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Abstract

A hierarchical two-dimensional field solution technique is
introduced for capacitance extraction for VLSI interconnect
modeling. As a basis for compromise between the efficiency
of Boolean rules-based extraction and the accuracy of flat
field solution, this hierarchical approach can handle
realistic conductor cross-sections and multiple conformal
and/or planarized dielectrics.

1. Introduction

As integrated circuit processing technology marches relent-
lessly down through deep submicron feature sizes, chip per-
formance limitations, such as system delay and signal integ-
rity, are coming to be determined more by interconnect ef-
fects than by active device characteristics [1]. To address the
issue in its entirety and obtain the overall chip interconnect
COUp!mg capacftance _matrlx_ would rgquwe prohlbltlvely_ e?(- Figure 1. A realistic vertical cross-section of IC interconnect. We
pensive three-dimensional field solution. Because that is im- see that conductors on layers 1-5 are trapezoidal. The top layer
practical for a VLSI circuit design, significant compromises metal has a completely irregular geometry. There are voids

are effected in commercially available capacitance extrac-Petween minimum-spaced conductors. There is a conformal layer
of dielectric on top of the top layer metal(passivation). SEM picture

tion tools: typically field solution is employeal priori to courtesy of IBM Corp. [ Copyright IBM Corp. 1994, 1996.
tunerules-based extractors. Such rules-based extractors uti
lize process parameter and field solution derivendielsto- semble the results applying the rules to those several small

gether with Boolean operations on two-dimensional mask pieces
sets to determine capacitance values derived from features

o As an attempt to overcome these limitations this paper
such as overlap, lateral proximity, and so on.

) . i proposes a simple hierarchical partitioning approach to field
Even accu_rate field solu_thns_ can incur severe perfor- solution [7,8]. This scheme still entails detaigegriori field
mance penalties when realistic irregular conductor CrosS-go|ytion, but on a smaller set of parameterized library mac-
sections and corresponding conformal dielectrics are intro'romodeling elements. Such a physical macromodel is repre-
duced (Fig. 1). These process features have an important efgenteq electrically in terms of a capacitance matrix that re-
fect on parasitic values [2]. Rules-based extraction may parates the potential(s) and flux(es) at the artificial boundary of
tially correctfor these effects during their full field solution  ha element to the total charge on the conductor surface. The
pre-processinguningphase. But rules-based extractors ulti- jiprary element capacitance matrix macromodels can then be
mately incur large errors due to their necessity to partition .o mpined at runtime to produce accurate field solutions of
any problem domain into very small pieces and then 10 reasgtire interconnect cross-sections. While less efficient than
t. This work was supported by the National Science Foundationrules-based Boolean extraction, this approach is much more

under Grant MIP-9216942, and by the Semiconductor Researchefficient than flat field solution while maintaining or exceed-
Corporation under Contract DC-068. ing its accuracy
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room use is granted without fee provided that copies are not made or distributed forfield solution [13] shares with this work roots in domain de-
profit or commercial advantage, the copyright notice, the title of the publication and composition (see for instance [12]) Both approaches solve

its date appear, and notice is given that copying is by permission of ACM, Inc. To . . - d
copy otherwise, to republish, to post on servers or to redistribute to lists, requires priorfor the field in the non—overlappmg subdomains and merge

specific permission and /or a fee. . . T " .
DAC 97, Anaheim, California the solutions using compatibility conditions at the |nt.erfaces.
© 1997 ACM 0-89791-920-3/97/06 ..$3.50 Whereas [13] has focused more on spectral techniques and
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L— 1 — Y ’I‘& 1. It uses hierarchical partitioning and library macromodel
J_I:I y ll Bl 1l Ll I Il \ preprocessing to attain chip extraction runtime efficiency.
= o - —1= o 2. It can provide total and coupling capacitances related to
o U lr Cy/2 a single net or the full capaci i i i
pacitance matrix associated with a
a C Cyl\ese group of nets. _ _ _
@ (0) X 3. It can deal accurately with arbitrary conductor vertical
cross-sections and multiple conformal and/or planarized di-
boundary conductor electrics.
terminals i . . . .
terminal Although the technique is best implemented in terms of
the Boundary Element Method (BEM), it is most easily ex-
plained in terms of a finite difference formulation, which we
R LA will do here. The BEM formulation can be found in [7] and
1 Cnm — will be published elsewhere.
(c) — . : The essence of the hierarchical field solution technique
] — can be captured by examining Figures 1, 2 and 3. The verti-
TTTTTT u cal cross-section to be analyzed (Fig. 1) is partitioned into
distinct regions (Fig. 2 (a)). A library element (Fig. 2 (c)) is
Figure 2. Partitioning and macromodeling: (a) The cross formed by solving for a macromodel capacitance matrix for
section in Fig. 1 is partitioned; (b) Each partition can be a given partition (Fig. 2 (b)). The capacitance matrix for a
modeled as a capacitive mesh; (c) The internal nodes are . L . L. .
eliminated to form a macromodel represented by a capacitance vertical cross-section is obtained by combining the appropri-
matrix. ate macromodels (Fig. 3).

