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Abstract—An efficient method is presented to model the tran- modeling of transient characteristics of different dielectric
sient characteristics of distributed resistor-capacitor of ULSI |ayers for such a densely packed multiconductor system has
multilevel interconnections on complex topography, in which the been developed

reformulation of the boundary-element method (BEM) and the o K danti il G 's functi
Pade-via-Lanczos (PVL) algorithm associated with multilayer ur work uses an adaptive muftiiayer sreen's function

Green’s function can avoid the redundant works on both volume for BEM to examine the voltage and current responses of
mesh and transient analysis associated with the finite-difference multilevel conductor system. After the Laplace transformation
method. An adaptive multilayer Green’s function is adopted to  of the large linear equations, all the poles and residues can be
investigate several cases that have revealed interesting physicalyained by diagonalization of matrix. To improve timing anal-
mechanisms in charge transfer between conductors on multilayer . ffici the Pagvia-L PVL) algorithm [5] i
topography. To improve the timing analysis efficiency of the YS'S eficiency, the V'a.' anczos ( ) algorithm [5] '_S
finite-difference method, the dominant poles are obtained by introduced to generate arbitrary numbers of poles and residues
introducing the PVL algorithm for model-order reduction. Hence,  with little numerical degradation. Besides, this method can
it is easy to calculate the transient characteristics of both parallel avoid the ill-conditioned problem of matching the moments
conductors and compllqated conflgurat[ons suc_h as crossing “nes'induced explicitly by the AWE method. At the same time,
corners, contacts, multilayers, and their combinations. . . e . .
we find that the transient characteristics of the interconnection
Index Terms—Boundary-element method, Green’s function, strongly depend on its capacitance obtained by [3] for steady
multilevel interconnection, Pack-via-Lanczos algorithm, ULSI. state. Major improvements are the reformulation of the BEM
and PVL algorithm associated with multilayer Green’s func-
I. INTRODUCTION tion to model the transient characteristics, which are proven

HE IC interconnection delay modeled with high accuractf/) be applicable to even more complex configuration.

in ULSI circuits are becoming increasingly important
and necessary. The geometry of the interconnection is an Il. MODEL DEVELOPMENT
important factor in the transmission behavior and layout-
to-circuit extractors to obtain accuracy and efficiency. IA. Green’s Formulation

the past, the interconnections are subdivided into small ele; g adequate to assume that the relaxation time of the

ments and each element is replaced by a lumped RC-sectighyme charge is short enough to be negligible so that we
However, the number of elements must be sufficiently larggy .y consider the transient response of surface charge. The
to guarantee that the distributed properties of the INterCO8EM for calculating multiconductor transient characteristics
nection are accurately reflected by the resulting networg. pased on a Green's function approach to the electrostatic
It was suggested that simulations with sufficient accuragyqplem. To consider a geometry with a number of conductors
based on asymptotic waveform evaluation (AWE) [1] couldmpedded in a perfectly stratified dielectric medium shown in
be performed by computing the transient characteristics |e|fg_ 1, the multilayer Green’s functio@(z, z,) is used [3],

the electric fields both inside and outside the interconnegi$ere + is a view point and, is a source point. For the
by the finite-difference discretization of Laplace equatiofayelength of electromagnetic wave longer than the length
[2]. However, this method is time-consuming and the ills conductor, the magnetic fields can be negligible. From the
conditioned problem of matching the moments for the AWEgp|ace equatiorv?V = 0 and its Green'’s function defined
method will explicitly happen. Recently, the boundary-element w2 — —§/e(x,), one can obtain the time-dependent

approach (BEM) based on Green’s theorem, which has bggf),ndary-integral equation by the conservation of charges [4]
widely applied to important issues of interconnections but can

avoid the volume mesh associated with the finite-difference , 9V () / 7
T a. = V |4 s s £ G y s )T ds
methods, has been investigated by many research groups 3,) c@)Vi@)+ (2o)e(@a) Ve, Gl )

ot s
[4]. To deal with these problems, an efficient and accurate

+/S G(‘Tv xc)T(xc)']external(xc) dSc (1)
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Fig. 1. The inset figure shows the configuration of multilevel interconnectipfisi,(iticon = 0.01£2 — cm) in inhomogeneous medium over an infinite
ground plane and its equivalent circuit. And the transient characteristics for the end of the coddyctersus different vertical positions of the conductor
M in homogeneous medium over the ground plange £ ¢ = 3.9¢g, he = 2.5 um, and the total number of nodes 216).

