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Abstract—In this paper, an analytical model for fringing
gate capacitance in gate-all-around cylindrical silicon nanowire
MOSFETSs (SNWTs) is proposed. The fringing gate capacitances
of the SNWT are divided into three parts: sidewall capacitance
Ciide; parallel capacitance Cgq; perpendicular capacitance Cge.
Each capacitance is calculated using the following methods:
conformal mapping, integral and non-dimensionalization. The
proposed model is verified with a three-dimensional field solver,
Raphael. Based on the proposed model, the fringing capacitance
can be easily predicted in the vertically and horizontally stacked
multi-wire SNWTs.

I. INTRODUCTION

As the traditional planar MOSFET continues to scale down
[1], the control of short-channel effects becomes increasingly
difficult in planar-bulk architecture. Recently, the gate-all-
around silicon nanowire MOSFET (SNWT) is attractive due
to the following: its high immunity to short-channel effects,
drain induced barrier lowering, high gate controllability, and
reduction of leakage current [2]. The gate capacitance of a
transistor is an important factor in determining the circuit
performance with respect to the intrinsic delay in digital
circuits and the transit frequency of analog circuits. Outer
fringing capacitances become significant portion of the total
gate capacitance, since the device gate length is reduced to
below 90 nm [3]. Former fringing capacitance models in planar
structure cannot predict the capacitance of 3-D structure like
SNWT. Jibin et al. [4] derives parasitic gate capacitance mod-
els using equivalent transformation and inversion of Schwarz-
Christoffel mapping. In this paper, we derive analytic outer
fringing capacitance models using conformal mapping [5],
[6], integral method [7], and non-dimensionalization technique
[8] for the SNWT structures. Using non-dimensionalization
technique with the dimensionless parameter created from the
product of physical variables, we reduce the number of fitting
parameters. The accuracy of the developed model is verified
with 3-D field solver called Raphael [9].

II. CAPACITANCE MODELING
A. Fringing Capacitance component

A three-dimensional structure of a single-wire SNWT
structure is shown in Fig. 1(a). An SNWT structure with
source/drain extension regions between an undoped channel
and a heavily doped source/drain is considered. Its cross
sectional view of the top and side is shown in Fig. 1(b) and
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Fig. 1. (a) Three-dimensional schematic of a SNWT structure. (b) Gate and
Source/Drain side view of SNWTs. Hg represents the height of the gate and
W, represents the width of the gate along the horizontal direction.
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Fig. 2. Two-dimensional sectional view of SNWTs. The outer fringing
capacitance (Cof) is divided into three part, i.e., Csige, Cgsq» and Cgex. The
basic assumption is that source and drain side are equal. We can find the Cof
by considering one side.

Fig. 2. The fin radius is defined as r. tox is the thickness of the
gate oxide surrounding the fin. H, represents the vertical gate
height, and W, represents the width of the gate along the hori-
zontal direction. Hyg and Wy are source/drain height and width
in the gate direction. Length of source/drain, extension and
substrate region is Ly, Lex, and Lg. For multi-wire SNWTs,
most capacitances can be acquired by the superposition of a
single-wire SNWT. Therefore, in this paper, we will mainly
study the capacitance modeling of a single-wire SNWT. The
total outer fringing capacitance is the sum of Cgige, Cgsq, and
Ceex (1).

Cof - Cside + C'gsd + Ogex (1)

Ciige 18 the sidewall capacitance between the gate and the
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Fig. 3. (a) Electric field lines between the sidewall of the gate and the
S/D extension region. Dashed lines present Cgex. (b) The gate sidewall is
empirically divided into four parts (S;-S4). To use conformal mapping method,
nanowire fin can be approximated as a rectangular structure.
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Fig. 4. Schematic of the Cgex calculation method. Cgex.top contains Sy and
Sy parts. Cgexsige contain S3 and Sy parts.

source/drain region; Cggq is the parallel capacitance between
the gate and the source/drain region; Cge is the rectangular
capacitance between the gate and the extension region.

