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ABSTRACT In this work, a compact model for parasitic capacitances is proposed for Gate-All-Around
silicon nanosheet FET (GAAFET). For 3 stack GAAFET, all possible parasitic capacitance components
are included according to the electric field lines and geometric structure of this device. Conformal mapping
and Schwarz Christoffel transforms as well as elliptic integral methods are used to model the perpendicular
capacitance as well as coplanar plate capacitance. We have also used fundamental capacitance modeling
to calculate the corner capacitance. The validity of the proposed model is calibrated and verified with
the 3D TCAD simulations. Evaluation is also done of how different device physical parameters affect
the total parasitic capacitance. The results demonstrate that the proposed model is capable of accurately
estimating the parasitic capacitance of the GAAFET device. The proposed model is also implemented in
the BSIM-CMG framework to verify the model’s accuracy and application of it in the circuit simulation.

INDEX TERMS GAAFET, parasitic capacitance, conformal mapping, BSIM-CMG.

I. INTRODUCTION

Due to the scaling of transistors, numerous benefits includ-
ing high density, high speed, and low power consumption
have already been reported [1], [2], [3], [4], [5], [6], [7],
[8], [9]. Gate-All-Around Nanosheet Field Effect Transistors
(GAAFETSs) have recently emerged as the device of choice for
upcoming technology nodes due to their better gate control
capability [10], [11], [12], [13], [14], [15], [16], [17].

On the other hand, parasitic capacitance has emerged as a
significant performance-limiting factor in modern devices,
particularly at high frequency. The parasitic capacitance
may deteriorate the RC delay and provide an adverse
impact to device operation [19], [20]. The contribution
of the parasitic capacitance in the total capacitance of
the device is quite significant, which is why it has non-
negligible impact on the device as well as IC design
and we can not disregard it [21], [22]. Hence, it is cru-
cial to analyze and optimize the parasitic component of
capacitance. An accurate compact model to quantify these
capacitance values is of significant importance. A few models

have been reported already. Dong et al. [23] developed
an analytical model for parasitic gate capacitance for the
gate-all-around (GAA) silicon nanowire MOSFET (SNWT),
where top and bottom gates are asymmetrical. Zou et al. [22]
developed a parasitic gate capacitance analytical model
for gate-all-around cylindrical silicon nanowire MOSFETSs
(SNWTs) by equivalent transformation and inversion of
Schwarz-Christoffel mapping with various device parame-
ters. An and Kim [24] came up with an analytical model for
fringe gate capacitance in gate-all-around cylindrical silicon
nanowire MOSFETs (SNWTs) using conformal mapping,
integral, and non-dimensionalization. However, none of them
addressed realistic stacked FETs including corner rounding.
The enhanced strategy presented by Kim et al. [20] employed
a fringe capacitance model for nanoplate FET considering
circular channel using conformal mapping. Nevertheless, the
capacitance when the two capacitor plates are in the same
plane is not captured by the model. Furthermore, they made
no mention of the accuracy of their model in compari-
son to the industry standard BSIM-CMG model. Recently
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FIGURE 1. (a) 3D Schematic of GAAFET structure, (b) 2D cross-section of 3
nanosheet structure, and (c) Calibrated /4-Vg with experimental data [18].

Suk et al. [25] and Sharma et al. [26] have presented updated
models for parasitic capacitances in GAAFETs. However,
both of these works do not include a physical model to
account for the corner rounding and related capacitance com-
ponents. Sharma et al. [26] captures it implicitly through
other components which results in a loss of accuracy. Both
the models are slightly shy of the accuracy usually required
from industry (error < 1%).

In this work, an accurate analytical parasitic capacitance
model is proposed using the conformal mapping as well
as Schwarz Christoffel transform [21], [28], [29], [32].
The proposed model is then verified with the 3D TCAD
simulation, and the effect of important device parame-
ters on the parasitic capacitance is investigated as well.
Additionally, the suggested analytical model is implemented
in the BSIM-CMG framework and validated through circuit
simulation.

The rest of the paper is arranged as follows: Section II
describes the device structure and simulation setup,
Section IIT explains the parasitic capacitance modeling, and
Section IV discusses the results and discussions followed by
the conclusion in Section V.

