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Abstract—A rigorous model for metal-insulator-semiconductor in order to construct equivalent circuits [5], [6]. Rigorously
(MIS) interconnects is presented based on device level simulation speaking, MIS interconnects cannot support TEM waves due

results. At the device level, the motion equations of charged car- v, gnargy dissipation and material inhomogeneities. Detailed
riers and Maxwell’'s equations are simultaneously solved using a

finite element scheme and Newton’s method. Simulations provide @nalysis of MIS interconnects requires full-wave analysis.
detailed information regarding field-carrier interactions, semicon-  Popular approaches for full-wave analysis of MIS interconnects
ductor substrate loss and nonlinearity, as well as slow-wave effect, include: mode-matching analysis [7], [8], spectral domain
external bias effect, and screening effect of the charged carriers. analysis (SDA) [9]-[11], method of lines [12], transmission

An equivalent circuit model of MIS interconnects is established . . . . . -
using an energy-based approach. The model consists of an equiva-IIne matrix method (TLM) [13], finite-difference time-domain

lent transmission line that mimics the energy transport character- method (FDTD) [14], and finite element method (FEM) [15].
istics of the actual MIS interconnect, and provides a generalized  When an electromagnetic wave propagates along an MIS in-
”0”'::1:?“2"72”%'9';?08”: tﬁ;ﬁ;’:‘i“czics“itlzg'(‘:n(:e:essug?g'ergzgﬁt%tg ., terconnect, screening effects of the charged carriers prohibit the
ﬁmsatratgcapabiIitiesgand%fficiencgof fhe metﬁod as WZ" as prop- eIeCtromagne_t'_C field from penetr_atlng _d_eep into the Sem'_co'j]'
erties of the equivalent circuit model. ductor, in addition to the attenuation arising from energy dissi-
i . . . __ pation. In order to describe the behavior of the semiconductor
Index Terms—Dbevice level simulation, electromagnetic analysis, . . .
electronic controllability, equivalent transmission line model, a_s a solld-stat(_a plasma, _the mptlon e_quatlo_ns of charged car-
field-carrier interactions, MIS interconnects, semiconductor riers should be included directly inthe simulation [16], [17]. The
nonlinearity, substrate loss. nonlinear nature of the semiconductor substrate has been gen-
erally ignored in most previous work. The question of when to
include the semiconductor nonlinearity, however, has not been
answered quantitatively. In order to address the nonlinear char-
LECTRICAL performance of on-chip interconnects icteristics of the carrier motion equations, more comprehensive
increasingly important for high-speed integrated circuitgjmulations are required.
On-chip wiring delays are now a significant portion of the total To construct equivalent circuit models for the interconnects, a
chip delay. Interconnect effects such as loss, dispersion, Q!@ﬁwtourintegral-based approach has been widely employed [2],
substrate noise all can degrade circuit performance. Accurpde [6]. Integrals of the electromagnetic fields over the appro-
determination of electrical properties for on-chip interconnecggiate contours are used as a convenient definition for voltage
represents a crucial design problem. Electrical properties £id current. These definitions of voltage and current are valid,
metal-insulator-semiconductor (MIS) interconnects have beggwever, only for TEM waves. When losses are important, the
investigated extensively, both experimentally and in theoretiGglesence of a longitudinal electric field implies that the trans-
studies [1]-[15]. Theoretical investigations have employ&grse field components no longer satisfy the static equations.
analytical and numerical approaches including circuit modetsys, the definitions for voltage and current in terms of contour
[2], [4], quasi-TEM analysis [5], [6], and full-wave analysisintegrals of the field components become invalid. In [18], an
[7]-{15]. energy-based approach has been proposed, which abandons the
Energy dissipations in both semiconductor layers anghuitively chosen contour integrals. Rather, it builds an equiva-
conductor lines have a significant impact on performance gint circuit model based on the power equivalence between the
MIS interconnects. The effect of semiconductor substrate lasgcuit model and the original waveguide.
was studied using a parallel-plate waveguide model in [2]. | this paper, a rigorous model of MIS interconnects is pre-
It was reported that the resistivity-frequency domain can k@nted based on device level simulations. The motion equations
divided roughly into three regions: the dielectric quasi-TEMsf charged carriers and Maxwell’s equations are solved simulta-
slow-wave, and skin-effect regions, respectively. Metallic copmpously, thus preserving the nonlinearity of the semiconductor
ductor loss has been incorporated in the quasi-TEM analypigblem. The energy-based approach is employed to construct
the equivalent circuit model from the device level simulation re-
Manuscript received October 26, 2000; revised March 20, 2001. The reviéMlts.
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the charged carriers. The equivalent circuit model retains infor-

mation about the semiconductor substrate effects listed above.
Moreover, the model provides formulae for the entire frequency-

conductivity domain, valid across a wide range of frequencies

and substrate doping. Hence, the equivalent circuit model of-

fers a generalized nonlinear and electronic tunable circuit model
suitable for both small-signal and large-signal analysis.

