1176

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 63, NO. 3, MARCH 2016

Analysis of Signal Propagation Through TSVs Within
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Abstract— This paper analyzes the impact of liquid cooling on
the electrical characteristics of through-silicon vias (TSVs) using
a microfluidic cooling testbed containing TSVs. The microfabri-
cation of TSVs in a silicon micropin-fin heat sink is presented, and
the high-frequency characterization of TSVs within a micropin-
fin heat sink using distilled water is performed from 10 MHz
to 20 GHz. TSV capacitance and conductance are extracted
from measurements; TSVs within distilled water have larger
capacitance and conductance than TSVs in silicon due to the lossy
characteristics of distilled water at high frequencies. A coaxial-
like TSV configuration, which consists of multiple ground TSVs
surrounding a center signal TSV, is proposed and demonstrated
to shield signal TSVs from the coolant.

Index Terms— 3-D integrated circuits (3-D ICs), coaxial TSVs,
microfluidic cooling, through-silicon vias (TSVs).

I. INTRODUCTION

O ATTAIN high-bandwidth and low-power communica-

tion between integrated circuits (ICs), 2.5-D and 3-D ICs
have recently received significant attention [1]. The advantages
of 2.5-D and 3-D ICs include enabling the heterogeneous
integration of logic, high-bandwidth memory, RF ICs, and
field-programmable gate array (FPGA) applications within a
single package. However, such stacked ICs generally suffer
from a thermal bottleneck due to the innate difficulty of
dissipating the generated heat inside the stack [2]. To address
heat removal, microfluidic cooling has been widely explored
due to its high cooling capability over conventional air cooling
technology [3]. Microfluidic cooling was introduced in [4] and,
since then, it has been widely studied with numerous heat sink
structures [2]-[5]. Moreover, the integration of microfluidic
cooling with 3-D microsystems has been reported using a
through-silicon via (TSV) technology [6], [7].

As the need for microfluidic cooling in some applications
increases, there have been various studies to understand the
frequency-dependent electrical characteristics of coolants used
in microfluidic cooling. It is well known that the permittivity
of distilled water changes significantly with frequency [8], [9].
The complex permittivity (real and imaginary permittivities)
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of distilled water has been characterized as a function of
frequency using microwave double-beam interferometers [10].
In addition, microwave platforms, such as ring resonators
and RF sensing devices, have been developed to measure
the permittivity of distilled water [11], [12]. Moreover, this
frequency-dependent permittivity behavior of distilled water
has been purposely utilized in various microwave components.
For example, an L-band filter was integrated with microfluidic
cooling to demonstrate a tunable corner frequency of the filter
with respect to its dielectric constant [13]. In a similar man-
ner, a high-sensitivity tunable sensor with conductor-backed
coplanar waveguide (CPW) configuration was integrated with
distilled water and a methanol-water solution [14]. A wide-
band differential detector was presented for the quantitative
extraction of the frequency-dependent dielectric properties of
different liquids [15]. One research study presented a shielded
CPW on a liquid crystal polymer substrate with embedded
distilled water to demonstrate the RF isolation of the CPW
from the water [16]. However, no prior study has analyzed the
impact of liquid cooling on the signal propagation of TSVs.
The impact of the coolant on the electrical signaling should be
analyzed, especially for liquid-cooled microsystems, because,
in such systems, the liquid coolant surrounds the TSVs within
a microfluidic heat sink [17]. The presence of coolant between
signal and ground TSVs will impact electrical signal propa-
gation, including loss, signal integrity, and crosstalk [18].

To address this need, this paper analyzes the impact of
distilled water on the electrical performance of TSVs by
extracting the capacitance and conductance of TSVs within
distilled water. This paper is organized as follows. Section II
presents the equivalent circuit models of TSVs in a sili-
con substrate and TSVs in a micropin-fin heat sink filled
with distilled water. Section III describes the microfabrica-
tion of a testbed containing TSVs in silicon micropin-fins.
Section IV analyzes the electrical performance of TSVs within
distilled water compared with conventional TSVs in silicon.
In Section V, we propose a coaxial-like TSV configuration
within a microfluidic heat sink as a possible solution to min-
imize the impact of coolant properties on the TSVs. Finally,
the conclusion is drawn in Section VI.