Il. DEVICE STRUCTURE AND SIMULATION SETUP

Fig. 1 (a) shows the 3D schematic of GAAFET created using
the TCAD simulation tool, and the 2D cross-sectional view
of the three stacked nanosheets is delineated in Fig. 1(b).
The GAAFET structure is taken into consideration that has
source/drain extension regions between a lightly doped chan-
nel and a strongly doped source/drain. The corner radius of
the nanosheet is denoted by r.. The length of the gate,
source, and drain are Lg, Ly, and Ly. The equivalent oxide
thickness (EOT) is 0.9nm, where thickness of SiO, and
HfO, are 0.6nm and 1.7nm respectively. The physical device
parameters that have been used for the simulation are shown
in Table 1. The I;-V, of the simulated structure has been
calibrated with experimental data [18], as shown in Fig. 1(c).
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TABLE 1. Geometric device parameters of 3 stack nanosheet GAAFET.

Parameters Description Value
Lg Gate Length 12 nm
Wy Gate width 61 nm
Hy Gate height Vary with T and ¢,
Ws Width of the nanosheet 10 to 50 nm
T Thickness of the nanosheet 2 to 5 nm
Te Corner rounding radius 0 to Ts/2 nm
Lgsg Source or drain length 30 nm
Wsa Source or drain width 10 to 50 nm
Hgq Source or drain height Vary with T’
EOT Effective oxide thickness 0.9 nm
Tox Gate oxide thickness 2.3 nm
Tsp Inner spacer thickness 8 to 20 nm
Esp Inner spacer k-value 3to 10
tm Metal thickness 2.7 to 5.2 nm
Tys Gate stack Vary with Ty, and ¢,
NNSsep Separation between nanosheets 2.5 to 5.5 nm
NNS Number of nanosheet 3

1A
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FIGURE 2. (a) 2D cross sectional view with parasitic capacitance
components of 3 nanosheet GAFET structure, (b) Corner capacitance in the
extrinsic part of nanosheet in 3D view, and (c) Cross section along the cut
line AA’ for extrinsic nanosheet corner capacitance.

11l. PARASITIC CAPACITANCE MODELING

In order to calculate the capacitance of complex GAAFET
structure, we separate the intricate structure into several
sections according to the field lines observed from 3D
TCAD simulations and assign numbers to them as shown
in Fig. 2 (a). Along with this, corner capacitance has also
been included, as depicted in Fig. 2(b) and (c). As shown
in Fig. 2, the parasitic capacitances of the GAAFETs can
be divided into gate-to-S/D extension capacitance (Cgggex),
gate-to-bulk capacitance (cge), gate-to S/D electrode capac-
itance (Cgsdo), and corner capacitance of the extrinsic part
of the nanosheet (C¢,pr) [Fig. 2(b) and (c)]. According to
Fig. 2, for three nanosheet GAAFETS, the extension capac-
itances (Cgsgex) are 2, 3, 5, 6, 8, and 9, where all are
perpendicular capacitances. Additionally, according to struc-
ture and field lines, gate to bulk capacitance (Cgzp) also
exists and denoted with 11, which is also perpendicular
capacitance. There are two kinds of Cgggy, One is paral-
lel plate capacitance (Cgsdo,pr) denoted with 1, 4, 7, 10 and
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TABLE 2. Different components of parasitic capacitance.

Types Perpendicular Parallel Coplanar Corner

Cgsde:c 2,035, Cs
Cs, Cs, Cy
Cgsb Ci1
Cgsdo Cl’ CAL,
C7, Cio, Ci2
Cer (Ngaa —1)
y v,

(@ (b)

FIGURE 3. (a) Perpendicular plate capacitor in z-plane, and
(b) transformed parallel capacitor using conformal mapping in w-plane.

another is gate-to-S/D electrode top coplanar plate capaci-
tance (Cgsdo,cop) denoted with 12. All capacitances are shown
in Table 2. The total parasitic capacitance of GAAFET can
be written as

CpS/D = Cggdex + Cosb + Cosdo + (NGaa — 1) Cer pr
= Cgsdex,pp2 + Casdex,pp3 + Cesdex,pp5
+ Cgsdex,ppé + Cgsdex,ppS + Cgsdex,pp9
+ Cosp,pp11 + Cesdopr1 + Casdo,pra + Casdo,pr
+ Cesdo,pr10 + Cgsdo,cop12 + (Ngaa — D) Cerpr
(L

where Ngaa is the number of sheets.