Il. DEVICE LEVEL SIMULATION

Atypical MIS interconnect structure is shown in Fig. 1(a). For
simplicity, the interconnect is modeled as a parallel-plate wave-
guide structure for the device level simulation [see Fig. 1(b)].
The parallel-plate waveguide structure extends fgpom —oo
to ¥ = ~o. All physical quantities are assumed to be uniform
in the y direction. Moreover, the fundamental mode in a par-
allel-plate waveguide is a transverse magnetic (TM) mode. For
TM modes, the magnetic field has onlyy@omponent, whereas
the electric field has ng component.

The nonlinear terms of the carrier motion equations can give
rise to signal distortion, characterized by high-order harmonics
in the frequency domain. For an arbitrary variable, ¢)

Metal F—W—
Insulator
0
JA
Semiconductor ¥ ?
X
b
@
Metal
4y
Insulator
0
Semiconductor
X
b
(v)

1673

o>
v(r, t) = vo(z) + Z v (z) - e7m% efmet 1) Fig. 1. MIS interconnect structure: (a) configuration and (b) parallel-plate

m=1

where

w fundamental frequency; with

v =+ jF propagation constant; (1+jman)J§Lm)(0)(x) = qpan® (a:)E(m) (z) (3a)
vo(x) steady state solution; ) 0 0 -
o™ (1) mth harmonic component. (1+‘7mwTP)J§’ "O(a) = Wf’p( (@)E™ (@) (3b)
Starting from the motion equations of the charged carriers and (1_|_jmw7—n)J£Lm) ()
Maxwell’'s equations, one obtains [19], [31] m
= qia Y [0 (@B (2)|
aQEfgm)(x) 2/1.2 2y o(m) - N
“on2 +m* (kI +7)EY™ (x) + ¢D, V'™ () — 2qD,myn™ () (3¢)
. . ; (m)
= jmwp [Jégl)(?)(x) + J:,()Zl)(7)(x):| (1+JmWTp)i? ()
_amy |:p(m) (37) _ 7’L(m) (37):| (23) = qup Z |:p(5)($)E(nl—5)($):|
[ s=0
Jmwn () = — ————= — — JTV(x) —u"(z)
¢ de IO @) = 30 (@) = IO @),
(2b) )
(m) IO ) = 35 (@) = IO (a) (3¢)
jmwp™(z) = 10 (2) 4+ g0 () ) () )
: q ox q g2 — kQ_JwNU (x)
(2¢) ‘ m
0 0
(m) ) 14 jmwr, 14 jmwr,
E(rn) _ mry aEZ (J}) Jmwp . . .
(@) = T2 ++2) ox m2(k? +~°)  where the meanings of symbols in the above equations are sum-
(m) (m) marized in the following list.
: [JWZJ (@) + Tz’ (w)} (2d)  E  Electric field.
SE H Magnetic field.
Hénl)(x) = 1 2 (2) + my S () (2e) n Electron dgnsﬂy.
Jmwp Ox p  Hole density.

waveguide model.
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€ Permittivity of the medium or
7 Permeability of the medium.
1.  Effective carrier mobility of electrons. Al =, 8)

up,  Effective carrier mobility of holes
D,, Diffusion coefficients of electrons.
Diffusion coefficients of holes.

T,  Average collision times of electrons.
T, Average collision times of holes

J,  Electron current density. : .
J Hole current density. penetrate into the insulator.
b g

o Total net recombination rate of electrons and holes. h The solutil())n WO_UIS r:jot be Lrj]nique [19]|' [ﬁl] i cond@tior} (7h) K
By accounting for the boundary conditicEém)(—hd) -0 appens to be satisfied—a phenomenal characteristic of shoc

at the metal surface, the field components in the dielectric layfVeS OF at resonance. Under the compatibility condition (8),
can be obtained as follows: (2a)—(2e) along with the boundary conditions (5a), (5c), (5d),

and (5e) completely determine theth harmonic field compo-

In general, the propagation constantdetermined from (6),
rarely meets the condition given by (7). Therefore, condition
(8) must be imposed as the condition for compatibility. This
implies that higher order harmonics due to the semiconductor
nonlinearity are confined within the semiconductor and do not

