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A New Three-Dimensional Capacitor Model for
Accurate Simulation of Parasitic Capacitances in

Nanoscale MOSFETs
Jyh-Chyurn Guo, Senior Member, IEEE, and Chih-Ting Yeh

Abstract—A new 3-D gate capacitor model is developed to
accurately calculate the parasitic capacitances of nanoscale CMOS
devices. The dependences on gate length and width, gate electrode
and dielectric thicknesses, gate-to-contact spacing, and contact
dimension and geometry are fully incorporated in this model.
The accuracy is certified by an excellent match with the 3-D
interconnection simulation results for three structures with strip,
square, and circular contacts. The features of being free from
fitting parameters and proven accuracy over various geometries
make this model useful for nanoscale MOSFET parasitic capac-
itance simulation and analysis. Furthermore, the developed ca-
pacitor model in the form of multidimensional integral can easily
be deployed in general circuit simulators. This model predicts
that the parasitic capacitance Cof dominates around 25% of
the intrinsic gate capacitance (Cgint) in 80-nm MOSFETs and
that the near nonscalability with gate length brings the weighting
factor Cof/Cgint above 30%/40%/60% in 65-/45-/32-nm devices.
It actually exceeds the limitation defined by the most updated
ITRS and reveals itself as a show-stopper in high-speed and
high-frequency circuit design.

Index Terms—MOSFET, nanoscale, parasitic capacitance, 3-D
capacitor model.

I. INTRODUCTION

THE advancement of CMOS technology to sub-100-nm
scale has driven intrinsic gate delay below 10 ps (1p =

10−12) and cutoff frequency fT well above 100 GHz [1]–[3].
However, the parasitic capacitances, which are generally not
scalable, may dominate a significant portion of MOSFET’s
capacitances and limit further speed improvement in contin-
uous scaling. The impact of parasitic capacitances on circuit
performance has been an important subject of concern not only
for high-speed-driven logic circuits but also for analog and RF
integrated circuits (RF ICs) in which the gain bandwidth prod-
uct, fT and fmax, noise figures, and linearity are all strongly
influenced by the parasitic capacitances [3]–[5]. Over the past
two decades, many research works have been conducted on par-
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asitic capacitance model development [6]–[10]. Kamchouchi
and Zaky [6] adopted the Schwartz–Christofel transformation
method and numerical iterations to derive a semianalytical
model. However, the required numerical iterations hinder its
application in circuit simulation. Elmasry [7] assumed that
the incremental sidewall capacitance could be described as
the parallel plane capacitance between the sidewall and the
substrates and derived a simple sidewall capacitance model.
Unfortunately, the assumption proposed by Elmasry, such as
electric field flux in parallel with the sidewall surface, is not
justified. In fact, the electric field flux impinges perpendicular
to the surface. Shrivastava and Fitzpatrick [8] focused an effort
by using a conformal mapping method to fix the problem
appearing in Elmasry’s approach, and they published an im-
proved sidewall capacitance model that ensures electric field
lines perpendicular to the surface. However, the assumption of
constant potential near the gate electrode between the silicon
substrate and gate electrode’s bottom is prone to a significant
error. Then, Suzuki [9] presented a modified Shrivastava model
with corrected boundary conditions.

Even though many models have been developed, almost all
of them lack an extensive verification over real structures in
miniaturized MOSFETs. Most importantly, an analytical model
in a mathematically closed form without numerical iterations
can facilitate circuit simulation and design. As a result, increas-
ing effort has been switched toward this approach. Mohapatra
et al. [10] followed the conformal mapping method [1], [3],
[4] to derive an analytical model in which the presence of
source/drain electrodes was considered. However, a number
of correction factors were introduced to fit the Monte Carlo
simulation results, and the physical meaning was left as an open
question. Without using the correction factors, Mohapatra’s
model suffered significant errors as large as 20%–30% in
comparison with the Monte Carlo simulation.