II. DESIGN OF TSVs IN A MICROPIN-FIN HEAT
SINK WITHIN DISTILLED WATER

Fig. 1 shows two examples of high-performance microsys-
tems with integrated liquid cooling: 1) logic and FPGA
dice stacked on a microfluidic-cooled silicon interposer and
2) 3-D integration of logic and FPGA dice with integrated

0018-9383 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



OH et al.: ANALYSIS OF SIGNAL PROPAGATION THROUGH TSVs WITHIN DISTILLED WATER

Fluid inlet Fluid outlet

Lateral interconnects
D

FPGA

t

a)

TSVs face working fluid Liquid-cooled silicon interposer

Liquid-copoled FPGA

Fluid inlet Fluid outlet

Logic

i
1/
=\
Silicon Interposel

(b) TSVs face working fluid

Fig. 1. Envisioned silicon microsystems with integrated microfluidic cooling
for FPGA hybrid applications. (a) 2.5-D integration and (b) 3-D integration
of logic and FPGA dice with integrated cooling on the interposer.
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Fig. 2. Real permittivity and conductive property of silicon and distilled

water as a function of frequency [9], [10].

cooling on the interposer. In such liquid-cooled systems, a
signal propagating through the TSV will encounter capac-
itance partially through silicon and partially through dis-
tilled water. Unlike the permittivities of silicon, the per-
mittivities of distilled water significantly vary over fre-
quency [10]. Furthermore, distilled water becomes more con-
ductive than silicon at high frequencies, as shown in Fig. 2,
while it has approximately zero conductivity at dc. From
Ampere’s law (1), the complex permittivity, £, is defined as
shown in (2)

VxH=jw ¢ E (D

£=z¢0 & (l—j Ielf ) = goer(1 — j - tan o) 2)
weper

where ¢g, ¢, w, oeff, and tand are the absolute dielectric
permittivity, relative permittivity, angular frequency, effective
conductivity, and loss tangent, respectively [19], [20]. The loss
tangent can be divided into two parts

4

e
tand = tandy + tand, = — +
& WEES

g
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where ¢ and ¢” are the conductivity and the imaginary
permittivity of a substrate, respectively. Here, tan d; represents
the polarization loss of the substrate, and tand, represents
the losses as a result of its conductivity [19]. For a silicon
substrate, tan J. dominates, since the conductivity of silicon
is considerably higher (silicon is a semiconductor material),
and thus, the first portion of (3) is ignored. On the other hand,
for distilled water, tanJ; dominates, because the imaginary
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TABLE I

SPECIFICATION OF SILICON AND DISTILLED
WATER USED IN THE EXPERIMENTS

Conductivity Permittivity Dissolved solids
Silicon 10 S/m 11.9 N/A
Distilled Follows
< . <0.
water 0.5 pS/em Debye function [10] 0.5 ppm (total)
drsy TSVs Distilled Water
....... —
Rroy Silicon R,
LTS\/ Gsi LTS\/
hrsy Con Cox
Rrsy cH Rrsy
LTSV LTSV
.......
pTSV Wp/'n Wcanal
(2) (b)
Fig. 3. Equivalent circuit models for (a) conventional TSVs in a silicon

substrate and (b) TSVs in a micropin-fin heat sink within distilled water.

permittivity of distilled water, or ¢”, is relatively high, while
the conductivity of distilled water is negligible (<0.5 uS/cm,
as shown in Table I). Thus, the complex permittivity of silicon
and distilled water can be simplified as

