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An Efficient GFET Structure

Giovanni Nastasi

Abstract— A graphene FET (GFET), where the active area
is made of monolayer large-area graphene, is simulated
including a full 2-D Poisson equation and a drift-diffusion
model with mobilities deduced by a direct numerical solu-
tion of the semiclassical Boltzmann equations for charge
transport by a suitable discontinuous Galerkin approach.
The critical issue in a GFET is the difficulty of fixing the orF
state which requires an accurate calibration of the gate volt-
ages. In this article, we propose and simulate a GFET struc-
ture which has well-behaved characteristic curves similar to
those of conventional (with gap) semiconductor materials.
The introduced device has a clear off region and can be
the prototype of devices suited for postsilicon nanoscale
electron technology. The specific geometry overcomes the
problems of triggering the minority charge currentand gives
a viable way for the design of electron devices based on
large area monolayer graphene as a substitute of standard
semiconductors in the active area. The good FET behavior
of the current versus the gate voltage makes the simulated
device very promising and a challenging case for exper-
imentalists, even if it is crucial to better understand the
resistance effect of charge carriers at the contact-graphene
region.

Index Terms— Discontinuous Galerkin (DG) method, drift-
diffusion, graphene FET (GFET), graphene, mobility model.

|. INTRODUCTION

HE MOSFET is the backbone of the modern integrated

circuits. In the case, the active area is made of traditional
materials, for example, silicon or gallium arsenide, a lot
of analysis and simulations have been performed in order
to optimize the design. Lately, a great attention has been
devoted to graphene on account of its peculiar features, and
in particular, from the point of view of nanoelectronics, for
the high electrical conductivity. It is highly tempting to try
to replace the traditional semiconductors with graphene in the
active area of electron devices like the MOSFETSs [1] even if
many aspects about the actual performance in real applications
remain unclear.
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Scaling theory predicts that an FET with a thin barrier and a
thin gate-controlled region will be robust against short-channel
effects down to very short gate lengths. The possibility of
having channels that are just one atomic layer thick is perhaps
the most attractive feature of graphene for its use in transistors.
Main drawbacks of a large-area single monolayer graphene are
the zero gap and, for graphene on substrate, the degradation
of the mobility. Therefore, accurate simulations are warranted
for the setup of a viable graphene FET (GFET).

The standard mathematical model is given by the drift-
diffusion-Poisson system. Usually, the GFETSs are investigated
by adopting reduced 1-D models of the Poisson equation with
some averaging procedure [2]-[4]. Here, a full 2-D simulation
is presented.

A crucial point is the determination of the mobilities enter-
ing the drift-diffusion equations. A rather popular model is
that proposed in [5]. Here, a different approach is adopted.
Thanks to the discontinuous Galerkin (DG) scheme developed
in [6]-[8], we have performed, for graphene on a substrate,
an extensive numerical simulation based on the semiclas-
sical Boltzmann equations, including electron—phonon and
electron-impurity scatterings along with the scattering with
remote phonons of the substrate. Both intra and inter-band
scatterings have been taken into account. For other simulation
approaches the interested reader is referred to [9] and [10].
Quantum effects have been also introduced in [11]-[13].
An alternative approach could be resorting to hydrodynamical
models (see [14]-[16]).

From the numerical solutions of the semiclassical Boltz-
mann equation a model for the mobility functions has been
deduced, similar to what already done in [17] and [18] in the
case of suspended monolayer graphene.

In this article, we propose a slightly different geometry of
GFET which leads to a clear and sizable off region, avoiding
the problem of triggering the minority charge carriers and
producing characteristic curves which seem very promising
for the use of large-area graphene in electron devices.

The plan of this article is as follows. In Section II, the struc-
ture of the proposed device is presented along with the math-
ematical model. In Section III, the mobilities are sketched,
and in Section IV the numerical simulations of the proposed
GFET are shown and compared with devices having graphene
as active area and a standard geometry already known in the
literature.

