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Analysis of the Gate—Source/Drain Capacitance
Behavior of a Narrow-Channel FD SOI NMOS
Device Considering the 3-D Fringing
Capacitances Using 3-D Simulation
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Abstract—This paper reports an analysis of the gate-source/
drain capacitance behavior of a narrow-channel fully depleted
(FD) silicon-on-insulator (SOI) NMOS device considering the
three-dimensional (3-D) fringing capacitances. Based on the 3-D
simulation results, when the width of the FD SOI NMOS device
is scaled down to 0.05 pm, the inner-sidewall-oxide fringing ca-
pacitance (Cris), due to the fringing electric field at the edge of
the mesa-isolated structure of the FD SOI NMOS device biased at
Ve =03V and Vp =1V, is the second largest contributor to
the gate—source capacitance (Cgs ). Thus, when using nanometer
CMOS devices with a channel width smaller than 0.1 pm, Cgg
cannot be overlooked for modeling gate—source/drain capacitance

(Ces/Cep).

Index Terms—Capacitance, CMOSFETs, modeling, silicon-on-
insulator (SOI) technology, simulation.

1. INTRODUCTION

ILICON-ON-INSULATOR (SOI) technology has been re-
S garded as a major technology for integrating CMOS VLSI
in the nanometer regime [1]. For small-geometry sub-100-nm
SOI CMOS devices, narrow-channel effects are important in
determining the performance [2], [3]. For analyzing the narrow-
channel effects of a nanometer small-geometry device, three-
dimensional (3-D) analysis is necessary, which is difficult to
carry out. Compact modeling of the narrow-channel effects
of the small-geometry fully depleted (FD) SOI CMOS de-
vices in terms of the threshold voltage and the current con-
duction derived from 3-D analysis has been reported [4]-[6].
3-D analysis of the source/drain capacitance of the small-
geometry SOI CMOS devices has been done [7]. However,
the gate—source/drain capacitance (Cgs/Cap) behavior of a
narrow-channel FD SOI NMOS device considering the 3-D
fringing electric-field effects has not been reported. In fact, the
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3-D fringing electric effects may bring impacts on the capaci-
tance behavior substantially. In addition to the fringing electric
field near the inner sidewall of the mesa-isolation structure in
a narrow-channel FD SOI NMOS device, the fringing electric
field in the source/drain sidewall is also important for affecting
the device performance. In this paper, the Cgs/Cap behavior
of a narrow-channel FD SOI NMOS device considering 3-D
fringing electric-field effects is described. It will be shown that
when the width of the FD SOI NMOS device is scaled down to
below 0.1 pm, its gate—source/drain capacitance is substantially
affected by the 3-D fringing electric-field-induced effects near
the inner oxide sidewall and the source/drain sidewall. In the
following sections, the capacitance behavior is described first,
which is followed by discussion and conclusion.

II. CAPACITANCE BEHAVIOR

Fig. 1 shows the 3-D cross section of the FD SOI NMOS
device under study. It has a gate oxide of 5 nm, a thin film of
15 nm doped with a p-type doping density of 5 x 107 cm~3,
a channel length of 0.18 pm, and a buried oxide of 400 nm. A
mesa-isolation structure with the n™ gate polysilicon covering
a width-direction inner-sidewall oxide of 8 nm in thickness
has been used. In order to facilitate analysis, next to the
polysilicon gate, it is filled with oxide. A total of 17 640 grids
have been generated for this device using a 3-D device
simulator—Davinci [8]. Each set of the simulation for the
Cas/Cap of the device took about 190-min CPU time based
on a 900MIPs workstation.

Fig. 2 shows the two-dimensional (2-D) electric-field con-
tours in the x —y and y — z cross sections of the FD SOI
NMOS device with a channel width of 0.1 pum biased at the
drain voltage of Vp =1 V and the gate voltage of Vg =1 V.
As shown in the z — y cross section along the channel length di-
rection (x-direction), the fringing electric field in the source and
drain sidewalls is not negligible, which may affect Cqs/Cap
substantially. In addition, in the y — z cross section in the
channel-width direction (z-direction) in the inner-sidewall ox-
ide at the edge of the mesa-isolated structure, the fringing
electric field is also not negligible, which may also affect
Cas/Cep to some extent. In the following analysis, an analysis
in terms of the contributions from the fringing electric fields in
the inner oxide sidewall and the source/drain sidewall to the
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Fig. 1. Three-dimensional cross section of the mesa-isolated FD SOI NMOS

device under study.

gate—source/drain capacitance of the narrow-channel FD SOI
NMOS device is described.

