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SUMMARY

Novel polymer-enhanced photode ned through-silicon via (TSV) rad passive
technologies have been demonstrated for silicon interposers taaib compact het-
erogeneous computing and mixed-signal systems. These techgige include: (1)
Polymer-clad TSVs with thick ( 20 m) liners to help reduce TSV losses and stress,
and obtain optical TSVs in parallel for interposer-to-interposer log-distance commu-
nication; (2) Polymer-embedded vias with copper vias embedded inlpmer wells to
signi cantly reduce the TSV losses; (3) Coaxial vias in polymer wells teeduce the
TSV losses with controlled impedance; (4) Antennas over polymer Ngeto attain a

high radiation e ciency; and (5) High-Q inductors over polymer wells.

Cleanroom fabrication and characterization of the technologies V&been demon-
strated. For the fabricated polymer-clad TSVs, resistance andyschrotron x-ray
di raction (XRD) measurements have been demonstrated. Highréquency measure-
ments up to 170 GHz and time-domain measurements up to 10 Gbpsvhabeen
demonstrated for the fabricated polymer-embedded vias. For ¢hfabricated coaxial
vias and inductors, high-frequency measurements up to 50 GHzvieabeen demon-
strated. Lastly, for the fabricated antennas, measurements the W-band have been

demonstrated.

XVi



CHAPTER |

INTRODUCTION

The information revolution, fueled by the development of computingand com-
munication technologies, has signi cantly improved our lives and proises to provide
a world of highly interconnected devices. By 2020, more than 30 billiatevices are
estimated to be connected to the internet and the amount of digitalata in this inter-
connected world is estimated to be greater than 40 zettabytes(?t bytes) [1]. This
enormous rise of interconnected devices and digital data demartugh-performance
systems with faster connectivity and data storage. To cope withhese demands,
signi cant technology innovations are highly desired.

This research focuses on the development of photode ned polymsnhanced in-
terconnection and passive technologies to enable compact hetgnoeeous computing
and mixed-signal systems. The motivation for the development ofi¢se components

is described next.

1.1 Motivation

Since the invention of the transistor in 1947, the information revotion has been
consistently driven by semiconductor technology innovations. Thiategrated circuit
(IC), invented in 1958, has been the key technology fueling the @ution owing to
its constant improvements in productivity and performance [2]. Follwing Gordon
Moore's projection in 1965 [3], the number of transistors in a given ea has con-
tinually increased with device scaling, as shown in Figure 1 [4]. This incsmin
the number of transistors has been a key factor in reducing gatest and leading to
a ordable ICs with more functionality and thereby signi cantly improved productiv-

ity. Moreover, the performance of microprocessor ICs has inased by more than



3000X while the gate speeds have increased by more than 100X sitheemid-1980s
when complementary metal-oxide semiconductor (CMOS) micropressors were in-
troduced [4]. To sustain the continued improvement in microprocessperformance
while limiting power dissipation, multicore microprocessors have been premented
since the early 2000s instead of aggressive clock frequency scdki{g]. However,
the migration to multicore microprocessors has created an incretkodemand for low-

energy and high-bandwidth off-chip communication [8].

10000x
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§ 1B} e i = Decrease in FO4
2 100 ® ""'-:":"1% ool
g ,_'-ﬂ'f"' s 1000x Y e
= 10Mp syt $10 .
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Figure 1: Consistent increase in transistor count, consistent tngistor scaling, and
improvements in microprocessor performance (normalized to that a 386) and gate
speeds (approximation of the FO4) since the introduction of CMOS ieroprocessors

[4].

1.1.1 Demand for High Off-chip Bandwidth

K. Bowman et al. [9] have demonstrated that increasing the commigation band-
width greatly improves throughput for a system with a many-core €U and memory

(Figure 2) using the following equation:

N

CI:)Icom + CI:)Imem;lat (Fclk) + CI:)Imem;bw (Fclk) ’
Feix Feix Feik
where N represents the number of cores;.x the clock frequency,CP I, the com-

(1)

TP(N)=

putation component of cycles per instruction (CPI),CP I yemiat the memory latency

component of CPI, andCP | em:bw the bandwidth component of CPI.
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Figure 2: Plot showing performance improvement in a many-core chipith high
memory bandwidth [9].

Equation 1 shows that to improve the system throughput, the meory bandwidth
must be improved in addition to reducing memory latency (which includeintercon-
nect and memory access delays). As the memory bandwidth increasthe cache size
constraints are lowered thus allowing for more cores in the same aregesulting in
higher performance.

Moreover, Figure 3 qualitatively shows the increasing off-chip bamddth de-
mands, due rst of all to the integration of the memory controller lub in the CPU,
and then to the transition to multi-core microprocessors, requirg innovative inter-

connection and packaging solutions.
1.1.2 Demand for Heterogeneous Integration Platforms

In addition to the digital circuits, analog and radio-frequency (RF)functionalities
are highly desired for high-performance and high-speed computiagd communi-
cation systems. This need for the integration of di erent functioalities has led to
the development of heterogeneous platforms such as systemebip (SoC) architec-
tures [10]. However, there are challenges with the heterogeneosgration platforms

as described next.
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Figure 3: Increase in off-chip bandwidth and demand for innovativterconnection
and packaging technologies. Images in the plot are from L. Polka dt {8].

1.1.2.1 Analog and Radio-frequency IC Integration

Unlike digital circuits, the performance and precision of analog sy@ns have not
been signi cantly improving due to scaling. Instead, scaled MOS tramstors worsen
matching and noise, while a reduction of the supply voltage affectgysal energy and
signal-to-noise ratios [11]. Moreover, with respect to RF systemgpwer ampli ers
(a critical building block in wireless systems) are traditionally implemer&d using
[1I-V heterojunction bipolar transistor (HBT) based solutions fa performance and
cost effectiveness [12]. Hence, signi cantly different requirentermust be met by a

platform such as SoC for the integration of heterogeneous tediogies.
1.1.2.2 Integration of Passives

Additionally, for RF and analog/mixed-signal (AMS) systems, the imfementation

of high-performance on-chip passive components such as industs highly desired,



although very challenging [10]. This need for the integration of passi¥ has been
a key barrier to the scaling of RFICs, including power ampli ers, voltge controlled
oscillators and lters [13]. For example, on-chip inductors in CMOS preesses yield
poorer Q-factors € 30) compared to off-chip inductors due to high-frequency losses
silicon and ohmic losses in metal layers [14]. To explain this more clearhy2@ planar
inductor (a spiral inductor, for example) model with one-port exitation over silicon

and an oxide layer between the inductor and the silicon is shown in Figud(a) [15].

)
NS

o

@) (b)

Figure 4: Inductor physical models: (a) Lumped model and (b) Eawalent circuit
model using the lumped model [15].

In the series path of the inductor L s represents the spiral inductancelRs the metal
series resistance, an@; the capacitance due to the overlaps between the spiral and
the center-tap underpass. The parasitics in the shunt path incledC,y representing
the oxide capacitance between the spiral and the substrat€g; the silicon substrate
capacitance, andRs; the silicon substrate resistance. Converting the shunt path
into R, and C, in parallel, an equivalent circuit model is obtained, as shown in
Figure 4(b). From the equivalent circuit model, the Q-factor for tle inductor is

obtained as follows [15]:

RZ(Cs+ Cyp)

: " # 2L + (2
Rs IL o 2 L S(CS Cp) , ( )




where Equation 2 could be rewritten as

IL ¢

Q= R.

substrate loss factor self-resonance factor (3)

In the Equations 2 and 3,!L ;=R represents the magnetic energy stored and
the ohmic loss in the series resistance. The other two componenftstioe Q-factor
are represented by the substrate loss factor and the self-reaace factor. At low
frequencies, the Q-factor depends oh s=Rg and at higher frequencies it primarily
depends on the substrate loss factor. The equation for the stitage loss factor shows
that with a very high R, the loss factor approaches unity resulting in a signi cant
reduction in the impact of the substrate loss on the Q-factor. Caequently, the
Q-factor can be improved by reducing the parallel conductance. ypically, this is
accomplished with techniques such as high-resistivity silicon or remoyg silicon from
the back side of a chip [16,17], but these options could be expensivelap level.

Moreover, according to the International Technology Roadmapf Semiconductors
(ITRS), Q-factors greater than 50 will be needed beyond 2020 1T his requirement
suggests a need for high-performance off-chip inductors thadrcbe integrated close

to ICs with minimal impact from the interconnect parasitics.
1.1.2.3 Integration of Antennas and Millimeter-wave Apptiations

Similar to inductors, the performance of on-chip antennas suffefrom losses in
silicon yielding low gains €-2 dBi) [18]. This low-gain performance results because
on-chip antennas nd a low-resistivity path through the silicon subisate and the high
dielectric constant of the silicon substrate causes most of the amnina power to be
con ned in the substrate [18]. Moreover, antennas built on CMOS d8iGe have very
narrow impedance and gain bandwidths [19].

The poor on-chip antenna performance has consequently crehte demand for

the integration of off-chip antennas close to ICs for a wide rangd applications,



speci cally for those in the millimeter-wave (mm-wave) frequency bals (30 GHz -
300 GHz) with smaller antenna sizes. For example, the frequencyrobaround 60 GHz
has been explored for high-speed multimedia transfer and shoange communications
[20]; the band around 28 GHz has been explored for the future 5Gnumunications

[21]; the band around 77 GHz has been explored for radars in autdoiies [22]; and
the D-band has been explored for medical imaging and pico-cell cellulanks [23].