In this paper, a new 3-D capacitor model, accompanied with
an extensive verification, will be presented. The derived math-
ematical expressions with the form of multidimensional inte-
gral are relatively simple compared to the conformal mapping
method. The favorable features of being free from numerical
iterations and elimination of fitting parameters or correction
factors enable an easy implementation of this new model in cir-
cuit simulators. Furthermore, the consideration of source/drain
electrodes, as well as contact plugs, and the added parasitic
capacitances arising from their coupling with the gate are
among the more important features in our model for assuring
the accuracy and prediction capability. The model accuracy
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Fig. 1. Device structure with gate, contact plug, and substrate. Field line
contours are partitioned into four regions with capacitance components defined
as Cg−ct1, Cg−ct2, Cg−ct3, and Cg−diff .

and scalability will be extensively verified over 3-D device
structures and geometries in a comprehensive spectrum of gate
lengths and widths, gate electrode and dielectric thicknesses,
gate-to-contact space, and contact geometries and dimensions.

II. DEVICE STRUCTURES AND 3-D CAPACITIVE

COUPLING ANALYSIS

A 3-D interconnection simulator, namely, Raphael was em-
ployed to investigate the electric field line distribution respon-
sible for the capacitive coupling between any two conducting
electrodes. Three structures with different contact geometries,
such as strip, square, and circular contacts, were implemented
in this paper. Fig. 1 shows the front view of the device structure
and the simulated field line contour. Note that the field lines
started from or terminated at the conducting plates like the
gate, as well as the source/drain diffusion region (Diff), and
contact plugs (CT) always keep perpendicular to the surface of
the conducting plates. The most important feature demonstrated
by the 3-D interconnection simulation is a specific division
line revealed between the gate and the contact plug. This
division line is exactly parallel to the substrate surface and
serves as the boundary for separating two symmetric trapezoid
regions (Cg−ct2 and Cg−ct3), with the field lines originating
from the gate sidewall and terminating at the CT, but with
opposite curvature directions, i.e., one upward and another one
downward. As the trapezoid regions are determined, the area
below the horizontal division line is divided into two regions,
namely, Cg−ct3 and Cg−diff , along a known diagonal line, in
which the field lines start from the same electrode, i.e., the
gate, but terminate at different ones, i.e., CT and Diff. Similarly,
the area above the horizontal division line is separated into two
regions (Cg−ct1 and Cg−ct2) along a diagonal line, which is a
mirror reflection of the previous one.

Through the analysis, four regions of field lines are parti-
tioned, as shown in Fig. 1, to account for four components
of capacitance, namely, Cg−ct1, Cg−ct2, Cg−ct3, and Cg−diff .
The physical property of each component is defined as fol-
lows. Cg−ct1 represents the gate-top-to-CT-coupling capaci-
tance. Cg−ct2 and Cg−ct3 are of equal amount but separated

Fig. 2. Three-dimensional device structure with circular contacts and the top
view of the potential line contour calculated by 3-D Raphael simulation.

by the division line, and both are contributed from the gate-
sidewall-to-CT coupling. Cg−diff is the gate-sidewall-to-Diff-
coupling capacitance. This four-region capacitance partitioning
is adequate to the structure with strip contacts having a uni-
form extension along the gate width. As for more common
structures with square or circular contacts in an array, the
coupling between every two CTs along the gate width should
be taken into account, and two more four-region partitions are
required to simulate the capacitances under a more complicated
condition. Fig. 2 shows the structure with circular contacts and
the corresponding top view of the potential line contour. The
potential and field line contours from Raphael simulation reveal
the capacitive coupling not only through the space between
the gate sidewall and CT sidewall but also through the space
between every two adjacent CTs in case of circular or square
contacts. The field line analysis provides us a useful guideline
to develop a multidimensional capacitor model that is valid for
structures with different contact schemes.

III. 3-D CAPACITOR MODEL DEVELOPMENT

Fig. 3 shows the full structure with three four-region capac-
itance partitions corresponding to the 3-D capacitive coupling.
Herein, the central domain defined by the contact dimension
along the gate width (denoted as 123) is equivalent to the struc-
ture with strip contact and represents the gate-to-CT-direct-
coupling capacitance. As for the two ends along the gate width
(denoted as 1′′2′′3′′) with a dimension by subtracting the con-
tact size from the total width, a different four-region partition
with the division line at a different location was conducted to
simulate the gate-to-CT coupling through the space between
two adjacent CTs, as shown in Fig. 2. The locations of division
lines along the y-axis, i.e., the height of the gate and CT, are
defined as h1 corresponding to the domain (123) in the middle
of the gate width and h2 for the domain (1′′2′′3′′) at the two
ends, as shown in Fig. 3. Through an analysis on the field
line distribution and device structures, h1 can be calculated
as a function of gate thickness (Tg), gate dielectric thickness
(Tox), and gate-to-CT space (Lgct). As for h2 corresponding
to the domain (1′′2′′3′′), a more complicated expression is
derived, incorporating two more parameters, namely, contact
width (Lct) and gate width (Wg). The mathematical formulas
for calculating h1 and h2 will be described in the following for
different contact schemes, respectively.