As the Cgs/Cap is defined as the derivative of the
gate charge with respect to the source/drain voltage Cgg =
dQ¢/dVs, Cap = dQ¢/dVp [8], [9], where Q¢ is the total
gate charge. From Gauss’ Law, the gate charge Q¢ could be
obtained by the surface integral of the displacement over the
four surfaces of the poly gate—(S1) is the bottom surface of
the poly gate above the gate oxide, (S52) is the inner surface
next to the oxide sidewall, (S3) is the right surface next to the
drain sidewall, and (S4) is the left surface next to the source
sidewall as shown in Fig. 1. Thus, one obtains

Q¢ = // €oxydz dz—l—// €ox . dx dy
S1 52
—l—//eoszdydz—l—//eoxExdydz (D
S3 S4

where x is in the lateral channel direction, y is in the substrate
direction, and z is in the channel width direction. e,y is the
oxide permittivity. E, is the y-direction electric field at the
bottom surface of the poly gate in the gate oxide (S1). E,
is the x-direction electric field at right (drain) and the source
(left) edge of the poly gate in the oxide side (S3/54). E., is
the z-direction electric field at the inner surface of the poly gate
next to the oxide sidewall (52). From the above equation, the
total gate charge Q¢ can be expressed as the combination of
the intrinsic gate charge (@) in S1, the bottom of the poly
gate, the inner-sidewall fringing gate charge (Qis) in S2, the
inner surface of the poly gate next to the oxide back sidewall,
the drain-sidewall fringing gate charge (Qwpg) in S3 and the
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Fig.2. 2-Delectric-field contours in the x — y and y — z cross sections of the

FD SOI NMOS device with a channel width of 0.1 pm, biased at Vg =1V
and Vp =1V.

source sidewall fringing gate charge (Qrss) in S4. Therefore,
one obtains

Ccs = Cr + Cris + Crps + Crss (2)
where the intrinsic gate capacitance in S1 is defined as the
derivative of the intrinsic gate charge with respect to the source
voltage: C; = dQ;/dVs. The inner oxide sidewall fringing
capacitance in S2 is defined as: Cris = dQp1s/dVs. The drain-
sidewall fringing capacitance in S3 is defined as Cypg =
dQrps/dVs. The source sidewall fringing capacitance in 5S4 is
defined as Crss = dQrss/dVs. By the same token, the gate-
drain capacitance could be defined in a similar way as

Cap = C7 + Cpis + Cpps + Css (3)
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Fig. 3. Gate-source capacitance (Cgg) versus the gate voltage (Vi) of the
mesa-isolated FD SOI NMOS device with channel widths of 0.1 and 1 pm,
biased at Vp of (a) 0.1 V and (b) 1 V, considering the contributions from
S1—the intrinsic gate capacitance (C7), S2—the inner-sidewall fringing
capacitance (Cr1g ), S3—the drain-sidewall fringing capacitance (Crpsg), and
S4—the source sidewall capacitance (Crsg).

where O = dQ[/dVD, CE‘IS = dQFls/dVD, C%‘DS = dQFDS/
dVp, and Chgeg = dQrss/dVp. Thus, via carrying out the
differentiation of the integral of the charge in four surfaces
(S1 — S4) of the poly gate at different biasing voltages based
on the Davinci simulation results, the gate—source/drain capac-
itance of the device has been found.

Fig. 3 shows the gate—source capacitance (Cqg) versus the
gate voltage (V) of the mesa-isolated narrow-channel FD SOI
NMOS device with channel widths of 0.1 and 1 pum, biased
at Vp of 0.1 V [Fig. 3(a)] and 1 V [Fig. 3(b)]. Note that
Cgs has been normalized by the W LC, of the device, where
W/ L is the channel width/length and Cly is the unit-area gate-
oxide capacitance. As shown in the figures, the contributions
from S1—the intrinsic gate capacitance (Cr), S2—the inner-
sidewall fringing capacitance (Cpig), S3—the drain-sidewall
fringing capacitance (Crps), and S4—the source sidewall
capacitance (Crgg) are also plotted. Fig. 4 shows the gate-drain
capacitance (Cgp) versus the gate voltage (V) of the mesa-
isolated FD SOI NMOS device with channel widths of 0.1 and
1 pm, biased at Vp of 0.1 V [Fig. 4(a)] and 1 V [Fig. 4(b)].
Note that various contributions—C';, Cyg, Crpg» and Cpgg—are