A nents and carrier concentrations (where> 1)
(m)(py = 22 "hd :
B (z) sinfmka(z + ha)] (43) The formulae listed above can be discretized using a standard
finite element procedure [20], and then solved using multi-di-
(m) _ Alm)
By (w) =A™ coslmba(x + ha)] (4b) mensional Newton’s method [21] and sparse matrix schemes
j (m) 22]. Detailed discussion of the numerical solution of the cou-
(myy.y _ Jwead [
H™(x) = ~ cos[mka(x + ha)l (4)  bled carrier motion and Maxwell's equations can be found in
19], [31].
whereey and 4 are the permittivity and permeability of the[ 131]
i i — 2 2 1)
dlelectr|c layer, andcg; = v/w Hagq + 7. Note thatA( ) is lIl. EQUIVALENT CIRCUIT MODEL
an arbitrary constant, depending on the excitation magnitude,
while the A (m > 1) are coefficients to be determined. For TM waves, the contour integral definitions of voltage and

Boundary conditions at the interface between the insulatedfrent using the TEM assumptions are no longer applicable. In

and semiconductor, including the ground plane, are as follow§is section, the energy-based approach [18] is used to construct
an equivalent circuit model from the device level simulation re-

m) by (m) fa—y ALy sults. The equivalent circuit model is constructed based on the
Eﬁ )(0 ) _Eé )(0 )=- sin(mkiha) (5a) power equivalence between the circuit model and the actual MIS
) waveguide.
Hm™ oty =H™(07) = Jwedn 7 cos(mkqhy)  (5b) A general form of the transmission line model consists of a
Yy Yy
v series impedancg per unit length and a shunt admittari¢@er
JI(0) =J(0) =0 (5c) unitlength, as shown in Fig. 2(a). To build an equivalent trans-
mission line model, the following requirements are prescribed
E{(he) =0 (5d) [1g]
n™ (h) =p™(h.) = 0. (5e) + The propagation constant for the equivalent transmission

line should be identical to the propagation constarmf
For the fundamental mode, eliminating the arbitrary constant  the original MIS interconnect.

A® in (5a) and (5b) leads to + The complex time-averaged power traveling down the
M)t equivalent circuit is equal to the complex time-averaged
Ez(l)(o ) =— "kd tan(kqhqg)- (6) power traveling down the original MIS interconnect.
Hy 7 (0F) Jwed By imposing the above requirements, it can be shown that
Equation (6) provides a nonlinear algebraic equation for deter- 2P(z)
mining the propagation constant Given an excitation magni- =7 11(z)]2 (9a)

tude A, (2a)—(2e) and (6), along with boundary conditions
given by (5a), (5¢), (5d), and (5e), completely determine the 1 — 1 &
field components, carrier concentrations, and propagation con- Y oy [ I(z)]?
stant for the fundamental mode. Note that the boundary ConWhereI( )

i . : ) i z) is the current flowing through the signal line, and
tion (5b) is automatically fulfilled, provided that (5a) and (6) ar%,(z) denotes the complex time-averaged power traveling down
satisfied.

X . . the original MIS interconnect. The current flowing through the
For h_|gher ord_er harmonics W'mf > 1, (5_t_’) and (2e) are equivalent transmission line can be defined as the physical cur-
compatible only if one of the following conditions holds: rent flowing through the signal line

(9b)

EM™ o+ k.
(m)( ) == ,.m ) tan(mkahq) (7) I(z) = // J-zdxdy (20)
Hy ™ (0%) Jmweq (2, y)ES:
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of S;, So, andS, in calculation of equivalent circuit elements.

(a) General form of a transmission line model. (b) Pictorial illustration
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and
_ —JvKa
2wegqw

Py(2) ()2

(16)
where the positive real constaRt, is given by

0
Ky = /_} | cos[kq(x + ha)]|? do
_ 1 [ sin[2Re(kq)hd]

_5{ 2Re(k;i) d } (17)

Note thatK,; =~ h, as|kqhq| < 1. Hence, K, can be viewed
as an equivalent thickness of the insulator layer.