[I. DEVICE STRUCTURE AND MATHEMATICAL MODEL

We propose the device with the geometry depicted in Fig. 1.
The active zone is made of a single layer of graphene which is
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between two strips of insulator, both of them being SiO,. The
source and drain contacts are directly attached to the graphene.
The two gate contacts (up and down) are attached to the oxide.
The choice of the type of oxide is not crucial at this stage.
We have considered SiO, as an example but other oxides such
as h-BN can be also easily considered. Instead it is crucial to
put the source and drain contacts along all the lateral edges for
a better control of the electrostatic potential as will be clear
from the simulations. In the direction orthogonal to the section
the device is considered infinitely long.

We solve a 2-D Poisson equation, assuming that the charge
is distributed in the volume between the two strips of oxide.
The distance 7, between the two layers of oxide has been
investigated by direct measurements. Note that it is greater
than the simple graphene thickness because also the dou-
ble interatomic oxide/graphene distance must be included.
A monolayer of graphene is about 0.335-nm thick (0.35 nm
when obtained by chemical vapor decomposition) while values
between 0.4 and 1.7 nm are reported for #5 in [19] in the
case of a single graphene/oxide interface by using atomic
force microscopy. In [20], according to [21], a nominal
value of 0.4 nm is assumed for taking into account the
graphene/oxide and the graphene/tip interaction. In [22] for
graphene over Cu(111) an interstitial distance of 0.321 nm is
adopted. Upon these considerations, in our simulation, we set
ter = 1 nm as an indicative value for a double graphene/oxide
interface.

In order to simulate the current flowing in the channel we
adopt the 1-D bipolar stationary drift-diffusion model

Odn _ eR, 9y _ —eR (1)
0x 0x
e being the (positive) elementary charge, coupled to the 2-D
Poisson equation for the electrostatic potential in the whole
section. The electron and hole current densities are given by
(see [23])
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Jn = Upn (2)
where n and p, 355) and efv”), tn, and ), are the densities,
quasi-Fermi energies and mobilities of electrons and holes,
respectively. R denotes the generation-recombination term.
The expression of R is still a matter of debate. A typical
behavior of the total generation-recombination term versus
time, obtained with the DG method [6]-[8], can be found
in [24]. However, from these simulations a dependence on the
space variable is not easy to extrapolate. Therefore, we resort
to the expression suggested in [25] by analogy with standard
semiconductors

R = np —nepPe (3)
t(n+ p+2/nepe)

where n, and p, are the equilibrium electron and hole densities
and 7 is the generation-recombination relaxation time. Indeed,
in order to describe tunneling effects, in [25] an additional
contribution has been included which contains several para-
meters to be determined by experiments. However, due to the
zero gap in the energy band, the inter-band scattering induced

by the electron-phonon scattering is much more effective than
tunneling mechanism. For such a reason only the Shockley—
Read-Hall-type term is retained in R.

The electron and hole densities, n(x) and p(x) respectively,
are evaluated as
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with g = 2 and g, = 2 the spin and valley degeneracy. frp
indicates the Fermi—Dirac distribution

((S(k) —é&p) — (eF — ED))]I
kgT

where ep = —e@(x, yg) is the Dirac energy and ¢(x, y) is
the electrical potential, here evaluated on y = yg, Y being
the average y-coordinate of the graphene sheet (see Fig. 1).
er denotes the Fermi level (in pristine graphene e = &p),
&(k)—ep = hop|k| represents the graphene dispersion relation
(strictly valid around the Dirac points), which is the same for
electrons and holes (see [26]-[28]), % is the reduced Planck
constant, vy the Fermi velocity, kg Boltzmann’s constant, T
the lattice temperature, kept at 300 K (room temperature). The
crystal momentum of electrons and holes is assumed to vary
over R2.

By observing that dk = ((¢ — ep)d(s — ep)d ¢/(fivp)?),
with ¢ azimuthal angle of k, the previous relations can be
written in terms of the Fermi integrals of order k

1 400 k
X g
F(k+l)/0 T+exr1%%

with T'(x) Euler gamma function, obtaining

/ fro(k, &) dk, x € [x1, x4

X € [x1, x4]

/ frp(k, —e') dK,

feok, ep) = |:1 +e

Fi(n) =
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2 kBT 2 8;{)) —&D
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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 in the following.

A special attention is required by the initial carrier density
profiles that have to be determined compatibly with the electric
potential, leading to a nonlinear Poisson equation as discussed
in the following.