The nature of the problem with which we are dealing ren-

limited itself mainly to regular geometries in 3-D, this work 4ars the use of macromodels especially advantageous. We
has concentrated on the Finite Difference and Boundary El--5n take advantage of the fact that the problem space, de-

ement Method formulations in solving complex geometries fineq py all possible geometries found on the interconnect
typical of IC vertical cross-sections. layers of a chip, is very limited. Although the geometry un-
The 2-D ideas we present here are useful as a basis foger analysis is complicated by conductors with nontrivial
developing a hierarchical 3-D field solution technique, and cross-sections and nonhomogeneous dielectric layers
also useful on their own in the so-called “2.5-D" extraction (Fig. 1), there is much regularity to be exploited. The space
context. In the confines of this paper, we have been able onlyof possible 3-D geometries formed by a manufactured IC is
to cover the most basic elements of hierarchical 2-D solutionjimited by the technology description and design rules. The
for capacitance extraction. Refinements and extensions, intechnology description is determined by the manufacturing
cluding 3-D implications, are covered in detail in [7] and will process. The design rules represent restrictions due to yield

be elaborated in subsequent papers. concerns, the manufacturing process or design tools. There-
All the feasibility studies shown in this paper are conve- fore we do not need the generality of a generic field solver,
niently implemented iMATLAB™ [14]. and we can avoid some of the inefficiencies that generality

The rest of this paper is organized as follows. In Sectionimply. We can describe any vertical cross-section with rela-
2 we give an overview of the hierarchical 2-D capacitance tively few library elements using our method, as we shall see
extraction method and its Finite Difference (FD) implemen- in Section 3.
tation. In Section 3, we discuss how we can build a library of __ .
elements as a pre-processing step. Finally, we offer somd inite Difference Macromodels

conclusions. For capacitance computation purposes, we can represent the
finite difference discretization of an arbitrary domain (of di-

2. Hierarchical 2-D Capacitance Extraction electric materials and conductors) as a mesh of capacitors

The 2-D capacitance extraction methodology to be described®]- If we cut an arbitrary patch that includes the conductor

here has the following features: from the capacitive grid, we get the sub-mesh depicted in



Fig. 2. In order to get the same result when we put it back,romodel. The boundary conditions imposed may have a
we assign half as much capacitance to the capacitors alontarge impact on the results.

the boundary edges. The capacitor terminals that lie along

Once the global nodal analysis matre, is formed, we

the surface of the internal conductor are all at the same pomay re-arrange it as:

tential and are “shorted out”. We can now eliminate the inner

nodes from the capacitance formulation of the circuit
Cv = Q via a partial LU decomposition, creating an N-

port Norton equivalent for this capacitive network. Here,

subscriptl refers to inner nodes, subscriptefers to outer
nodes and nodes on the conduatas;flux andvis potential.

suy -
Co1 Cof [V az
g, = 0 (KCL). 2

Eliminating internal nodes:

=]
(C2—Cp1(Cq1) "Crv, = 0y,

CgV — Celim,elim Celim,cond Velim - { 0 } (4)
Ccond,elim Ccond,con Veon Geond
where the subscrigtond denotes conductor nodes (one for
each conductor), arelim denotes all other nodes (at bound-

aries) to be eliminated (Fig. 4). A partial LU decomposition
is performed to obtain:

CVcond = Ucond
_ -1
C= Ct:ond,cond_Ccond,elimcelim,elimcelim,cond ®)
which is the capacitance matrix we have set out to compute.
We can also create new larger macromodels by combining
previously created ones and eliminating their common

-1
Cm = C22=C51Cyqy Cyp. ®3)
Note that the macromodel capacitance matgxi<sin-
gular because we did not pick a datum node. We did this so
that G, is in the form of a stencil [5] into a global matrix.
Note also that an irregular conductor geometry is still repre-

boundaries. In this case:

Celim,elim CeIim,bound Celim,cond Velim 0
bound,elim C:bound,boundcbound,con Vboun Aboun (6)
Ccond,elim Ccond,bound Ccond,cond Vcond qCOﬂd

sented by only one terminal, although, in a flat field solution_, and as in Eq. (4), a partial LU decomposition is performed to
the conductor would have to be represented by many gridgjiminate this time only the inter-element boundary nodes,
points. Grid points on dielectric interfaces inside elements yanoted by the subscriglim (Fig. 4). The new macromodel

are similarly eliminated. This reduces the number of vari- )4y then be stored in the element library for future use. Ter-
ables to be considered at runtime. Throughout this paper, thenination macromodels are created in a similar manner. For
term runtime will be used to indicate the assembly and solu-termination macromodels, certain boundary conditions are

tion of the global capacitance matrix (see below), as opposedyssmed for some of the outside boundaries, and only a sub-
to the “preprocessing” time that must be employed for mac- ¢at of outside boundaries is retained.

romodel library creation.