Osi . Osi
= &0&si — j— 4)
WENESi 1)
”
&
A . Ewater
Ewater ~ E0Ewater (1 —J

i ~ 08 (1 —J

. 1
) = &0&water — J €0€ water (5)
Ewater

respectively. The second term of each equation refers to the
effective conductivity of the material. Fig. 2 shows the real
permittivity and the effective conductivity of silicon and dis-
tilled water, respectively [10]. It can be seen that the effective
conductivity of distilled water exceeds the conductivity of
silicon at frequencies greater than 6.7 GHz, while the real
permittivity of distilled water is unceasingly higher than that
of silicon. Fig. 3 shows the equivalent circuit models of
conventional TSVs in a silicon substrate from [20] and TSVs
in a micropin-fin heat sink within distilled water. It should
be noted that, for the TSVs within distilled water, TSV
capacitance and conductance are formed through not only
silicon but also distilled water, as shown in Fig. 3(b). While
the resistance and inductance of TSVs (Rtsy and Ltsv)
remain consistent between the two models, the capacitance and
the conductance of TSVs differ as follows. The capacitance
and the conductance of Fig. 3(b) consist of both silicon and
distilled water between signal and ground TSVs (i.e., the canal
region). If the width of the canal region (Wcanal) increases, or
equivalently the width of the micropin-fin (wpin) decreases, at a
fixed TSV pitch, the amount of water between TSVs increases.
From an electrical perspective, this would increase the overall
TSV capacitance and conductance, because distilled water has
higher permittivity and conductivity than silicon at high fre-
quencies. Thus, when a liquid-cooled microsystem is designed,
the microfluidic heat sink dimensions should be codesigned
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Fig. 4. Schematic of the overall fabrication process of TSVs embedded in
a micropin-fin heat sink. (a) Double side polished silicon wafer. (b) Silicon
dioxide deposition and anisotropy etching. (c) Etching via holes using the
Bosch process. (d) Remaining oxide removal and wet oxidation. (e) Copper
electroplating. (f) Fabrication of a micropin-fin structure using the Bosch
process. (g) Assembly of the fabricated testbed, a glass slide, and fluidic
I/Os. (h) High-frequency measurements with distilled water.

with respect to the TSVs, which will be analyzed in the
sections IV and V.

III. MICROFABRICATION OF A MICROPIN-FIN
HEAT SINK WITH EMBEDDED TSVs

This section presents the microfabrication of TSVs embed-
ded in three sets of micropin-fins for the high-frequency
characterization of TSVs. Fig. 4 shows the overall fabrication
process of the TSVs in a micropin-fin heat sink. The process
begins with the deposition of silicon dioxide (~9 xm), fol-
lowed by the deposition of metal using an e-beam evaporator.
In this process, a thin layer of chrome (~0.5 um) is chosen
as an etch mask [Fig. 4(b)], since it has significantly high
selectivity over silicon dioxide [21]. After etching the silicon
dioxide layer through the chrome mask, the remaining chrome
is removed using a CR-7S chrome etchant. Using the resulting
silicon dioxide as an etch mask, the high-aspect ratio Bosch
process [22] is performed to etch via holes through the silicon
wafer [Fig. 4(c)].

Following the removal of any remaining silicon dioxide
etch mask, wet oxidation is performed to isolate the vias
from the silicon substrate [Fig. 4(d)]. Next, titanium and
copper (30/500 nm) seed layers are deposited using an
e-beam evaporator at the back side of the wafer. To pinchoff
the etched openings, copper electroplating is performed at
the back side using dc bias. Next, bottom—up copper elec-
troplating is performed from the front side of the wafer
with a pulsed mode power supply (60:40 duty cycle). To
remove the overburden copper after electroplating, chemical
mechanical polishing (CMP) is performed from both sides of
the wafer [Fig. 4(e)]. Following CMP, metal pads consisting
of titanium, copper, and gold (30/2000/100 nm) are selectively
deposited using an e-beam evaporator to facilitate probing. The
Bosch process is performed to fabricate a silicon micropin-fin
heat sink structure around the TSVs [Fig. 4(f)]. Fig. 5 shows
SEM images of three diameters (50, 100, and 150 gm) of
micropin-fins each with a single TSV. The height and the
base thickness of the micropin-fins are 230 and 100 um,
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Fig. 5.  SEM images of the fabricated micropin-fins with embedded TSVs.
Micropin-fin diameters of (a) 50, (b) 100, and (c) 150 gm. The TSV pitch is
fixed at 200 gm (each micropin-fin contains one TSV).

respectively. TSV diameter, pitch, and height are 13, 200,
and 330 um, respectively. Lastly, the fabricated testbed is
assembled to a glass slide with fluidic inlet/outlets for fluid
delivery [Fig. 4(g)].