For these applications the integration of heterogeneous ICs, inctors and antennas

on a platform with short distance communication between them is hidgy desired.
1.1.3 Interposers for Heterogeneous Integration

To cope with these demands, 2.5-dimensional (2.5D) interconnectiof microelec-
tronic circuits is currently being extensively explored [24{31]. Compad to multichip
modules with chips over ceramic or organic substrates, 2.5D intetjom is enabled
by interposers with ne-pitch wiring and vertical through-substrate vias support-
ing multiple chips. Silicon, glass and organic substrates have chie y & explored
in the literature for interposers with a second level package in beden them and
motherboard [31{33]. However, silicon interposers (as shown in Figu5) have clear
advantages over glass and organic interposers: (1) a denser aiigiation can be ob-
tained over silicon interposers with relative ease using conventionack-end-of-line
(BEOL) processing techniques; (2) silicon has better thermal cdactivity; and (3)
the fabrication of through-silicon vias (TSVs) and ne-pitch microlumps is becoming
well established. These advantages enable high bandwidth-denstggmmunication
between the chips mounted over silicon interposers (using a comatwvely simpler
fabrication) [29]. Additionally, silicon interposers provide opportunites for the in-
tegration of antennas and inductors close to ICs, yielding compa&F and AMS
systems. The TSVs, with copper conductors insulated from the silin commonly

using a thin (<1 m) silicon dioxide liner, are the key enablers for system integration



using silicon interposers.

1. Dense Metallization 2. Through-Silicon Vias 3. Microbumps:
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Knickerbocker J. U. et. al., ECTC 2006.
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Dickson T. et. al., IEEE JSSC 2012.

Banijamali B. et. al., ECTC 2011.

Motherboard

Figure 5. Schematic of a 2.5D system using silicon interposer techrgylowith key
components shown [24, 25, 29].

Figure 6 highlights select systems demonstrated in the literature g silicon

interposers, with

IBM's demonstration of a 21.2 mm x 21.2 mm silicon interposer consisting
of 4-level ne-pitch metallization and supporting chips with 50 m pitch C4
microbumps to enable an 8x10 Gb/s synchronous communication beten the

chips [29];

Xilinx/TSMC's demonstration of a 25 mm x 31 mm silicon interposer (65 nm
metallization) consisting of 10 m diameter and 100 m tall TSVs on a 150 m
pitch and mounted over a second-level organic package to enableanplete
2.5D system such as an interposer supporting two 28 nm FPGA dicecatwo

65 nm mixed-signal dice [25, 26];



Active die

Micro Bump

Passive Interposer
TSV

C4 Bump

Package

IBM Demonstrated Xilinx/TSMC Demonstrated FPGA Slices
8x10 Gb/S Over Si Interposer Over Si Interposer with TSVs

u

Cu Pillar

IMEC’s Silicon Interposer Test Vehicle to
TSVs and Flexible 1/0s Demonstrate Interposer Warpage Reduction

ubump

41 JRAM die | 28nm Logic die

TeSErTTE e (A A B A B A N A BRSNS EERSEERE]

BGA SI Interposer

TSMC Demonstraded 2.5D Integration Using Silicon Interposers for
Direct Assembly of the Interposer Over a PCB

Figure 6: 2.5D system demonstrations in the literature [26{30].

Oracle's demonstration of a 13.1 mm x 16.1 mm silicon interposer consigt
of 50 m diameter and 400 m tall TSVs and MoCr exible 1/Os for opto-

electronic Macrochip application [30];

IMEC's demonstration of a 30 mm x 30 mm silicon interposer consisting &0
m diameter and 100 m tall TSVs to understand and minimize warpage [28];

and

TSMC's demonstration of a 26 mm x 24 mm silicon interposer to enable a
2.5D chip-on-wafer (CoW) technology with direct assembly of the istposer
(supporting two 40 nm DRAM dice and one 28 nm logic die) over a printed

circuit board (PCB) without a second-level package [27].



Despite these advances with silicon interposers, there are eledtiand thermo-
mechanical challenges with TSVs in the interposers and electricalatlenges (similar
to the ones for silicon ICs) with passives over the interposers. Aiidnally, there is
a demand for optical paths for large-scale multi-interposer systes. The challenges

and the needs are described as follows:

Large-area thick interposers increase TSV loss: Large-area (limited by
the reticle size) silicon interposers are desired for the integratiorf beteroge-
neous ICs with antennas and inductors close to the ICs [20, 34]. Gter silicon
thickness (greater than 300-400m) is desired for the large-area interposers to
minimize warpage and bow, and improve mechanical stability as desaib in
the following two examples: (1) Figure 7(a) demonstrates the analig results
for bow after the TSV, BEOL and bump fabrication showing a higher ow for
large-area interposer dice [28]; and (2) Figure 7(b) demonstratdse warpage
measurements of a 36 mm x 36 mm interposer showing reduced wagdor
a thicker interposer [35]. However, increasing the interposer thiogss results
in longer TSVs with increased losses [36], as shown in Figure 8. Thesedis
drive the need for low-loss TSV technologies for large-area thick @mposers to

compensate for the increased length.

Silicon a ects the antenna and inductor performance: The availabil-
ity of a large area with silicon interposers could be leveraged to fornmtanna
arrays for compact RF systems [20]. Moreover, it could be leverag® form
high-Q (>50) inductors close to ICs with minimized interconnect parasitics and
thereby improve the performance of circuits such as digital comtled oscilla-
tors, low-noise ampli ers and power ampli ers [37]. However, the psence of a
silicon interposer underneath antennas and inductors results in lewradiation

e ciency and Q-factor, respectively, similar to the silicon ICs as desibed in
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Figure 7: (a) Bow simulation for thinned interposer dice and wafer &dr TSV, BEOL
and bump fabrication, [28] and (b) warpage measurement of siliconténposers from
the BGA pad side after chip mount and under Il [35].

Section 1.1.2. This performance degradation due to silicon demands inno-

vative antenna and inductor integration technologies with silicon intgosers.

Issues with high-resistivity silicon and glass: High-resistivity silicon and

glass interposers have been explored in the literature to addre$gtchallenges

11



S21 magnitude [dB]

TSV Heigt:t =40 pm TSV Heigh‘t =80 pm

0.5
1 -
| TSV Height = 40 um > 0.4
5 03—
39— TSVHeight=80pum o 4
] T T T T g 02
TSV Height = 120 pm S 0.1 ]
o — - o ]
J o -0.0-
I | -0~1 T l T l T l T l T I T I T [ T [ T l T l T I T
1E8 1E9 1E10 3E10 20 0 20 40 60 80 100 120 140 160 180 200 220
Frequency [Hz] Time [ps]

Figure 8: Impact of TSV length on insertion loss and eye diagram [36].

with silicon [20, 34]. However, high-resistivity silicon is relatively expeng and
the fabrication of vias in glass is challenging. As a result, innovative ietposer

technologies are desired.

CTE mismatch causes TSV stress:  The coe cient of thermal expansion
(CTE) mismatch between the copper and silicon results in high TSV ssses,
leading to thermomechanical reliability issues such as cohesive csgk silicon
and interfacial delaminations [38]. Consequently, TSV stress redion tech-

niques are needed.

Demand for the integration of optical paths: For longer interconnect
distances that traverse the motherboard (between chips on dirent silicon in-
terposers, for example), optical interconnects may provide a tmafor higher
bandwidth and lower energy communication relative to conventionalectrical
interconnects [39]. As such, there is a need to integrate optical limkvith con-

ventional electrical interconnects, including at the silicon interpas level [40].
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1.2 Research Objective and Contribution

The objective of this research is to fabricate and characterize ved electrical
TSVs that exhibit low electrical loss for silicon interposer applicationand utilize the
technology developed for fabricating the novel TSVs to attain higkQ inductors and
high radiation ef ciency antennas. To achieve the research obje®, the contribution
of this research includes the fabrication and characterization ohptode ned polymer-
enhanced TSVs, and polymer-enhanced inductors and antenndstaoned using the
TSV photode nition technique (Figure 9). The developed photodened polymer-

enhanced technologies are described as follows:

1] Polymer- Optical 2] Polymer- 3] Polymer-enhanced [4]antennas and Inductors
ClaleSV TSV Emberided Via Coaxial TSVs Over Polymer Wells

Optical
Interconnects

Electrical Silicon
Interconnects Interposers

Optical Waveguide

Organic or Ceramic Package

Motherboard

Figure 9: Envisioned silicon interposer based system featuring pbade ned (a)
polymer-clad TSVs and optical TSVs that can be fabricated simultaously, (b)
polymer-embedded vias, (c) polymer-enhanced coaxial vias, and) (polymer-
enhanced inductors and antennas.

1. Photode ned polymer-clad TSVs: The proposed TSVs consist of a thicker
polymer liner compared to the state-of-the-art TSVs with a thin €1 m) silicon diox-

ide liner. Due to the thicker polymer liner, a reduction in TSV thermomehanical
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stress, TSV dielectric capacitance and high-frequency loss is esijgel. An addi-
tional feature of the proposed TSVs is that they enable simultanee fabrication of
polymer- lled optical TSVs with no additional lithography steps. The optical TSVs
help achieve a high-bandwidth interposer-to-interposer commumitton. Resistance
measurements are performed for the fabricated polymer-clad VS and optical loss
measurements are performed for the fabricated optical TSVsoTharacterize strains
in the fabricated polymer-clad TSVs and compare them to the TSVs ith silicon
dioxide liner, synchrotron x-ray di raction (XRD) measurements ae demonstrated.

2. Photode ned polymer-embedded vias: To attain even further reduction
in TSV high-frequency loss compared to the polymer-clad TSVs, thissearch demon-
strates the fabrication and characterization of polymer-embeéd vias with copper
vias embedded within polymer- lled wells in a 10 -cm resistivity silicon. Sirce a
polymer separates the copper vias, a reduction in TSV loss is expagttfor the fab-
ricated polymer-embedded vias. High-frequency measurementsni 100 MHz to 50
GHz and from 110 GHz to 170 GHz, and time-domain measurements 110 Gbps
are demonstrated for the fabricated polymer-embedded vias.

3. Photode ned polymer-enhanced coaxial vias: To attain greater control
over TSV impedance, reduce loss, and lower coupling, coaxial coargtion of the
polymer-embedded vias is demonstrated. High-frequency measments up to 50
GHz are demonstrated for the fabricated coaxial vias.