According to the four-region capacitance partitioning
scheme shown in Fig. 1, four components of parasitic
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Fig. 3. Three-dimensional structure of a MOSFET and the corresponding
four-region capacitance partitioning for 3-D capacitor model development. The
domain (123) in the central portion represents Cg−ct1, Cg−ct2, Cg−ct3, and
Cg−diff due to capacitive coupling through the space between the gate and
CT sidewalls. The domain (1′′2′′3′′) at the two ends incorporates C′′

g−ct1,
C′′

g−ct2, C′′
g−ct3, and C′′

g−diff contributed from the capacitive coupling be-
tween the CT and gate through the space between two adjacent CTs.

Fig. 4. Four-region partitioning for parasitic capacitances, such as
(a) Cg−ct1, (b) Cg−ct2, Cg−ct3, and (c) Cg−diff . All the dimensions
required for calculating capacitances are specified in the full structure and
each capacitance component. Lg : gate length, Lgct: gate-to-CT space, Tg : gate
electrode thickness, Tox: gate dielectric thickness, Tct: CT plug thickness, and
h: position of the division line from the gate’s bottom.

capacitance, such as Cg−ct1, Cg−ct2, Cg−ct3, and Cg−diff , can
be drawn with dimensions specified for capacitance calculation,
as shown in Fig. 4. Each component can be treated as a
trapezoid-parallel-plate capacitance, in which two conducting
plates are not identical to each other. In the following, the 3-D
capacitor models for calculating Cg−ct1, Cg−ct2 = Cg−ct3, and
Cg−diff will be derived for strip, square, and circular contacts,
respectively.

A. Trapezoid-Parallel-Plate Capacitance Model

Fig. 5(a) shows a 3-D structure of a typical trapezoid-
parallel-plate capacitor that is applicable to strip contact, in
which the top and bottom plate lengths are specified as L1

and L2, the plate width is fixed at W , and the plate-to-plate
distance is given by d. Then, the capacitance can be calculated
through an integral formula in (1), which is a transformation
from a series-capacitance sum rule under infinitively small
segmentation along the distance between two plates. As for
square or circular contacts with capacitive coupling at the two
ends along the width denoted as (1′′2′′3′′) in Fig. 3, the simple
trapezoid-parallel-plate capacitor limited to a fixed width for
two parallel plates, as shown in Fig. 5(a), is no longer suitable.
In fact, the trapezoid parallel plate becomes more complicated
with different lengths and widths shown in Fig. 5(b), and the
capacitance is computed through an integral with the variable
along the plate-to-plate distance appearing in both length and
width. The formulation and result are expressed in

C =
1∫
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)

=
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⎫⎬
⎭

−1

=
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ln
(
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)
d

. (2)

B. Capacitance Model for MOSFET With Strip Contacts

For MOSFETs with strip contacts, the 3-D parasitic capaci-
tances are simply contributed from the domain (123) in the cen-
tral portion of the 3-D full structure in Fig. 3, which correspond
to four components of capacitance defined as Cg−ct1, Cg−ct2,
Cg−ct3, and Cg−diff . To calculate Cg−ct1, Cg−ct2, Cg−ct3, and
Cg−diff , the first key parameter to be determined is the location
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Fig. 5. Three-dimensional structures of trapezoid-parallel-plate capacitors.
(a) Simple structure with different lengths L1 and L2 but the same width for
two conducting plates. (b) More complicated structure with different lengths
L1 and L2 and widths W1 and W2 for two plates in parallel.

