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Abstract—We present a numerical study on the electrical
conduction characteristics of the graphene channel FET with
electrolyte medium for gate control. By using the tight-binding
formalism to calculate the electronic band structure and the
Nernst-Planck-Poisson (NPP) equation to calculate the formation
of the electric double layer at the interface of the ionic liquid, we
found that the drain current after the EDL is formed is almost
independent of the IL thickness, while the transient behavior is
greatly influenced by the thickness of ionic liquid. In addition, we
present our simulation results for the case of solid electrolyte gate,
where the effect of finite ion concentration in the solid electrolyte
has been successfully taken into account appropriately by using
the extended NPP equation.

I. INTRODUCTION

Graphene has been considered as an attractive material for
the nanoelectronics applications [1]. Here the wide range of
controllability in the electric field applied to graphene is an
important issue in realizing wide range of controllability in
carrier concentration and electronic current.

Among various approaches to apply electric field to
graphene, including traditional top gating via gate insula-
tor, the use of electrolyte medium [i.e., ionic liquid (IL)
or ionic solid (IS)] is beneficial in obtaining high carrier
density in graphene, where the formation of an electric double
layer (EDL) with the thickness ~ 1 nm at the electrolyte
medium/graphene interface is essential in inducing high elec-
tric field and consequently a high density of carriers [2],
[31, [4], [5]. However, it has not been explored theoretically
enough in how the thicknesses, ion concentrations, and the
diffusion coefficients of IL and IS play the roles in the
resulting electronic current flowing through graphene. With
such motivation, we present a numerical study on the electrical
conduction characteristics of the graphene channel FET using
electrolyte medium for gate control.
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Fig. 1. (Left): Crystal structure of graphene. (Right): Schematic illustration
of IL gated graphene FET.
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II. THEORETICAL FORMALISM

A. Tight-binding (TB) formalism

In Fig. 1 we show the schematic illustration of the device
structure considered in this study, where the graphene channel
part is described by the TB method and the electrolyte medium
(IL or IS) part is described by the Nernst-Planck-Poisson
equation. Their coupling is assumed to be electrostatic and is
also described by the Poisson’s equation. Electronic properties
of graphene can be calculated by solving the eigenvalue
problem H (k) |v1) = Ei(k)|vw) [l = 1 (2) corresponds
to the valence (conduction) band] with the Hamiltonian

0 Hpu(k)

H(k) = ( Hpa (k) 0 > 7
Hpa(k) = —t (261@“0/2 cos(kxV3a0/2) + e_”“y“o) , (2)

)

where ag is the spacing between nearest-neighbor atoms and
t = 2.7 eV is the nearest neighbor hopping energy [6].

B. Current calculation method under the ballistic condition

Once the band structure F;(k) is calculated, the electronic
current flowing through graphene attached at both ends to ideal
electrodes can be calculated as

Nyp

> u(k)]

_a 1
- h NipSuc zz:keBz
X [f (Ei(k) + Uc — Exr) — f (Ey(k) + Uc — Err)]. (3)

Here Ny, is the total number of k sampling points within the
1st Brillouin zone (BZ), ¢ = —e is the charge of an electron,
E;(k) and v;(k) are the energy and the group velocity for the
energy eigenstate |i), and f(F) is the Fermi distribution
function, where Epy,/pg is the Fermi energy in the left/right
electrode so that Vp = (Ewr, — Err)/e is the drain voltage,
Uc = —ep(2zgra) With (zera) being the electrostatic potential
at the graphene layer.

C. Nernst-Planck-Poisson equation

The electrostatic potential ¢(zgra) at the graphene layer,
required in Eq. (3) is determined by the coupling with the
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Fig. 2. Charge density in units of e in the IL region of IL-gated FET for
various gate voltages at the time 50 ns.

electrolyte (IL or IS) region above graphene. The electrolyte
region is described by the Nernst-Planck-Poisson equation:

dei(z,t d
L((; ) - —F (=) +[Gi(=) - By (=1, @)
dc;(z,t d t
Fj(z,t) = —Dj% +Cj(2,t)(]ij (— SDC(;; )> y (5)
d dp(z,t
— @6(2) ('OC(ZZ ) =qict(2,t) +q-c—(2,t) + paralz, t).