4. Photode ned polymer-enhanced antennas and inductors: To attain
higher radiation e ciency and Q-factors, polymer-enhanced antenas and inductors
are demonstrated, respectively, over polymer wells. The antermantegrated over
polymer wells can be utilized in the future to form antenna arrays onil€on inter-
posers yielding compact RF systems [20]. Moreover, the proposedhhQ inductors
could be utilized in the future to improve the gure of merit of digital controlled

oscillators, to improve the noise gure of low-noise ampli ers, and imease the power
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e ciency of power ampli ers [37].

Rationale underlying photode nition: The fabrication of the proposed TSVs
in this research di ers from the fabrication of the TSVs with silicon diaide liner prin-
cipally due to the fact that the fabrication of the proposed TSVs learages the advan-
tage of high aspect-ratio dielectric photode nition [41], as descrildein Figure 10. In
the fabrication of the TSVs with silicon dioxide liner, the diameter and spect-ratio
scaling depend on the availability of plasma etching tools and processéNhereas,
for the proposed TSVs obtained using dielectric photode nition, ehing requirements
are relaxed since a larger area (via or trench) can easily be etchedsilicon followed
by polymer lling, photode nition and electroplating. There is fairly minimal analy-
sis and technological development reported in the literature for pihode ned TSVs;
S. W. Ho et al. [42] have shown the fabrication of coaxial TSVs usindgi@tode nition

to obtain impedance matching.

Conventional TSVs Photodefined TSVs
in Silicon Interposers in Silicon Interposers
TSY Wifh "1_ pum Polymer-Clad TSV With Polymer-
Thick SiO, Liner ~20 um Thick Polymer Cladding Embedded Via
l l |
Si |Cu Cu Si fiCu Cu SifiCu Cu
+ TSVs obtainable with high density + Using appropriate photodefinable materials, TSVs
and high aspect-ratio can possibly be obtained with high density and high

aspect-ratio
- Scaling depends on the availability of
plasma etching tools and processes + Scaling does not depend on the availability of
plasma etching tools and processes

- Greater electrical loss
+ Very low electrical loss can be obtained with low
- To reduce TSV losses, high resistivity resistivity Si

Si needed which is generally expensive
compared to low resistivity Si - Fairly minimal analysis and development have been
reported in literature for photodefined TSVs

Figure 10: Comparison between conventional and photode ned VS for silicon in-
terposers.
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Hence, the rationale underlying this research is to both investigat@nd advance
the fabrication process of photode ned TSVs that provide lower ks compared to
the TSVs with silicon dioxide liner. Moreover, inductors and antennaare demon-

strated in this research leveraging the expertise developed foetphotode ned TSVs.

1.3 Organization

The dissertation is organized as follows:

Chapter 2: The fabrication and characterization of polymer-clad $Vs with a
thick polymer liner is demonstrated. Moreover, the fabrication ana@haracteri-
zation of optical TSVs that can be obtained in parallel with the polymeclad

TSVs is also demonstrated.

Chapter 3. The fabrication of polymer-embedded vias is demonsteal along

with the challenges addressed during their fabrication.

Chapter 4. RF and time-domain characterizations of polymer-emdded vias

are demonstrated.

Chapter 5: The fabrication and characterization of polymer-entmced coaxial

vias, antennas and inductors are demonstrated.

Chapter 6: A summary is given and potential future work on the deonstrated

technologies is described.
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CHAPTER 11

POLYMER-CLAD AND OPTICAL TSVS: FABRICATION
AND CHARACTERIZATION

This chapter describes the fabrication of TSVs with thick polymer lines and
optical TSVs, strain and DC characterizations of the TSVs with thik polymer liners,

and optical loss characterization of the optical TSVs.

2.1 Literature Survey and Analysis

2.1.1 Electrical TSV Fabrication Processes

As shown in Figure 11, the fabrication process commonly used for IS$begins
with the etching of blind vias in a silicon wafer using the anisotropic BOS& process
etching followed by the formation of a dielectric liner [43,44]. Once théielectric
liner is formed, barrier and seed layers are deposited followed by sufl copper
electroplating. The additional copper obtained over the electropled vias is removed
using chemical-mechanical polishing (CMP). The additional silicon at # base of
the fabricated copper- lled vias is then removed by either CMP or silmn etching to
obtain TSVs.

However, voids may be obtained in the TSVs that are fabricated ugnthe com-
monly implemented process. Moreover, this process requires baite silicon removal.
In order to address these issues, an alternative fabrication pess has been described
in the literature [45] using bottom-up copper electroplating of TSVsvith a group of
microvias (called mesh) in the oxide layer at the base of the etched siaThe latter

process is utilized in this research to develop novel TSV technologies
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Figure 11: TSV fabrication processes.

2.1.2 Polymer Liner for TSVs

2.1.2.1 Survey of Liner Materials and Polymer Liner Fabricaon Processes

Various types of TSV liners have been described in the literature, ilucling silicon
dioxide, air and polymer. A silicon dioxide liner can either be obtained ugjthermal
oxidation or oxide deposition. However, it is dif cult to achieve confomal thick (>1

m) silicon dioxide liners.

Compared to the silicon dioxide liner, air liners with a lower relative dieledt
constant have been described in the literature to achieve reducd@®&V dielectric
capacitance and loss. Thick (30 m) air liners can be fabricated by etching silicon
around the fabricated TSVs [35]. Whereas, thin (3 m) air liners can be fabricated
by depositing silicon dioxide over etched circular trenches in silicon uhthe tops

of the trenches get pinched-off or alternatively by using a sacriial material lled
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in the etched circular trenches [46] followed by TSV fabrication at # center of the
trenches [47].

In addition to silicon dioxide and air liners, thick polymer liners have also den
described in the literature. The main advantage of using polymer linercompared to
air liners is that the fabrication of horizontal interconnects is easieover thick ( 20

m) polymer liners than thick air liners.

The fabrication of polymer liners has been described in the literaturgsing poly-
mer vapor deposition [48], polymer lling in circular trenches within silicor{49], laser
ablation of polymer- lled vias [50], and photode nition of polymer- lled vias with a
temporary release Im to fabricate coaxial TSVs [42]. The photodaition process
(using SU-8 [41]) combined with the TSV fabrication process with megfigure 11)
is explored in this research. To better di erentiate the polymer clading fabrication

processes, a comparison is shown in Table 1.
2.1.2.2 Survey of TSV Stress Reduction Using Polymer Liners

The thick liners fabricated using polymers with low Young's modulus careduce
TSV thermomechanical stress by acting as a cushion layer betwetye copper and
the silicon. Various modeling results have been shown for TSVs withitk polymer
liners demonstrating a reduction in TSV stresses. Using a Sm thick BCB stress
buffer layer for 30 m diameter vias, S. K. Ryu et al. [51] have shown a signi cant
reduction in radial and shear stress along Cu/BCB and BCB/Si intdiaces compared
to Cu/Si interface. Using Parylene as a liner, Z. Chen et al. [52] hawhown that
normal stresses in copper, dielectric and silicon are lower for the $with a Parylene
liner compared to the TSVs with silicon dioxide liner; when the Parylenehickness is
increased from 1 m to 15 m, the normal stresses in copper, dielectric and silicon

are reduced by half.
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Table 1. Comparison of TSV polymer cladding fabrication processes.

Fabrication Method

Principle Bene't Limitation

Vapor deposition [48]

Deposition at room

Deposition of parylene temperature

Limited cladding thickness

Circular trench
polymer lling [49]

Polymer lling in etched
circular trench followed by
removal of silicon from
center

Flexibility in polymer
material selection

High aspect-ratio polymer
lling may be dif cult

Laser ablation [50]

Serial ablation of polymer Panel-scale fabrication  Serial process and precision
lled in vias possible of ablation

Photode nition with a
release Im (for coax
TSVs) [42]

Temporary release Im
needed to support polymer
and limited selection of
high aspect-ratio
photode nable materials

Photode nition of Knowledge of high
polymer- lled vias with a  aspect-ratio photode nition
temporary release Im at easily available in the

the base literature

Photode nition with
mesh (The concept
presented in this
research)

Knowledge of high
aspect-ratio photode nition
Photode nition of easily available in the Limited selection of high
polymer- lled vias with a literature, and mesh helps aspect-ratio photode nable
mesh layer at the base  for void-free polymer lling materials
and bottom-up
electroplating




2.1.2.3 Survey and Analysis of TSV Dielectric Capacitance dduction Using
Polymer Liners

Thick polymer liners help attain lower TSV dielectric capacitance and hig
frequency loss compared to the thind1 m) silicon dioxide liners. The reduction in
TSV dielectric capacitance is primarily due to the greater thicknesd the polymer di-
electric liners with lower relative dielectric constants compared to sihie dioxide [53],
which in turn helps reduce TSV loss [54]. To better understand the dextric ca-
pacitance reduction using polymer liners (considering SU-8 and P&ge-C as the
polymer liner materials in this research), a comparison is shown in Figuil2 using

Equation 4 [55], as follows:

2 liner
radiuSCoppervia + thICkneSS“ner
radius coppervia

CIiner =

(4)
In

Figure 12: Comparison of TSV dielectric capacitance.
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The relative dielectric constants of silicon dioxide, Parylene-C and S8 are 3.9,
2.95 (at 1 MHz) and 3, respectively [56{59]. In the literature, the diectric constant
of SU-8 has been reported between 3 and 4 [58,59]. To calculate thest case
capacitance reduction, a dielectric constant of 3 was selected #lU-8. While a thin
Parylene liner reduces TSV dielectric capacitance as shown in Figur2, the use of a
thick SU-8 liner results in a signi cant reduction in the TSV dielectric cg@acitance.
A 400 m tall and 80 m diameter copper via has a dielectric capacitance of 0.165
pF and 3.515 pF when the liner is 20 m thick SU-8 and 1 m thick silicon dioxide,

respectively.
2.1.3 Optical TSVs

In addition to electrical interconnections, a key motivation for theintegration
of optical paths is that the electrical interconnections have beote a bottleneck for
low-power off-chip communications over longer distances owing tbeir high par-
asitics (such as resistance and capacitance). Whereas, opticakinonnections do
not su er from resistive and capacitive losses and can consequgnyield high-speed
off-chip signaling with enhanced integrity. For long-distance intraack and rack-to-
rack compute nodes in high-performance computing systems, 8% vertical-cavity
surface-emitting laser (VCSEL) based parallel optical modules asemmonly imple-
mented [40]. The VCSEL-based links have been demonstrated in theshiature with
a data rate up to 56.1 Gbps, and high energy e ciency of 1.37 pJ/bit&15 Gb/s and
3.6 pJ/bit at 25 Gb/s; an individual VCSEL device energy consumptiorbeing as low
as 100 fJ/bit [60].

