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Abstract—In this letter, an accurate semi-analytical model for
the intrinsic gate capacitance of carbon nanotube (CN)-array
based back-gated field-effect transistors (FETSs) is proposed. The
model accounts for electrostatic screening effect for any given
number of nanotubes, their diameter, pitch, and gate-dielectric
thickness. It is shown that screening effect varies significantly not
only with the change in density but also with the number of nano-
tubes and must be considered while modeling the intrinsic gate
capacitance of array-based CNFETSs for both high-performance
and thin-film transistor applications.

Index Terms—Carbon nanotubes, CNFET, intrinsic capaci-
tance, quantum capacitance, screening effect.

1. INTRODUCTION

ARBON NANOTUBE (CN) arrays have been recently

used in both high-performance as well as thin-film tran-
sistors to improve performance [1], [2]. Multiple nanotubes
not only increase drive current of the device but also reduce
the power wasted in charging unwanted parasitic capacitances,
since increasing the number of nanotubes for a given device
area increases the intrinsic capacitance and reduces the parasitic
components. Most of these multiple CN devices, as well as the
recently proposed conventional CNFET (C-CNFET) and tun-
neling CNFET (T-CNFET) devices, are back-gated devices [3].
Therefore, investigating electrostatic effects in back-gated
nanotube-array devices is essential for optimizing the perfor-
mance of these CNFETs.

Since intrinsic capacitance determines many key perfor-
mance parameters such as delay and maximum operating fre-
quency, it is important to formulate accurate models for such
capacitance. The intrinsic capacitance is strongly influenced by
the distribution of charges among the nanotubes that arise due
to the fact that electric field lines can get screened due to the
presence of other nanotubes. The screening effect in CNFETs
with top, bottom, and wrapped-around gate has been studied
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using numerical simulations in [4]. However, such simulations
provide limited physical insight into the problem.

While an analytical model has been proposed in [5], it
does not account for any variation in charge density among
nanotubes. The model proposed in [6] is developed for a top-
gated structure, which is only valid for a limited range of the
pitch. Moreover, both these models do not consider variation
in screening effect with the number of nanotubes in the array,
which is essential to fully account for any inter-tube capacitive
coupling that determines charge distribution along each nano-
tube. Although there are accurate numerical techniques that
do not assume nanotubes to be metallic conductors [7], such
simulations cannot be performed efficiently when the number
of CNs in the array is high. There has also been an experimental
attempt to characterize and compare transport properties of
dense and sparse array of nanotubes [8], but the analytical
model proposed in [8] does not account for variation in screen-
ing effect. This letter introduces a new approach for accurate
and fast estimation of the intrinsic gate capacitance in any array-
based back-gated CNFET while considering screening effect
and its variation with the number of nanotubes.

II. NANOTUBE-ARRAY GATE
CAPACITANCE CALCULATION

The intrinsic gate capacitance (Cg) of an array based
CNFET consists of electrostatic capacitance (Cg) and the
quantum capacitance (Cg) in series [9]. Cg for an individual
nanotube is given by ¢>D(FE), where D(E) is the density of
states [10]. Typically, in back-gated structures, the value of Cg
for CNs is very high compared to C'g, and therefore, C¢ is
dominated by C'g [10]. In this section, a methodology to calcu-
late the gate capacitance of array based device is discussed.

Consider an array of n nanotubes of radius r placed side by
side with pitch = 2s over a dielectric with effective thickness ¢
and with a gate electrode beneath the dielectric [Fig. 1(a)],
which is generally the case with all back-gated CNFETs.
Fig. 1(b) illustrates the capacitances involved in such an array
consisting of three nanotubes. Since there are multiple nano-
tubes, electric field lines starting from a given nanotube will
not end entirely on the gate electrode as in the case of a single
nanotube device due to screening by neighboring nanotubes
[Fig. 1(c)]. In such cases, when a voltage is applied to the
gate terminal, charges are induced over all nanotubes which are
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Fig. 1. (a) Cross section of a CNT-array based FET with pitch= 2s (= 2r + intertube spacing) and effective dielectric thickness = ¢

(= physical oxide thickness + van der Waals gap + radius of nanotube), for the general case of n nanotubes. (b) Capacitances between the nanotubes and the
gate terminal Cj;, quantum capacitance Cq, and mutual capacitances Cj; of the nanotubes, in the case of three nanotubes. (c) Electric field lines between multiple
nanotubes when ;%P nanotube is charged with Q; and gate is charged to —Q;, illustrating screening effect. (d) Comparison of proposed method with numerical
simulations for varying pitch (r = 1 nm, ¢ = 4 nm, and n = 12). Both are 2-D simulations, and fringing fields at the end of the nanotubes are neglected.
The deviation in proposed method is around 2%—4%. Source and drain terminals are considered to be grounded in the simulations. Note that electrostatic gate
capacitance will be totally geometry dependent, independent of any terminal bias.

