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Abstract—Signal propagation on transmission lines fabricated
in thin polyimide films on silicon substrates is investigated. Series
resistive and shunt conductive losses are separated and it is shown
that the effective dielectric loss is much higher than that expected
from bulk material properties.

Index Terms—Lossy transmission lines, thin-film MCM, poly-
imide dielectric.

I. INTRODUCTION

HE design of controlled impedance interconnects in thin-
film multichip modules (MCM-D’s) and the subsequent
circuit-level simulation of the package requires accurate mod-
eling of microstrip and stripline transmission lines. Current
practice is to use established planar transmission line models
developed for conventional microwave circuit analysis. These
models have been experimentally verified for various families
of lines fabricated on ceramic substrates which have isotropic
dielectric properties. In contrast, polymer thin-films have in-
plane/out-of-plane dielectric anisotropy which can result in
leaky quasi-TEM mode propagation on thin-film intercon-
nects [1]-[4]. With lines having uniform cross-sections, the
frequency dependent per-unit R, L, and C of a line can be
calculated using any of a large number of electromagnetic
" simulation tools. The conductance term, G, is often ignored
or is calculated using the fields determined for a lossless line
and the dielectric loss tangent of bulk substrate material.
The purpose of the work described here is to investigate the
validity of such models for transmission lines in a specific
MCM-D using Hitachi PIX-L.112 polyimide dielectric. In
particular, the effects of loose dimensional control and of the
dielectric anisotropy of thin-films on loss were of interest. In
this work, the dielectric loss characteristics are found using
a through-reflect-line- (TRL-) like measurement procedure
combined with calculation of the lines’ resistance per unit
length. The anomalously high effective dielectric loss obtained
has important implications for the modeling of interconnects
in MCM-D’s based on bulk material properties.
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The TRL-like procedure used here is the through-line (TL)
technique [5] utilizing direct capacitance measurement, but, in
principle, any TRL-like technique could be used.

II. BACKGROUND

The experimental characterization of planar microwave
interconnects and discontinuities first requires experimental
modeling of the fixtures interfacing the coaxial measurement
system to the planar interconnects. In the case of surface
microsirip transmission lines and discontinuities, the state
of the art for determining the two-port model of a fixture
is represented by the multiple line TRL-like procedure of
Marks and Williams [6]. In this technique the propagation
constant, -y, of various lengths of a line is found as a by-
product of a conventional TRL procedure [7]. Combining
this with the shunt admittance (G + jwC) per unit length
of the line yields the characteristic impedance, Z,, of the
line, the series impedance (R + jwlL) per unit length, and
subsequently the fixture parameters. The per unit admittance
of the line is approximated as a capacitance determined as a
low-frequency asymptote of microwave measurements or by
direct measurement using a capacitance meter. Invariably, G is
treated as being negligible, although, if it can be independently
determined, it can be used to obtain a better estimate of R
while having an insignificant effect on the I, determination.
Alternatively, as is shown below, evaluation of R enables G
to be derived.

In terms of per-unit parameters

7= VRt jwL)(G + juC) O
and on'squaring

v = RG - w?LC + yw(RC + LG). @

Partitioning this into real and imaginary parts and eliminating
L leads to a quadratic equation for G
Re(v?

G? - G%l + (wC)? - “—’qum(72) =0. 3)
‘While the actual variation of C' with frequency is not precisely
known, it is likely that this variation is rather small. In this
work, the value obtained by direct capacitance measurement
of the transmission line at 1 MHz is used [8]. The variation
of R with frequency was analytically determined using the
combined finite-element/integral equation method described
in [9]. Thus it is possible to solve for G' as a function of
frequency.
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Fig. 1. SEM micrograph tracing of a 10 pm second layer metal (SLM) line:
(a) cross-section and (b) longitudinal section.

III. RESULTS AND DISCUSSION

The structures considered here are aluminum embedded
microstrip transmission lines built on a silicon-substrate MCM
using Hitachi PIX-L112 polyimide dielectric. Sections of
a representative structure are shown in Fig. 1. The MCM
contains both first (FLM) and second (SLM) layer metal lines
with widths (w;) of 10, 16, and 32 yum (w, = w; +0.4um). The
three FLM lines are designated 1A, 1B, and 1C, respectively,
and the SLM lines are similarly labeled 2A, 2B, and 2C. The
differences between the FLM and SLM interconnects are that
the line-to-ground-plane spacing is smaller (5 ym versus 10.5
pm) and the FLM lines have thicker dielectric above them.

The capacitance of the lines at 1 MHz was measured
directly, using a Hewlett-Packard 4280A capacitance meter.
The capacitances were:

1A 138 fF/mm;

1B 171 fF/mm;

1C 257 fF/mm;

2A 82.4 {fF/mm,;

2B 102 fF/mm;

2C 156 fF/mm.

A finite-element/integral equation analysis [9] was performed
to calculate the variation of R with frequency for these lines. R
was scaled by up to +15% for each line so that the calculated
DC resistance corresponded to that measured for that line. This
scaling accounts for the tolerances on the measured cross-
sectional dimensions of the lines and, in part, the effect of
surface roughness. The results of this numerical analysis are
shown in Fig. 2.

S-parameter data was taken using a Hewlett-Packard 8510B
network analyzer over the frequency range of 45 MHz to
18 GHz, using Model 40 ground-signal-ground probes from
GGB Industries with a TRL-like procedure [5] used to extract
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Fig. 2. Calculated R versus frequency.
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Fig. 3. Derived G versus frequency.