Optical TSVs in silicon interposers integrated with VCSEL-based pailel transceivers
can help provide high-bandwidth and low-energy data transmissionrflong-distance
interposer-to-interposer communications. In order to fabricat the optical TSVs, ei-

ther vias could be etched in silicon and kept empty (as etched holes)tbe etched vias
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could be lled with a material capable of providing low-loss optical trasmission, as
described follows: (1) F. E. Doany et al. [61] have demonstrated aptical transciever
module using 150 m diameter etched holes for optical connectivity through a 150m
thick silicon interposer; and (2) Polymer lled optical vias have been eimonstrated
by K. Oda et al. and Y. Takagi et al. [62,63]. The latter approach is gfored in
this research using SU-8 [41] to fabricate optical TSVs simultanesly with the TSVs
consisting of thick photode ned polymer liners. SU-8 is utilized in thisesearch since
it has been shown as a promising material in the literature for opticavaveguides [64].
In addition to the VCSEL-based communication, silicon photonics basl commu-
nication has been widely explored in the literature due to (1) high scdidity of the
silicon photonic interconnections; (2) possibility of lower cost due tocompatibility
with CMOS fabrication processes; and (3) demonstrations of ultteompact ring de-
vices with wavelength division multiplexing (WDM) [60]. Exploration of optcal TSVs
with silicon photonics in the future could enable highly scalable high-plrmance

computing systems.

2.2 Fabrication of TSVs with Vapor Deposited Parylene
Liner

First, the technology development of Parylene-clad TSVs with vapadeposited
Parylene-C liners is demonstrated using the mesh process [45] withttom-up copper
electroplating. The fabrication process for the Parylene-clad TSVbegins with the
deposition of silicon dioxide on the back side of a silicon wafer, as shawrFigure 13.

Next, using the BOSCH process [65], vias are etched in the silicon; @yatve pho-
toresist (Futurrex) mask is used during the BOSCH process. Ontee vias are etched,
a pattern of microvias (called mesh [45]) is formed in the silicon dioxide saended
membrane at the base of the vias. After mesh fabrication, ParylerC is deposited
over the etched vias using vapor deposition at room temperature bbtain a 2.25 m

thick conformal coating. Parylene blocking in meshes is etched usiogygen plasma,
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Figure 13: Fabrication process of parylene-clad TSVs.

as shown in Figure 14(a). Once the Parylene blocking is removed, aatiium-copper
seed layer is deposited on the mesh side. The titanium layer is used biaon adhesion
between the copper and the silicon dioxide. After seed layer depasit, the mesh is
pinched-off using copper electroplating followed by bottom-up cpper electroplating
of the Parylene-clad vias using Microfab DVF 200 MU solution from Ehtone. Addi-
tional copper at the end of the bottom-up electroplating is remowkeusing CMP with
the iCue 5001 slurry from Cabot Microelectronics Corporation. Ustnthis fabrication
process, 390 m tall and 48 m diameter copper TSVs surrounded by a 2.25 m

thick Parylene-C cladding were fabricated, as shown in Figure 14(b)
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Figure 14: Parylene-clad TSV processing results (a) after meshbfecation and
Parylene-C deposition (left) and after oxygen plasma etch of Pdgne blocking (right),
and (b) after CMP showing the top view of the fabricated 390 m tall Parylene-clad
TSVs with 48 m diameter copper vias surrounded by a 2.25 m thick cladding.
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2.3 Fabrication of TSVs with Thick Photode ned Polymer
Liner
To fabricate thick ( 20 m) polymer liners, SU-8 is used because it can pro-

vide high aspect-ratio photode ned structures with relative easeompared to other
photode nable materials [41]. Thick SU-8 cladding can provide a redtion in TSV
losses as well as a reduction in TSV stresses since the Young's moslofuSU-8 (4.02
GPa) is lower relative to that of copper and silicon [41]. The 20m liner thickness is
selected since the maximum Von-Mises stresses in silicon at the lindicsn interface
show a minimal change with the SU-8 liner thickness beyond 1%n for the 80 m

diameter copper vias explored in this research (as observed fromnelpninary ANSYS

simulations at 200 C).

Figure 15: Fabrication process for photode ned polymer-clad TSV

As shown in Figure 15, the fabrication process for polymer-clad TSVbegins
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with the deposition of silicon dioxide on the back side of a silicon wafer dlar to the
Parylene-clad TSVs, followed by via etching and mesh fabrication. Kig SU-8 is spin
coated to Il the vias. Following a soft bake, the SU-8- lled vias are ptically de ned
using UV exposure (i-line with 365 nm wavelength) followed by a post pasure
bake and SU-8 development to yield SU-8-clad vias, as shown in Figur®. The
optical de nition is performed with exposure from the mesh end ofhie vias since
it is smoother compared to the non-mesh end of the vias. Once th&)-8 cladding
is fabricated, a titanium-copper seed layer is deposited on the meside similar to
the Parylene-clad TSVs, followed by mesh pinch-off, bottom-up pper electroplating
and CMP.

@)

(b)

Figure 16: Fabricated 390 m tall SU-8-clad vias with 80 m diameter openings
and 20 m thick cladding on a 250 m pitch: (a) Top view and (b) Base view.

As shown in Figure 17(a) and Figure 17(b), 390m tall copper TSVs with 80
m diameter and surrounded by a 20 m thick SU-8 cladding were fabricated on
a 250 m pitch. Void-free copper electroplating was obtained, as shown ihe x-ray

image (Figure 17(c)) of the fabricated polymer-clad TSVs.
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Figure 17: Fabricated 390 m tall SU-8-clad TSVs with 80 m diameter copper
vias surrounded by a 20 m thick cladding on a 250 m pitch: (a) Cross section
view; (b) Top view; (c) X-ray image showing void-free copper eledplating; and (d)
Distribution of the obtained copper via diameters of 20 measured lymer-clad TSVs.
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Figure 17(d) illustrates the distribution of the fabricated copper ia diameters us-
ing the described photode nition process. The average measurenpper via diameter
at the top (non-mesh) end is 81 m with a standard deviation of 8.3 m, and the
average measured copper via diameter at the mesh end is 63rb with a standard

deviation of 3.4 m. Further process optimization would address this issue.

2.4 Optical TSVs

Figure 18: Fabrication process for simultaneous fabrication of ptomle ned optical
and polymer-clad TSVs.

As shown in Figure 18, optical TSVs can be fabricated simultaneouskyith
polymer-clad TSVs using the same photode nable polymer (SU-8).irfee SU-8 has
good optical transmission characteristics in the window of 850 nm welength, and
optical interconnects have been demonstrated using SU-8 [64], &hbeen selected as

the core of the optical TSVs; silicon dioxide is used as the cladding tdtain total
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internal re ection.

With respect to the fabrication of optical TSVs, the etched vias inicon are
lled with SU-8, followed by SU-8 soft bake similar to the fabrication ofpolymer-
clad TSVs. However, during the UV exposure step for the polymetad TSVs, the
polymer- lled vias intended for optical TSVs are simply ood exposedSince SU-8 is
negative tone, the polymer remains in the ood-exposed vias at trend of the SU-8
development, yielding the optical TSVs. As shown in Figure 19, 390m tall optical
TSVs were fabricated with a 118 m diameter SU-8 core surrounded by a 2m thick

silicon dioxide cladding.

Figure 19: Fabricated 390 m tall optical TSVs with a 118 m diameter SU-8 core
surrounded by a 2 m thick silicon dioxide cladding on a 250 m pitch.

2.5 Mesh-less High Aspect Ratio Via Filling Process for
Polymer-clad TSVs
The fabrication of polymer-clad TSVs with a thick photode ned SU-8liner was
shown earlier in the chapter (Figure 17). After spin coating of SU;&e mesh at the
base of the vias assists |l the vias without voids or air gaps. To prewt any possible
leakage from the mesh end of the TSVs during the SU-8 soft bakec@mmercial Blue
Spinner Strip from the Semiconductor Equipment Corporation wasgsted over a hot

plate (leaving the non-sticky side on top) before placing the TSV waf over the hot
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plate. To prevent damage to the silicon dioxide mesh layer at the end the soft bake
during wafer release, the TSV wafer was heated for a short time éit was released
safely. The wafers used for the fabrication were 100 mm in diameter

However, the implementation of this photode ned polymer-clad TSMechnique
with mesh may be dif cult for larger diameter wafers in real-life manwcturing. This
dif culty may result because the safe release of a large wafer fratme Blue Spinner
Strip may be dif cult after the soft bake. Moreover, the warpagef a larger wafer may
also cause leakage of SU-8 in certain areas making the following stepallenging.
To address these challenges, exploration of a mesh-less polynied-@ SV fabrication
process with void-free lling of SU-8 in etched vias (closed at the basis necessary.

Void-free polymer lling has been described in the literature for vias irsilicon
with a closing at the base using a longer waiting time after polymer caveg on the
vias, and with a vacuum-assisted process [66,67]. Implementing tloeger waiting
time techniqgue may not yield a void-free lling when using SU-8 with grdar vis-
cosities (needed for polymer-cladding with lower shrinkages) andetvacuum-assisted
technique may damages SU-8, as described next in the chapter. uShrobust SU-8
lling methods are needed for high aspect-ratio vias with their basesovered.