of division line along the height of the gate, which is specified
as h in Fig. 4. In Mohapatra’s work [10], h was set equal to Lgct

under a simple assumption that all the field lines that started
from the gate in the region below h would be terminated at Diff
and contributed to Cg−diff . However, the assumption cannot be
justified through a careful analysis on the field line distribution
from Raphael simulation in Fig. 1. The field lines below h
are actually divided into two regions, i.e., one terminated at
Diff and another one at CT. It means that h and Cg−diff are
overestimated in this way. As shown in Fig. 6, a modified
method to calculate h is assuming an equal distance in two
paths, i.e., one along the quarter circle and another one along
the diagonal line connecting the points at h on the gate sidewall
and the bottom of the CT sidewall. Then, h can be derived
from (3). However, this approach actually underestimates h.
Following the argument, a new method is developed, taking the
average of the aforementioned two methods for deriving this
key parameter h corresponding to typical device dimensions.

To realize a scalable model, h should be implemented as a
geometry-dependent function incorporating all relevant geom-
etry parameters, such as Tg, Tox, and Lgct for the case of strip
contact. Considering two extreme conditions, h can be derived
as follows. For infinitively large Lgct, defined as Lgct/Tg � 1,
the gate-sidewall-to-CT coupling is negligible, and all of the
capacitances are contributed from the gate-sidewall-to-Diff re-
gion. Thus, the horizontal division line moves to the top of the
gate, i.e., h = Tg . One the other hand, for infinitely small Lgct,
denoted as Lgct/Tg � 1, the gate-sidewall-to-Diff coupling
vanishes, and all of the capacitances are contributed from the
gate sidewall to CT. Under this condition, h moves to the middle
of the gate, i.e., h = Tg/2. To observe the aforementioned
boundary conditions, h, namely, h1, for the strip contact is mod-
eled as a function of Tg , Tox, and Lgct given by (4), shown at
the bottom of the next page. Note that α is a constant extracted
from (4) corresponding to the typical geometry parameters
(Tg, Tox, and Lgct), in which h1 has been calculated from the

Fig. 6. New method for determining the position of division line h along
the gate height. In this improved method, h is defined as the average of
Lgct and y. The parameter y is determined under the condition that (2πy/4) =√

L2
gct + y2.

average of Lgct and y in (3). Then, according to the four-region
capacitance notation shown in Fig. 3, the geometrical structure
and dimensions for each component in Fig. 4, and the basic
formula derived for a trapezoid-parallel-plate capacitance in
(1), Cg−ct1, Cg−ct2 = Cg−ct3, and Cg−diff can be calculated
by (5)–(7), shown at the bottom of the next page. Herein, the
integral is performed in one dimension corresponding to a sim-
ple trapezoid box with fixed sizes in the other two dimensions,
e.g., x = Lgct and z = Lct for Cg−ct2 = Cg−ct3. The integral
is performed along the x-axis (i.e., the direction of gate length)
for Cg−ct1 and along the y-axis (the direction of gate and CT
thickness) for the other three components, i.e., Cg−ct2, Cg−ct3,
and Cg−diff .

The geometrical parameters in (3)–(7) are defined as follows:
Lg—gate length, Lgct—gate-to-CT space, Tg—gate electrode
thickness, Tox—gate dielectric thickness, Tct—contact plug
thickness (height), and h—division line’s position from the
gate’s bottom.

C. Capacitance Model for MOSFET With Square and
Circular Contacts

As for MOSFET with square or circular contacts, the 3-D
parasitic capacitances are contributed from both domain (123)
in the central portion and domain (1′′2′′3′′) at the two ends,
referring to Fig. 3. Corresponding to the domain (1′′2′′3′′)
appearing at the two ends, four components of capacitances,
namely, C ′′

g−ct1, C ′′
g−ct2, C ′′

g−ct3, and C ′′
g−diff , are formulated in

(8)–(10), shown at the bottom of the next page.
Note that the model equations are derived following the basic

formula in (2), an integral in two dimensions corresponding to
a more complicated trapezoid box, as shown in Fig. 5(b) with a
fixed size in only one dimension. The division line location h is
actually a variable of z, which is given by

h(z) =h1 +
h2 − h1

(Wg − Lct)/2
· z

h(z = 0) =h1
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h

(
z =

Wg − Lct

2

)
=h2. (11)

