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Abstract—This paper presents the microwave characteristics of thin
film microstrip line (TFML) under dc-bias conditions. The proposed
TFML with 20 um thick polyimide layer is used as a thin dielectric
supporter on low-resistivity silicon (LRS) substrate. = Measured
frequency-dependent microwave characteristics and equivalent lumped
elements are evaluated for the dc-biased TFML over 1-50 GHz. This
work presents acceptable attenuation of 0.561, 0.563 and 0.565 dB/mm
at 50 GHz with dc-bias conditions, showing that the TFML can be used
for high frequency interconnects for any 3D-based microwave devices
and monolithic microwave integrated circuits (MMICs).

1. INTRODUCTION

Thin film microstrip lines (TFMLs) are widely used in microwave
monolithic integrated circuits (MMICs) as interconnects and matching
network circuits. Low-loss and compact transmission lines based
interconnects are absolutely critical factor in order to achieve high
performance MMICs. In the past, interconnects on the low-resistivity
silicon (LRS, p = 10 Q-cm, p is the resistivity of silicon) would generate
significant losses, as a result of large coupling between signal line and
silicon substrate [1-4].

Recently, some works about TFML-based achievements have been
reported [5-7,9]. Ponchak et al. proposed the characterization of the
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TFML on thin-film-based polyimide dielectrics [5-7]. The authors
presented an in depth characterization of thin film microstrip lines and
coplanar waveguide (CPW) lines for MMICs. Leung et al. proposed
the silicon-based low-loss coplanar waveguide (CPW) interconnections
with low-K dielectric benzocyclobutene (BCB) and self-aligned
electroplating of copper [10]. Coplanar waveguide lines with different
line widths and line spacings are investigated and compared. Six
et al. proposed the characterization and fabrication of silicon-based
transmission lines with BCB layer up to 220 GHz [11]. Lee et al.
proposed the surface finishing method based on magnetorheological
fluid to obtain low-loss high-frequency transmission lines and filters
on CMOS-grade silicon [12]. Even though the previous works are
capable of overcoming the microwave losses on the low-resistivity
silicon substrate, the TFML with dc-bias conditions are not evaluated.
From [13-15], we proposed the detailed fabricating process and losses
of the TFML without dc-bias conditions. In [15], the equivalent
lumped elements of the TFML within 1volt dc-bias condition are
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Figure 1. (a) Top view, (b) cross-section configuration, (c¢) 3-D view
and (d) lumped-element equivalent circuit of the thin film microstrip
line (TFML). (W = 60 um, t; = 2 um, to = 2 um, hp; = 20 pm, and
length (1) of the TFML is 2000 pm.)
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well extracted. The equivalent lumped elements can be effectively
contributed to further study on the characteristics of the dc-biased
TFML in this work.

In this paper, the effects of the dc-bias conditions on the
low-loss TFML are presented. The TFML has been fabricated,
as shown in Figure 1. The main goal of this study is to
evaluate the measured results before and after applying the dc-bias
conditions. The supply voltages on the MMICs will be equal to
or less than 1volt after 2010 [16], and the dc-bias conditions on
the interconnects are deserved to be mentioned for evaluating the
characteristics of the TFML in MMICs. The measured parameters
such as frequency-depend attenuations, effective loss tangent, effective
dielectric constant (e.g(f)), characteristic impedance (Zo(f)) and
equivalent lumped elements (RLGC) of the dc-biased TFML have
been evaluated. Theoretical studies are performed using 3-D
electromagnetic (EM) simulation [17], and the results are confirmed
by on-wafer measurement.