To obtain SU-8- lled vias, silicon dioxide is deposited at the base of a sitin wafer
followed by the etching of vias using the BOSCH process. The followiegperiments

are then performed to attain high aspect-ratio SU-8 via lling:

First, SU-8 is dispensed over a sample with 120n diameter and 200 m tall
vias on a 250 m pitch. The sample is then placed on a at surface at room
temperature for six hours. Next, the sample is soft baked and aass-section
image is obtained, as shown in Figure 20(a). The vias cannot be lled loapil-
lary action and gravitational force alone. The via cross section is t@ined using
only a diamond scriber cleaving to show the via status without accurtated dirt

at the base of the vias.
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Figure 20: SU-8 lling experiments for vias in silicon with a silicon dioxide lagr at
the base: (a) 120 m diameter and 200 m tall vias on a 250 m pitch in silicon
after SU-8 dispensing, a 6 hour wait and soft bake; (b) A silicon sahepwith 120 m
diameter and 200 m tall vias on a 250 m pitch after SU-8 dispensing and vacuum
processing; (c) 120 m diameter and 200 m tall vias on a 250 m pitch in silicon
after SU-8 dispensing, heat treatment in a vacuum oven, vacuunrqeessing in the
oven, cooling and soft bake; and (d) 30m diameter and 300 m tall vias on a 60

m pitch in silicon after SU-8 dispensing, heat treatment in a vacuum ewn, vacuum
processing in the oven, cooling and soft bake.

For the next sample, SU-8 is dispensed over the 12én diameter vias and the
sample is placed inside a vacuum oven at room temperature. Nextethacuum
oven pressure is reduced slowly. With this experiment, SU-8 suedamage

possibly due to bubble explosions during the vacuum treatment, ak@vn in

Figure 20(b).
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Learning from the previous two experiments, SU-8 is dispensed pihe 120
m diameter vias but the sample is rst placed inside the vacuum oven abom
pressure and temperature. The oven is then heated to 11Q followed by a
pressure reduction. The sample is heated in the oven for 10 minutedlowed
by a ramped cooling. SU-8 soft baking is then performed and a cressction
image is obtained, as shown in Figure 20(c), demonstrating a voice& lling.
Moreover, SU-8 lling is also obtained for 30 m diameter and 300 m tall vias
on a 60 m pitch, as shown in Figure 20(d), where the image is obtained after

cross section polishing.

The high aspect-ratio SU-8- lled vias can assist leakage-free faation of polymer-
clad TSVs in large-diameter wafers. Moreover, they can help red€SV coupling [68]
and loss, and also be used as high-density optical TSVs (with a silicoroxide liner

cladding).

2.6 Resistance and Optical Loss Measurements

Four-point resistance measurements were performed for théofecated SU-8-clad
TSVs, as shown in Figure 21. The average measured resistance @idferent SU-
8-clad TSVs with 80 m diameter copper vias is 2.81 m . Figure 21(b) illustrates
the distribution of the measured polymer-clad TSV resistances.

For the optical loss measurements of the fabricated optical TSYan experimental
setup was established, as shown in Figure 22(a). Input to an optlCESV was provided
from an 830 nm wavelength laser source using a single mode opticakrb The output
power from the optical TSV was measured using a photodetectoeld on the other
end of the optical TSV.

For a large number of the fabricated 390 m tall and 118 m diameter SU-8 core
optical TSVs (2 m thick silicon dioxide cladding), the average measured optical

loss is 0.59 dB with a standard deviation of 0.15 dB. Figure 22(b) illusttas the
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Figure 21: Four-point resistance measurements of the fabricdtpolymer-clad TSVs:
(a) Four-point resistance measurement setup and (b) Distributio of the measured
resistance values.

distribution of the measured optical losses of the fabricated opat TSVs. Moreover,
the average measured optical loss was found to be the same whes theasurements
were performed by reversing the wafer demonstrating symmetrigsses as expected.

Previous work on optical vias have measured higher insertion loss fomilar sized

vias [62,63].

(@) (b)

Figure 22: Optical loss measurements for the fabricated opticalSVs: (a) Setup
to measure optical loss of the fabricated optical TSVs with an inseinage showing
optical ber in contact with an optical TSV and (b) Distribution of th e measured
optical losses.
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2.7 TSV Strain Measurements Using Synchrotron XRD

State-of-the-art TSVs with thin (<1 m) silicon dioxide liner have thermomechan-
ical reliability issues since copper expands almost seven times morarttsilicon when
a thermal load is applied. The TSV stresses can be reduced using &lkhpolymer
liner. However, characterization of the TSV stress with comparisobetween di er-
ent types of TSVs is challenging. Prior e orts in TSV stress/strain neasurements
for understanding TSV reliability include micro-Raman spectroscopypending beam

technique, indentation, and XRD, as shown in Table 2.

Table 2: Comparison of TSV stress measurement techniques in theestéture.

Techniques Principle Bene't Limitation
Micro- Frequency shift Localized near .
. Stress in
Raman measurement surface Si
copper cannot
spectroscopy of an stress
. be measured
[69, 70] impinging laser measurement
Bending Stress Averaged
beam Curvature
technique measurement measurement stresses
d in Si and Cu obtained
[71]
Residual- .
. . Stress Requires a
Indentation stress-induced
3 [72] normal load measurement known
in Si and Cu  stress-free state
measurement
Stress
Raster .
: measurement Challenging
Synchrotron scanning under . .
4 . in Si and Cu data
XRD [73] a micro focused . - . :
with minimum Interpretation
X-ray beam )
destruction

Micro-Raman spectroscopy works on the principle of measuring tHeequency

shift of an impinging laser to quantify localized near surface silicon s$s [69, 70].
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However, stresses in copper cannot be measured using micro-Ramspectroscopy.
The bending beam technique works on the principle of measuring thareature of
the sample to quantify the stress in silicon and copper [71]. Howeveéihe measured
stresses obtained from using the bending beam technique are aged across the
sample. Indentation techniques work on the principle of analyzing ¢hresidual-stress-
induced normal load to measure localized stress in silicon and copp&][However, it
is dif cult to measure residual stress in the absence of a known efis-free state using
the indentation techniques. Synchrotron XRD can measure all thr&ress components
in a copper via and the surrounding silicon with minimal destruction to lie sample.
XRD is a commonly used technique to study structural propertiesfanaterials
[74]. With the development of high-brilliance synchrotron sources,dganced x-ray
focusing optics and diffraction-pattern analysis codes, diffracin patterns can be
obtained by using sample scans under a submicrometer polychromajwhite x-ray
beam) or monochromatic beam. This can provide crystal orientatis and strain
distribution maps (both deviatoric and hydrostatic) in localized area with the ability
to distinguish the maps for speci ¢ materials. Consequently, for sictures like TSVs,
synchrotron XRD can help obtain separate strain distributions fosilicon and copper.
Due to this capability, minimum destruction is needed to the TSV samptefor the
synchrotron measurements. However, data interpretation is allenging for thick
structures. Raster scanning the sample under a micro focuseday beam provides a
2D strain distribution map of the sample, whereas the strain distribiions in TSVs
are 3D in nature. How the strain distribution along the x-ray penetation depth
direction is averaged and projected is a complicated matter becaug involves the
depth-dependent attenuation of x-ray energy and the in uencef different materials
along the path. The understanding of the strain averaging and pjection may not
be an issue for thin structures [75, 76], however, it is essential fibie interpretation

of measurement results of thick samples such as silicon wafers withbedded copper
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TSVs, and it is explored in this research.

Using synchrotron XRD, deviatoric strains are obtained for TSVsrad analyzed
for silicon in this research since the aim is to compare the strains fdrg TSVs with
silicon dioxide liner and polymer-clad TSVs. The obtained synchrotroXRD strain
measurements are 2D, whereas the TSV strains are 3D. A beam img#y based data
averaging method, relating the synchrotron XRD measurementsnd nite-element
modeling (FEM), is demonstrated in order to interpret the measuk TSV strains. To
compare the strains in the TSVs with silicon dioxide liner and polymer-otaTSVs, an
indirect method of FEM calibration using synchrotron measuremestis demonstrated.
The synchrotron XRD tests were carried out on beamline 12.3.2 atébAdvanced Light
Source (ALS), Lawrence Berkeley National Laboratory (LBNL).

Sample preparation and measurement setup: For preliminary TSV mea-
surements using synchrotron XRD, 50 m diameter and 300 m tall TSVs were
fabricated with 1 m thick silicon dioxide liner on a 150 m pitch, as shown in Fig-
ure 23. The TSV fabrication technique with mesh and bottom up eleaiplating, as
described earlier (Figure 11), was used to fabricate the TSVs withlison dioxide
liner. For the comparative characterization of polymer-clad TSVsral the TSVs with
silicon dioxide liner, the fabricated polymer-clad TSV sample describeshrlier in the
chapter (Figure 17) was utilized along with a TSV sample with the sameopper via
dimensions and 1 m thick silicon dioxide liner. Moreover, to mimic the TSV be-
havior in electronic packages, a 50m thick copper layer was kept at the bottom of
the TSVs to introduce a bending e ect during temperature excuiens. Additionally,
since x-rays attenuate as they travel from materials, the TSV saples were cross-
section polished until the silicon thickness approximately equal to Hahe separation
between two TSVs was remaining. The TSV samples were then moutiten a heater
setup as shown in Figure 24 followed by their positioning on a high preics beamline

stage.
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Figure 23: Fabricated 50 m diameter and 300 m tall TSVs with 1 m thick silicon
dioxide liner and on a 150 m pitch.

