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Abstract— This work describes the application of the
Lumped Element-Finite Difference Time Domain (LE-
FDTD) method o the rigorous analysis of CMOS in-
terconnections. In particular the frequency-dependent
line parameters are evaluated in 2 wide (DC to 100 GHz)
bandwidth. To obtain very accurate results the Short-
Qpen Calibration (SOC) procedure has been adopted.
With such an approach, simple lumped generators and
loads can be used to excite and terminate the struc-
ture under analysis, in substitution of more complex
boundary conditions. The technique has been validated
against experimental results from the literature showing
a good agreement.

Indez Terms: CMOS interconnections, MIS transmis-
ston lines, numerical calibration, FDTD method.

I. INTRODUCTION

MOS interconnections and, rore in general,

transmission lines on semiconductor materials
have been considered by many authors {1], [2}, [3] show-
ing the existence of two regions of operation: namely
the slow-wave region and the dielectric quasi-TEM re-
gion. Because of complicate propagation mechanisms,
the wide-band analysis of these structures is a challeng-
ing task: numerical simulators are usually adopted for
the rigorous solution of the electromagnetic problem,
Moreover a very high accuracy is required since, for
example, the frequency-dependent line parameters are
particularly sensitive to numerical errors in the com-
putation of both characteristic impedance and propa-
gation constant. -

This paper proposes a combination between the
Short-Open Calibration {SOC) procedure [4], and the
Lumped Element-Finite Difference Time Domain (LE-
FDTD) method [5]. With such an approach the in-
terconnection experimented in [6], realized using a
0.25 pm CMOS technology, has accurately been char-
acterized, accounting for the finite conductivity of the
metal line as well as for the losses of the doped sili-
con substrate, Although the FDTD method was ap-
plied to the analysis of Metal-Insulator-Semiconductor
(MIS) structures in [7], the proposed technique is nu-
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merically more efficient.

II. METHOD

The basic idea consists of using very simple lumped
generators and loads, in substitution of more complex
boundary conditions such as {8], [9], to provide a suit-
able excitation and termination to the structure under
analysis. From the evaluation of the equivalent port
voltages and currents a network representation of such
a structure can be derived.

Unfortunately, experiments previously carried out
by the authors, have demonstrated that the accuracy
achievable with this approach is very poor. This is
mainly due to the unavoidable, numerical discontinu-
ities associated to the junction between lumped ele-
ments (gencrator or load) and distributed circuit. I,
for example, an interconnection line is terminated with
a lumped resistor, a step-like discontinuity is formed
at the connecting point. Another source of systematic
errors is the mesh-dependent parasitic capacitance in
parallel with the lumped element [10].

A way to circumvent such a problem consist of repre-
senting these port discontinuities with an error network
superimposed to the circuit being analyzed. With the
SOC procedure, recently introduced in [4] and [11],
this error network can be determined and thus de-
embedded from that of the whole simulated structure.
As a result, the equivalent network parameters of the
distributed circuit can be computed very accurately,
still using simple lumped excitation and termination
schemes.

The equivalent network representation adopted to
describe the CMOS interconnection is based on the
transmission matrix. Using such a matrix, the output
voltage and current (V, f2) can be computed in terms
of the input voltage and current (Vy, I;) as follows:

Vy = cosh{yl) Vi — Zp sinh (y1) I

inh (v1 1
= —ﬂz-i?—-)-V1+ cosh (v!) I M
)]
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In the above system of equations, voltage and current
at each reference plane of the structure have been de-
termined combining the LE-FDTD method with the
S0C procedure. After simple manipulations of (1) one

obtains:
: V2 —-v2
Zo= |20 (2)
-1

[V111+V212] (3)

= 1.a\cosh
= Vila+Vahh

{
and thus the characteristic impedance and the propa-
gation constant (of the line equivalent to the CMOS in-
terconnection) can be computed. Since the LE-FDTD
simulator evaluates all the necessary electrical vari-
ables in the time domain, to apply the SOC technique
and to extract the line parameters, the electrical vari-
ables must be converted into the frequency domain us-
ing a DFT algorithm.

III. VALIDATION OF THE METHOD

To validate the proposed approach, the CMOS in-
terconnection experimented in [6] has been considered.
The transmission line is fabricated in the second metal
level and features a thickness of 0.7 um and a width
of 1 pm. The conductivity of the silicon substrate is
os; = 10°S/m. The other dimensions of the cross-
section are reported in the caption of Fig. 1. These val-
ues, not available in [6], have been extrapolated from a
standard 0.35 gm CMOS technology. The ground lines
are connected directly to the conductive Si substrate
by a continuous grid of stacked vias. In this work these
lateral ground lines have been approximated by means
of perfectly conducting walls while the open boundary
on top is represented using an ideal magnetic bound-
ary.

The interconnection has first been simulated with
the LE-FDTD method; then the SOC procedure has
been applied and both the characteristic impedance
Zo and the propagation constant vy have been com-
puted. Fig.2 shows a comparison between these results
and the measurements reported in [6]: the agreement
is good although the critical dimensions of the cross-
section have been extrapolated from a different CMOS
technology.

The spatial resolution of the FDTD mesh is
Azpin = 0175 um, Ayin = 0.125 um and Azpn =
25 um. The time discretization is taken to be At =
0.5fs. The computational volume is composed by
Ny x Ny x N, = 40 x 31 x 55 cells. The CPU time is

passivation

Fig. 1. Cross-section of the reference CMOS interconnection
(not to scale). The dimensions are: ¢ = 130 um; w = 1 pm;
hgi = 508um; hepi = 4.2um; hoz = 29um; t = 0.7 um
and 4 = 8.6 um. The material parameters are: eg; = 11.7;
agi = 104 8/m; ¢opi = 11.7; 0ep; = 105/m; €0y = 3.9 and
gar =278 % 1088/m.

about 200 minutes on a 650 MHz Pentium III laptop
computer.

Having determined Z; and =, the frequency-
dependent parameters are readily obtained from:

R+ jwl =42y

Gai 4)
+jwC = v/Zo

As an example, Fig. 3 illustrates the specific resistance
and conductance. In the same figure, the results ob-
tained without the SOC calibration, have also been
depicted. The latter curves are affected by a large
amount ripple that cannot be justified considering the
behaviour of Zy and 4. Combining FDTD and SOC
procedures this effect can be removed over a wide band-
width, thus improving the accuracy of the results.

IV. CONCLUSIONS

The LE-FDTD method can successfully be combined
with the SOC numerical calibration procedure in or-
der to characterize integrated transmission lines. Ex-
perimental results from the literature, about a typical
0.25 pm CMOS interconnection, have been used to val-
idate the approach. With respect to previous FDTD
works, the proposed technique is numerically more ef-
ficient allowing a good accuracy to be obtained in a
wide (DC to 100 GHz) frequency range.
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