Global Solution

We will now show how we can obtain the capacitance matrix
for a given geometry using macromodel parameters. We first
decompose each layer into geometries for which we have
macromodels in our library. The macromodels we choose
may include no, one or more conductors. We then stencil the
macromodel matrice€(,s) into a global nodal analysis ma-
trix [5], which we shall call the global capacitance matrix.
For inter-element boundaries, each node is shared by two
macromodels, and the corresponding matrix entries are add-
ed. The total flux for inter-element boundaries is set to zero
on the RHS of the equation. For the outside boundaries, we
need to impose a boundary condition. Setting the flux equal
to zero imposes a Neumann boundary condition. Eliminating
the columns and rows corresponding to a node is equivalent
to imposing a Dirichlet boundary condition (V=0). Or we

L= [=]

Cm1 Cm2

O

cond bound
E ?
—P
N = SR e
g=0 (NBC)
(©)

—

ST
)

u=0 (DBC)

C = C11Cp2
C21 Co2

may use a terminating macromodel to emulate more realistic Figure 4.0Once a global matrix is formed (a) with stencils from
boundary conditions (see [7]) In this case, there are no out- macromodels, a macromodel can be obtained for the overall

side boundaries, and these nodes are treated as inter-elemer

configuration (b), or boundary conditions can be imposed and a

capacitance matrix can be obtained (c).
nodes between the macromodel at the boundary and the ter-

minating macromodel which has the same format as a mac- We may not need the full capacitance matrix all the time.



When we want to compute the coupling capacitance to con-

ductork only, we apply 1 Volt to conductér and 0 Volts to Dhor
all others: — . _
I I s ’ r'elem =8
T . °
Veond = [0 I 0} (7 3 y b .
i i ° ' nIa\yer =3
k 3 : —3 )
We then solve fog.ynqin Eq. (4): ’ [ . I ' Nyert = 2
-1
Velim = _Celim,elimcelim,con&/cond' - V%O,[ >

Ycond = Ccond,elimvelim + Ccond,con&’cond' (8) .
Figure 6. Computing complexity. The variables used in Eq. (9)

Note that we do not actually inve@, i, @t any point.  are indicated for this example.
One way to compute,;,, is to perform an LU factorization
ON Cejim elim and solve fow,,, by forward and backward
substitution of the column o€, .ong  thate,y  Picked.
One of the major advantages of our method is that it yields

block sparse matrix like the Finite Difference method, yet it .
We present a simple example to show the convergence prop-

has few variables, like the Boundary Element Method ~ : : )
. . . erties of our method. We examine the vertical cross-section
(Fig. 5). Special numerical methods have been developed ta

L ) In Fig. 7. We shall assume Neumann boundary conditions at
perform the LU factorization of such block sparse matrices ; )
- : . ; the side and top boundaries.
efficiently [3]. Alternatively, we could use an iterative meth-

tion of process details such as the irregularity of the conduc-
tors and the number of dielectric layers.

@Convergence

od, such as GMRES [4] to solve fay;,,, , which is feasible e=15
owing to the sparse nature of the global matrix. 5 i 1
Sparsity graph for the global capacitance matrix for a 15 conductor example | | |
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& Q; - Figure 7.The vertical cross-section for an imaginary process. The
sol #® o dielectric constant is taken as 1. The top metal layer has an
i irregular cross-section and there is a conformal dielectric with a
o= b dielectric constant 1.5. Dashed lines indicate the element
100} oo boundaries used.
120} o We have simulated this configuration wiaphael™
‘ ‘ ‘ B B o [6], a general purpose Finite Difference Field solver, using
0 20 O 0 ey e 0 10,000 grid points and the result is taken as “exact”. The re-
Figure 5. Sparsity graph for a typical global capacitance matrix sults obtained using our technique are compareq to the
Cgy. This matrix was formed in the solution of a 15 conductor Raphael results in Fig. 8. The capacitance matrix for
problem. Nnodes = 120 is tabulated in Table 1. But we can see that
even for the lowest level of discretization, the error is within

The number of variables in the above matrix is deter- 1.5%
mined by the number of nodes that are eliminated, i.e., inter-—">"""
face nodes and boundary nodes. We can decompose this into  FOr this example, ignoring the top-layer dielectric and
horizontal nodes and vertical nodes. Nodes that are groundeé® irregularity in the top-layer conductor cross-section

never enter the calculation; therefore the number of nodes igvould give rise to 15% error in the total capacitance of con-
(see Figure 6): ductor 1. In our method, these effects are accounted for at the

pre-processing stage and incur no additional cost at runtime.