Herein, h(z) is formulated as a linear composition of h1 in
(12) and of h2 in (13), which represent h(z) at two boundary
conditions of z = 0 and z = (Wg − Lct)/2, respectively. Note
that the model equations for a structure adopting circular con-
tacts are derived with formulas similar to those having square
contacts but with a major change on h1 and h2 by introducing
a geometry-dependent parameter β in (12) and (13). Herein, β
is calculated by (15) as a function of the gate-to-CT space Lgct

and CT width Lct
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, for circular contacts (15)
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where
Wg gate width;
Lg gate length;
Lgct gate-to-CT space;
Lct CT width;
Tg gate electrode thickness;
Tox gate dielectric thickness;
Tct contact plug thickness (height);
h1 division line’s position from the gate’s bottom for

domain (1, 2, 3);
h2 division line’s position from the gate’s bottom for

domain (1′′2′′3′′).
The mathematical formulas for deriving β has been performed
based on a geometrical analysis on circular contact and de-
scribed in the Appendix.

IV. RESULTS AND DISCUSSION

The developed 3-D capacitor models were applied to cal-
culate the parasitic capacitances for MOSFETs with different
contact schemes and various geometrical parameters. The typ-
ical one follows the 130-nm high-speed CMOS design rule
and device/process parameters, such as Lg = 80 nm, Tg =
170 nm, Tox = 2.4 nm, Lgct = 135 nm, and Lct = 160 nm.
A wide range of variations around the typical rule has been
conducted to investigate the scaling effect. The accuracy of
the 3-D capacitor models was verified through an extensive
comparison with 3-D interconnection simulation results carried
out by Raphael.

The calculated capacitances are presented as the gate-to-
CT capacitance CG−CT(= Cg−ct1 + Cg−ct2 + Cg−ct3), gate-
to-source/drain-diffusion capacitance, CG−Diff = Cg−diff , and
the total parasitic capacitance that is equal to the sum of
these two terms, which is denoted as Cof = CG−CT + CG−Diff .
Fig. 7(a)–(d) shows CG−CT, CG−Diff , and Cof calculated for
MOSFETs with strip contact corresponding to various geom-
etry parameters, such as Lg , Lgct, Tg , and Tox over a wide
range of variations. A good match is achieved between the
3-D capacitor model and Raphael simulation. All the para-
sitic capacitances indicate a weak dependence on Lg over a
wide range of variations from 65 to 250 nm, as shown in
Fig. 7(a). The results suggest that the parasitic capacitances
Cof = CG−CT + CG−Diff are not scalable with Lg and that
the impact on high-frequency performance will go up with
Lg scaling. For Lgct fixed at 135 nm, according to a 130-nm
CMOS typical rule, CG−Diff dominates around two-thirds of
the total parasitic capacitance Cof , and CG−CT contributes
the remaining portion of around one-third. Fig. 7(b) shows
the parasitic capacitances subject to varying Lgct and a good
agreement between the calculation by the 3-D capacitor models
and Raphael simulation. Interesting results are demonstrated
with a significant dependence on Lgct that is in contrast with the
weak dependence on Lg . The reduction of Lgct by 100 nm leads
to an increase of CG−CT by around 0.06 fF/μm, while a de-
crease of CG−Diff leads to an increase by around 0.026 fF/μm.
The resulting Cof is dominated by the change of CG−CT and
increased by 0.034 fF/μm. Note that the increase of parasitic
capacitances with Lgct scaling highlights the impact from the

interelectrode space shrinkage in miniaturized devices on high-
frequency or high-speed circuit performance. Fig. 7(c) shows
the gate electrode thickness (Tg) scaling effect on parasitic
capacitances. Apparently, a thinner Tg helps reduce CG−CT

and Cof but has a nearly negligible effect on CG−Diff . The
reduction of CG−CT from thinner Tg contributes to smaller Cof

and can be beneficial to high-frequency or high-speed circuits.
Interestingly, gate oxide thickness (Tox) scaling reveals an
opposite trend against that of Tg scaling. As shown in Fig. 7(d),
the thinner Tox leads to the penalty of significantly larger Cof ,
due to a dramatic increase of CG−Diff , even a minor effect on
CG−CT. Note that Tox scaling from 50 to 1 nm results in around
four times larger CG−Diff and 83% increase in Cof . Again,
the tremendous increase of Cof from CG−Diff will degrade
CMOS circuit performance under high-frequency operations.
A good match with Raphael simulation in terms of sensitivity
and absolute values (mismatch < 4%) can justify the accuracy
of the developed 3-D capacitance model.