part of conductor surface i&/. The Galerkin method applied and the potential of floating region on conductor as

to the discretized boundary integral equation. Equation (1) can [ba]u(s)
be rewritten as Vi] = —— (rs[I] — [A]) " [v]uls) (6)
() 20 where[4] = [Hy] ~ [Bi][Herl, [br] = ((Hr] ~ [Bel[Hee D]
ot [b2] = 7[Bel[b], [Br] = [Grel[Gecl ™", and [v] = [b] +

N M : ; ; ;
o ‘ () N [A][Bx][b]. To obtain transient behavior, the transfer function
=3 Vi) + 2; / Vi(z)Gy” + 231 pile)) Gy () o voltage is defined as
j= j=
[ [Ve(s)]
H(s) = ——F—% 7
(s) () (7)
(m_r S
Gloi, 2)1(w)) 485, G” =[5, e@))Va, Glui, 2;)[i(5) A5 \yperefi]T € RN~M is the vector which picks out the voltages
and f;(x;) is the constant-element shape function assigneddgy, 5 specific observation point. By combining the above two

where p(z.) = 7(z.)J(z.), the matrix element&7; = fsj

the boundary elemers; such 'Fhatfsj fj(afj)dﬁqj = L _equations, we immediately obtain
To obtain a concise form in matrix notation for the dis- . .
cretized boundary integral formulation, the above equation can H(s) =k +[l]" (rs[{] — [A])™" [v] (8)
be reformulated as wherek = [I]*[b,]/7. Besides the transfer function for current
av can be defined as
7| — | = [H;|[V] + [Gss 3
|: ot :| [ J][ ] [ J][p] ( ) L]T[Jexternal(xcv 3)]

9)

(o) =
UL s

where[H;] =3 [1]+[G"]. Explicitly, [V]=[V1, V2, ..., Vx[

and [p] = [p1, pa, -+, pu|T are the potentials and chargeyvhere [L]T € RM is the vector which picks out the currents

of element, respectivelyfi] is the identity matrix. After the from a specific observation point. By combining (5) and the

Laplace transformation of the above equation, one can obt&#pPve equation, we also get

the following expression: H(s) = ko + skr % P [Go] [Her (511 — [A]) o]
Vs Hi Ho | |Vy G | ¢ whereky = —(1/7)[L]¥ [Gee] T [Hee][B] — (1/72)[L]F [Gee] L
. , [Het][b2] and by = [L]F[Gee] H[b].

where the index ¢” denotes contact region and™ denotes

floating region. Define the Laplace transformation of the inplét_ Pac-via-Lanczos Algorithm

excitation vector[V.] as [b]u(s), we can obtain the contact

charges of conductors as Using the Pad-via-Lanczos (PVL) algorithm [5], the

reduced-order transfer function for (8) can then be constructed
[pe] = 75[Gecl 7 [Blu(s) — [Geel ™ [Hecl[Plu(s) as
— [Ged T HeA[VF] (5) Hy(s) = k+ [ [ollea]” (rs[1] = [Ty(s)) el (1)
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which is just thegth Pad approximation ofH. Whereas p(z, y, ) are space variables, which are described in the
[e1] =100 --- 0]F € R, [T,(s)] is the tridiagonal matrix rectangular coordinate shown in Fig. 1. In (13), the physical
andg x ¢ upper Hessenberg matrix. The transfer function of thmeaning of potential can be divided into three terms: the first
reducedjth-order system can be obtained directly by using therm is due to the contribution from the uniform dielectric

eigen-decompositiofiS,|[diag( A1, Az, -+, Ag)][S,]~t. After the second term can be considered as the contribution from
manipulation, we can obtain the infinite ground plane; while the third term represents the
1 R contribution from different dielectrics.
H,(s)=Fk+ & (12)
= 5 P [ll. ELEMENT INTEGRATIONS
where [1]7 = [e1]T[Sg] and [v] = [Sg] tlei]. The jth The constant flat boundary element system is used here.