The electric potential solves the 2-D Poisson equation

V- (eV}) = h(x,y) (6)

where h(x, y) = e(n(x) — p(x) i)/t if (x,y) € [xi, xa]
[y2, 3] and A(x,y) = O otherwise. € is given by €y if
y € [¥2,¥3] and €, otherwise. Here, € = 3.3€ and
€ox = 3.6 €y are the dielectric constants of the graphene and
oxide (SiO;) respectively, ¢y being the dielectric constant in
the vacuum. n; is the areal density of the impurity charges at
the graphene/oxide interface. We set n; = 2.5-10° um~2. The
charge in the graphene layer is considered as distributed in
the volume enclosed by the parallelepiped of base the area of
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Fig. 1. Schematic of the GFET investigated in this article.

the graphene and height f,;. Recall that n and p are areal
densities. Dirichlet conditions are imposed at the contacts
and homogeneous Neumann conditions on the external oxide
edges.

A major issue is to model the source and drain regions
where metal and graphene touch. We assume that source and
drain are thermal bath reservoirs where charges obey a Fermi-
Dirac distribution. The injection of charges is determined by
the difference of the work functions between contact and
graphene. Of course, it depends on the specific material the
contacts are made of. Copper is considered as one of the best
materials on which to deposit graphene by chemical vapor
deposition technique. Moreover, the interaction between Cu
and graphene is the weakest among metals. Density function
theory (DFT) calculations [22] predict a shift Aer = 0.275 eV
of the Fermi energy with respect to the energy at the Dirac
point at the copper/graphene junction in the case of Cu(111),
creating an induced n-doping. This is within the experimen-
tally observed range between 0.20 eV [29] and 0.30 eV [30]
of the shift of the Fermi energy. In the sequel, we will use the
indicative value Agr = 0.25 eV.

An additional effect to take into account is the resistance at
the contact due to the fact that the quantum states in graphene
are not all available (see [31]). From a macroscopic point of
view, we model this fact by reducing the injected charges by
multiplying the Fermi energy shift Aer by a factor 0 < a < 1.

As summary, the following boundary conditions are
imposed upon the system (1) and (6). The quasi Fermi
potentials satisfy
fé') f!’)(xl)—eu(xl)=aAep (7
P (x) — ep(xs) = aher  (8)

while for the electric potential

(x1) —ep(x1) = ¢

ef’(xs) —ep(xs) = &

Icle

¢ =0 at y €[y, yal, x = x;
="V, at yely,yl x=x4
¢=Vs, at y=y1, x€[x,xs]
¢ =Vs, at y=ys, x € [x2,x3]
Vg =0 at the remaining part of

the boundary. )]

V, is the bias voltage, Vi, is the upper gate—source poten-
tial, Vs, is the down gate—source potential. Vi, and Vg,

include the (subtracted) flat-band voltages. We have denoted
by V, the external normal derivative.

Regarding the densities from the previous conditions it
follows that:

2 (kgT 2 alAecrp

n(x;) = n(xy) = ;(E) .7'—1( T ) (10)
2 kBT 2 OCAEF

p(x1) = p(xg) = ;(E) -7'—1(— ks T ) (11)

I1l. MoBILITY MODEL

We adopt the mobilities deduced in [24] from a direct
numerical simulation of the transport equations by using a
DG scheme (the interested reader is referred to [6] and [8] for
the details). The behavior is the same for holes on account of
the symmetry between the hole and electron distributions.

The low field mobility has the expression
exp(_ (log(n/nyer)—m)? )

202

V2T oNn/ Npet

2
x(a( " ) +b " +c)
Nref Nref

where the fitting parameters have been estimated by the least
squares method as follows jfig = 0.2978 um?/V ps, ji; =
4.223 ,um2/V pS, nrer = 376.9 ,um’z, m = —0.2838, ¢ =
2.216, a = 4.820, b = 68.34 and ¢ = 2.372.

The complete mobility model is given by (see also [17],

[18])

uo(n) = fiy — fio

B

uo(n) + i (%)

B2 B3
() + ()

where E is the modulus of longitudinal component of the
electric field while Eyg, ft, f1, p2, P3, and y are fitting
parameters.