B. Analytical modeling using conformal mapping

In order to simply define the analytical model of the com-
plex electrostatic system between the gate, source/drain exten-
sion region, and source/drain region, it is assumed that the ex-
tension region, source/drain, and the sidewalls of source/drain
are uncorrelated in deriving the total outer fringing capaci-
tance. Thus, we can divide total outer fringing capacitance into
Csiges Cgsa» and Cgex, as mentioned. The sidewall capacitance
Ciige 1s formed by the top, bottom, and two-side surface along
the direction parallel to channel region, so that the Cgjge i
derived by multiplying circumference of the gate and Cgg. per
unit distance (2).

i L
Cuide = L in(1 + =) x 4(W, + Hy + 21 + 2t0g)  (2)

2m ext

Ciige per unit distance which consist of two coplanar plates
can be calculated using the integral method in two equal
plates (L=Lyy=L,). The system of two unequal plates can be
transformed into the two equal coplanar plates by applying the
empirical equation L over Lq. The empirical equation can be
defined by the non-dimensionalization method (3).

Lzt + Lg) (Lot + Lea)LgLaa] ™
L —31.02 \/( t+ g)( ¢+ d) glsd

(3)
Le:ct (Leact + Lg + Lsd)Lext

The parallel capacitance, Cgyq, represents the electric cou-
pling between adjacent sidewalls of the gate and source-drain
regions. We can model Cgyq as two parallel plates with effective

Gate side view
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Fig. 5. For multiwire SNWTs, Wy and Hg are the half of the thickness
between adjacent wires. Number of stacked wire each side is N and M.

area and distance (4).

A(Hy +tog +1)(Wy+tow +71) —m(r + tog)?
Lemt

C'gsd = €ds

“4)

The analytical equation for Cg, is derived by transforming
the electric field into equivalent quasi-confocal elliptical sys-
tem, as shown in Fig. 3(a). Fig. 3(b) shows the transformation
of fin and oxide. We can approximate the circular fin into
quadrangle fin, and empirically divide into four parts (S;-S4)
to use conformal mapping. Cgex is formed by Cgexop Which
contains Sy and S; and Cgeyxsige Which contains S; and Sy, as
shown in Fig. 4 and in (5).

Cge$ = 2(C’gez.i&op + Cgezt.side) (5)

To model the analytical equation Cgex precisely, it can be
assumed that Cyex (op and Cgex sige are not related to each other.
Coextop and Cey gige are calculated by conformal mapping and
empirical fitting parameter, 77 and 9 (6)-(9). Cgex.top and Cex side
per unit distance can be obtained by conformal mapping
method between two perpendicular planes in ideal case. Hg,
W, tox, and Ley, are part of the two ellipses of the same focus
without any electrical interference. The empirical parameter
n denotes the compensation of the focus offset from the
difference from the ideal ellipse. In order to expend the Cgey top
and Cgeyx siee Which contain the trapezoidal plane as shown in
Fig. 4 from Cgey top and Cgex side per unit distance, we can define
the equation 0 that consists of parameters related thickness:
W, Hg, 1, and to.

2¢
Cgew.[top,side] = %%top,side]
< In tox + Ntop,side] [}tIga Wg] + Tltop,side]
(6)
where
Wy, Hy] 2o
5[top,side] = T +2r+ - (7N
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Comparison between the outer fringing capacitandce model (lines) and the 3-D numerical simulation results (symbols) as a function of various device

parameters. (a) Cof verification at Lexe = 20 nm and 50 nm. (b) and (c) Cor as a function of r and Lex; at Hg = 40 nm, 70 nm, and 100 nm.
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Fig. 7.
and Wy in fig. 5(a)-(c).