pole and thejth residue of H,(s) are P, = \;/r and The boundan’ is approximated by a polyhedron o¥ flat
R; = [1¥[v]p,v; /7, respectively. Similarly, the reduced-ordesides, i.e.,I' = I't + s + --- + I'v. Here we choose the
transfer function for (10) can be also derived by the PVtriangular element, s&v = 3. The integral calculations of

algorithm. matrix elements7;; and Gi(j") in (2) are the most critical part
) ’ _ of a simulator, since it determines the computing time and
C. Multilayer Green’s Function the accuracy. For the constant boundary element, the integral

The derivations given in the above sections can be usiims of matrix element&y;; andGi(j"), are in analytical forms,
when there is the multilayer region. Generally, the problemhich can be expressed as [6]

of an appropriate three-dimensional (3-D) Green'’s function in Ts
multilayer regions can be obtained by two different methods: ij") = Z [tan™! (ZY) + sign(Z)A6] (14)
one is the method of images [8]; the other is the Fourier Ty
integral techniques [3], [7] to obtain the Green’s function. 1 I's r47e+ L
Comparatively, the latter method is less cumbersome and more Gy = el A [D In 7‘
physical. (@) 4 rtrz—L

We consider that the interconnections are placed in a strat- .
ified medium over an electric ground plane. This assumption =2 tan™" (|Z]Y) + |Z|A@} (15)
is valid when the substrate is heavily doped and the IC i ) ) 2 2
reasonably planar. So, the Si-substrate is the infinite groun ereY’ = D(nly —roh)/Dirrs + 27> and
plane and the SiQlayer is used as protective material. We use (a) corner angle
the Fourier integral technique to obtain the Green’s function AO =4 (b) 2 (16)
for Si-SiO, system shown in Fig. 1. When both the field point () O

and the source point are in the same protective coating suchwhich the condition (a) in (16) is the projection point on
as oxide, the Green'’s function for stratified medium can beertex; the condition (b) is the projection point on boundary

written as or inside triangular element; and the condition (c) is else. It's
G, ¢) important to note that thA® in the analytical integral solution
is an effective value and is not an actual geometrical angle.
_ 1 1 The parameters of, D, r1, 72, l1, lo, and L are shown in
drer |z — 2" )2+ (y— )2+ (2 — 2/)? Fig. 2; the parameter afl; is the area of theth triangular
1 element; the terman—! (y/z) in (14) is defined to take a
_ \/(x e e e value in(—m, ) as the cpunterclockV\,/ise angle frarpaxis in .
o (n1) a:y—plane: By using multl!ayer Gree'n s functions, gach matrix
+ Z (—1)" <51 — 52) element is consisted of infinite series of surface integral. For
= €1 +e2 the constant boundary element, the integral terms of matrix
1 elements are in analytical forms.
. According to the layout data, an automatic mesh generation
[\/(97 =22+ (y—y)? + [2(n + 1)d — (2 + 2)]? takes place, in which node numbers and their coordinates are
1 linked to the pre-processor of boundary element tools. Hence,
- V=V +y—v)2+ 20+ Dd+ (z — 2] it has been pointed out [3] that the calculated capacitance
1 values are sensitive with respect to selection of nodes. To
+ examine the accuracy and the efficiency of the sinusoidal
Ve =22+ (=) + 20+ Dd+ (= + )P weighting method, we employ the following scheme within
_ 1 each other of vertex points; ,ertez1 @NAT; yertez2, iN Which
Ve a2+ -y +Rn+Dd—(z-#F || one takes

=, . =g =g
(13) — T 7, verter2 + T 7, vertexl T 1, vertex2 — T 1, vertexl
Tijk = -

wheree; denotes the dielectric constant of SiG, denotes 2 " 2
the permittivity of vacuum or $Ny; and d is the thickness % <COS M) (17)
of SiO,. The source poing(z’, ¢/, ') and the field point K
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Fig. 2. Configuration of the field point and the triangular element based on three source points.

wherek = 1,2, ---, K; K is the total number of nodes For the convenience of monitoring, all the values in the
between vertices and is a function of the three independeables but not all the figures listed are calculated at far end
coordinate variables in 3-D spacg; is the position for the of A; conductor. The accuracy of the proposed method could
kth node of theith conductor; anch is the weighting factor be checked against data in Table | for two parallel conductors
[3]. In general, asn is smaller than one, the selective nodeand homogeneous dielectric material oriented over an infinite

are closer to the vertex. ground plane shown in Fig. 1. One can see from Table |
that the relative error of dominant pole will converge to
IV. RESULTS AND COMPARISONS less than about 6% for the number of nodes larger than 216

