’20’3];

€ox, Otherwise,

with € and €, dielectric constants in graphene and oxide respectively. 72;n,, is the areal

density of the impurity charges at the graphene/oxide interface. Since # and p are areal

densities, the charge in the graphene layer is considered as distributed in the volume en-

closed by the parallelepiped of base the area of the graphene sheet and height .
Equation (6) is augmented with the following boundary conditions

¢=0 aty € [y1,ya], x = x1,

¢=Vp aty € [y1,yal, x = x4,

¢=Ves, aty =y, x € [x2,%3],

¢=Va, aty = ya, x € [x2,x3],

Vop =0 at the remaining part of
the boundary.

Here V} is the bias voltage, Vg, is the upper gate-source potential, V, is the down gate-
source potential. Vi, and Vg, include the (subtracted) flat-band voltages. We have de-
noted by V, the external normal derivative.

3 Numerical method

In order to solve the system (1)—(2) we adopt a finite difference scheme. A uniform mesh
of N, grid points and size Ax is introduced in [x1,%3] and for y = y,,. We denote by u' the
numerical approximation of a generic function u(x) at the node i. First we discretize the

equations (1) at the midpoint x;,1/, of each interval [x;,x;,1], that is

Then we discretize the equations for currents (2)

od oy GV )
" Ax

]i+% ~ MH%]?H% (Sg)y+1 _ (S(p))j
p P Ax

1
Jn“ &= u

’

)

’

where ;LT% , ,ug% ,n*? and p”% are obtained by interpolating the same quantities at i and
i + 1 nodes in the midpoint. In this way, an implicit scheme is devised.

We remark that the quantities /Lf:% , ;L;% depend on #*3 and p”% and the latters depend
also on el(rn) and sg’) through (3). For such a reason, the numerical solution is obtained by
the following iterative procedure.

We denote by u") the value of the function « at the step 7.
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1. nV = p = y; for each x € [y, x4], where #; is the intrinsic graphene concentration,
and get (V) solving the Poisson equation (6)—(7).
2. Foreachr>1:
(a) find (8}"))(’) and (sl(rp))(r) solving the drift-diffusion equations (1)—(2) with the
electrostatic potential ¢ ~7;
(b) calculate n and p”) through (3);
(c) solve the Poisson equation (6)—(7) with densities #") and p* getting o).
3. Iterate step 2 until convergence.
In order to improve the convergence, Pulay’s method has been employed as in [6]. The
difference between two iterations is measured as the relative variation of the current

W= W =R

ey = (10)
AaRdl Al

where /) and ]IS’) are the electron and hole currents at the rth iteration. As stopping cri-
terion e, and e, less than 10~* has been required. Here || - || denotes the supremum norm.

The system (1), (4) is solved by the Scharfetter—Gummel scheme in the stationary case
with the aid of Pulay’s method, even in this case. The discretization is similar to the time
dependent one and the interested reader is referred to [8].

To solve the Poisson equation numerically a uniform two-dimensional mesh is adopted.
It is discretized by finite differences at the internal points with the standard five points
stencil [8].

4 Simulation results

In this section, we show the results of numerical simulations of the device of Fig. 1. We
have set the length 100 nm, the width of the lower and upper oxide (SiO2) 10 nm. The
graphene thickness ty, including also the double graphene/oxide interface, is set to 1 nm.
The gate contacts are long 50 nm. The lateral (source and drain) contacts are long 21 nm.
The two gate potentials are both set equal to the same value V¢ in the simulated cases.

In Egs. (6)—(7) we adopt the values €, = 3.3 €9 and €, = 3.6 €9, where ¢ is the dielectric
constant in the vacuum, and #imp = 2.5 - 10° um=2.

We considered a mesh of 41 grid points along the x-direction and 23 grid points along
the y-direction. In the graphene layer a single row of 39 nodes has been employed.

In Fig. 2 we show, for several drain-source voltages V} and gate voltages V¢, the charac-
teristic curves of the simulated GFET obtained with the model (1), (2). In Fig. 3 the same
curves are reported adopting the model (1), (4). There are evident qualitative and quan-
titative differences, in particular at the lower bias voltages considered in the simulations.
For example in the case V}, = 0.1 V, when Vg = 1.5 we have a difference of about 74%. The
discrepancy reduces at higher voltage but it is clear that the model (1), (4) overestimates
the current anyway.