In the following, a comprehensive certification has been
extended to the more complicated structures with square and
circular contacts. Both demonstrate similar trends in the depen-
dence on lateral dimensions defined by (Lg, Lgct) and vertical
dimensions specified by (Tg, Tox), and the circular contacts
shown in Fig. 8 are selected to represent the results. The scaling
of Lgct and Tox results in larger Cof due to an increase of
CG−CT and CG−Diff versus shorter Lgct and thinner Tox, re-
spectively. Note that Tox scaling from 50 to 1 nm increases Cof

by nearly 100% higher, owing to increasing weighting factor
played by CG−Diff in square and circular contact schemes.
On the other hand, the thinner Tg helps reduce CG−CT and
then Cof . Again, the accuracy of the 3-D capacitor model is
justified by a close match with Raphael simulation, which is
even better than those presented for strip contact. Fig. 9 makes
a comparison of parasitic capacitances like CG−CT, CG−Diff ,
and Cof in 80-nm MOSFET with different contact schemes,
i.e., strip, square, and circular contacts under varying Lgct.
This comparison reveals the largest CG−CT versus the smallest
CG−Diff for strip contact. One more important observation is
that CG−CT and CG−Diff are going in opposite directions under
varying Lgct. The shrinkage of Lgct leads to larger CG−CT but
smaller CG−Diff . The resulting Cof is dominated by CG−CT

in terms of scaling trend versus Lgct. It is interesting to no-
tice that the circular contact reveals around 13%–15% smaller
CG−CT but 3%–4% larger CG−Diff than the square contact. The
resulting difference in total parasitic capacitance Cof is below
3%. The developed 3-D capacitor model can accurately predict
the interesting results and help understand the mechanism. The
simultaneous occurrence of CG−CT suppression and CG−Diff

growth in the circular contact is governed by the division line
locations h1 and h2 and the resulting redistribution of field
lines from gate to CT and Diff. According to our model for
h1, h2, and β in (12)–(15), the smaller β for the circular
contact compared to the square contact leads to the larger h1

and h2 and then decreasing/increasing portion of field lines
from the gate-to-CT/Diff region. In this respect, the accuracy
of the 3-D capacitor model is proven by a good agreement
with Raphael simulation, with a small deviation maintained
within 4%.
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Fig. 7. Parasitic capacitances CG−CT, CG−Diff , and Cof calculated by the 3-D capacitor model for MOSFETs with strip contact versus device geometry
parameters (a) gate length Lg (b) gate-to-CT space Lgct, (c) gate electrode thickness Tg , and (d) gate dielectric thickness Tox. A comparison with Raphael
simulation results demonstrates a good agreement. (Solid symbols) Raphael simulation. (Empty symbols) Three-dimensional capacitor model.

Fig. 8. Parasitic capacitances CG−CT, CG−Diff , and Cof calculated by the 3-D capacitor model for MOSFETs with circular contacts versus device geometry
parameters (a) gate length Lg , (b) gate-to-CT space Lgct, (c) gate electrode thickness Tg , and (d) gate dielectric thickness Tox. A comparison with Raphael
simulation results indicates an excellent agreement and justifies the accuracy. (Solid symbols) Raphael simulation. (Empty symbols) Three-dimensional capacitor
model.

The dependences on contact size Lct and gate width Wg are
two more interesting factors arising from structures with square
and circular contacts to be verified. As shown in Fig. 10 for cir-

cular contacts, the downscaling of Lct can help reduce CG−CT

by 0.032 fF/μm per 100 nm Lct shrinkage but increases
CG−Diff in a rate of around 0.015 fF/μm. Accordingly, Cof
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Fig. 9. Comparison of parasitic capacitances in 80-nm MOSFET with different contact schemes, such as strip, square, and circular contacts. (a) CG−CT,
(b) CG−Diff , (c) Cof , and (d) Cof/Cgint under varying Lgct. (Cof = CG−CT + CG−Diff , Cgint = Cox(inv)Lg , and Lg = 80 nm). (Solid symbols) Raphael
simulation. (Empty symbols) Three-dimensional capacitor model.