different for different nanotube. Hence, we need to determine
the exact induced charge in the nanotubes when certain poten-
tial is applied to the gate terminal. In the proposed approach, a
single nanotube is charged to ();, and the potential induced due
to that charge on other nanotubes is examined with respect to a
reference potential (in this case, the gate terminal). This process
is repeated for all other nanotubes. Finally, the potentials gen-
erated on the surface of the nanotube due to charge placed
on that particular nanotube as well as due to charge placed
on other nanotubes are added using principle of superposition.
The method is validated with 2-D numerical simulations using
ANSYS and shows good agreement [Fig. 1(d)]. The method
used for 2-D analysis is outlined below.

Consider the j*"' nanotube surrounded by n — 1 nanotubes
over the gate electrode. Such a case can be considered as a net-
work of n(n + 1)/2 electrostatic capacitors connected between
the nanotubes (mutual capacitance) and between the nanotubes
and the gate terminal. Considering CNs as solid conductors,
suppose that charges ; and —(); are placed on the 4t con-
ductor and the reference gate terminal, respectively, while other
conductors are left floating. This arrangement will produce
potential difference between each nanotube with respect to the
reference gate terminal potential V. Let the potential developed
on the i*"" conductor with respect to the gate terminal potential
Vo under such an arrangement be equal to F;;Q);, where P is
the coefficient relating the charge on the j** conductor to the
potential on the i*" conductor.

If this procedure is repeated for each conductor (from 1 to n),
one can add all the potentials produced on the i*" conductor
using the superposition principle and thereby determine the
total potential on the i*" nanotube as V; = P;; Q1 + Pj2Q2 +
P;3sQs + -+ -+ Pn@, [11]. Hence, one can express the total
potential for each conductor as:

Vi =PuuQ1 + Pi2Q2 + Pi13Qs ... P1,Qy
Vo = Po1Q1 + Poa Q2 + Pa3Q3 ... P, Qy

These simultaneous equations provide the value of the total
potential induced on each conductor in terms of coefficients P;

and charges placed on each conductor, and can be solved using
the matrix method. In matrix form, one can write

%N TP P P 1@Q1

Va Py Py Py, Q2

Vs Py Psp Py, Q3

. — . . . . (1)
_Vn_ -Pnl Pn2 Pnn— —Qn—

The value of P;j comes from the basic definition: P; = Vi/Qj,
when only the 5" nanotube is charged and other conductors are
uncharged. Using definition of potential and charge enclosed by
a surface, one can express F; as

Vi _ Bl

Pi‘zi = prgu—s
! QjQ e ¢ Eyds

2
1=..Qj—1=Qj+1=...Qn=0

where the denominator represents charge placed on the ;'
nanotube and can be determined by a closed surface integral
over the surface of the j*" nanotube. The numerator can be
calculated by considering the potential at nanotube ¢ in presence
of the gate electrode and only the charged j*" nanotube, with
other nanotubes being considered absent. Although this simpli-
fication introduces error in the value of mutual capacitances, the
good agreement between the proposed method and numerical
simulations, as shown in Fig. 1(d), indicates that this is a
reasonable simplification. Using method of images, (2) can be
expressed in terms of geometric parameters as [12]

Q-fl\/1 g2 1\/1 gg
b 2 n Q:(u) " 2;( ) 3

where s;; is half of the center-to-center distance between ith

and j*" nanotubes and ¢ is the effective dielectric thickness.
The case ¢ = j represents the diagonal elements of the matrix,
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Fig.2. (a) Total electrostatic gate capacitance in picofarads with the number of nanotubes for » = 1 nm, ¢ = 4 nm, pitch = 6 nm, length = 1 pm, and aluminum

oxide dielectric (K ~ 5) [13]. Since there is a van der Waals gap between the dielectric and nanotube, analysis of effective dielectric permittivity was done as
illustrated in [12]. (b) Change in electrostatic gate capacitance per nanotube. Each nanotube in the array will have different capacitance with respect to the gate
terminal, but for depicting overall effect on electrostatic capacitance, average capacitance per nanotube is plotted. (c) Change in electrostatic capacitance between

central and edge nanotubes with the number of nanotubes in an array.