. Subsequently, the substrates were baked at 423 K for one
hour, stored in a dessicator, and periodically remeasured over
a period of several months with no discernible differences.
Substituting R and C' and these results into (3) leads to G
as plotted in Fig. 3. G < wC for all lines over the entire
frequency range and therefore one might conclude that losses
due to conductance are negligible. G accounts for the effective
dielectric loss which can be seen by rewriting (1) as

1 1
R\? G\?
¥ = ]w\/LC(l _]w—L) (1 - E)

and approximating the terms in parentheses by the first two
terms of their power series expansions since R < wL and
G < wC except at very low frequencies. The real part of
the resulting equation is an approximation of the attenuation
constant & = ac + ap where ac = 1R\/C/L is due to
conductor loss and ap = %G +/L/C represents the loss in the
dielectric. The quantities o and ap also include the effects
of radiation loss.
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Fig. 4. Attenuation due to- dielectric for first layer metal lines: ac 14,
ac,18, and a1 ¢ are the conductive attenuation constants for the 10 ym, 16
pm, and 32 pm width lines respectively; and ap 1 is the dielectric attenuation
constant.
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Fig. 5. Attenuation due to dielectric for second layer metal lines: ac 24,
ac 28, and ag 2¢ are the conductive attenuation constants for the 10 um, 16
pm, and 32 pm width lines respectively; and ap o is the dielectric attenuation
constant.

Plots of o and ap for the FLM and SLM lines are shown
in Figs. 4 and 5. Clearly ap (which depends on G) makes up
a significant proportion of the attenuation of each line even
though G < wC. Significantly, the ap’s of the SLM and
FLM lines coincide except at very low frequencies where
the approximation to (4) breaks down. The dielectric loss
constitutes a higher proportion of the total attenuation for the
FLM lines than it does for the SLM lines, which is expected
since more of the fields of the FLM lines are in the dielectric.

The behavior of ap can be better understood by considering
the relation between G and the dielectric loss tangent (tan §) of
a microstrip line [10, pp. 154-155]: G/wC = ktan §. Here k

is a constant called the filling factor (0 < &k < 1), that depends
on the ratio of the energy in the dielectric to the total energy
with & = 1 indicating that the entire medium is.dielectric.
This relation was used to calculate the effective loss tangent
for each of the lines under study. A straight-line fit to the G
versus f data was made for each line in the range of 2 GHz to
16 GHz yielding k tan § of 0.046 for 1A; 0.046 for 1B; 0.046
for 1C; 0.021 for 2A; 0.024 for 2B; and 0.022 for 2C. This
implies a minimum effective dielectric loss tangent of 0.046
as the maximum value of k is 1. The small nonzero linearly
extrapolated GG at DC is attributed to imprecise calculation of
R, since the actual line cross section is not strictly trapezoidal,
as well as to the breakdown of the separability approximation
of ac and ap; see (4).

The above dielectric loss tangent is unusually high for poly-
imide if bulk properties alone are considered. To investigate
this further, the dielectric loss tangent of the dielectric used
was determined using a Hewlett Packard 4275A LCR meter
(with 0.1 fF and 10 nS resolution) and the probing structure
shown in Fig. 6. This structure was electrically modeled by
the circuit shown in Fig. 7, where Ry is the contact resistance
which must be found before the parallel RC equivalent circuit
of the dielectric region between the ground plane and the
bottom surface of the mercury can be determined. Rg is
comprised of the resistance of the probing fixture, mercury
contact resistance, and contact resistance between the ground
probe to the ground plane. Rg was determined using two
impedance measurements at different frequencies as follows.
At frequency fi the impedance of the equivalent circuit is

Zl = R]_ + ]Xl !
_ /6 wo/e?
=Bt noier Ty wege ©
and so
_ 1/(wGo) :
Bi=Rs + T0(CTG,) ©

where it is assumed that Gy = G/w is frequency independent.
Multiplying (6) by fi and subtracting from it a similar
expression at fo multiplied by fo leads to
fiR1 = foRy
fis fi—fo D

Measurements were made at a number of frequencies in the
range 100 kHz to 10 MHz consistently yielding Rg = 20
and an out-of-plane loss tangent (= G/wC) of 0.006. This
compares favorably with measurements on similar polyimides
which implied an out-of-plane loss tangent of 0.005 [11]. (The
in-plane loss tangent in [11] was 0.004.) It is clear, however,
that the effective dielectric loss tangent of polyimide inter-
connects considered here far exceeds that of bulk polyimide.
This excess loss could be due to radiation resulting from
dimensional irregularities, or the effect of dielectric anisotropy.

IV. CONCLUSION

It has been shown that it is possible to determine the
dielectric conductance per unit length of embedded microstrips
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Fig. 6. Top view of low-frequency tané experiment. The needle probes
were electrically isolated from the micropositioners. One was immersed in a
mercury droplet, and the other made ground contact through a 50 pm square
surface pad. Also shown are the interconnect test structures.
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Fig. 7. Circuit model for finding contact resistance Rg and parallel equiva-

lent circuit model of the dielectric between the ground plane and the bottom
surface of the mercury.
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on MCM substrates using a combination of measurements
and analysis. In spite of the fact that the conductance is
small compared to the line capacitance, it does contribute
significantly to the attenuation of the line. The effective
dielectric loss tangent of the polyimide far exceeds that of bulk
polyimide. This has major implications for the modeling of
interconnects in electrical simulators. At this stage, it appears
that electrical modeling of narrow thin-film interconnects in
MCM-D’s must be calibrated to measurements rather than
being based solely on geometrical considerations and bulk
material properties.
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