(6)

Here c;(z,t) is the ion density for cation/anion (j = +/—),
Fj(z,t) is the flux density along the z-direction, G,(z,t) and
R;(z,t) are the generation and recombination rate, ¢(z) is
the electrostatic potential in whole region including electrolyte
(IL or IS) and graphene, D; is the diffusion coefficient,
M; = D;/kgT is the mobility, g+ = e, and pgra(z, t) is the
charge density within the graphene layer. We used parameter
values for representative IL and IS, which are [BMIM][BF4]
[7] and LiPOy, [8], respectively. In the actual simulations, the
ion density c¢;(z,t) is initially assumed to be homogeneous
with the values c+ = 1.6 x 102" m~3 and ¢y = 6.51 x 10%7
m~3 in IL ((BMIM][BF4]) and IS (LiPOy,), respectively. We
also note that, in the case of IS (LiPQO,) only the cations (Li*
ions) are mobile ions [8], and they move through a limited
number of vacancies, so that the diffusion coefficient D has
to be generalized to take into account the maximum density v
as D;» = D;/[1 —¢;(z,t)/v] [8], [9], [10], [11]. We assume
v = 7.0 x 102”7 m~3 for IS throughout this paper.

III. RESULTS AND DISCUSSIONS

We first consider the case of IL-gated FET. Figure 2
shows the cation and anion density distributions in IL
([BMIM][BF4]) region for various gate voltages. Here it is
seen that the EDL has been formed near the IL/graphene and
IL/gate electrode interfaces by applying a gate voltage, and the
ion densities near the interfaces increased as the gate voltage
increased.

In Fig. 3 we show the comparison of Ip-V characteristics
for various thicknesses of ionic liquid as indicated in the figure
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.
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Fig. 3. Ip-V( characteristics for various thicknesses of IL as indicated in
the figure at the time 50 ns for IL-gated FET. Results for the conventional
FET with SiO2 gate insulator with the thickness 50 nm and 100 nm are also
shown for comparison.

3.5 IL:[BMIM][BEF,]
30FVp=01V, o=eem==—rc === —"94
7° =1 =100 nm,V4=0.5V

2.5 / h
z s — =L =501m,V;=0.5V
£ 2.0¢ I' = = L=30nm,V5=0.5V 1
é I
Soper —_

0.5 - — = L =50 1m,V4=0.3V |

— - L=50nm,V=1V
0.0 e A A
0 10 20 30 40
Time (ns)

Fig. 4. Drain current I as a function of time for various IL thicknesses and
applied gate voltages.

at the time 50 ns when the EDL formation is completed.
Results for the conventional FET with SiO5 gate insulator
with the thickness 50 nm and 100 nm are also shown for
comparison. Here it was found that the drain current when the
EDL formation was completed is almost independent of the IL
thickness L. This is a reasonable result since the thickness of
the EDL is around 1 nm and the amount of charge accumulated
in graphene is determined by EDL. It should be noted that the
use of IL enables much larger I than the conventional SiO;
gate insulator with the same thickness.

In Fig. 4 we compare how the transient characteristics
until the EDL is formed (until the current converges) differs
depending on the gate voltage and the thickness of the IL. We
first observe that the initial current is independent of L and
V. This is because the surface potential at the graphene is
initially assumed to be zero. Importantly, the time required for
the current to be saturated is longer for thicker IL thickness
L, but is almost independent of V. This is interpreted to be
due to the longer time required for ion to move toward the
interface for thicker IL.