The most obvious application of our proposed method is deer equal-spgce meshmg and th? CPU time W'”_ be l?SS
determine how much changes in voltages on a given conduélrb‘?_n 1_56 s. To mvesugate the effectiveness of the ;lr_lusmdal
are capacitively transmitted to nearby conductor in inhom¥€ighting scheme, which has been proven to be efficient [3],
geneous dielectric material oriented over an infinite grourtfyf® calculate the dominant poles for Fig. 1 under different
plane. For the general case, we consider the scenario descr@égrpartition conditions, as shown in Table Il. The second
in Fig. 1, in which a voltage step is applied to the near erd third rows are calculated under equal-space meshing as
of M; conductor. Actually, when the pumping charges areferences for other sinusoidal weighting conditions. From
driven to one end of conductor, according to the image chargeaple II, it can be found that the relative error will grow
induced by the multiconductors on multilayer topography was » value is both larger and less than one. Obviously, the
adopted, the coupling capacitance of interconnections becorfigéisoidal weighting method for the transient cases has no
complicated to analyze. The voltage responses at both the@articular advantage as compared to the steady-state case [3],
ends of the parallel conductors are monitored, in whidh due to the complex charge pumping process. It should be noted
has its near end grounded. For this configuration, typically otigat the computing time is made on a HP-735 workstation,
end of every conductor is driven and the other end is connectghlich depends not only on the algorithm presented here but
to a high-impedance input, which can be considered as opaiso on the method of grid partition. Furthermore, to exam
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TABLE | TABLE 1l
THE AcCURACY AND THE CPU TiME VERSUS THETOTAL MESH NUMBER FOR THE EFFECTIVENESS OF THEPVL ALGORITHM FOR THE
THE INSET OFFIG. 1. (£1 = &2 = 3.9¢0, h1 = 0.5 pm, AND ho = 2.5 um) INSET OF FiG. 1. (€1 = €2 = 3.9¢¢, h1 = 0.5 um,
- - ho = 2.5 um, AND THE TOTAL NUMBER OF NODES = 216
Number| Dominant | Residue (R) | P-Relative | R-Relative] CPU time 2 . )
of nodes pole (P) x 10° x 10 error (%) | error (%) | (in sec) Number Dominant | Residue (R} | P-Relative | R—Relative| CPU time
of nodes q pole (P)x 10, x 10% error (%) | error (%) (in sec)
24 1,1,1] -5.146557 3.885458 4222 45.06 1.1
216 1 -4.150683 3.294246 8.140 21.54 73.6
64 2,2,1| -4.303452 3.238126 18.92 20.90 9.0
216 3 | -3.978197 3.281191 3.646 21.05 72.3
96 222 -4.139249 2.843728 14.38 6.171 220
216 6 | -3.845714 2.775197 0.1946 2.386 72.5
120 33,1 -4.107363 3.141295 13.50 17.28 40.0
216 8 | -3.838563 2.713568 | 0.008337 | 0.1125 72.7
192 44,1 -4.029040 3.117062 11.34 16.38 125.4
216 180] -3.838243 2.710518 0.0 0.0 155.2
216 333 -3.838243 2.710518 6.064 1.197 1552
360 3,3,6 -3.785058 2.918285 4.594 8.954 536.1 TABLE IV
384 |a44| -3.698615 2.696308 2205 0.6853 6943 COMPARISONS OF TRANSIENT CHARACTERISTICS FORDIFFERENT VERTICAL
PosiTioNs oF THECONDUCTOR M IN HOMOGENEOUSMEDIUM OVER THE
600 555| -3.618806 2.678452 0.0 0.0 2414.8 GROUND PLANE AND DIFFERENT PERMITIVITIES OF INHOMOGENEOUS
DIELECTRIC MATERIAL ORIENTED OVER AN INFINITE GROUND PLANE (THE