In the semiconductor layer, expanding the field components
in terms of series shown in (1) and substituting them into (14b)
yields

Sinh[2|m(/€d)hd]

whereS; denotes the cross section of the signal line, as shown

in Fig. 2(b). The complex time-averaged power traveling down

the original MIS interconnect can be obtained as

[f{/KmMJEXHW@d“w}ﬁ (12)

whereT” = 2x/w andS = Sy + S, is the cross section of the
MIS interconnect, as shown in Fig. 2(b).
Denote

1

P(z) = 7T

Eo(z) = EY =AW .7,

(12)

ac:—hd

The expressio(z) can be written using two components:
P(z) = Po(z) + Pi(2) (13)

with

T
ner=gp [{f], . Eemasaba o

v[{[wa&mXHwi“@}ﬁ (14b)

whereF, (=) andP;(z) capture the insulatorsg) and semicon-
ductor (5;) components, respectively.

1

PS(Z) :ﬁ

Note that the surface current on the signal line can be evalu-

ated as/;.|y=—n, = (X x H)|,=_r,. Using (4a)—(4c) and (8),
expressions (10) and (14a) lead to

JWeqw

(15)

1(z) Ey(2)

p (7) _ i Ps(m) |’Y| 2m |I(7)|2m (18)
o m=1 [A(l)]2rn wequw )
where
w he
P =3 [ B @ @) de )
0
Substituting (13) into (9a) and (9b), one can write
= (Ro + ijo) + (RS +ij5) (203.)
1 1 1
— = 20b
Y " Got juCo | G, +juC, (206)
such that
. 2P0(Z
Ro+jwlo =7 7~ (21a)
[1(=)[?
1 1 2Py(z)
== 21b
Go+jwCo v |I(2)]? ( )
) 2P,(2)
jwl, = 21
RS +Jw 5 ’7|I(Z')2 ( C)
1 1 2P,(z)
= — . 21
G 1 3eC. 5 TP 19
Therefore, one has
. Kd 2 2 .
Ry + jwlo = - ” (o = 57 + j2af3) (22a)
1 K,
Go + jwCy  jweqw (22b)
o) (m) 2m
. Ps el ) 2(m—1
R, + jwL, =2 I(2)|2m=1)
k=23 (L) e
(22¢)
o) (m) 2m
;‘ _2 i 5 < ol ) |I(2)|2mD),
Gs +7('UCS Y m=1 [A(l)] m WeEJw

(22d)
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Fig. 3. Equivalent circuit model for MIS interconnects: (a) schematic diagram; (b) impedancensists of a linear inductance element and many nonlinear
impedance elements connected in series; and (c) admitidncensists of a linear admittance element and many nonlinear admittance elements connected in

series.
That is
Ry = %’ Lo = ﬁ (/32 —2a2) (23a)
WEJW equ w
Co = ‘}‘é—j Go=0 (23b)

Zy =R, + jwL, = Z{" + > 20| 1(z)P™Y (23c)

m=2
1 1 1 1
ot Ly L ppey
B 1 m
Y; Gs +JUJCS Y;( ) m=2 Y;( )
(23d)
where
2m (rn)
Py
Zgnl) = Rgrn) +Jngnl) = 27 < |,Y| ) 2m (24a)
WE W [A(l)]
2m ("l)
2 P
Ys(m) :Ggm) +jw05(m) =1 — < il ) 2m |*
v \ weqw [A(l)]
(24b)

length due to the electromagnetic field in the semiconductor
substrate. Circuit elemert. denotes the resistance per unit
length over the signal line, which is not studied here since the
signal line has been treated as an ideal conductor.

Note thatR, is nonzero, even if the insulator medium is loss-
less. Equation (23a) shows thd§ — 0 asa — 0. Hence, the
existence of nonzerf, is due to the influence of the semicon-
ductor loss upon electromagnetic fields in the insulator layer.

Results of the device level simulation [19], [31] show that the
mth harmonic field components are proportiona[#64)]™ in
magnitude. The quantit’{™ is thus proportional t <1><]2m
based on using (19). Therefore, the coefficieRt§”, L™,

G{™ andc{™ given by (24a) and (24b) are independent of the
excitation strength. These coefficients are functions of the ge-
ometry and material parameters only. Equations (23c) and (23d)
state that all the series impedance elements due to the semicon-
ductor effects are connected in series, so do the shunt admittance
elements, as shown by Fig. 3(b) and (c).