To determine the above-mentioned perpendicular and
coplanar plate capacitance, conformal mapping and Schwarz
Christoffel transforms are used. The corner capacitance is
calculated using the fundamental capacitance modeling of
two circular plates. Along with this, parallel plate capaci-
tances of different parts are calculated using a basic parallel
plate equation. In Section III-A, the fundamental models of
capacitance for perpendicular, coplanar, and corner plates
are determined. Each capacitance component according to
the device structure in Fig. 2 is discussed in Section III-B.

A. BASIC CAPACITANCE MODEL
(1) Perpendicular Plate Capacitance: Fig. 3(a) shows the
perpendicular plate capacitor, where the electric field lines
are illustrated by the outermost edges of concentric ellipses.
Bansal et al. [27] introduced that a collection of confocal
ellipses can be used to model the electric field lines.
Using conformal mapping and Schwarz-Christoffel the-
orem to map perpendicular plate to parallel plate
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FIGURE 4. Transformation of perpendicular plate to parallel plate using
conformal mapping and Schwarz-Christoffel techniques.
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FIGURE 5. (a) Coplanar plate capacitor in z-plane, and (b) transformed
parallel capacitor using conformal mapping in w-plane.

[Figs. 3 and 4], which is determined by [29], [30], [31]
with relative error of 3 x 107° and considering the width of
the capacitor plate, we can write

w 1+ Vk 1
Cypy=€—In|2—— |, for, — <k <1
R [hﬁc} for

W 1
=e—, for, O <k < — 2)
In [214’«/?]/ «/z
1-VK

The detailed methodology is described in the Appendix.

(2) Coplanar Plate Capacitance: Capacitance between the
coplanar plane is also modeled using the conformal mapping
technique. Fig. 5(a) shows the coplanar plate in the z-plane
and 5(b) shows the equivalent parallel plate capacitor in
w-plane [28]. The coplanar plate is also transformed into par-
allel plate using the coordinate transformation technique [30]
and it can be written as

1 2L
Ccop=€;W1n 1+7 (3)

After taking ¢ to account for plate area mismatch [22],
the equation (3) can be written as

1 Whl, 2L
Coop = €—W In(1+ 2L 4
cop ETL’ 1\/W1L1 n( + d ) ( )

_ dez _ WrLo
£= V del BR'RTA ©)

(3) Corner Radius Capacitance: Fig. 6 shows the corner
rounding plates, which is considered as one fourth of the
circle. The capacitance between two plates is estimated using
the fundamental capacitance modeling of two circular plates.

where,
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FIGURE 6. Corner rounding plates of nanosheet GAAFET.
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TABLE 3. Device parameters for GAAFET perpendicular parasitic
capacitance.

Capacitance | x1 T2 Y1 Y2 W | esp
Cgsdex,pp?) 0 Tsp Tox Hy P €sp
Cgsdex,pr 0 Tsp Tox Hg + htop P €sp
Cgsb,ppll 0 Tsp Tox Toxw + TFR P €sp

Taking into account one-fourth of the circle, the surface area
of the plate can be written as
2rr wrl
Acrp = T = 7 (6)
where r is the radius of the circle and [ is the length.
The potential difference between two plates as

2 d— d—
Ay = 2@ ln|:( p1)( Pz)} o
eom! Pip2
The capacitance per unit length can be expressed as
1
=ohk———= 8
c=u 1n[(d_2’)2] @)
r
where,
€07
k=— 9
> ©))
PL=p2=r (10)

A fitting parameter « is introduced as the plate is not
perfectly circular. The value of « is extracted to be 0.42 for
the device geometry considered.

B. INDIVIDUAL CAPACITANCE COMPONENT MODELING
(1) Perpendicular Capacitance, Cggex,pp3: 1t is one of the
middle-located gate-to-source/drain extension perpendicular
plate capacitances according to Fig. 2. The Cgggex pp3 can be
modeled using equation (2) and the corresponding physical
parameters are listed in Table 3. Where T, is the gate oxide
thickness, H, is the gate height. T, is the spacer thickness,
€sp is the dielectric constant of the spacer, and P is the

integral perimeter [30]. P can be written as follows
P = Ngaa x (Ts +2(Ws —T)) Y

where Ngaa is the number of nanosheets. Wy and T are the
width and thickness of the nanosheet respectively. We can
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TABLE 4. Device parameters for GAAFET coplanar plate parasitic
capacitance.