Modes ™ a\%r+ 1%1|ayer+ (nelem+ n|ayer)nvert' (9) 3 Library BUlldmg

The block-sparse matrix solution is typica@”ﬁodeé ,  We shall assume that conductors at each metallization layer
wherex is between 1.2 and 1.5. Note thgl,..  is nota func- have a constant height from the substrate “to the first order.”



such as chemical mechanical polishing (CMP) [11].

In addition to this basic assumption, we make an assump-
tion which is not essential to the operation of the method, but
increased efficiency is obtained when it holds: We will as-
sume that conductor vertical cross-sections (together with
conformal dielectrics) can be described in a scalable fashion,
i.e., the shape of a conductor with arbitrary width may be ob-

convergence of C11

c11

259 L L L L L L L L L

o0 s e s s e e tained by slicing a minimum width conductor and extending
0z, meweneedted the middle (Fig. 9). With these assumptions, we construct a

library of macromodels that can be combined to describe any
vertical cross-section allowed for a given technology.

0.18F i
20 30 40 50 60 70 80 90 100 110 120

@ [ [ [
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percentage error in capacitance
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Figure 9. Scalable vertical cross-section with a conformal
dielectric. (a) is the minimum-width metal. Left and right halves are
identical due to symmetry. The irregularity of the conductor is due
to the deposition and etching steps that affect mostly the sides. In
(b), the medium section is derived by connecting the end-points of
each side.

% error

Assembling the macromodels, it appears that the physi-
cal locations of the terminals must match at the interfaces in
order to use Eq. (5) directly. In this limited sense, we must
have ‘universally matching’ elements (see Fig. 10) in the li-

S S S S brary, so that the representation of an element is independent
°0% s D e e of the elements around it. This means that we must use the
(b) same discretization for vertical sides of elements that can be
Figure 8. Convergence with improving discretization. nis the adjacent. Some elements Can_nOt be ?djacent _by ru'_e because
number of variables in the global capacitance matrix formed. (a) that would correspond to an impossible configuration. For
Showstthe cor}vergzncs inlabSC:JUéel Lert?rs of 01|_1, the tOté}tl the horizontal sides, on the other hand, all segments must be
gﬁmggﬁnffnguﬁ‘t);s”f ;r:d f?b) shows fhceoggrg;%tcazzag'r%?ﬁﬁ the same 5|ze._Fortunater, our method is not Im_uted to ‘u_nl-
some capacitance values. The percentage error is computed as: versally matching’ elements, since we can use interpolation
100( (Cippmx_ Cixacs/ci)l(ad) a_nd ex_trapolati_on to_ bring together e_Iements with dif_ferent
discretizations in a single global solution using extensions to

0.5

Eq. (5) [7]-
Table 1.Capacitance values computed for the TN i
configuration of Fig. 7 o ( 1Cm1

— m - - L
Cij 1 2 3 4 : . —— L - i B

— :_F_ _|||-FFF'_'H'|-|||_
1 2.5991| 1.3828 0.9661 0.1781 — - Ay ] Cm2 n Cmz |
2 2.6251| 0.2571 0.9407 T || ! ) E B
3 4.5312 0.8135 _’! !‘A_h LU rrrrrrT
4 4.2258 Figure 10.Universally matching elements.

By “constant to the first order”, we mean that the deviation

of the hhelght from Ir|10m|tr_1al dlﬁhto proc_esls valrlatlgrr]]_s ?”f to'Fig. 11 shows some types of elements we can have. Type I
pography is a small portion of the nominal value. This is true oo nts allow a smaller library size.

for processes that use advanced planarization techniques . . -
There are trade-offs between runtime extraction efficien-

The elements need not have the conductor in the middle.



4. Conclusion
We have introduced a theoretically founded hierarchical

T i T | two-dimensional field solution technique. The technique
# L “ b * L uses preprocessing for runtime efficiency and can deal accu-
L

“pass-through”

~——— “empty” rately with realistic VLSI interconnect cross-section config-
I urations. We are presently working on the extension of this

technique to 3-D.

Figure 11.Types of elements and how they combine. Elements
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These elements may be constructed from more those primi-

tive ones as shown in Eq. (6), or from scratch using Eq. (3).

Ah,max = )‘process
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