2. EXPERIMENTS

Figures 1(a)—(c) show the configuration of the thin film microstrip
line (TFML). The TFML is fabricated on 540 um thick p-type low-
resistivity silicon (p = 10Q-cm) substrate with < 1, 0, 0 > crystal
orientation. Kapton HN-types polyimide (dielectric constant ¢, = 3 at
1KHz) is used. The starting materials are dianhydride and diamine,
all provided by Eternal Ltd. Signal line width (W) is 60 um, and
length 2000 um) of the TFML is selected. The 2um of Al layer as
the ground plane of the device is achieved through the dc-sputtering
deposition (¢1). The 20 um of polyimide film (hpy) is obtained using
the spin-coating of two successive layers of 10 um. The average grain
size of sputtered Al layer on conductor line and ground plane is 1.2 um
and 0.95 um observed by scanning electronic microscope (SEM). This
technology can effectively develop the high-performance passives and
interconnections in MMICs.

3. RESULTS

3.1. Without dc-bias Conditions

Measurements were taken by an HP 8510C vector network analyzer
up to 50 GHz. Short-open-load-through (SOLT) calibration was
performed, with the de-embedding reference planes (A-A’ and B-
B’) set to the ground-signal-ground (GSG) probe tip, as shown in
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Figure 1(c). The temperature of laboratory during the measurements
was set at 15-20°C. The dc-bias conditions were simultaneously added
with GSG probes at the end of the two ports of the thin film
microstrip line (TFML). Losses of the TFML are determined by the
main contribution of the strip conductor and supporting dielectric layer
(since the polyimide is very thin compared with conventional bulk
substrate in this work, radiation loss can be neglected). The ay(f)
is the sum of the conductor loss a.(f), and dielectric loss agq(f) is

determined by
1
TRQ {hl

= ac(f) + aq(f)(dB/mm) (1)

where [ is the length of the TFML, and A and D are typical elements in
the ABC'D matrix from the measured complex S-parameters. HFSS
simulation is used for analyzing the topology and EM wave propagation
of the TFML [17]. Figure 2 shows the attenuation of the typical
TFML with different thicknesses of 10, 20, and 30 um. It is obvious
that the loss is not significantly decreasing with thickness from 20 to
30 um. There is only within the order of 0.1 dB/mm variation of the
attenuation at 50 GHz, when the dielectric thickness varies from 20 to
30 um. Therefore, 20 um thick of the polyimide will be considered as
the optimum parameter for the low-loss TFML.

To compare the measured microwave characteristics of the TFML,
the summary of these results is given in Table 1. In [11], the
attenuation of the TFML is lower than other research achievements
at 50 GHz. We recommend that the TFML is the better method to
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Figure 2. Attenuation of the TFML with different thickness of
polyimide film. (Without the dc-bias conditions for all cases.)
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Table 1. Comparison of the measured results of the TFML between
this work and past literatures. (without dc-bias conditions for all
cases) BCB: benzocyclobutene, ML: microstrip line, CPW: coplanar
waveguide and X: not shown in the articles.

Line Dielectric
Ref. Line . layer Zy(f) o, (f) »
year type length/width thickness gy (f) (Q) (dB/mm) tan &y (f)
(um)
(um)
(8] ML X/38 >0 2.8@30GHz 50 0.18@30 GHz X
1997 (polyimide) ’
(9] ML X/34.4 74 26@50GHz 37 0.38@50GHz 0.006@avg
1998 ’ (polyimide) ™ ’ ’ ’
[5] 20.15
2001 CPW X/10 (polyimide) 1.4@40 GHz 106 0.35@40 GHz X
[10] 20 .
2004 CPW X/30 (BCB) X 55 0.3@30GHz
[11] ML X 20 22@50GHz 50 0.2@50GHz 0.002@I1K Hz
2005 (BCB) ’ ’ ’
[12] ML X/20 20 2.38@40 GHz 88 0.32@40 GHz X
2007 X/600 (polyimide) 2.98@40 GHz 7 0.12@40 GHz X
Proposed iy 00760 20 19@50GHz 50 0.43@50 GHz 0.004@50 GHz
2010 (polyimide)

integrate the passives and active circuits on the silicon substrate due
to the advantages of low loss, ease process and good power handling
capability in MMICs.