Measurement details: Sample scans were conducted at 15C using a focused
polychromatic x-ray (white) beam to measure the deviatoric straimistribution, fol-
lowed by hydrostatic strain measurements of the TSV samples at tiiple selected
locations using monochromatic beam scans. However, since only lirditaformation
is obtained from the monochromatic scans of the selected locatipasly the devia-
toric strain distributions were analyzed for the entire TSV scanninglane. The x-ray
beam was focused to a 1m size using a pair of elliptically bent Kirkpatrick-Baez
mirrors (Figure 24). Laue pattern data analysis was carried out ugy the x-ray micro-
diffraction analysis software (X-MAS) to calculate all the strain components [74].

Interpretation of measurements using FEM: Since the obtained 2D strain
maps using synchrotron XRD actually represent 3D strain distribubns in the sili-
con surrounding the TSVs, an averaging method based on energgpeéndent beam
absorption is proposed, as shown in Figure 25. In this method, thexes correspond-
ing to the beam intensities in the silicon are calculated and then normadéid to form
the white beam intensity weight function. Simultaneously, nite elemet TSV array
models are built with the same geometry and materials [41, 77] as thested TSV

samples.
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Figure 24: Synchrotron XRD setup for TSV strain measurementsa) Schematic of
the TSV area measured; (b) Setup of a TSV sample attached to adter; (c) Beamline
setup with the TSV sample; and (d) Schematic layout of the beamline 47.

To capture the process-induced stresses of the TSV samplese tihermal pro-
les of the fabrication processes are sequentially applied to the meld. To mimic the
sequential fabrication process, all the materials are activatedegeentially at their pro-

cess stress-free temperature through the ANSYS element bréimd-death approach.
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Figure 25: Beam intensity based data averaging method.

Thereatfter, the deviatoric strains at 150 C along the beam penetration direction are
extracted and multiplied by the beam intensity based weight functiorto obtain a
strain value at any given point on the scanning plane. This process ispeated until
all the points on the scanning plane are covered to form a 2D strainap. The results
from the measurements and the model are shown in Figure 26 foretlfabricated 50
m diameter and 300 m tall TSVs with 1 m thick silicon dioxide liner and on a
150 m pitch. The comparison shows that the trends of the model ressltgenerally
agree well with the strain measurement data, although with some digepancies for
various reasons. First, it was observed that while repeating the ms&urements on the
same sample, a few of the measured values di ered from the modeledlies because
of the stress history during the high-temperature measurement However, the strain
distribution trends remained unchanged. Second, the nite elememodel considers
an ideal thermal loading case without accounting for the fabricatioinduced defects

and copper grain coarsening during the fabrication.
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Figure 26: Measured deviatoric strain distribution maps of silicon (I8fvs. model predicted strain maps (right) at 150 C for
the fabricated 50 m diameter and 300 m tall TSVs with 1 m thick silicon dioxide liner and on a 150 m pitch.



Comparison of strain in TSV samples: In the prepared TSV samples, a
certain thickness of silicon was kept unpolished in front of the rstow of TSVs to
preserve the mechanical boundary condition. The front silicon thioesses affect the
measured 2D strain maps in several ways. First, the dimension deplent mechanical
boundary conditions of the TSVs near the scanning plane change wiarying front
silicon thicknesses. Second, the different front silicon thicknessaffect the x-ray
penetration depth and consequently affect the captured straimformation along the
penetration depth.

To address this issue, an indirect approach is applied by using the nseeed 2D
strain distribution maps to calibrate a 3D nite element analysis (FEA)model. The
calculated strain from the 3D FEA model is used to compare differemSV structures.
To calibrate the 3D FEA models, the aforementioned beam intensityased data
averaging method is applied to project the 3D strain distribution fran the 3D FEA
models onto 2D strain distribution maps. This allows a direct comparisobetween
polymer-clad TSVs and the TSVs with silicon dioxide liner (Figure 27) whe both
consist of copper vias with the same dimensions.

Since the dominating TSV thermomechanical failure modes are cong®d of sili-
con cracking and copper/liner separation, the rst principal stran in the silicon and
the copper/liner interfacial shear strain are compared. As shown Figure 27(a), the
thick SU-8 liner serves as a cushion layer and reduces the thermatremical force
applied to the surrounding silicon as the copper via expands at a higerperature.
Moreover, the SU-8 liner mitigates the interfacial shear strain, ahthus reduces the
possibilities of interfacial separation, as shown in Figure 27(b). THegher interfacial

shear strain near the bottom of the TSV is due to the presence did copper layer.
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Figure 27: At 150 C, predicted (a) rst principal strain of silicon at the top of
TSVs along the path stretching radially away from the liner-silicon intdace and (b)
interfacial shear strain along copper/liner interface.
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2.8 Endpoint Detection for TSV Etching: Controlling TSV
Critical Dimension

For polymer-clad and optical TSVs, the silicon etching is performedsing the
BOSCH process, which consists of alternating etch and passivatiopcles [65].SFg
is used as the reactive etch gas and,Fg is used for uorocarbon sidewall passiva-
tion. For given TSV dimensions, the number of etch cycles needs te laccurately
determined during silicon via etching to avoid under-etching or ovestching at the
base of the vias. In the case of over-etching, positive ions accuata over the SiO,
etch stop layer at the base of the vias causing repulsion to the incomg positive ion
ux. The repelled incoming positive ion ux can attack the silicon sidewd at the
base of the vias resulting in notching (as shown in Figure 28) [78]. Thestant during
an etching process when a material (silicon) is completely etched watlt under- or
over-etching is called the etch endpoint, and the process of idegtiig the endpoint
and terminating the etching is called endpoint detection (EPD). Coect detection of

the etch endpoint in TSVs improves the control of the critical dimesion.

Figure 28: Notching mechanism in TSV fabrication using BOSCH proce$Left) and
cross-section of a 120m diameter via showing notching at the base (Right).

EPD has been shown in the literature for the etching of polymer Ims sing a
Langmuir probe [79], blanket polysilicon using laser interferometry [0and chrome

dry etching using RF sensors [81]. However, it is dif cult to predict te endpoint
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during TSV fabrication for two key reasons: (1) the BOSCH procssused for silicon
etching involves time division multiplexing (TDM) of etch and passivationcycles,
requiring the incorporation of multiplexing in an EPD methodology; and(2) the
aggregated TSV area typically consumes less than 1% of the die aresguiring an
EPD methodology capable of detecting a very low quantity of etch Ipyoducts.

The EPD for etching a silicon-on-insulator (SOI) wafer has been demstrated by
R. Westerman et al. by implementing an envelope follower algorithm ugjnoptical
emission spectroscopy (OES) [82]. The EPD method using OES foaisa identi-
fying the wavelength corresponding to a chemical species that sfsa pronounced
transition at the endpoint. However, the signals for demonstratim the envelope fol-
lower algorithm using OES utilized both the passivation and the etch sps. As a
result, the envelope follower algorithm was in uenced by the passitwan step, where
the SiF, (etch byproduct) intensity includes carbon noise fronC4Fg. Additionally,
with respect to EPD for TSV etching using OES, low open areas and g SV aspect
ratios can result in extremely low signal-to-noise ratios (SNR) and aeak intensity
of the selected wavelength to be detected.

To perform EPD during the etching of TSVs with low open areas and hiigaspect-
ratios, a hybrid partial least squares-support vector machine (E5-SVM) model is
experimentally validated using OES that focuses solely on the silicorchtstep during
the BOSCH process. The steps for the EPD are shown in Figure 29dsare described
in detail in [83].

TSV etching is performed in an STS inductively coupled plasma-reacévon etch
(ICP-RIE) system using the BOSCH process with an OES system irated on top of
the process chamber, as shown in Figure 30.

The OES system used in this experiment is a Korea Spectral Prodsc6M440
optical sensor. The optical ber is xed on to the topside quartz wndow view port

of the chamber during the etching process to collect plasma glow diacge directly
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Figure 29: Flowchart of the proposed PLS-SVM model.

Figure 30: OES setup with sensor mounted on top of ICP etching tbprocess chamber
(closer image shown on the right).

through a 300 m diameter ber with the detection range of 200 nm to 1050 nm. To
fabricate the TSV sample wafer, a silicon dioxide layer is rst depositeon the back
side of an approximately 300 m thick and 100 mm diameter silicon wafer, followed
by etching from the top side of the wafer using a photoresist masKo avoid wafer-
to-wafer thickness variation in the samples for model establishrteand veri cation,
the TSV etching was performed on one half of the wafer initially, whiledeping the
rest of the wafer covered. Once the etching of the rst half waompleted, the second

half was etched, guided by the EPD prediction to verify the accurgoof the suggested
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hybrid PLS-SVM model.

@) (b)

(©) (d)
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Figure 31: Etching results for 300 m tall vias with 25 m diameter for EPD: (a)
Optical image from base of the vias for the rst half of a wafer; (b0FEM image of via
cross section for the rst half of the wafer; (c) Optical image frm base of the vias for
the second half of the wafer; (d) SEM image of via cross section tbe second half
of the wafer; and (e) Summary of the TSV etching results for themo wafer halves.
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The hybrid model has been successfully validated for the EPD of TSWwith
low open areas in their diameters of 120m, 80 m and 25 m. To verify these
results, SEM analysis was conducted, and the results for the 251 diameter TSVs
are presented in Figure 31. Moreover, the results of all the TSV rsples are also

tabulated in Figure 31. These results con rm the accuracy of EDP.

2.9 Technology Comparison and Chapter Conclusion

Table 3 compares the photode ned polymer-clad TSVs with other capeting TSV
technologies from the literature [25, 30, 42, 46, 48, 84, 85]. Thelyuer-clad TSVs
have dimensions similar to the TSVs with silicon dioxide liner for 400 m thick
silicon interposers. Moreover, the polymer-clad TSVs provide lowrstses, dielectric
capacitance and losses with a relative ease of fabrication. Additidlyathe special
features of the polymer-clad TSVs include their photode nition assted fabrication
and parallel fabrication of optical TSVs.

