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Line-to-Ground Capacitance Calculation for VLSI:
A Comparison

ERICH BARKE

Abstract-A comparison is made between various approximations of |(a), in which conservative design rules of a bipolar SBC
the line-to-ground capacitance problem in a VLSI environment. It is (Standard buried collector) process were usq‘mrand_
shown that with up-to-date dimensions, the simple parallel-plate model . - .
is no longer adequate. However, easy-to-use and fast-to-compute for- plate apprOX|mat|on Seems to be well SUIﬂﬁd In faCt’
mulas exist that result in accurate and reliable capacitance values. the parallel—plaﬁe result is about 3_3 percent apart from the

true value. Using advanced design rules (Fig. I(b)), the
| INTRODUCTION g{]r(())l;kljsnSO7lo|c;]egrecregg ;:rg#ssiagraergllel—plate approximations
THE PERFORMANCE obtained with VLSI is heavily gagjcally, calculating the capacitance of a given ar-

'|nfluenced by parasitic effe_cts,' such as mtt_erconneg:ér&gemem means solving Poisson’s equation:
resistance and capacitance. With increasing chip area an

circuit complexity, the average interconnection length . P

grows, making accurate consideration of these effects a Av=divgradv= —=

necessity in order to produce working samples in the first

run. where v is the electric potentigd,the space charge, and

The parasitic capacitance problem is three-dimensiorethe dielectric constant.
by nature. Three-dimensional calculations, however, areThere are a couple of approaches which can solve this
very expensive and thus seem to be an inadequate gpeblem numerically, for instance, finite difference or fi-
proach for VLSI. With sufficient accuracy the problemnite element methodg8)]. Obtained results are fair, with
can bereducedto a set of two-dimensional ones. Capacaccuracies up to 0.2 percent compared to the theoretically
itive couplings are described by three different compaexact values. More recently, an integral method based on
nentsl]: Green’s function was propos¢4]. Reported discrepan-
1) line-to-ground capacitance (usually between a ce(r:les to measured data wemaller.than 10 percent.

tain net on any layer and substrate): Qn tne other h_and, allhnumerlc_al methods (E;]]%l_p_u— f

: . : ’ tationally expensive, so that run times are prohibitive for
2) line-to-line capacitance (between two nets on thg, g layouts, even in the described two-dimensional

g?orggol\?grerc); acitance (between two nets on diffefeSe: The same is true for the exact analytical solution,
3) ent layers) P which is difficult to derive (see electromagnetic field the-

ory literature) and results in an extremely complicated de-
In advanced MOS technologies, where the interconneseription of this geometrically very simple configuration.
tion pitch is near or less thann (i.e., the spacing is A possible solution to the problem is to use numerical
near or less than um), the line-to-line capacitance is methods to generate so-called look-up tables, which con-
comparable to or larger than the line-to-ground capadain specific capacitance values to be used, e.g. during
tance. Moreover, the line-to-ground capacitance igircuit extraction to compute the geometry-dependent ab-
strongly affected by the spacing. This paper, howevesplute values,
deals only with the first component, which is still domi- Nevertheless, there is a strong need for simple and fast
nating the capacitance problem in many (e.g. bipolagpproximating formulas to calculate capacitance values
technologies. directly, e.g. in the design phase.
The most accurate formula known to the author has been
Il. ProsLEM AND SoLuTions published by Changb], who used conformal transfor-
Calculating the capacitance of a rectangular conductoration to derive relatively simple equations. Provided that
facing a ground plane (Fig. 1) is a well-known problenmw = h holds, their accuracy is within 1 percent of the
from basic electrostatic field theory. With respect to Figexact value. In the scope of this paper, Chang’s approach
is used as a reference. The original equations can be taken
Manuscript received January 22, 1987: revised July 23, 1987. The fesom [4]. Note that the first publication, in 1976, was

O i i S A, Cormponenis Grug,p v 1, ComPpleted and corrected in 1977
Balanstrasse 73, D-8000 Munich 80, Federal Republic of Germany. Elmasry [6] proposed a greatly simplified analytical
IEEE Log Number 8717568. formula in 1981. Its first term describes the parallel-plate
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t line thickness

w - line width

h - oxide thickness

E - electric field strength ~ .

t = 1,3 pm t = 1,3 pm
w =6 pm w =2 pm
h =0,75um h =0,75um

(@ ()
Fig. 1. An interconnection line facing substrate (the ground plane). (a)
Conservative bipolar design rules. (b) Advanced bipolar design rules.

capacitor formed by the bottom plate of the interconnec-
tion line and ground, the second one additional contribu-
tions of the side walls, and the third one those of the top
plate:

]! [ A
¢ = [K+21n<1+£>+§ln<l+w—/2—>} U : 1Y f
h h) . h t+h - =t tpwd b h
(1) :

where c is the capacitance per unit length.