Capacitance W L1 Wo Lo d €
Cg.sdo copl2 Wg Lg/2 Wsd Lsd Tsp

€top

model Cgsdex,ppSs Cgsdex,ppﬁs Cgsdex,ppSs and Cgsdex,pp9 USing
the same device parameters.

(2) Perpendicular Capacitance, Cgsgexpp2:  Cgsdex,pp2 18
the top gate-to-source/drain extension perpendicular plate
capacitance as mentioned in Fig. 2. Cgggexpp2 is likewise
modeled by using the device parameters claimed in Table 3
in equation (2), where, hy,, is the top height of gate.

(3) Perpendicular Capacitance, Cgsp pp11: Cgsb,pp11 18 the
lower parasitic FInFET perpendicular plate capacitance. As
the bottom part of the device is formed as a parasitic FinFET,
so the physical parameters for this component are different
from others, as mentioned in Table 3. Cggp pp11 has also
been computed using equation (2), where Trg is the fringe
thickness.

(4) Coplanar Plate Capacitance, Cgsdo,cop12: Cgsdo,copl2
is the coplanar plate capacitance between the gate and the
source/drain electrode top side. It is modeled using equation
(4) and the corresponding physical parameters are listed in
Table 4. €, is the dielectric constant of the top layer, where,
W, and L, are the width and the length of the gate, respec-
tively. Wyq and Lgy are the width and the length of the S/D
electrode, respectively.

(5) Corner Capacitance, Cer,pr: Cer pr 1s the corner capac-
itance between corner rounding of the extrinsic part of two
nanosheet plates. It has been considered between two sur-
rounded exterior nanosheet plates for this work, as illustrated
in Fig. 2(b) and (c). Equation (8) is used to model corner
capacitance. Where r, is the corner radius of the plate and
d is the distance between the centers of a circle.

(6) Parallel Plate Capacitance, Cgsio,pra: Cgsdo,pra 1S the
parallel plate capacitance between gate-to-S/D electrode. We
can model it using a simple parallel plate capacitance equa-
tion. Equation (5) has been used to compensate for the plate
area mismatch. Additionally to model this, source or drain
extension has not been considered. After considering all of
the things, the model can be approximated as

€spy/ AsdAfgsd

T, 12)

Cgsdu, prd =

where Agq is the source or drain electrode area and Ay
is the effective facing area between the gate and S/D elec-
trode [32], and A is an empirical fitting parameter that will
be decided by the numerical simulation and depends on the
particular instances. Throughout this work, the value of A is
assumed to be 0.5 following the numerical verification.

We can further write considering corner radius of
nanosheet,

Ay = HyyW,g — Noaa (WSTS — 42+ mf) (13)
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FIGURE 7. Comparison of parasitic capacitance of GAAFET between compact model (lines) and 3D TCAD simulation (symbols) with various (a) Nanosheet
Width (Ws), (b) Nanosheet thickness (Ts), (c) Spacer-k value (esp), (d) Separation between two nanosheets, (e) Spacer thickness (Tsp), and (f) Gate top
height. The minimum relative error of model is 0.032% and the maximum is 1.02%.

or,

T
Asi = HaWsa = Noaa(WT, =TI+ 5T2) - (14)

T 2
Afgsd = HqWsq — NGaa |:7T <?S + TFR>
+ (W =To)(Ts + 2TFR)] (15)

where Hy, is the source or drain height and Trg is the fringe
thickness. We can model Cggio,pr7, and Cggdo,prio in similar
way. Cgsdopr1 has to be slightly modified. A, has to be
added with S/D height Hy; and the modified height will be
Hsd,mod: Hyq + htop-

IV. RESULTS AND DISCUSSION

The accuracy of the proposed parasitic capacitance model
is validated through the 3D TCAD numerical simulation
results. The following sections evaluate the impact of device
parameters such as nanosheet width (W), nanosheet thick-
ness (Ty), spacer k-value (€g), separation between two
nanosheets, spacer thickness (7,), and gate top height (A)).