In conclusion, this chapter has demonstrated the fabrication ofSVs with 20 m
thick photode ned SU-8 liners using a mesh-based TSV fabricatiorrqcess. More-
over, the fabrication of polymer liners with vapor deposited ParylestC was also
demonstrated. Additionally, the fabrication of optical vias, which an be fabricated
in parallel to the SU-8-clad TSVs, was demonstrated and the fabeation of high
aspect-ratio SU-8 lled vias was shown to fabricate the SU-8-cladSVs without a
mesh at the base.

Resistance and synchrotron XRD strain measurements were damstrated for the
fabricated SU-8-clad TSVs. Moreover, optical loss measuremgntere shown for the
fabricated optical TSVs. Lastly, endpoint detection using OES fof SV etching was
demonstrated to experimentally validate a hybrid PLS-SVM model focontrolling

the TSV critical dimensions.
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Table 3: Comparison of polymer-clad TSVs to other TSV technologidsom the literature.

Parylene

SiO,, liner

Laser

Polymer- -
No. Parameters clad liner TSVs [25]/ ?ér\/llsne[LG] ablated Phg)tg)((je[ Izeid Vi(;!sas[ZS]
TSVs TSVs [48] [30] coax [84]
1 Images
Copper via 80 m 50 m 10/50 m 20 m 70 m 100 m 15 mattop
diameter
3 TSV height 390 m 100 m 100/400 m 65 m 150 m 300 m 30 m
4 TSV pitch 250 m  Not available 150180 m 50 m Surrounded o 27 m
by non-coax
5 Liner 20 m 23 m  Notavalable 25 m 20-120 m 100 m Not
thickness applicable
TSV Low Moderate High Low Low Low High in
stresses copper
TSV 9X'de Low Moderate High Very low N.Ot N.Ot N.Ot
capacitance applicable applicable applicable
Loss at high Low Moderate High Low Very low Very low Very low
frequency
Ease of . . .
tabrication High High Very high Low Moderate Moderate Moderate
Special Photode _nltlon Ease of Simpler Metallization Coax ano_l . Panel-scale
10 and optical . o . non-coax in  Photode nition o
features electroplating  fabrication  over air liners fabrication
TSVs parallel




CHAPTER Il

POLYMER-EMBEDDED VIAS: TECHNOLOGY
DEVELOPMENT AND DC CHARACTERIZATION

This chapter describes the fabrication of low-loss polymer-embegttivias with the
techniques used to reduce cracks in SU-8 and determine an optimexposure dose.
Moreover, the scalability of the technology is demonstrated. Adddnally, to test

their electrical functionality, DC measurements are demonstrate

3.1 Technology Description

(@) (b)

Figure 32: Losses of copper vias (a) in high-resistivity silicon with 75m diameter
and 300 m tall copper vias with a 0.6 m thick silicon dioxide liner [86], and (b)
in glass substrate with 15 m diameter and 30 m tall copper vias and in 10 S/m
conductivity silicon with 15 m diameter and 50 m tall copper vias with a 0.5 m
thick silicon dioxide liner [85].

High-resistivity silicon interposers can help achieve a reduction in TSMsses, as
shown in Figure 32(a). However, high-resistivity silicon is expensiveg@7]. More-
over, glass has been demonstrated as being a promising interposmhnology to
support and interconnect multiple chips [85]. Since glass is a dielectribrough-glass

vias (TGVs) exhibit lower electrical losses compared to the TSVs witsilicon dioxide
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liner, as shown in Figure 32(b). However, the fabrication of TGVs ishallenging,
involving serial ablations to form vias in the glass. Moreover, glass $i@oor thermal
conductivity compared to silicon. In order to address these challges, a silicon inter-
poser technology with copper vias embedded within polymer wells in lowsistivity

silicon is explored in this research.

The proposed technology is called polymer-embedded vias. This teoltogy helps
attain a low-loss electrical performance compared to the TSVs witkilicon dioxide
liner (similar to glass interposers) using the commonly implemented 10-cm resis-
tivity silicon, making it an intermediate solution between glass and highesistivity
silicon interposers, as shown in Figure 33. Moreover, since polymepiissent between

copper vias, this technology provides a reduction in TSV-to-TSV gacitance.

Figure 33: Comparison between through-silicon vias, through-gkasgias and polymer-
embedded vias.

Similar demonstrations in the literature to obtain copper vias within diéectric
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regions in silicon include: (1) metal coated silicon pillars in polymer wells [B&nd
(2) glass re ow over etched areas in silicon followed by silicon pillar etcly [89].
This research focuses on utilizing SU-8 photode nition to fabricatéow-loss TSVs,
similar to the polymer-clad TSVs described in the previous chapter.olbetter under-

stand polymer-embedded vias with respect to the literature, a cqmarison is shown

in Table 4.

Table 4. Comparison of via fabrication processes in dielectric wells.

Fabrication L o
Method Principle Bene t Limitation
Metal Back side
deposition over silicon

Metal coated

- . silicon pillars ~ Wide selection polishing
silicon pillars o . .
. within wells in  of polymer is needed and
in polymer o ; )
silicon followed available possibly poor
wells [88]
by polymer low frequency
lling performance
Glass re ow Glass re ow
. over etched CTE of glass .
Copper vias A - required to be
: areas in silicon close to silicon
2 in glass followed b and seedless performed at
wells [89] oflowed by . 1000 C for 5
silicon pillar electroplating
. hours
etching
Photode nable Limited
Polymer- Photode nition ~ and enhanced selection of
embedded of electrical high
vias (This polymer-lled performance at aspect-ratio
research) wells in silicon high as well as photode nable

low frequencies

materials
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3.2 Via-to-via Capacitance Analysis

To quantify the reduction in TSV-to-TSV capacitance that can be btained by
using polymer-embedded vias, via-to-via capacitance is plotted in Fige 34 utiliz-
ing TSV models in the literature for passive (oating) silicon interposes (without
TSV depletion capacitance) [43,55, 90, 91] and using Synopsys Ragl's RC2 (2D)

interconnect solver.

Figure 34: Via-to-via capacitance for passive silicon interposers)(Using the model
for TSVs with a 1 m thick silicon dioxide liner; (b) Using Raphael simulatioa for
TSVs with a 1 m thick silicon dioxide liner; (c) Using the model for polymer-
embedded vias; and (d) Using Raphael simulations for polymer-enaued vias.

2 liner
C; = - ; : >
liner n I’adIUScoppervia + thICkneSSnner ( )

radius coppervia

substrate
: : 6
pitch ©)
2 radiusTSV

Csubstrate =
cosh !
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Since the silicon is oating, for the TSVs with a silicon dioxide liner the cagc-
itance between two copper vias can be represented by three cajpences in series:
dielectric liner capacitance, substrate (silicon) capacitance and @g dielectric liner
capacitance [43]. However, for polymer-embedded vias, the capatce between two
copper vias is represented by only substrate (SU-8) capacitansiace only dielectric
is present between the copper vias. To obtain the plots in Figure 3dhe equations for
TSV dielectric capacitance and substrate capacitance (Equationdnhd Equation 6)
are selected from the literature [55,90,91]. The relative dielectriomstants of silicon,
silicon dioxide and SU-8 are 11.68, 3.9 and 3, respectively [56{59]. Iretliterature,
the dielectric constant of SU-8 has been reported between 3 and58,59]. To cal-
culate the best case capacitance reduction, a dielectric constafit3 was selected for
SU-8. Using the analytical models, via-to-via capacitance of copp@as 100 m in
diameter, 300 m tall and at 250 m pitch is 60.75 fF and 16 fF when the liner is 1

m thick silicon dioxide and when the copper vias are embedded in a polymeell,

respectively (Figure 34).

3.3 Fabrication of Polymer-embedded Vias

The fabrication processes explored for polymer-embedded vias described next.
Bottom-up copper electroplating helps to fabricate high aspecttio void-free vias
[92]. To perform bottom-up copper electroplating, two processegere investigated
for the fabrication of polymer-embedded vias, as shown in Figure.3bhe rst process
entails a copper support layer and the second a mesh seed layer [45].

Similar to the polymer-clad and optical TSVs, polymer-embedded viaare also
fabricated using SU-8. As shown in Figure 35, the fabrication of paher-embedded
vias begins with the deposition of silicon dioxide, titanium (for adhesiobetween

silicon dioxide and copper) and copper on one side of a silicon wafer.

54



Figure 35: Fabrication processes for polymer-embedded vias: RPapcess with copper
support layer and (b) Process with mesh seed layer.

With respect to the fabrication process using a copper support leg; silicon diox-
ide, titanium and copper are deposited on the back side of a silicon wafwhere
titanium acts as an adhesion layer between the silicon dioxide and thepper. Next,
using anisotropic dry etching with a photoresist mask, wells are etetl in silicon fol-
lowed by etching of silicon dioxide and titanium using buffered oxide dic(BOE).
Once the titanium is etched, SU-8 is spin coated in two steps. The trgoating step
is performed at a low rpm value since higher values would lead to nonHomm SU-8
lling of the wells. However, spin coating at low rpm yields a thick SU-8 lagr with a
non-planar surface across a wafer. The spin-coated SU-8 is smdked with temper-
ature ramping during heating and cooling, and the thick layer of unosslinked SU-8
over silicon is removed by polishing. The polishing setup to remove thaaerosslinked
SU-8 is shown in Figure 36. Following this, the second coating step isrfpemed

where a thin layer of SU-8 is spin coated. Consequently, the plangribf the SU-8
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surface is improved. Once the SU-8 is uniformly coated, soft bakepierformed with
temperature ramps followed by exposure. After exposure, theogt exposure bake is
performed with slow temperature ramps followed by the SU-8 develment and an
isopropanol clean to obtain vias in the polymer lled wells in silicon, as shm in
Figure 37. The developed vias are then kept in 5 % sulfuric acid solutidallowed
by bottom-up copper electroplating and CMP to remove the additioal copper and
SU-8. The copper layer at the bottom of vias can be removed usingl® or wet

etching [45].

Figure 36: An image of the setup used to polish uncrosslinked SU-8 in altra-low
light environment.