IV. HIGH-FREQUENCY CHARACTERIZATION OF TSVs IN A
MICROPIN-FIN HEAT SINK WITHIN DISTILLED WATER

To characterize the high-frequency behavior of TSVs in dis-
tilled water, the fabricated testbed described in Section III was
filled with distilled water, as shown in Fig. 4(h). Fig. 6 shows
the used high-frequency characterization setup, including the
testbed, a microprobe station with Cascade |Z| probes, and an
Agilent N5245A PNA-X network analyzer. To extract TSV
capacitance and conductance from the measurements, single-
port characterization of ground-signal-ground (GSG) TSVs
is performed. TSVs are open-terminated at the bottom side
(where it meets the glass slide). Fig. 7 shows the magnitude
and the phase of S1; from the measurements and 3-D full-
wave simulation of TSVs in a silicon substrate and TSVs
within distilled water, respectively. After the S-parameter (S11)
to Z-parameter (Z11) conversion using (6), TSV capacitance
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Fig. 6.  Schematic of the high-frequency characterization setup for TSVs
within distilled water.
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Fig. 8. Extracted capacitance and conductance of TSVs in a silicon

substrate and TSVs within a micropin-fin heat sink filled within distilled water
(measurement and simulation).

and conductance are extracted from Z1; using (7) and (8)

148511
11 =2y —— 6
11 07T S1 (6)
1
Crsy = ———— 7
TSV m(Zi1) - o @)
1
G = — (8)
v Re(Z11)

where Zy is the characteristic impedance [23], [24]. The
extracted capacitance and the conductance of TSVs in a
silicon substrate and TSVs within a micropin-fin heat sink
with distilled water are compared through measurement and
simulation, as shown in Fig. 8 and Table II. As shown in Fig. 2,
the permittivity of distilled water is always higher than silicon
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Fig. 9.  Extracted capacitance and conductance of TSVs within distilled
water as a function of the micropin-fin diameter from measurements. TSVs
in micropin-fins with three diameters (50, 100, and 150 um) at a fixed TSV
pitch of 200 x#m are compared.

TABLE I

EXTRACTED CAPACITANCE AND CONDUCTANCE FROM SIMULATION AND
MEASUREMENT OF TSVs IN A SILICON SUBSTRATE (SILICON) AND IN
A MICROPIN-FIN HEAT SINK WITHIN DISTILLED WATER (WATER)

Substrate Capacitance [fF] Conductance [mS]
(@ 20 GHz) Silicon Water Silicon Water
Simulation 49.9 77.1 4.9 9.2
Measurements 44.7 91.5 4.7 10.4

TABLE III

EXTRACTED CAPACITANCE AND CONDUCTANCE FOR EACH CASE. TSVs
IN A SILICON SUBSTRATE AND TSVs WITHIN DISTILLED WATER FOR
DIFFERENT MICROPIN-FIN DIAMETERS AT THE FIXED TSV PITCH

Substrate . . B B
(@ 20GHz) Silicon | D"=150 pm D=100pm D =50pum
Extracted
capacitance [fF] 44.8 62.0 76.9 91.5
Extracted
conductance [mS] 47 6.9 8.3 10.4

D = the diameter of a silicon micropin-fin heat sink.

permittivity; however, the effective conductivity of distilled
water is initially lower than silicon conductivity and becomes
higher as frequency increases. In Fig. 8, it can be seen that
the capacitance of TSVs within distilled water is lower at
low frequencies than the capacitance of TSVs in silicon. This
is because the extracted equivalent capacitance is a function
of both capacitance and conductance of the materials [23].
As frequency increases, the capacitance of TSVs within
distilled water remains higher than TSVs in a silicon sub-
strate. Similarly, the conductance of TSVs within distilled
water is lower than TSVs in silicon at frequencies lower
than approximately 5 GHz, but becomes more conductive at
higher frequencies. To quantitatively analyze this behavior, the
three measurements of TSVs in micropin-fins with different
diameters (50, 100, and 150 um) are compared at a fixed
TSV pitch of 200 xm, as shown in Fig. 9 and Table III.
Each plot compares the extracted capacitance and conduc-
tance, respectively, from measurements for all cases (TSVs in
silicon and TSVs in the three different diameters of micropin-
fins). The results show that as the diameter of micropin-fins
decreases, or equivalently as the volume of water between
TSVs increases, TSV capacitance increases because of the
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Fig. 10. Schematic and SEM image of coaxial-like TSVs in a micropin-fin
heat sink. Multiple ground TSVs surround a center signal TSV.

high permittivity of distilled water. However, the conductance
of TSVs within distilled water initially decreases as the volume
of water increases at low frequency. On the contrary, at higher
frequencies, the data show that the conductance increases as
the amount of water increases, as shown in Fig. 9. This can be
attributed to the conductive property of distilled water, which
is less conductive than silicon at low frequency but more
conductive than silicon at high-frequency [8]. Moreover, this
property of distilled water will significantly change the charac-
teristic impedance of TSVs, which is a function of capacitance
and conductance. The results imply that a micropin-fin heat
sink geometry, or a microfluidic heat sink design, is one of
the critical factors that determines the electrical performance
of TSVs. Thus, for liquid-cooled microsystems that require
invariant signal transmission, signal TSVs should be isolated
from such variations, which is addressed in Section V.