514

A. VERIFICATION OF THE PARASITIC CAPACITANCE
MODEL

Fig. 7 shows the parasitic capacitance for various device
geometries. Where the proposed model illustrates excellent
agreement with 3D TCAD simulation results. The total par-
asitic capacitance increases as the nanosheet width (Wj)
increases, as depicted in Fig. 7(a). With increasing Wi,
S/D width also increased, leading to an increase of paral-
lel capacitance Cggqo,pr. Concurrently, gate-to-S/D extension
capacitance also rises as the extension area increases, the
reason behind this channel area increases with increasing
nanosheet width. The capacitance of the top plate of the
gate to the S/D electrode is also raised slightly. The relative
error is only 0.56%. With increasing nanosheet thickness,
S/D height also increases, so it only impacts parallel capaci-
tance Cggqo. The remaining parasitic elements are unchanged.
The model and simulation results are illustrated in Fig. 7(b),
where the relative error is 0.50%. The dielectric constant of
the spacer (ez,) has a direct impact on the capacitances as
it serves as the dielectric for all perpendicular (Cysdex,pp)s
parallel (Cgsdo,pr» ), and corner capacitances (Cepr). All
capacitance values have risen with increasing spacer dielec-
tric, resulting in total capacitance increases, as shown in
Fig. 7(c). The accuracy is more for lower dielectric constant

VOLUME 11, 2023
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in comparison to higher dielectric and it is crucial when
designing devices for low-delay circuits and requires the use
of low-k spacers [33], [34]. The relative error is 1.02%. All
parallel plate capacitances, with the exception of the top par-
allel plate, are affected by the separation of two nanosheets,
whether other parasitic components are unchanged. S/D
height increases as gate height does with increasing sep-
aration between two nanosheets. Hence, the area of S/D
electrode increase leads to an increase in parallel capaci-
tance, which in turn causes an increase in total capacitance,
as mentioned in Fig. 7(d). The relative error is 0.42%. The
spacer thickness Ty, has a significant impact on all parallel
and coplanar capacitances. Since Ty, serves as the denomi-
nator for both parallel (Cgsdo,pr) and coplanar capacitances
(Cgsdo,cop)» the capacitance value decreases as T, increases.
Subsequently, the total parasitic capacitance decreases as the
Ty increases, as illustrated in Fig. 7(e). The relative error is
0.42%. The top-located parallel (Cgsq0,pr1) capacitance is the
only component of capacitance that is affected by gate top
height (A;.p), whereas the other components are unchanged.
Since hyp increases, the area of the S/D electrode like-
wise rises, leading to rising Cgego,pr1 and so does the total
capacitance, as mentioned in Fig. 7(f). Hence, it is rising
very slightly which is also evident from 7(f). The minimum
relative error is obtained here with 0.032%.

B. COMPARISON WITH REPORTED WORKS

In comparison to recently published related works, the
proposed compact model for parasitic capacitance is more
sophisticated due to the following aspects: 1) The proposed
model includes corner capacitance which is crucial to prac-
tical GAAFET, as opposed to [25], [26], where explicit
physics-based model for corner rounding capacitance was
not included. 2) The proposed model showed good compar-
ison considering specific geometry parameters of GAAFET
with respect to industry standard BSIM-CMG. 3) As just
two fitting parameters are employed in the proposed model
compared to five in [25], the complexity of the recommended
model is less than that of the [25]. 4) The proposed model
shows better accuracy in comparison to [25], [26]. The worst
case accuracy is & 99% for proposed model, while it is
~ 97% and ~ 96% for [25], and [26] respectively. The
detailed comparisons are demonstrated in tabular form in
Table 5.

C. CIRCUIT PERFORMANCE

To verify the accuracy of the proposed parasitic capaci-
tance model, we have also performed circuit simulation.
The proposed parasitic model has been implemented in
the latest industry-standard BSIM-CMG framework using
Verilog-A. Following that, this framework has been cali-
brated with 3D TCAD simulation results for a particular
geometry [W;=50nm, Ty=5nm]. Additionally, the default
BSIM-CMG framework has also been calibrated with simu-
lation results for the same geometry. The effects of parasitic
capacitance on RF and the 17-stage ring oscillator are then
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TABLE 5. Comparison with recently released related works.

Recently Released

Criteria Related Works Proposed Work
[25] [26]
Physics-based
corner- Not included
rounding Not included | (implicit approx)
component
Industry-
standard Compared No comparison
BSIM-CMG
Accuracy ~ 97% ~ 96%
(worst case)
Accuracy =~ 99.6% ~ 98%
(best case)

—e—BSIM-CMG
—— Proposed Model

B o
[

—e—BSIM-CMG
—— Proposed Model

W W B
S o o

Cut-off frequency (GHz)
Cut-off frequency (GHz)

n
3

N
oS

10 20 30 40 50 3.0 35 4.0 45 5.0
Nanosheet width, W, (nm) Nanosheet thickness, T, (nm)

(@ (b)

FIGURE 8. Comparison of cut-off frequency using proposed parasitic
capacitance model and default BSIM-CMG for variation of (a) Nanosheet
width (Ws), and (b) thickness (Ts).

demonstrated using these calibrated configurations. The cir-
cuit performance metrics, although identical at the calibrated
point, deviate significantly for different geometries due to
the inaccuracy of the existing BSIM model.