3.2. With dc-bias Conditions

Figure 3(a) shows the configuration of the dc-biased thin film
microstrip line (TFML) and related equivalent elements G(f) and C(f)
which indicate the conductance and capacitance between the signal
line and ground plane. I; and I. indicate produced loss current and
charged current in polyimide while dc-bias conditions are operated.
The dielectric loss in the polyimide with dc-bias conditions is necessary
when designing the passives and interconnections in MMICs.

I-V relationship of the dc-biased TFML is shown in Figure 3(b).
I = 1,4+ I. (where I, = G(f)V, I. = jwC(f)V and V means the
applied dc-bias conditions and RF voltage swing). I, and /. indicate
the in-phase loss current and 90 degree phase difference charged current
with applied dc-bias conditions. In order to observe the effects of I,
and I. of the dc-biased TFML, the frequency-dependent propagation
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Figure 3. (a) Model, (b) I-V relationship, (c) extracted equivalent
lumped element G(f) and C(f) and (d) produced I, and I, inside the
polyimide when the dc-bias is operated on the thin film microstrip line
(TFML). (G(f) means the conductance between the signal line and
ground plane, C(f) means the capacitance between the signal line and
ground plane, I, and /. means the loss current and the charged current
produced in polyimide film under dc-bias conditions.)

constant y(f) can be obtained

V(f) = ai(f) +3B(f) (2)

where ay(f) is the attenuation constant (from (1)), and S(f) is the
phase constant. 7(f) can be found from the measured complex S-
parameters. 3(f) is determined by

(A+ D)+ /(A+ D)2 — 4] } mm) ()
2

B(f) = %Im {ln

The extracted effective dielectric constant e.g(f) and the filling factor
q of the TFML can be determined as follows

e (f) = (1= q) +qer(f) = (¢21 x ¢/2mf1)° (4)

where 91 is the phase angle of the TFML from measurement, and f is
the frequency. c is the light speed in free space (3 x 108 m/s), and &, (f)
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is the frequency-depend dielectric constant of the TFML (f > 1 GHz).
g can be calculated as [18]

1. (d 0.732 d
g=1--In < +c> n [m ( +C) —cosh™! (0.358d40.595)

d d—c) de (f) d—c
er(f) -1 1
—— 10.386 — ———— 5
S 1 ) )
where d =1 4+ V1 + ¢2 and c is determined from
T w
2.2 . 2
3 o = I (c+v1+e2) (6)

where hp; and w indicate the thickness of polyimide film and the line
width of the TFML. From (4), the frequency-dependent characteristic
impedance Zy(f) of the TEFML can be determined as [18]

Zo(f) = —2 {w tossg 4 T [m <w+0.94> +1.451]

er(f) Lhpr mer(f) 2hpr
er(f)—117"
+0.165 - m} (7)

for w/hpr > 2, where 1y means the wave impedance for plane waves in
free space, and €, (f) can be found from (4). Then the parameters R(f),
L(f), G(f), and C(f) were found from [15]. The extracted equivalent
elements were summarized in Table 3. Figure 3(c) shows the extracted
equivalent lumped elements G(f) and C(f) of the dc-biased TFML.
The G(f) is increased with dc-bias increasing from 0.1 to 0.9 volts at
the same frequency, indicating that G(f) displays a similar behavior to
R(f). Namely, G(f) with higher dc-bias conditions has higher values
than that without dc-bias conditions. The G(f) variation is affected
by the polarization current in polyimide and uniformity and quality of
polyimide. G(f) is also related with dielectric loss of the polyimide,
described by the loss tangent. The extracted C(f) of the dc-biased
TFML with 0.1 volt, from 1 to 50 GHz, has larger values than those of
other dc-biased TFML. These results are caused by the polarization
mechanisms of the polyimide under different dc-bias conditions [15].
Figure 3(d) shows the produced charged current . inside the polyimide
film while dc-bias is operated. The loss current I, variation is affected
by the shunt conductance in polyimide and uniformity and quality of
polyimide. When increasing the dc-bias conditions, the I, in polyimide
should be enhanced, and quality of polyimide is reduced, thus the G(f)
is increased, as summarized in Table 2.