We have calculated the coefficients Ef, f1, f2, f3, y and
[t by means of least square method for several value of the
electron density n;, obtaining the data reported in Table I. The
values of the density correspond to the Fermi energies 0.1, 0.2,
0.3, 0.4, and 0.5 eV. In each interval [n;, n;1] a third degree
polynomial interpolation has been adopted for the parameters

Eref, ﬂl’ ,32, ﬂ3’ V, and /Zl [24]

u(E,n) = (12)

V. NUMERICAL SIMULATIONS

The GFET of Fig. | has been intensively simulated.
We have set the length 100 nm, the width of the lower
and upper oxide (SiO;) 10 nm. The gate contacts are long
50 nm. The lateral (source and drain) contacts are long 21 nm.
The two gate potentials are set equal in the simulated cases.
We considered a mesh of 40 grid points along the x-direction
and 23 grid points along the y-direction. In the graphene layer
a single row of 40 nodes has been employed. If not stated
otherwise, we set @ = 1 and 7 = 1 ps.

In order to get the numerical solutions, a strategy similar
to that used in [32] has been adopted, even if we remark
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TABLE |
HIGH FIELD MOBILITY PARAMETERS. n; IS EXPRESSED IN um~2, THE
REFERENCE FIELD Eggr IS EXPRESSED IN V/um, THE MOBILITY [ IS
EXPRESSED IN um2/V PS. THE PARAMETERS 3; AND -y ARE
DIMENSIONLESS

ni | Erer | B | B2 | B | v | B
4471 0.05265 1.034 2.135 1.059 14.53 12.78
15500 | 0.02126 | 0.4615 1.584 | 0.4276 21.77 33.3
33877 0.1096 1.344 2.52 1.457 4.595 6.579
59588 0.1776 2.304 3.099 1.335 1.395 1.251
92644 | 0.05047 1.988 2.661 1.109 0.8816 | 1.915
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Fig. 2. Electrostatic potential with Vj, = 0.2 V. Left: case of Vg =2V
(ON state). Right: case of V; = —2 V (OFF state).

that in this article two different quasi Fermi potentials are
used and the Poisson equation is solved in the whole device.
Starting from an initial guess for the electron and hole quasi
Fermi potentials and for the electrostatic potential, an initial
guess for the electron and hole densities is deduced. Inserting
those into the Poisson equation an approximation of the
electrostatic potential in the whole device is obtained by a
finite difference numerical scheme. Then (1) are solved by
finite differences and a new approximation of the quasi Fermi
potential is computed. Iterating we get the stationary solution
to system (1) and (6). In order to improve the convergence,
Pulay’s method has been employed as in [32]. The difference
between two iterations is measured as the relative variation
of the current e, (Y= THD /A1) and e, =
(IIJIII;Jrl - J;II)/(IIJ}];“H), where J¥ and J[’j are the electron
and hole currents at the kth iteration. As stopping criterion e,
and e, less than 10~* has been required. Here, || - || denotes
the supremum norm.

A typical shape of obtained 2-D electrostatic potential is
reported in Fig. 2 while the characteristic curves are shown in
Fig. 3. It is evident that an acceptable field effect transistor is
obtained. By decreasing the gate voltage the current settles at a
very low value. The plot in logarithmic scale shows a current-
ON/current-OFF ratio of five orders of magnitude. The minority
charges are only slightly activated, the charge transport is
bipolar but the inversion gate voltage observed with other
geometries [1] is practically not present. The main reason for
such an effect is the peculiar position and breadth of the source
and drain contacts which create an electrostatic potential such
that the electrochemical energy is always of constant sign.
However, we observe that this effect depends on the value of
the contact resistance, as shown in Fig. 4 where the current
versus the gate voltage is plotted for several values of «.
Smaller a’s lead to a smaller ratio current-OFF/current-ON.

~
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g Vsd=0.15V o —Vsd=0.1V //———’—
S5l|—Vsd=02V £ 10 Vsd=0.15V |
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2 2107 V=03V |
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28 g,
g 5"
E2 g
3 3 .
1 107 e
0 10
2 -1 0 1 2
Gate vohage Gate voltage (V)
Fig. 3. Total current versus gate voltage for the GFET of Fig. 1

obtained with model (1) and (6) at fixed bias in linear scale (left) and
semilogarithmic scale (right).

o

—a=02 10
—a=04
=4 a=0.6
g = g
>3 < -1
3 210
2 5
8 5
=2 °
g
8 1 8 102
0 -4
2 10 -2 -1 0 1 2
Gate vohage Gate voltage (V)
Fig. 4. Total current versus gate voltage for the GFET of Fig. 1 at

fixed bias of 0.2 V and for several values of « in linear scale (left) and
semilogarithmic scale (right).

