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Abstract

This paper demonstrates: (a) low-loss photodefined
polymer-embedded copper vias within a 10 Q-cm resistivity
silicon to yield electrical performance similar to glass
interposers; (b) coaxial polymer-embedded vias with desired
wideband impedance and reduced coupling; and (c) high-Q
inductors attained using the photodefined polymer-
enhancement technology.

1. Introduction

The migration to multicore microprocessors has created an
incredible demand for low-energy high-bandwidth off-chip
communication [1, 2]. Moreover, integration of heterogeneous
ICs and passives is highly desirable to build compact
computing and communication systems. To address these
demands, silicon interposers with vertical interconnects,
called through-silicon vias (TSVs), and fine-pitch
metallization have been widely explored [3-7]. Silicon
interposers enable high-bandwidth low-power communication
between multiple ICs (or smaller dice partitioned from a large
die). Moreover, silicon interposers provide the opportunity for
integration of passives closer to the ICs using short
interconnects; this can enable compact systems for
applications such as high-speed multimedia transfer, high-
speed pico-cell cellular links, and short-range wireless
communications using millimeter-wave frequency bands (V-
band or D-band, for example) [6-8].

However, TSVs have significant losses and coupling at
higher frequencies and frequency-dependent impedance
variations [9]. Moreover, attaining high-performance passives
in silicon interposers is challenging due to the frequency-
dependent losses caused by the silicon substrate [6, 7]. To
address these challenges, various TSV solutions including the
implementation of air or polymer liners and coaxial TSVs
have been demonstrated in the literature [10-12]. However,
the fabrication of such TSV solutions is challenging. Alternate
substrates, such as high-resistivity silicon, glass, and organic
substrates, and silicon substrates with dielectric-filled wells
supporting passives have been explored as possible solutions
to these challenges [6, 7, 13-15]. However, high-resistivity
silicon is relatively expensive, the fabrication of vias in glass
is challenging, attaining high-density wiring over organic
substrates is difficult, and the approaches with dielectric-filled
wells in silicon require specialized processing for each passive
component in addition to TSVs. These challenges necessitate
the development of advanced silicon interposer technologies.
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To address TSV losses and frequency-dependent
impedance variations as well as performance degradation of
RF passives over silicon interposers, this paper demonstrates
high-performance interconnect and passive technologies for a
large-area ‘thick’ silicon interposer that include: (a)
photodefined polymer-embedded copper vias within a 10 Q-
cm resistivity silicon yielding performance similar to glass
interposers [16, 17]; (b) polymer-enhanced coaxial vias with
desired impedance and reduced coupling; and (c) polymer-
enhanced high-Q inductors using the photodefined polymer-
enhanced silicon interposer technology. Figure 1 shows an
envisioned mixed-signal system using the proposed
interconnect and passive technologies.

T

Low-loss
Polymer-enhanced TSVs

Figure 1. Envisioned mixed-signal silicon interposer module
featuring polymer-enhanced TSVs and inductors.

II. Polymer-embedded Vias: Fabrication, De-embedding
and D-band Characterization

To begin the fabrication of polymer-embedded vias, silicon
dioxide and a titanium-copper seed layer are deposited at the
base of a silicon wafer followed by etching of wells using the
Bosch process. Next, the silicon dioxide and titanium layers at
the base are etched followed by SU-8 [18, 19] coating and
photodefinition to obtain vias in the polymer-filled wells [20].
Once the vias are obtained, copper electroplating is performed
followed by chemical-mechanical polishing (CMP) to remove
additional copper at the top of the electroplated vias and the
seed layer at the base. Next, metallization is fabricated above
and below the copper vias; to facilitate de-embedding
measurements of the polymer-embedded vias, pads are
fabricated over the vias enabling probing close to the vias, and
to perform D-band characterization, longer traces with fan-
inare fabricated enabling high-frequency measurements
using finer-pitch probes, as shown in Figure 2.
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Figure 2 and 3 illustrate the fabricated copper vias on a 150
um pitch within 1800 pm x 1800 um wells. The fabricated
TSV structures for de-embedding are 285 um tall and 60 um
in diameter, and the fabricated structures for D-band
characterization are 325 pm tall and 70 pm in diameter.
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4. Fabrication of Top and Base Metallization

(a) Fabrication process of polymer-embedded vias.

(b) Cross-section image of fabricated polymer-embedded vias.

Figure 2. Fabrication steps and cross-section of fabricated
polymer-embedded vias.

To de-embed the loss of the fabricated (GSG) polymer-
embedded vias, high-frequency measurements were
performed up to 30 GHz. A dedicated RF probe station with a
Keysight N5245A PNA-X network analyzer and Cascade

Microtech 150 pm pitch |Z| Probes were used for TSV
measurements, as shown in Figure 4. Moreover, for the D-
band (110-170 GHz) measurements of polymer-embedded
vias, a different setup including a Keysight E8361C vector
network analyzer extended with an N5260A mm-wave
controller and VO6VNA2 mm-wave test heads were used with
Cascade Microtech Infinity 75 pm pitch D-band probes. Prior
to the TSV measurements, calibration of the probes was
performed using the LRRM protocol. The measured results
are compared to ANSYS HFSS simulations and benchmarked
to simulations of TSVs with 1 um thick silicon dioxide liner
(10 Q-cm silicon resistivity) and the same dimensions.

Copper Vias Traces

Structure for TSV
De-embedding up to 30 GHz

Copper Vias Traces

Structure for
D-band Measurements

(a) Top view after fabrication of top metallization.

(b) Base view after fabrication of base metallization.