which correspond to the potential of a nanotube with respect to
the gate terminal due to its own charge. Thus,

2
t t _
i * (”) ! cosh™! (TL)

2me 2me

In

Pi':

“)

where r; is the radius of 7*" nanotube. Once the [P] matrix in (1)
has been determined using (3) and (4), the coupling capaci-
tance matrix can be obtained by inverting [P], which can be
represented as:

—Ql— - n ' B B - _Vl_
n V-
Q_S —Cy Cy; —Cap ?
j=1
=| —Cs1  —Cs —C3p,
. —Yn _Cn ) ) ‘ 3 Cn' ’
lg.l L ™ 2 j; 1 Ly,
(%)

where Cj; and Cj; represent the capacitance components as
shown in Fig. 1(b). In the matrix form, it can be represented
as [Q] = [C][V]. From this capacitance matrix, one can accu-
rately estimate the effective electrostatic capacitance between
each nanotube and the gate terminal by adding all row ele-
ments for V3 = V5 = .- = V,,. As discussed earlier, neglecting
the presence of surrounding nanotubes while calculating each
P; element introduces some error in the off diagonal terms
[C] ij. However, the error in overall capacitance is still small,
as shown in Fig. 1(d). This is because the error in [C];; is
significant only when |i — j| > 2. However, in these cases, [C];;
is at least two orders of magnitude smaller than the diagonal
terms of the capacitance matrix.

To calculate the intrinsic gate capacitance of an array based
CNFET, one must also consider the quantum (Cg) capacitance.
Note that C'g depends on the biasing condition of the transis-
tor [7]. Hence, for a given bias, C'o can be evaluated and
included in the value of the intrinsic gate capacitance. Since
the total potential on each CN is the sum of the potential drop

across electrostatic and quantum capacitances, which have the
same charge, the overall intrinsic capacitance matrix [CG’array}
is given by

1 1 1

" [Cr]

Cal ©

[CG,array]

III. RESULTS AND DISCUSSION

In this section, the dependence of electrostatic capacitance on
factors such as the number of nanotubes in the array, spacing
between nanotubes (or pitch), and diameter of nanotube is
examined using the proposed model. Fig. 2(a) shows the total
electrostatic gate capacitance considering and without consid-
ering the screening effect. It can be observed that there is a
substantial difference in the total capacitance value and the
difference increases with the number of nanotubes. Fig. 2(b)
shows the variation of electrostatic gate capacitance per nano-
tube with change in the number of CNs in the array. Significant
amount of reduction in capacitance per nanotube (up to 50%)
can be observed with increase in the number of nanotubes in the
array, even with constant pitch (or density), due to the increase
in screening with the number of nanotubes. Fig. 2(c) shows
that the difference between the edge and the center nanotube
remains small compared to the reduction in overall electrostatic
capacitance per nanotube [Fig. 2(b)], indicating that the effect
of reduction in capacitance due to screening is approximately
equally shared by all nanotubes. It also highlights the utility
of the proposed method in providing physical insight into the
capacitance in the array, which the other analytical methods fail
to provide.

Fig. 3 shows the impact of variation of both pitch and the
number of nanotubes. It can be observed that for a given
density, capacitance per nanotube varies with the number of
nanotubes in the array. Furthermore, it can be observed that
as the pitch decreases (higher density), the screening increases,
resulting in stronger dependence of capacitance on the number
of nanotubes, which will be the case in dense array-based
deeply scaled CNFETSs. Inset of Fig. 3 shows that the model
can further be employed to study the variation in capacitance
with diameter of nanotubes in the array.
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Fig. 3. Variation of average electrostatic gate capacitance per nanotube with
pitch and the number of nanotubes (r = 1 nm and ¢ = 4 nm). Inset shows
variation of capacitance with change in diameter (chiral vector) of the nanotube
(forn = 10, s = 3 nm, and t = 4 nm).

IV. CONCLUSION

An accurate semi-analytical model for intrinsic gate capac-
itance of array based back-gated CNFETSs has been presented.
The model accounts for screening effect as well as dependence
on the nanotube diameter, pitch, and underlying dielectric
thickness. In contrast with all previous modeling efforts, it is
shown that screening effect, which can lower average nanotube
capacitance by up to 50%, varies significantly with the number
of nanotubes. Moreover, the variation becomes stronger at
higher nanotube densities, emphasizing the need to accurately
account for screening effect in the modeling of intrinsic gate
capacitance of deeply scaled array-based CNFETS.
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