2561

0.1um

C'—=—S1(intri)
C'_ —®—S2(inn sw)
FIS
0.1um C'ppg—A—S3(dr sw)
1.0pum C'gs—4— S4(sr sw)
02F C's total
0.1pm \d

Cep/(CoxWL)
o
(=2}
T

D

0.0
0.0 0.5 1.0 1.5

Gate Voltage(V)

(a)

1.2

C',—=— S1(intri)
10k C:FIS_._ S$2(inn sw)

C'rp5—A—S3(dr sw)
- C,Fss-‘_ S4(sr sw)
| C'op total

Vp=1.0V
0.1um

o
©

1.0um

Cgp/(CoxWL)
o
o

I
»

0.1um|

©
)

0.0
0.0 0.5 1.0 1.5

Gate Voltage(V)

(b)

Fig. 4. Gate-drain capacitance (Cgp) versus the gate voltage (Vi) of
the mesa-isolated FD SOI NMOS device with channel widths of 0.1 and
1 pm, biased at Vp of (a) 0.1 V and (b) 1 V, considering the contributions

from S'1—the intrinsic gate capacitance (C}) S2—the inner-sidewall fringing

capacitance (Cfg), S3—the drain-sidewall fringing capacitance (Cf,,q), and

S4—the source sidewall capacitance (Cf.qg)-

also included. As shown in Fig. 3, with a narrower channel
width (0.1 pm), the intrinsic gate capacitance (C7) due to the
electric field in S1 at the bottom of the poly gate becomes
larger as compared to the 1-um case due to the fringing
electric field at the edges of the intrinsic gate region. With a
narrower channel width (0.1 pm), the inner-sidewall fringing
capacitance (Cris) due to the electric field in S2, the inner back
sidewall is also larger. A similar trend exists for the drain/source
sidewall fringing capacitance (Crps/Crss) due to the electric
field in S3/4—the drain/source sidewall. The source side-
wall fringing capacitance Cpgg is greater than the drain-
sidewall fringing capacitance Cpgpg. Considering the three
fringing capacitances—Cris, Crps, Crgs—and the intrinsic gate
capacitance (Cy), the total gate—source capacitance Cgg is
larger for the case with a smaller channel width of 0.1 pm.
As shown in Fig. 3, the intrinsic gate capacitance (C) is larger
than the inner-sidewall fringing capacitance (Crrs). Among
three fringing components, both the source sidewall fringing
capacitance (Crsg) and the inner-sidewall capacitance (Cris)
are the dominant factors. As shown in Fig. 4, the contributions
of the three fringing capacitances to C'ep are similar except
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Fig. 5. Percentage contributions to the gate-drain capacitance (Cgp) from
S1—the intrinsic gate capacitance in the bottom of the poly gate (C7}),
S2—the inner-sidewall fringing capacitance (Cf;q), S3—the drain-sidewall
capacitance (Cfpg), and S4—the source sidewall capacitance (Clqq) Vversus

the gate voltage (V) of the mesa-isolated FD SOI NMOS device with channel
widths of 0.1 and 1 pm, biased at Vp of 1 V.

that the source sidewall fringing capacitance (Cprgg) is smallest.
From Figs. 3 and 4, the 3-D fringing electric-field effects are
important while considering Cgs/Cgp of a narrow-channel
FD SOI NMOS device. From the 3-D simulation analysis, the
importance of the 3-D fringing electric-field effects, especially
the fringing electric-field effects in the source/drain sidewall as
well as that in the inner oxide sidewall, has been observed. Note
that the influence of Crss/Crgg and Crps/Chpg depends on
the choice of the sidewall structure, which is determined by
technology considerations.

III. DISCUSSION

More insight into the relative importance of the fringing
capacitances could be obtained by studying the percentage
contributions to Cgp from S1—the intrinsic gate capacitance
(C7), S2—inner-sidewall capacitance (Cfg), S3—the drain-
sidewall capacitance (Cppg), and S4—the source sidewall
capacitance (Chgg) versus the gate voltage of the mesa-isolated
FD SOI NMOS device with channel widths of 0.1 and 1 pm,
biased at Vp of 1V, as shown in Fig. 5. In general, the intrinsic
gate capacitance (C) always dominates the gate-drain capac-
itance (Cgp). With a narrower channel width, the dominance
of the intrinsic gate capacitance recesses, indicating the more
influence of the fringing capacitances. When the gate voltage
is smaller, C; from S1 becomes less important in contributing
to Cap, and Cfpg from S3 becomes more important. With a
narrower channel width of 0.1 um, the contribution of Cppg
from S3 is even higher than that of C} in S1. At Vi of 0.3V,
Chpg occupies 43% of the total Cop while C'; does only 33%.
In addition, Cfg from S2 rises to 22%. This implies that the
fringing electric field in S2 (the inner-sidewall oxide at the
edge of the mesa-isolated structure) and .S3 (the drain sidewall)
dominates Cap.