Figure 3. Fabricated polymer-embedded vias for de-
embedding up to 30 GHz and for measurements in the D-
band.

For TSV de-embedding, the L-2L technique [21] is
implemented using TSV-trace-TSV structures similar to those
shown in Figure 2 (with 400 pm and 800 um long traces
between the TSVs). The measured S-parameters of the two
structures are converted to ABCD-parameters and the loss of
the polymer-embedded vias is extracted using the L-2L
technique. The de-embedding results from the measurements
yield ~0.2 dB insertion loss per polymer-embedded via at 30
GHz, as shown in Figure 5. Compared to the simulated
insertion loss of TSVs with silicon dioxide liners, 87%
reduction in insertion loss can be obtained using the polymer-
embedded vias at 30 GHz.
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Figure 4. RF measurement setup for polymer-embedded via
de-embedding up to 30 GHz (left) and for measurements in
the D-band (right).
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Figure 5. De-embedded polymer-embedded via loss using
measurements and simulations with L-2L technique; TSVs
with silicon dioxide liner included for benchmarking.
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Figure 6. D-band measurements and simulations of a
polymer-embedded via link; TSVs with silicon dioxide liner
included for benchmarking.

Moreover, the D-band measurements of a polymer-
embedded via link are demonstrated in Figure 6 showing ~1.5
dB insertion loss at 170 GHz. Compared to the simulated
insertion loss of a link consisting of TSVs with silicon dioxide
liner, a significant reduction in insertion loss can be obtained
using the polymer-embedded vias in D-band.

I1I. Coaxial Vias: Fabrication and Characterization

A coaxial interconnect configuration of polymer-
embedded vias is demonstrated using a fabrication process
similar to the GSG configuration in the prior section, as
shown in Figure 7. The fabrication of coaxial vias begins with
etching of wells in a silicon wafer containing a copper seed
layer at the base followed by SU-8 coating, photodefinition,
via electroplating and CMP to remove overburden copper at
the top of the vias. Next, top metallization is fabricated
yielding coaxial vias electrically shorted at the base.
Following the measurement of the short structure, the copper
layer at the base is removed using CMP yielding coaxial vias
that are electrically open at the base.
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Figure 7. Fabrication process of coaxial vias.

Figure 8 illustrates the fabricated 285 pum tall polymer-
enhanced coaxial vias within an 1800 um x 1800 um well in
silicon prior to top layer metallization; the copper via
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diameter is 65 pm and the signal-to-ground via pitches are
150 pm and 125 pm.

Figure 8. Fabricated coaxial vias.
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Figure 9. Single-port RF measurements of coaxial TSVs.

High-frequency measurements were performed from 1 GHz
to 50 GHz for the fabricated coaxial vias, as shown in Figure
9. Using the measurements of the open structure, C and G are
extracted and using the measurements of the short structure, R
and L are extracted [22]. Using the measured R, L, C and G,
the impedance of the fabricated coaxial vias is obtained and a
wideband impedance matching is attained to approximately
50 Q using the 150 pm pitch vias and approximately 40 Q
using the 125 um pitch vias.

In addition to the one-port measurements, coupling
measurements are also demonstrated. To fabricate the via
structures for coupling measurements, following the
fabrication of coaxial copper vias (Figure 7, step 3), the seed
layer at the base is removed using CMP. Next, a metallization
layer is formed over the fabricated vias (Figure 10) to
electrically short the ground vias and perform signal-to-signal
copper via coupling measurements. In the measured frequency
band of 10 MHz to 50 GHz, the coaxial configuration attains
an average 14.5 dB reduction in signal-to-signal via coupling
compared to the non-coaxial structure, as shown in Figure 11.

Figure 10. Fabricated polymer-enhanced coaxial vias and
non-coaxial vias (for benchmarking).
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Figure 11. Coupling measurements of the fabricated polymer-
enhanced coaxial and non-coaxial TSVs.

IV. Inductors: Fabrication and Characterization

Using the photodefined interposer technology, high-Q
inductors are demonstrated over wells in thick silicon
interposers. The proposed inductors can be fabricated in
parallel to the polymer-enhanced TSVs enabling the
fabrication of the envisioned silicon interposer system shown
in Figure 1.

To fabricate the inductors, wells are etched in a silicon
wafer followed by silicon nitride and titanium-copper
deposition. Next, SU-8 filling, photodefinition, copper
electroplating and CMP are performed in a similar fashion to
the polymer-enhanced TSVs followed by fabrication of the
electroplated inductors. Figure 12 illustrates the fabricated
1.5 and 2.5 turn inductors with 8-10 um trace thickness, 55-65
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pm trace width and 100 pm trace pitch over 1530 pm x 1030
um wells in silicon. High-frequency measurements were
performed for the fabricated inductors up to 50 GHz
demonstrating a peak Q factor of 55 at 6.75 GHz with 1.14 nH
inductance and a self-resonance frequency at 21 GHz for the
1.5 turn inductor, as shown in Figure 13.
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Figure 13. Q and L extraction using S11 measurements
for 1.5 turn inductor [23].

V. Conclusions

This paper demonstrates a photodefined polymer-enhanced
silicon interposer technology featuring high-performance
polymer-enhanced TSVs and inductors. The proposed TSVs
attain greater than 80% reduction in insertion loss at 50 GHz
and 170 GHz compared to TSVs with silicon dioxide liners.
Moreover, the coaxial configuration of the proposed TSVs is
demonstrated with impedance-based design and shows a
significant reduction in TSV coupling. Additionally, using the
photodefined silicon interposer technology, high-Q (>50)
inductors are demonstrated.
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