ToTAL NumBER OF NODES = 216) SHOWN IN THE INSET OF FIG. 1

TABLE I M, M,
THE EFFECTIVENESS OF THESINUSOIDAL WEIGHTING SCHEME —
FOR THE INSET OFFIG. 1. (£1 = €2 = 3.92¢, hy = 0.5 um, "S‘ZT’)""C ‘“”EZ’Pe“k current peak
hy = 2.5 pm, AND THE ToTAL NuMBER OF NODES = 216) “)
Number K | n | Dominant Residue (R)| P-Relative | R-Relative| CPU 50um 11.095 0.0040532 -9.7153% 1076
of nodes pole (P)x 10" x 108 error (%) | error (%) |time (sec)
=g = 38 5 . X -0.001201
600 | 555 -3.618806 | 2.678452 0.0 00 | 24148 gmen =SSl [owm | 12040 | 00046107 0012016
hy = 2.5 _
216 3,33 -3.838243 2.710518 6.064 1.197 155.2 2 wm 0.5u4m 15.673 0.0069098 0.0013227
216 | 333 |0.1] -4.699800 | 5.148348 | 2987 0221 | 1606 0.054m| 35.087 | 0.0144630 -0.00069220
216 3,33 | 03] -4.247978 3.820603 17.39 42.64 161.0 &1 = 3.9¢ 10 x & 15.316 0.0064447 -0.0011712
d = 4um
216 | 333 |03| -4.023868 | 3.295597 11.19 23.04 | 1634 =2 | 2| O 12739 | 00050056 -0.0013332
7l -3, R . 160.4 —
216 | 333 [0.7] -3.905898 | 3.026501 7.933 12.99 60 By = 0.5um 01 x e 11095 | 00042048 00014120
216 3,33 109 -3.846942 2.875552 6.304 7.359 165.0
216 333 (1] ~-3.831677 2.826257 5.882 5.518 163.8 . . .
a6 | 333 | 3| 3991188 | 2756598 02 | o2 | 1518 the rise time decreases at_the same time but. shows slower
as theh; grows larger. During the four cases in rows 3-6,
216 | 333 | 5| 4099443 | 282093 | 1328 | 5322 | 1499 the current peak ol/, varies dramatically. The portion of the
216 | 333 7| -4129329 | 2817577 | 1411 5194 | 1398 current flowing tai/, reaches a maximum value of one-quarter
216 | 333 | 9| 4136017 | 2843510 1432 6.162 1406 of the M; total current wherk, is 5 um and/; is the second

nearby case td/; in the four cases. It is because that/as
changes from 0.5 to am, the current flowing to the ground
the efficiency of our proposed model, the relative errors aptane decreases faster than current flowingiig. However,
demonstrated for different number of poles. From Table I, dse larger coupling capacitance results in the larger transient
the number of computed poless small increased, one can seeurrent toA, conductor and at the same time the larger voltage
the relative error is greatly reduced in order of magnitude. A¢sponse of cross talk occurs. Furthermore}Asis far from
the same time, théf, approximation form is more and morei,, the rise time reaches saturation value 11.095 shown in
approaching the exact frequency respaHsét is worth noting row 3, which is almost independent 81> and ground plane.
that the relative error fog = 8 is only about 0.008 383% and Another interesting case investigates the influence of different
the CPU time is greatly reduced to about half of the value jermittivities of multilayers shown in rows 7-9. One can see
the last row withg = 180. that as the permittivity, increases exponentially from 0.1 to
To illustrate the flexibility of our proposed technique, we0e4, the peak current ai/; increases linearly and the current
consider more general cases for different values of the grouihmv to A4, is almost unchanged around 0.001, which shows
plane position and the dielectric constant for the region guite different behaviors from case 1. It is obvious that the
To brief the article, the major physical meanings are extractede time of M; shows linear dependence on the current peak
from the transient characteristics and listed in Table 1V, whiatf M. Especially, due to the larger permittivity in the region
monitor the far ends of thé/; and M, conductors, respec- 2, the larger electric field flux flowing from the top d@ff;
tively. From rows 3—6 of Table IV, one can see that as ttmnductor to the ground plane and the slower rising time of
height A, increases exponentially from 0.05 to 20n, the voltage for A; conductor result in the larger ground capaci-
current peak ford/; decreases almost inverse proportion anéince. From the above analysis, it's important to incorporate
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the consideration of multilayer topography for modeling tha
transient characteristics of multilevel interconnection.
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