The first terms in (23c) and (23d) are, respectively, the con-
tributions to the series impedance and shunt admittance from
the fundamental mode. The remaining terms are due to higher
order harmonics and exhibit nonlinear characteristics as mani-

In summary, the equivalent circuit model for the full-wavdested by their dependence on the signal current, given in (23c)
MIS interconnect model consists of an equivalent transmissiand (23d).
line, whose line parameters are given by (23a)—(24b), as showifror use in the small-signal analysis mode, the nonlinear terms
by Fig. 3(a). The circuit element8, Lo, andCy are, respec- in (23c) and (23d) can generally be neglected. The equivalent
tively, the resistance, inductance, and capacitance per unit lengtisuit model then reduces to a linear transmission line, which
due to the electromagnetic field in the insulator layer, wherehas been studied extensively using approaches such as fast
circuit elementsk,, L,, C,, andG, denote, respectively, the Fouriertransform (FFT)[23], numerical inversion of the Laplace
resistance, inductance, capacitance, and conductance per tuaitsform (NILT) [24], asymptotic waveform evaluation (AWE)
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Fig. 4. Comparison between theoretical prediction and measured data: (a) real part of characteristic impedance; (b) imaginary part oficirapedarise;
(c) phase constant; and (d) attenuation constant.

[25], and recursive convolution [26]. Most previous modeling dfircuit model has been created for zero bias conditions using the
MIS interconnects has been carried out using only the electaevice level frequency domain (DLFD) scheme described in the
magnetic analysis, with semiconductor effects simply accountprbceding sections. The characteristic impedance and propaga-
for by virtue of the conductivity, permittivity, and permeabilitytion constant for this equivalent circuit can be readily obtained
of the semiconductor material. Hence, the basic formula religsing standard transmission line theory. Fig. 4 plots the charac-
on Maxwell's equations and only the linear equivalent circuteristic impedance and propagation constant versus frequency,
elements can be extracted. Since the equivalent circuit modetomparison with the measured data from [2]. Generally good
is generally a nonlinear transmission line, this behavior necesggreement is observed in comparing the computed results with
sitates large-signal analysis. Circuit simulation of nonlinedéine measurements.
transmission lines has been addressed by previous research woReevious analyses of MIS interconnects have employed pure
[27]-[29]. The nonlinear circuit model obtained from this devicelectromagnetic problems where the semiconductor substrate
level scheme can be directly usedin nonlinear circuitsimulationsas treated as lossy medium. Hence neither external bias
effects nor the inherent semiconductor nonlinearity are con-
sidered. In this paper, the semiconductor substrate is described
as solid-state plasma, and the external bias effects on charac-
Consider an MIS interconnect structure consisting of a stripristics of MIS interconnects are directly included. In addi-
conductor, thin silicon-dioxide layer, and the silicon substratidon, the effects due to the semiconductor nonlinearity can be
The geometrical parameters are as follows:= 650 pm, hy = studied.
1 pm, andh, = 250 pm. The silicon is assumed to be n-type The external bias effects provide a theoretical foundation for
with a donor impurity concentratioiy, = 5 x 10'®> cm™3, electronic controllable devices. Fig. 5 shows the characteristic
which corresponds to a resistivity 89 € - cm. The equivalent impedance and propagation constant versus frequency for three

IV. NUMERICAL RESULTS
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Fig. 5. Characteristic impedance and propagation constant versus frequency and external bias: (a) real part of characteristic impedantary(ppntnafgi
characteristic impedance; (c) phase constant; and (d) attenuation constant.

external bias conditiond, = —0.2V, V, = 0.0V, andV, = As shown in Fig. 6, the uniform conductivity model gives

0.2 V. Calculated results using the uniform conductivity modeksults close to the numerical solutions from this device level

[30] are also shown in Fig. 5. The geometrical parameters usstheme, although apparent differences &P and GtV are

in the calculations are as follows! = 90 um, hy = 0.1 um, observed between the two sets of solutions when the semicon-

andh. = 100 pm. The semiconductor substrate is assumetlictor substrate is heavily doped.

to be n-type silicon, now with donor impurity concentration Note that largef L™ | and |[R{™| or smaller|C{™| and

Ny = 10'7 cm~3; the insulator is a thin silicon-dioxide layer.|G™| imply more significant contributions from theth har-

It can be observed that the uniform conductivity model genefionic (m > 1). Fig. 6 illustrates a case where the nonlin-

ally gives results close to the solutions obtained by this deviearity becomes less severe when the doping level in the semicon-

level scheme for the zero bias. Nevertheless, this scheme is atletor substrate increases. More heavily doped semiconductor

to provide a quantitative measure to the external bias effectssubstrates exhibit greater screening effect, which dramatically

characteristics of MIS interconnects. reduces the electromagnetic field penetration deep into the semi-
Fig. 6 illustrates the extracted linear and nonlinear equiveenductor, thus less wave energy participates in field-carrier in-

lent circuit elements for various impurity concentrations. In thieractions.