A comparison of electron densities with both models is shown in Fig. 4. The simulations
are obtained with V;, = 0.2 V and Vi = —1.5 and 1.5 V. In Fig. 5 a similar plot is presented
for hole densities. The differences are less evident with respect to the currents. This seems
to indicate that the crucial point is a reduction of the mean velocity when the degeneracy
effects are taken into account.

For the sake of completeness also the electrostatic potential is depicted (Fig. 6) in the
same cases. For the electrostatic potential no significant differences are obtained.
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Figure 2 Characteristic curves of the simulated GFET in linear scale (left) and logarithmic one (right). The
adopted modelis (1), (2)
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Figure 3 Characteristic curves of the simulated GFET in linear scale (left) and logarithmic one (right). The
adopted model is (1), (4)
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Figure 4 Electron density of the simulated GFET in the case V, =0.2Vand V5 =-1.5 and 1.5 V. On the left the
adopted model is (1), (2); on the right itis (1), (4)

In order to better understand the origin of the discrepancy between the degenerate and

non-degenerate cases, we look closer to the models. By observing that dk = W,

with ¢ azimuthal angle of k, the electron and hole densities can be written in terms of the
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Figure 6 Electrostatic potential of the simulated GFET in the case V,, = 0.2V and Vg =-1.5V (left) and
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Fermi integrals of order k

}_()_ 1 f+00 Xk 4
kz_l"(k+1) o l+ex—= %

with I"(x) Euler gamma function, as follows

2 (kTN . (e (%) —ep()

n(x) = ;(h—vF> fl(kg—T)’ (11)
2 (kT e (x) — ep(x)

P(x)‘;<hv;) fl(_ Ko T ) (12)

Here " (x) = 821) (%) — ep(x) and n@ (x) = 8;_57) () — ep(x) are the chemical energy for elec-
trons and holes respectively. Therefore

Jo = man Vel = 11,V (0™ + ep) = wunVn® - ep,nVe.

Page 8 of 11
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The second term is the standard drift one. By observing that F;(z) is a strict monotone
function and recalling the well known properties of the Fermi integral

dFi(2)

pr Fie1(z), k=1,2,... and Fy(z) =In(1 +expz),

the first term is given by

dn® n

wanV" = [L,,HLVI’I - Bn Vn
dn d(”)
dn\”

from which the electron diffusion coefficient in the degenerate case

) )

Filer) Filer)

Hnht Y3 Nk

pi=E kT BTW) =D, BTM . (13)
RO In[1 + exp(kB—T)] In[1+ exp(kB—T)]

Similarly the diffusion coefficient of holes in the degenerate case is related to that in the
non-degenerate case by

_y®)

Dd— ‘Fl(kBT)
v pln[1+ex (L(p))]'
p kT

In Fig. 7 the ratios r, = g—g and r, = g—f are plotted along the graphene in the simulated
cased considered above. For electrons r, is considerably different from one near the con-
tacts while 7, is in a significant way greater than one in the channel. Anyway there is a
clear evidence that the classical Einstein relations for the diffusion coefficients are not ad-
equate in the simulation of the considered device. This casts serious doubts on the use of
the non-degenerate drift-diffusion models in GFET.

7 5
61
4
—5 -
E E
e ©
8q 83
2 o
© 5]
o3 H o
ol
2+t —rn 4 —I’n
r e [
P P
1 : : 1 : : :
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
Length (um) Length (um)
Figure 7 Ratios of the degenerate and non-degenerate diffusion coefficients in the case V}, = 0.2 V and
Ve =-1.5V (left) and V5 = 1.5V (right)
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5 Conclusions
The degenerate and non-degenerate drift-diffusion models have been compared in the
case of charge transport in graphene by simulating the GFET proposed in [1]. Major dif-
ferences are observed regarding the characteristic curves making the drift-diffusion mod-
els based on the Maxwell-Boltzmann statistics not adequate in the considered device.
A more in-depth analysis shows that the root of the failure is in the diffusion coefficient
which is very different in the degenerate and non-degenerate case. The Einstein relation
is no longer valid in GFET.

A further step forward could be the inclusion of the thermal effects (see for example

[17-20]) or quantum correction [21-23].
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