(1) RF Performance: The RF performance is demonstrated
by analyzing the Cut-off frequency. It is also regarded as a
performance metric for high-frequency devices. The equation
can be used to determine the cut-off frequency fr as follows

8m

27 Cyq (16)

Jfr

The cut-off frequency for nanosheet width and thickness is
shown in Fig. 8 based on both the default BSIM-CMG and
the proposed capacitance model. The default BSIM-CMG
model predicts greater fr than those of the proposed model
for both width and thickness variation. This is because the
existing BSIM-CMG does not capture the impact of W, and
T, on parasitic capacitances accurately.

(2) Ring Oscillator Delay: The impacts of parasitic capac-
itance on the 17-stage ring oscillator are also demonstrated
in this section. Fig. 9(a) and (b) show the delay variation
with respect to W and T;. As can be seen from Fig. 9, the
delay based on the suggested model is larger with respect
to Wy and T; by 13% and 18.37%, respectively, as com-
pared to the default BSIM-CMG capacitance model. This
is due to the inaccuracy of the existing parasitic model in
BSIM-CMG.
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FIGURE 9. Delay per stage of a 17-stage ring oscillator using proposed
capacitance model and default BSIM-CMG for variation of (a) Nanosheet
width (Ws), and (b) thickness (Ts).

V. CONCLUSION

A complete compact model of the entire parasitic capaci-
tance network for stacked Gate-all-around nanosheet FETs
(GAAFETs) is proposed in this paper. Various methods
such as conformal mapping, elliptic integral, and Schwarz-
Christoffel transforms are used to calculate each capacitance
component of different parts. The total parasitic capacitance
exhibits excellent agreement with 3D TCAD numerical sim-
ulation results for different device parameters. The model
has been implemented in Verilog-A and incorporated in the
industry standard BSIM-CMG framework. Circuit simulation
results show significant impact of the parasitic capacitance
model on device and circuit performance. This makes the
proposed model indispensable for efficient first-pass design.

APPENDIX
According to Fig. 3(a), the innermost ellipse gives the
common focus

==y (17

where f is the focus of the innermost ellipse. The per-
pendicular plate capacitance can now be mapped into the
corresponding parallel plate capacitance using conformal
mapping, as shown in Fig. 3(b), and the transformation from
xy coordinates to uv coordinates is as follows:

u—+jv=Fx+jy) (18)

From [26], we find that F = cos™! is an appropriate func-
tion to transform from elliptical geometry to linear geometry,
which offers

x = f cosucoshv (19)

(20)

y = —fsinusinhv

Since the fringing capacitance inside the perpendicular
plate is not accounted for in this instance, so this component
of capacitance must be taken into account separately. Apart
from the confocal elliptical model, subsequent transformations
employing the elliptic integral must be performed [20], as
shownin Fig. 4. Initially the perpendicular plate is transformed
to collinear plate by using the conformal mapping technique
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w=z"=(x+jy)? Q1)

solving the above equation, we get
u=x>—y (22)
v = 2xy 23)

After solving the above equations and putting the previous
coordinate values we get the updated plate endpoint coordi-
nates in the (u, v) coordinate system as

p=—01+»)?
q=-y
r=ax?

s = (x1 +X2)2 (24)

In the following step, another transformation technique
named Schwarz-Christoffel theorem is applied to convert
collinear plate to parallel plate, which is determined by
[29], [30]

K (k)
k(VT=1)
where € is the dielectric constant of the considered material,
and K'=v/1 — 1% and k=, /(L) (:=%).

By taking approximation of equation (29) from [29], with
relative error of 3 x 107°, we can write

P'd| K@)
_ . _

C,, = = = 25
"=l T KW 2

w 1+ vk 1
Cpp=€c—1In oLt VA , for, — <k<1

m 1—-Vk V2

W 1
=—€——, for, 0 <k < — 26

1n[21+ﬁ]/ * V2 20
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