Figure 4(a) shows the measured frequency-dependent effective
dielectric constant e.4(f) of the dc-biased TFML. When frequency
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Table 2. Extracted equivalent lumped elements of the dc-biased
TFML.

dc-bias Frequency R(f) L(f) G(f) C(f)
(V) (GHz) (Q/mm) (nH/mm) (mS/mm) (pF/mm)
without 10 0.7243 0.1143 0.3292 0.0517
de-bias 30 1.2714 0.1121 0.5633 0.0497
50 1.2503 0.1132 0.5604 0.0504
10 1.3622 0.1231 0.7972 0.0523
0.1V 30 1.7007 0.1194 0.7411 0.0528
50 1.7811 0.1231 0.6162 0.0535
10 2.2133 0.1191 0.8653 0.0467
05V 30 1.7541 0.1212 0.7413 0.0508
o0 1.3822 0.1211 0.6111 0.0529
10 2.8731 0.1198 1.0512 0.0435
09V 30 1.8633 0.1204 0.7954 0.0512
50 1.6723 0.1221 0.7331 0.0528
35 : 60
: : = without bias = without bias
s T | R I
o 09V S s5L....@ : o 09V
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S W[, 3
W R
-
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Figure 4. Measured frequency-dependent (a) effective dielectric
constant e.g(f) and (b) real part of the characteristic impedance
Re[Zy(f)] of the dc-biased TFML.

increases over 1 to 50 GHz, the extracted e.g(f) shows average value
of 1.96, 2.17, 2 and 1.95 with 0, 0.1, 0.5 and 0.9volts. As without
dc-bias conditions, the TFML has a strong slow wave effect which
is due to the high conductor loss resulting from the small ratio of
metal line thickness of skin depth at lower frequencies. In [19],
the extracting method is used by 3-D electromagnetic simulation to
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confirm the effects of the line widths on the e.g(f) variations within
+5% over 1-50 GHz. Figure 4(b) shows the measured frequency-
dependent real part of Zy(f) of the de-biased TFML. The extracted
Re[Zy(f)] of the TFML without dc-bias is maintained in the range
of 47.5Q < Zy(f) < 50.2Q over 1-50 GHz, which are suitable for
integrating the passives and active devices on the low-resistivity silicon
substrate. With increasing the dc-bias conditions, the Re[Zy(f)] is
progressively increased below 30 GHz, except that with 0.1 volt, and
becomes nearly constant (47.8Q2 < Zy(f) < 48.3Q2) above 30 GHz.

Figure 5 shows the measured frequency-dependent attenuation
at(f) of the de-biased TFML. With increasing the dc-bias conditions,
the attenuation is also increasing below 30 GHz and achieves a similar
value between 0.4 and 0.6dB/mm. Conductor loss a.(f) of the dc-
biased TFML can be calculated from Zy(f). The series distributed
resistance in ohms per unit length of the conductor R; and the series
distributed resistance in ohms per unit length of the ground plane Ro
must be evaluated as follows [20]

Ri+Ry

a.(f)= 8.686 x dB/mm 8
(/) 35 p, (4B/mm) (5)
Ry and Ry are determined as

R 1 1 4w

where LR is the loss ratio which gives the increase in resistance that
results from an unequal division of the current [20], and ¢z is the
thickness of conductor. Skin resistance Rs = 1/d0 (¢ is the skin depth,
and o is the conductivity of conductor material.)

RS w/hp] w
Ry=-2 Q/mm), 0.1 < —— <10 (10
27w (w/hpf+5.8+o.03hpf/w> (€2/mm) hp =10 (10)

without bias

Attenuation (dB/mm)

wihy, =3 for all cases

0.0 : : : ‘
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Frequency (GHz)

Figure 5. Measured attenuation of the dc-biased TFML.



28 ‘Wu and Weng

Conductor loss influenced by skin effect at different metal thicknesses
and geometry dependence is considered in Rj, and conductor loss
influenced by the ground plane and geometry dependence is considered
in RQ.