calculations, all the parameters are the same as those used féiig. 7 depicts the linear and nonlinear equivalent circuit el-

Fig. 4, except for the donor impurity concentration that variesments versus the insulator thickness. The insulator thickness

over arange fronVy; = 5x 10> cm—2to Ny = 5x 108 cm™2. s varied over a range frothy = 0.1 umtohy = 1 pum; the

The operating frequency is assumed to be 1 GHz, and no eperating frequency is assumed to be 6.4 GHz with no external

ternal bias is applied to this MIS structure. The results obtainbds applied to the MIS structure. All other parameters are the

using the uniform conductivity model are also shown in the plogame as those used for Fig. 5. It is well known that the insulator

for linear circuit elements. layer decouples the conductor strip from the semiconductor sub-
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strate and consumes the major portion of the voltage drop. isulator layer becomes thicker, smallmﬂm)| and |R,§m)| as
the insulator thickness increases, it is expected that the electieil as largefC™ | and|G{™| are observed fom = 2 and
magnetic field decreases within the semiconductor substrate and= 3 as expected in Fig. 7, which again indicates less non-
thus the MIS structure exhibits less severe nonlinearity. As thigear behavior.



1680 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 48, NO. 8, AUGUST 2001

107 ; . . . . 0.004 . . . ,

-—— C,, DLFD Simuiation

O C,, Uniform Conductivity
5—aC,", DLFD Simulation
+—t Csm, Uniform Conductivity

—— G,", DLFD Simulation
o] Gsm, Uniform Conductivity|

oi
L

5
] 8
5 E
E 0
i 2
3 £
£ 10 £
8 ——8—g——g—=© g
z ——— o = 0.003 1
> S O
g Py
& 107 I %
g 3 —L 0 o o o o
=4 c =
8 &
3 5
10 L et ; ; +——rt : . i B
[&] Q
(&]
10-" . . L L 0.002 L ' L L L
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Insulator Thickness (microns) Insulator Thickness (micrens)
(@) (b)
107 f — — . : ; 0.03 : . . . .
[ L, DLFD Simulation _
= OL,, Uniform Conductivity 5 0.02 | o o c - o J
S 40 L el LS“', DLFD Simulation -]
E I —t Ls(", Uniform Conductivity %
b £
i S —— R,, DLFD Simulation
= t = oo1| OR,, Uniform Conductivity
g L % Rs(:;, DLFD Simulation
P o © | o HIR_", Uniform Conductivi
= 10 o 3 A ity
S = 0F 4
o &
8 Q D g8 g 8
c e T
o g i i
S107 ¢t i B T
=} ]
£ £ -001 - 1
%}‘ =)
10'5 s ' L ' i —0.02 1 L L L L
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Insulator Thickness (microns) Insulator Thickness {microns)
(© (d)

; ; —_ 2 } ; , :

2

5 g

2 ot -

2 £ o0t J

o <3

] o]

g 2

2 5

g7 £

b T Ir

8 / @ (16 B E] : e ,

9 . — C,” (107 uFeA’emicron™) | E / P Fo =

€» : - G2 (mh7o-A20micron") o J — CS(a) (107 uFsA"smicron™)

2!l ! —— = L2 (107 uHeA emicron™) . s 7 G, (mhoeA emicron ) 1

j —-— R,” (10”° ohmsA™emicron™) -2 L === LB (107 uHeA emicron™)
/ ~-—= R, (107 ohmeA™ emicron”)

-3 I : L -3

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Insulator Thickness {microns) insulator Thickness {microns)
(e) ®

Fig. 7. Equivalent circuit elements versus insulator thicknessZ¢andC (1 (b) G{V; (€) Lo andL{Y; (d) Ry andR{Y; (e) C), G, L, andR(Y; (f)
C®,G®, L®, andR®.

V. CONCLUSION equations are solved simultaneously. Simulation provides a

guantitative means to study field-carrier interactions, semicon-

Device level interconnect simulation provides a rigorouductor substrate loss and nonlinearity, as well as slow-wave
modeling tool for evaluation of MIS interconnects structuregffect, external bias effect, and screening effect of charged
The motion equations for charged carriers and Maxwellsarriers. The energy-based approach is used for construction of
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