V. COAXIAL-LIKE TSV CONFIGURATION TO SHIELD
THE EFFECT OF DISTILLED WATER

In this section, we propose a TSV configuration whose
electrical attributes are invariant to the coolant or surroundings.
A coaxial TSV configuration is a well-known solution to
suppress undesirable substrate loss, noise, and coupling as
well as provide excellent impedance matching [20], [25], [26].
However, the main limitation of coaxial TSVs is the high com-
plexity of fabrication, which requires extra polymer material,
BCB or SU-8, between signal and ground layers [20], [26].
Moreover, the dimension of the cylindrical ground layer is
typically large compared to TSVs, which results in different
silicon etching and copper filling rates.

To address such issues, we propose a coaxial-like TSV con-
figuration that consists of multiple ground TSVs (instead of a
cylindrical layer) surrounding a signal TSV of the same copper
dimension, as shown in Fig. 10. In this configuration, a silicon
micropin-fin consists of a single center signal TSV surrounded
by multiple ground TSVs, and an annular-shaped metal pad
connects all ground TSVs. The single-port measurements
of coaxial-like TSVs are performed under two conditions:
1) coaxial-like TSVs in silicon and 2) coaxial-like TSVs in
a micropin-fin within distilled water. To validate the shielding
effect of coaxial-like TSVs, the Si; values of both cases
are measured and shown in Fig. 11(a). The expectation is
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Fig. 11. (a) S;; magnitude and phase of coaxial-like TSVs. (b) Variations
of S1; magnitude and phase. Coaxial-like TSVs exhibit shielding effects,
showing less variation than noncoaxial TSVs.

approximately no variations between two measurements in
S-parameters if coaxial-like TSVs have good shielding.
In addition, noncoaxial TSVs, which consist of a single TSV in
each micropin-fin (without ground TSVs), are also measured
and compared under the same conditions. The measured
S-parameters of each case are subtracted, and magnitude
and phase variations are shown in Fig. 11(b). In the plot,
the magnitude difference of coaxial-like TSVs was less than
+0.1 dB due to the ground shielding effect, while £1.3-dB
magnitude difference was observed when there is no shielding
TSVs. The results show that the ground TSVs (in the coaxial-
like TSV case) successfully shield the signal transmission
through the center signal TSV. Moreover, phase difference of
65.8% was alleviated due to the ground shielding effect. The
coaxial-like TSVs exhibit a phase difference of ~6° at 20 GHz,
and this is believed to be caused by the nonperfect coaxial
structure of the TSVs. Thus, when a stable signal transmission
is required in a liquid-cooled 3-D microsystem, the coaxial-
like TSVs should be utilized to shield the signal TSVs.

VI. CONCLUSION

This paper, for the first time, experimentally analyzes the
electrical performance of TSVs within distilled water for
liquid-cooled microsystems. This paper presents the fabrica-
tion of three diameters (50, 100, and 150 gm) of a silicon
micropin-fin heat sink with embedded TSVs. The fabricated
testbed was assembled with a glass slide and filled with
distilled water. The single-port measurements of GSG TSVs
were performed for two cases: 1) conventional TSVs in a
silicon substrate and 2) TSVs within a micropin-fin heat
sink surrounded by distilled water. The results demonstrate
that TSVs within distilled water have larger capacitance and
conductance than TSVs in a silicon substrate due to the
lossy characteristics of distilled water. As the volume of
distilled water increases between TSVs at a fixed TSV pitch,
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TSV capacitance and conductance increase at high fre-
quency. Moreover, we propose and demonstrate a coaxial-like
TSV configuration, which consists of multiple ground TSVs
surrounding a center signal TSV, to shield signal TSVs from
electrical variations caused by the working fluid.
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