Figure 6(a) shows the measured frequency-dependent conductor
loss of the dc-biased TFML. It is clear that a.(f) is almost dependent
on frequency due to the change of current-density distribution in the
nonideal conductors. With increasing the dc-bias conditions, the a.(f)
is increased around an average of 1.3% over 1-50 GHz. It is seen that
the measured a.(f) is more related to the filling factor ¢ of the TFML.
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and (b) effective loss tangent tan d.g(f) of the dc-biased TFML.
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Dielectric loss ag(f) of the de-biased TFML can be calculated by
aq(f) = o(f) = ac(f) (dB/mm) (11)

aq(f) variations with increasing the de-bias conditions caused by the
loss current (polarization current, /) in dielectric layer and uniformity
and quality of polyimide are dominated, as shown in Figure 6(b). The
aq(f) is proportional to the voltage across the polyimide material.
Therefore, standing waves of voltage on a line increase the order of
aq(f) [21]. Under an applied electric field, the dielectric material stores
energy in the form of an electric charge. Many of these charge carriers
are naturally polarized dipoles and realign themselves by rotation in
the direction of the applied electric field, especially in the frequency
range from 1 MHz to 10 GHz [21]. As the result of this rotation, part
of the electrical energy is converted into heat and is lost.

Figure 7(a) shows the measured frequency-dependent dielectric
constant &, (f) of the de-biased TFML. The average dielectric constant
er(f) is found to be 2.3 without bias, 2.6 with 0.1V, 2.4 with 0.5V,
and 2.3 with 0.9V over 1-50 GHz. Dispersion effects can be neglected
to microstrip line on the proposed polyimide, indicating an excellent
dielectric stable material and suitable for high frequency substrate.
The average frequency-dependent effective loss tangent tand.g(f) of
the TFML with dc-bias conditions can be calculated by

_ad(f) 5eﬁ(f) (@"(f) - 1) Ao
tan 0oy (=07 32, (P) cag 1) D) 12

Table 3. Measured microwave characteristics of the de-biased TFML.

dc-bias Frequency Zo () o, (f)  ac(f) aa(f)
V) GHy ) Q) (dBmm) @Bmm) (dB/mm) @ ()

without 10 1.99 49.2  0.255 0.102 0.153 0.015
de-bias 30 1.89 504  0.444 0.172 0.273 0.009
50 1.93 50.0 0.438 0.223 0.214 0.004

10 2.19 469  0.466 0.107 0.358 0.034

0.1v 30 2.13 475  0.596 0.182 0.414 0.013
50 2.16 47.3  0.561 0.236 0.325 0.006

10 1.91 504  0.677 0.099 0.578 0.062

05V 30 2.06 48.6  0.589 0.178 0.411 0.014
50 2.14 477  0.563 0.234 0.229 0.004

10 1.78 523  0.843 0.096 0.747 0.082

09V 30 2.07 484  0.634 0.179 0.455 0.015

50 2.13 477  0.565 0.234 0.328 0.006
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where )\g indicates the wavelength in free space. The average effective
loss tangent tandeg (f) is found to be 0.008 without bias, 0.014 with
0.1V, 0.026 with 0.5V, and 0.034 with 0.9V over 1-50 GHz, as shown
in Figure 7(b) and summarized in Table 3.

4. CONCLUSION

In this paper, we have fabricated and characterized the TFML with dc-
bias conditions within 1 volt. The microwave characteristics of the dc-
biased TFML have been compared with previous works, as summarized
in Table 3. Through the standard CMOS fabrication process and
on-wafer measurement, this study can provide a new evaluation for
determining the microwave characteristics of the dc-biased TFML for
high dense and high-performance interconnects in MMICs. Finally,
the TFML-based interconnects can be further applied to automotive
radar applications at above 77 GHz in multi-chip-module-deposition
(MCM-D) and monolithic microwave integrated circuits (MMICs).
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