In 1982 Yuan and Trick7] presented another simple
analytic approximation which has a direct physiceér-
pretation. They replaced the rectangular line profile wit
an “oval” one, composed of a rectangle and tvadf-
cylinders (Fig. 2). The resulting capacitance can be cal-
culated as the sum of a parallel plate capacitor with width
w - t/2 and a cylindrical one withr =t/2. This results
in a capacitance c given by

Fig. 2. Simplified arrangement of Yuan and Trick.

¢ = 6[1.15 <%"> + 2.80<£>0‘222]. 3)

The first term represents the (bottom and top) plates of
the interconnection line and the second one considers the
side walls. Within ranges of 0.3 w/h < 30 and 0.3 <

t/h < 30 an accuracy better than 6 percent is claimed.

Pormula:

co. | W 1/2 2w In 1984 v.d. Meijs and Fokkeni] improved Saku-
h oh hh »2h rai's approach by extending the empirical expression and

In 1+ = = <'— + 2> simultaneously reducing the range of validity. Tiret
¢ t\t term of their formula describes the parallel-plate capacitor

@)

Provided that w= t/2 andt = h hold, a maximum error
of 10 percent with respect to Chang is stated. In the case
of w <t/2, which is a more theoretical one, an empirical

formula is suggested.

and the other three allow for all side effects:

" w 0.25 p 0.5
= — )+ 0.77 + 1.06] — + 1. - .
¢ 6[<h> 6<h> 106<h> }

(4)

The maximum deviation from Chang’s formula is given

Sakurai and Tamar[8] felt in 1983 that the accuracy as 2 percent whemv/h = 1, 0.1< t/h < 4 and as 6
of approximations such 48] was not sufficient. Instead percent whew/h= 0.3,t/h < 10 hold. All cited ranges
of improving the analytical approach, they evaluated seem to be adequate for practical applications. In bipolar
couple of numeric solutions and defined a sheer empiric@chnologies for instanagh is within a 1.5 to 2.0 range.
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Fig. 3. Length-specific capacitances ¢ versus line wiw.th . .
g gH-sp P sults of the Elmasry and thBakurai/Tamaruapproxima-

, tions also differ significantly from the reference values,
15%- Relative frror especially for smal(<2) and large(= 10) w/h values.
ants Formatt On the contrary, the approximations by Yuan/Trick and
v.d. Meijs/Fokkema are completely within the graphic
resolution over the total w range.

A closer look at accuracies is given in Fig. 4. It proves
that the v.d. Meijs/Fokkema approximation is superior to
0= all others. Within a very broad w range, the accuracy is
um within 1 percent. This seems more than sufficient for lay-

out verification purposes.
It is interesting to see that Sakurai's equation yields bet-
Parallel Plste - ter results for smaller lines, making it a possible alterna-
tive for small geometries. On the other hand, Yuan'’s for-
3 mula, which returns fairly good results for largerh
h = 0.75um ratios, is no longer usable wherih gets smaller than 3.
Fig. 5 shows that the v.d. Meijs/Fokkema approxima-
tion is not only the most accurate but is also the fastest.
Though (4) looks more complicated théB), it is faster
to compute, because in Pascal, which was used here, the
lIl. Comparison exponentiation y =” in (3) is slower than the multiple

Choosing the best approach for a specific applicatidQRT calls in (4).
on the base of the published data is not an easy task. Ac-
curacies are given only for certain rangeswot, andh IV. Concrusions
and these ranges differ in all publications. As authors tendn this contribution, several methods for calculating the
to notify the ranges of best approximation of their foreapacitance of an interconnection line facing the ground
mulas (an understandable proceeding), an unbiased cqtane (substrate) have been examined and compared.
parison is necessary. Using up-to-date design rules, the formerly uparillel-

For this purpose, a program has been wrifié} that plate approximation should be out of consideration, al-
computes line-to-ground capacitances accordingl}e though it is indeed the fastest one. On the other hand, it
(4) and-as a reference-to Chang's formulas for a wide not necessary to apply expensive humerical methods to
range of parameter valuesh, andw. Some results are obtain accurate results for this geometrically simple prob-
given in Figs. 3 and 4. Because Chang’s formula is a valldm. As shown here, there are relatively simple and fast
reference only for ratios w/h > 1, the comparison hdsrmulas yielding satisfactory capacitance values even for
been restricted to that region. smallwr/h ratios. Additional measurements on test struc-

Fig. 3 shows length specific capacitances c versus lihges using Fig. I(b) design rulesw = 2 um,t= 1.3
width w. For oxide and line thicknesses, values have begm, h = 0.75 um) were made in the context of another
taken from a bipolar process &s 1.3pm andh=0.75 paper[1 ] to corroborate the calculated results. The
um. It is obvious that the parallel-plate approximation igneasured value of ¢ = 0f2F/mm proved that the ap-
totally inadequate for line widths below Zin (!) (i.e., proximation of v.d. Meijs/Fokkema is the best choice in
w/h ratios = 15). Moreover, it can be seen that tlee every respect.
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Fig. 4. Relative error versus line width
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