Fig. 6 shows Cgg versus channel width of the FD SOI
NMOS device, biased at Vp =1V and Vo =1V and 0.3 V.
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Fig. 6. Gate—source capacitance (Cgg) versus channel width of the FD SOI
NMOS device biased at Vp =1 V and Vg = 0.3 V and 1 V, considering
the contributions from S1—the intrinsic gate capacitance (C), S2—the
inner-sidewall fringing capacitance (CFrs), S3—the drain-sidewall fringing
capacitance (Crpsg), and S4—the source sidewall capacitance (Crss).

Ces
Length | Width Ci(S1) Cris(S2) | Crps(S3) | Crss(S4)
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Fig. 7. Contributions from S1—the intrinsic gate capacitance (Cy), S2—the

inner-sidewall fringing capacitance (Cprg), S3—the drain-sidewall fring-
ing capacitance (Crps), and S4—the source sidewall fringing capacitance
(Crss) to the gate—source capacitance (Cgg) of the FD SOI NMOS device
(a) with a channel length of 0.18 pm and channel widths of 0.1, 0.18, and 1 pm
and (b) with a channel length of 90 nm and channel widths of 0.1, and 1 pm,
biased at Vp = 0.1 Vand Vg = 0.5 V.

As shown in the figure, when the channel width is greater than
04 pm, Cgg and all components—Cj, Cgis, Crps, and
Crgs—are almost constant, insensitive to variation in channel
width. When the channel width is scaled down to below 0.1 pm,
all contributing components—the inner-sidewall-oxide fringing
capacitance (Crg), the source sidewall fringing capacitance
(Crss), the drain-sidewall fringing capacitance (Crps), and
the gate intrinsic capacitance (C7)—increase due to the more
fringing electric field. As a result, the total Cgg may ex-
ceed 100% of W LCy. Specifically, with a channel width of
0.05 pm, the inner-sidewall-oxide fringing capacitance (Cp1s)
occupies 35% of the total Cgg, only next to the gate in-
trinsic capacitance (C7), which occupies 37.5%, followed by
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the source sidewall fringing capacitance (Crsg) with 21.1%,
and the drain-sidewall fringing capacitance (Crps) with 6.4%.
Therefore, the importance of the fringing electric field in the
inner-sidewall at the edge of the mesa-isolated structure cannot
be overlooked while using the nanometer CMOS devices with a
channel width of smaller than 0.1 ym. Fig. 7 shows the contri-
butions from S'1—the intrinsic gate capacitance (Cy), S2—the
inner-sidewall fringing capacitance (Cpig), S3—the drain-
sidewall fringing capacitance (Cpps), and S4—the source
sidewall fringing capacitance (Crss) to the gate—source capac-
itance (Cgg) of the FD SOI NMOS device, with a channel
length of 0.18 pm and channel widths of 0.1, 0.18, and 1 pym
[Fig. 7(a)] and with a channel length of 90 nm and channel
widths of 0.1 and 1 pm, biased at Vp = 0.1 Vand Vg = 0.5V
[Fig. 7(b)]. As shown in Fig. 7(a), when the channel width
is scaled down, the contribution from S2-the inner-sidewall
fringing capacitance (Cpig)-increases from 5.55% at W =
1 pmto 11.9% at W = 0.18 um and 18.24% at W = 0.1 pym.
As shown in Fig. 7(b), with a smaller channel length of 90 nm,
Crrg increases from 6.06% at W = 1 ym to 16.65% at W =
0.1 pm. Thus, a smaller channel width leads to a more contri-
bution of the inner-sidewall fringing capacitance (Crs) to the
gate—source capacitance (Cgg).

IV. CONCLUSION

In this paper, an analysis of the Cqs/Cap behavior of a
narrow-channel FD SOI NMOS device considering the 3-D
fringing capacitances has been reported. Based on the 3-D
simulation results, when the width of the FD SOI NMOS device
is scaled down to 0.05 pm, the Cprg, due to the fringing
electric field at the edge of the mesa-isolated structure of the
FD SOI NMOS device biased at Vo =03 Vand Vp =1V,
is the second largest contributor to the C'gs. Thus, when using
nanometer CMOS devices with a channel width smaller than
0.1 pm, Crig cannot be overlooked for modeling Cgs/Cap.
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