Fig. 10. Parasitic capacitances CG−CT, CG−Diff , and Cof calculated by the 3-D capacitor model for MOSFETs with circular contacts versus device geometry
parameters (a) contact width Lct and (b) gate width Wg . A comparison with Raphael simulation results indicates an excellent agreement and justifies the accuracy.
(Solid symbols) Raphael simulation. (Empty symbols) Three-dimensional capacitor model.

Fig. 11. Weighting factor of the total parasitic capacitances Cof , CG−CT, and CG−Diff over the intrinsic gate capacitances Cof/Cgint, CG−CT/Cgint, and
CG−Diff/Cgint (Cof = CG−CT + CG−Diff and Cgint = Cox(inv)Lg) corresponding to a wide range of gate lengths, i.e., Lg = 32−250 nm, under fixed
Lgct (135 nm) and Tox (2.4 nm). (a) Square and circular contacts. (b) Strip contact. (Solid symbols) Raphael simulation. (Empty symbols) Three-dimensional
capacitor model.
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TABLE I
SUMMARY OF MOSFET GEOMETRICAL PARAMETERS Lg , Lgct, Tg , Tox, AND Lct AND THEIR SCALING EFFECT ON PARASITIC

CAPACITANCES CG−CT, CG−Diff , AND Cof = CG−CT + CG−Diff . Lg : GATE LENGTH, Lgct: GATE-TO-CT SPACE,
Tg : GATE ELECTRODE THICKNESS, Tox: GATE DIELECTRIC THICKNESS, AND Lct: CONTACT DIMENSION

that is equal to the sum of CG−CT and CG−Diff is suppressed by
around 0.0174 fF/μm. Similar results are realized for the square
contact scheme. Fig. 11 shows that the weighting factor played
by the parasitic capacitance in terms of Cof/Cg,int (Cg,int:
the intrinsic gate capacitance) is dramatically increased with
Lg scaling for strip, square, and circular contacts. The results
manifest itself the nonscalability of parasitic capacitances and
the increasing impact on continuously scaled MOSFETs. For
80-nm devices, the parasitic capacitance contributes around
25% of the total gate capacitances. As for a more aggres-
sive scaling to 65, 45, and 32 nm, the weighting factor goes
up toward 30%, 40%, and 60%, respectively. This dramatic
increase of Cof/Cg,int actually goes beyond the limitation
defined by the latest ITRS for CMOS scaling pushed below
45 nm. As shown in Fig. 11 for Lgct fixed at 135 nm, i.e.,
the typical rule, CG−Diff and CG−CT contribute around two-
thirds and one-third of the total parasitic capacitance Cof ,
respectively.

Table I summarizes the device geometrical parameters in a
MOSFET and their scaling effect on the parasitic capacitances
such as CG−CT, CG−Diff , and Cof , respectively. The results
achieved from the developed 3-D capacitance model provide an
important guideline that the scaling of conductors like gate elec-
trode thickness Tg and contact width Lct can help reduce the
parasitic capacitances, whereas the shrinkage of interconductor
space or insulator thickness like Lgct and Tox will lead to the
penalty of larger parasitic capacitances owing to the increase of
interconductor coupling.

V. CONCLUSION

A new 3-D capacitor model has been developed with the
advantages of free from numerical iterations, as well as fit-
ting parameters, and an easy deployment in standard circuit
simulators. The accuracy has been proven by an excellent
match with Raphael simulation results for devices with vari-
ous geometry parameters and contact schemes, such as strip,
square, and circular contacts. This model predicted that the par-
asitic capacitance Cof may dominate more than 30%/40%/60%
of the intrinsic gate capacitance (Cgint) in 65-/45-/32-nm
MOSFETs. It suggests that the 3-D parasitic capacitances ex-
ceed the limitation defined by the most updated ITRS and reveal
themselves as a show-stopper in high-speed and high-frequency
circuit design.

Fig. 12. Circular contact layout analysis using geometrical mathematics for
calculating the constant β, which represents the effective dimension of the
circular contact compared to the square contact.

APPENDIX

The mathematical formulas for determining the constant β
in the key parameters h1 and h2 for circular contacts are de-
rived based on the geometrical mathematics and contact layout
dimensions such as Lct and Lgct shown in Fig. 12.

According to the theory of triangular geometry
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Then, β, which is defined as L′
ct/Lct, can be derived from
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