Tltop,side] = \/(n[top,side] [Hgv Wg])2 + 277[t0p,side] [Hga Wg]tox
®)

Lewt - \/[Hga Wg]2 + Q[Hya Wg]tOJL‘
Lea:t

Nitop,side] = 3 exp |:
)

Based on (1)-(9), the expression of outer fringe capacitance
can be derived in multi-wire SNWTs, as shown in Fig. 5. The
number of the channels connected in parallel along the vertical
and horizontal direction is defined as N and M. H, and W,
represent the half of the gate electrode thickness in between
adjacent wires. The total outer fringing capacitance in multi-
wire SNWTs Coppy, is the sum of the rectangular capacitance,
the parallel capacitance, and the sidewall capacitance as same
component as a single-wire SNWT (10). The rectangular and
parallel capacitances are derived by the multiplying Cgex and
Cgsa by the number of wires. The sidewall capacitance repre-
sents the multiplying unit length of C4e by the circumference
of the gate in multi-wire SNWTs. In case of M and N are 1,
Corm 1S same as total outer fringing capacitance in a single-
wire SNWT.

C’of.m = (Cgex + Cgsd) x MN
M(Hg+7r+toy) + N(Wy +7+tor)
Wy + Hy + 2r + 2t,,

+ Cside X
(10)
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Comparision with simulation results and a reference model (dash). Cot as a function of tox, Hg, and Lex. Hyq and Wy are assumed to be equal to Hg

In addition, Cy¢p,, over M and N is the outer fringing capac-
itance per unit number of channel in multi-wire SNWT (11).
The rectangular and parallel capacitance per wire is the same as
Cgex and Cggq. On the other hand, since the fraction multiplied
by Cige has a value less than 1, the sidewall capacitance
per wire is smaller than Cgg.. Thus, multi-wire architecture
should be preferred than the single-wire architecture from the
perspective of reducing the gate fringing capacitance.

Oof.m/]\/fN = Cg(’? + Cgsd
Wo/M + Hy/N +7(37 + %) +tos (37 + %)

Csiex
TG Wy + Hy + 2 + 2ty

(1)

IIT. SIMULATION RESULTS

The accuracy of this outer fringing capacitance model is
verified over a wide range of geometrical parameters such as
Hg, 1, Lext, and tox by 3-D numerical simulations. Excellent
agreement is achieved with the proposed model, as shown
in Fig. 6. Fig. 7 also shows that the proposed model has
better accuracy than the model in the reference paper by Jibin
et al. compared to 3-D simulation results. Fig. 8 shows the
proposed model validation for multi-wire SNWTs. There is a
good agreement between the modeled results and Raphael 3D
simulated results for M and N variations. For larger N, the total
gate capacitance increases. However, the total gate capacitance
per width decresaes due to Cgq. differences, as shown in Fig.
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Fig. 8. Comparison between the outer fringing capacitandce model (lines)
and the 3-D numerical simulation results (symbols) as a number of stacked
nanowire.
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Fig. 9. Comparison between the outer fringing capacitandce model (lines)

and the 3-D numerical simulation results (symbols) per wire as a number of
stacked nanowire.

9. In addition, Fig. 10 shows the change of Cy¢,, as a function
of total gate width over a radius for 3 by 3 multi-wire SNWTs.
For radii of 3, 4 and 5, excellent accuracy of Cq, is Obtained,
and the contribution of fringing capacitance can be reduced by
reducing the radius of a single wire when wire pitch are kept
constant.

IV. CONCLUSION

In this paper, a comprehensive model for parasitic outer
fringing gate capacitance is proposed for gate-all-around cylin-
drical SNWTs. The proposed analytical model can be im-
plemented as a compact model for accurate circuit simu-
lations. In the development of fringing capacitance model,
a practical SNWT structure was considered with the gate,
source/drain, and extension regions. We analyze the effects of
geometrical parameter variation on the fringing capacitance
of SNWTs. The total 3-D fringing capacitance is decom-
posed into two-dimensional components each of which is
derived with a conformal mapping technique, integral and
non-dimensionalization method. The accuracy of the proposed
model is verified with the results of three-dimensional field
solver, Raphael.
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Fig. 10. The outer fringing gate capacitance for 3 by 3 multi-wire SNWTs
as a function of total gate width for different radii.
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