If & = 0.2 such a ratio is only about one order of magnitude
against the about four orders of magnitude if @ = 1. This
prompts to better investigate the actual charge density in the
hybrid region contact-graphene, the crucial parameter being
alAep.

For comparison, in Fig. 5 the results obtained with the
model including a single Fermi level are also shown. The
behavior is similar but there are nonnegligible quantitative
differences in the currents. This indicates that the use of a
single Fermi level is not accurate enough.

Devising a working structure has required a full 2-D numer-
ical solution of the Poisson equation. The common use of
lumped 1-D models for the electrostatic potential has the
drawback of hiding the effects related to the source and drain
contact position and breadth.

The simulations have been also performed adopting the
mobility model in [5]. The results are qualitatively in good
agreement with those obtained by using the mobility model of
Section III. Therefore, we are rather confident that the efficient
FET performance of the proposed device is not an artifact
related to the adopted specific mobility model but a general
feature stemming from the chosen geometry. The proposed
device overcomes the drawback related to the zero gap in
pristine large area graphene and represents a viable prototype
for the design of efficient GFETs.

We have also performed the simulations with higher values
of 7, 10 and 100 ps. The qualitative behavior is practically the
same but with an improved current-ON/current-OFF ratio and
this suggests that the generation-recombination term does not
affect the good FET performance.
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Fig. 8. Total current versus gate voltage for the GFET of Fig. 6 inthe case
with two Fermi levels (left) and in the case with one Fermi level (right) at
fixed bias.

To better understand the reached improvement, we include
also the results for a standard GFET, already investigated
in the literature, depicted in Fig. 6. We have obtained the
characteristic curves with the same approach described in the
previous section (the interested reader is referred to [24] for
the details). The potential is plotted in Fig. 7, the relative
characteristics are reported in Fig. 8 which shows that below a

quasi-Fermi energy (bottom-left) and mobility (bottom-right) relative to
the device of Fig. 6 obtained by the model with two Fermi levels in the
case Vp=04Vand Vg=-2and 1 V.

threshold voltage the minority charges activate and this limits
the off region to a restricted range of gate voltages. The
simpler model with a single Fermi level has been adopted
as well for the sake of completeness. In this case, the model
with a single Fermi level seems to be closer to the full two
Fermi levels model than the previous device (see Fig. 5).
Since for both devices the same model and numerical
scheme has been adopted, the different performance can only
be ascribed to the different geometry. In order to better explain
that, in Fig. 9 we report the carrier densities, the electrostatic
potential, the quasi-Fermi energy and the mobility in the
graphene channel of the device of Fig. | in a ON state case and
OFF state one. In Fig. 10 the same quantities are reported for
the device of Fig. 6. The main peculiarity is that in the device
of Fig. 1 we have a sizeable difference between the electron
and hole densities while in the device of Fig. 6 these densities
are much closer. This is a consequence of the resulting Fermi
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levels which in turn depend on the specific shape of the
electrostatic potential. It seems that the lumped 1-D solutions
of the Poisson equation misses relevant features correlated
with the geometry of the device.

V. CONCLUSION

A peculiar GFET has been studied by a full numerical
solution of a drift-diffusion-Poisson model with mobilities
obtained from the direct solution of the Boltzmann equations
for charge transport in graphene. The specific geometry over-
comes the problem of triggering the minority charge current
and gives a viable way for the design of electron devices based
on large area monolayer graphene as substitute of standard
semiconductors in the active area. The good FET behavior of
the current versus the gate voltage makes the simulated device
very promising and a challenging case for experimentalists,
even if it is crucial to better understand the resistance effect
of charge carriers at the contact-graphene region.

We remark that the diriment point is the way the electrosta-
tic is determined by the choice of the geometry, in particular
the position of the contacts. The full 2-D numerical solution
of the Poisson equation has played a crucial role for the
simulation of the current in the proposed device and its
optimization.
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