Next we consider the case of IS-gated FET. Figure 5 shows
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Fig. 5. Charge density distribution in units of e in IS region with thickness
10 nm in IS-gate FET for various gate voltages at the time 700 ps. “Limited”
stands for the limited LiT density situation imposed by the maximum density
V.
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Fig. 6. Electrostatic potential distributions in IS for various gate voltages at
the time 700 ps. “Limited” and “unlimited” stand for the limited and unlimited
Lit density situations, where the former case the density is imposed by the
maximum density v.

the cation and anion density distributions in IS (LiPQO,) region
for various gate voltages. Here, by applying a positive gate
voltage to the IS, Li* ions start to fill up subsequently from
the gate electrode side to the graphene side, and the flat
charge density region (fully occupied Li™ region) starts to
appear near the graphene side, where the charge density at
the fully occupied LiT region is determined by the imposed
maximum cation density v = 7.0 x 102" m~2 subtracted by
the homogeneous anion density ¢ = 6.51 x 102" m~3. In
addition, the length of the fully occupied region increases with
the gate voltage. This is interpreted to be due to the movement
of Li* ions through the limited numbers of vacancies.

In Fig. 6 we show the internal electrostatic potential in
the IS region for various gate voltages. By placing an upper
limit on the cation density (maximum density v), the potential
drop in the fully occupied region (of Li* ions) becomes large
compared to unlimited case, indicating that the gate electric
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Fig. 7. Drain current I as a function of time for various applied gate voltages

for IS-gated FET.
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Fig. 8. Charge density in units of e in IS with thickness 5 nm for various
gate voltages at the time 700 us.

field is screened within the fully occupied region by Lit
ions and the graphene surface is not effectively influenced
by the gate voltage. In addition, the potential drop in the
fully occupied region becomes larger as the gate voltage
increases. This is due to the fact that the length of the fully
occupied region of LiT ions becomes longer as the gate
voltage increases.

Figure 7 is to compare how the transient characteristics of
Ip are influenced by the upper limit of the ion density and
value of the gate voltage through the EDL formation in IS.
Here we observe that the saturated values of the drain current
at around 700 ps is diminished by placing the upper limit
of the ion density. This is interpreted to be due to the lower
surface potential at the graphene in the limited case shown in
Fig. 6. On the other hand, we can see that the current saturation
time (time required for the current to be saturated) becomes
shorter by placing the upper limit of the cation density. This
is because in the unlimited case the Li™ ions are required
to reach the graphene surface to establish the steady state,
while in the limited case they are allowed to move only until
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Fig. 9. Drain current I as a function of time for various IS thicknesses and
applied gate voltages.

around the edge of the fully occupied region (~ 2 nm in
Fig. 6), meaning the shorter time required to establish the
steady state in the limited case. Therefore the value of the
saturation current and the current saturation time are in the
relationship of trade-off. Moreover, we can also see that the
saturation time in IS case is much longer than the IL case. This
is because of the four orders of magnitude smaller values of
the diffusion coefficient in IS than in IL.

In Fig. 8 we plotted the spatial distributions of charge
densities in the IS region of thinner IS-gate FET with the
thickness of 5 nm for two different gate voltages. Here it can
be seen that the spatial extent of the region occupied fully by
Lit ions is almost the same (~ 1 nm for Vg = 0.5 V) as for
the IS thickness of 10 nm shown in Fig. 5. This observation
suggests that the spatial extent of the region fully occupied
by the LiT ions is determined mainly by the gate voltage.
Another important observation here is that the spatial extent
of the charge neutral region at around the center of IS becomes
narrower as the thickness of IS decreases and the gate voltage
increases. More detailed analyses for such situations including
the case of extremely thinner IS will be presented elsewhere.

Finally in Fig. 9 we compare how the transient character-
istics of the drain current in IS-gated FET vary with the gate
voltage and the IS thickness. Important observations here are
that the current saturation time is longer for thicker IS case
and the saturation current value is almost independent of the
IS thickness. These are the similar characteristics as in the
IL-gated FET case.

IV. CONCLUSION

We presented a numerical study on the electrical conduction
characteristics of the graphene channel FET using electrolyte
medium for gate control. By using the tight-binding formalism
to calculate the electronic band structure and the Nernst-
Planck-Poisson (NPP) equation to calculate the formation
of the electric double layer of the ionic liquid, we found
that the drain current after the EDL is formed is almost
independent of the IL thickness, while the transient behavior

is greatly influenced by the IL thickness L. Moreover, the
electrical conduction characteristics of the graphene channel
FET with the ionic solid gate have also been successfully
studied by using the extended NPP equation, where the finite
ion concentration in the solid electrolyte has been taken into
account appropriately.
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