A fabrication process with a mesh seed layer (similar to the polymelad TSVs
in the previous chapter) was also explored. With respect to this peess (Figure 35),
silicon dioxide is rst deposited on the back side of a silicon wafer. Nextusing

anisotropic dry etching, wells are etched in silicon followed by SU-8 messing as
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Figure 37: Cross section of a polymer-embedded via after SU-8 elepment.

described earlier to obtain vias in the SU-8 lled wells in silicon. A mesh is én

fabricated in the suspended silicon dioxide membrane underneathetdeveloped vias.
Once this mesh is fabricated, a titanium-copper seed layer is depesitover the silicon
dioxide mesh where the titanium acts as an adhesion layer betweer tsilicon dioxide
and the copper. After seed layer deposition, the mesh is pinched aking copper
electroplating followed by bottom-up copper electroplating and CMRo remove the

additional copper and SU-8. The titanium-copper seed layer can lwemoved using

CMP or wet etching.

3.4 Crack Reduction and Optimum Exposure Dose Deter-
mination
Based on the two different processes analyzed (with a copper popt layer and
with a mesh seed layer) for the fabrication of polymer-embedded siathe process
with a copper support layer was implemented to reduce masking sgepThere were
two major challenges to the fabrication of polymer-embedded viasrack formation
in SU-8 after SU-8 development and optimum exposure dose deténation.

Cracks occur in thick SU-8 layers primarily after the post exposurbake and
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development due to the impact of large process-induced interndfesses. As shown
in Figure 38, several processing methods have been shown in theditere to reduce
cracks in SU-8 including: (1) a reduction of SU-8 soft-bake tempaure to 50 C [93];
and (2) a slow ramp rate at the end of post exposure bake [94]. Mover, the use of
a higher exposure dose has been discussed in the open literatureetuce cracks in

SU-8.

Figure 38: Crack reduction techniques demonstrated in the literate [93,94]

The technique of reducing the SU-8 soft-bake temperature is n@feasible solution
for polymer-embedded vias with a thick SU-8 since it would require amelong time.
With respect to the second technique, cracks have been obserwe the SU-8- lled
wells with copper vias even after the implementation of slow tempetate ramps.
Lastly, with respect to increasing the exposure dose to reduceacks in SU-8, an
optimum dose determination is needed since (1) a higher dose (whigtuces cracks)
would make the formation of smaller via dimensions<(100 m diameter) in SU-

8 dif cult, while (2) a lower dose would result in underexposed SU-8 wit faster
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development at the base, as explained in the next section. Morenvéhe SU-8 in
the wells also experiences polishing when in the uncrosslinked phasétvimakes the
SU-8 conditions signi cantly different compared to that in the literaure. To address
these challenges, a set of experiments were performed, as showfable 5.

In this research, the impact of the exposure dose and developrmenethod is
explored to reduce crack formation in SU-8 as well as to determinleet optimum dose
for exposure. Different dosage values were selected for expentation. With respect
to the rst experiment, corresponding to a xed exposure dosesU-8 lled wells were
exposed for 208 seconds in a Karl Suss MA-6 Mask Aligner and depetent was
performed using a spinner in a beaker. In this experiment, deep cka were obtained
in SU-8 as well as vias were underexposed leaving a gap between tbe8Sand the
copper at the end of development. With respect to the second eeqoment, SU-8 lled
wells were again exposed for 208 seconds using the same mask alggsaribed for the
rst experiment but development was performed with ultrasonic agation. Here small
but numerous cracks were obtained in SU-8 and again vias were uredgosed leaving
a gap between the SU-8 and the copper. With respect to the thirkperiment, SU-8
lled wells were exposed for 416 seconds (doubling the exposure eleempared to
the rst two experiments) and development was performed with ulasonic agitation.
With this experiment, only a few near-surface cracks were obsedvin SU-8 (these

cracks are removed during CMP) and the vias were completely exgds
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Table 5:

Set of experiments for crack reduction and optimum dosetérmination.

Exposure Time

Development

Top View of Area

Cross-Section of

No. (Seconds) Method Top View of Vias Between Vias Vias
1 208 Using spinner in
developer
5 208 Using .ultrasonlc
agitation
3 416 Using ultrasonic

agitation




3.5 Fabrication Results

(a) (b)

(©

(d)

Figure 39: Fabricated 270 m tall polymer-embedded vias on a 250m pitch: (a)
Top view of 100 m diameter TSVs; (b) Cross-section view of the 100m diameter
TSVs; (c) Top view of 65 m diameter TSVs; and (d) X-ray image showing void-free
copper electroplating of the 100 m diameter TSVs (left) and the 65 m diameter

TSVs (right).
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Figure 39(a) is a top view image of the fabricated 270m tall and 100 m diame-
ter polymer-embedded vias on a 250m pitch. Figure 39(b) is a cross-section image
illustrating the polymer-embedded vias; the approximate taper foeach via is also
shown for completeness. Moreover, scaling of the polymer-embed vias is demon-
strated by fabricating 65 m diameter and 270 m tall polymer-embedded vias on a
250 m pitch, as shown in Figure 39(c). As with polymer-clad TSVs, void-&re copper
electroplating was achieved for the fabricated polymer-embeddeths, as shown in
the x-ray image (Figure 39(d)).

Further scaling of polymer-embedded vias is demonstrated by fatating 65 m
diameter and 370 m tall polymer-embedded vias on a 150m pitch, as shown in
Figure 40.

Polymer-embedded vias were thus fabricated with several dimenssoto demon-

strate technology scaling, as summarized in Table 6.

Table 6: Fabricated polymer-embedded via dimensions.

Parameter TSV Set 1 TSV Set 2 TSV Set 3

Diameter 100 m 65 m 65 m
0
Height 270 m 270 m 370 m (37 %
increase)
0
Pitch 250 m 250 m 150 m (40 %
reduction)
Aspect ratio 2.70 4.15 5.69
1.8 mm x 1.8
0,
Polymer well Immx1lmm 1mmx1lmm mm (80 /0
increase in
width)
Full 4-inch

Sample size uarter wafer uarter wafer .
P Q Q diameter wafer
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@)

(b)

Figure 40: Fabricated 370 m tall polymer-embedded vias on a 150m pitch: (a)
Top view and (b) Cross-section view.

3.6 DC Measurements of Polymer-embedded Vias

The resistance of the fabricated 100 m diameter and 270 m tall polymer-
embedded vias was measured using the 4-point method, as shown igufe 41(a).
The average measured value of 20 di erent polymer-embedded vias2.54 m . Dis-

tribution of the measured via resistance values is given in Figure 4)(bMoreover,
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(a) (b)

Figure 41: Resistance measurements of polymer-embedded viagdll0 m diameter
and 270 m height: (a) Schematic of 4-point resistance measurement setapd (b)
Distribution of 4-point resistance measurements for 20 polymerbedded vias.

(@) (b)

Figure 42: Via-to-via leakage measurement of polymer-embeddeds/with 100 m
diameter and 270 m height: (a) Schematic of leakage measurement setup and (b)
Leakage measurements of 10 pairs of polymer-embedded vias.

via-to-via leakage measurements were performed for 10 pairs lod fabricated 100 m
diameter and 270 m tall polymer-embedded vias using a semiconductor device ana-
lyzer (SDA), as shown in Figure 42(a). The copper layer at the basé the vias was
removed using wet etching, which was carefully monitored to previecopper etching
in the vias. The measured maximum via-to-via leakage current is 80.8\for an
applied voltage of 200 V, as shown in Figure 42(b). The measured v‘@via leakage

current is lower than the TSV leakage currents measured in the litaeture [95, 96].
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3.7 Chapter Conclusion

In conclusion, this chapter has demonstrated the fabrication ofglymer-embedded
vias in which copper vias are embedded within polymer-wells in a 10 -cnesistivity
silicon. Moreover, dimension scaling was shown to increase the TS\hsi¢y and in-
dicate the possibility of fabricating polymer-embedded vias with dimeons similar
to the TSVs with silicon dioxide liner found in the literature [25]. For the &bricated
polymer-embedded vias, resistance and leakage measurementse veemonstrated

showing their electrical functionality and high via-to-via isolation, repectively.
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CHAPTER IV

POLYMER-EMBEDDED VIAS: RF AND TIME-DOMAIN
CHARACTERIZATIONS

For the fabricated polymer-embedded vias demonstrated in the g@ious chapter,

this chapter focuses on the RF and time-domain analysis and charagzation.

4.1 Analysis
4.1.1 TSV Frequency-domain Analysis

To compare the high-frequency parasitics of polymer-embeddedy and the TSVs
with silicon dioxide liner, electrical analysis is performed for signal-gnod TSV
pairs. TSV high-frequency electrical modeling has been widely exarin the liter-
ature [86,97{101]. As shown in Figure 43, the TSVs are modeled usirggistors and
inductors with conductance and capacitances between the sigraaid ground TSVs.
For the TSVs with silicon dioxide liner, the path between the signal andround TSVs
consists of per-unit-length substrate capacitanc€,_, , substrate conductanceG,_,
and dielectric capacitance€,, . For polymer-embedded vias, the path between the
signal and ground TSVs consists of only per-unit-length substratcapacitanceC,_,

and substrate conductancés, , since a dielectric liner is not present.

Figure 43: Top view ofRLCG schematic for signal-ground TSV pairs.
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RLGC models: The formulas for per-unit-length resistance, inductance, condu
tance and capacitanceRLGC) are implemented as demonstrated by X. Zheng et al.
and I. Ndip et al. [86,99], and are shown as follows:

A. Resistance per unit length ( Ry): In the equation for resistance per unit
length, is the resistivity of copper,r is the copper via radiusp is the TSV pitch, f
is the frequency, is the permeability and is the skin depth. The per-unit-length

resistance is given by

a
Ry = RSCTSV + Raz\CTsv ; (7)
0 ! r—
whereRae oy = —i Ragrey =(2F ) — Epﬁ ;and = <

B. Inductance per unit length ( L,): The per-unit-length inductance is given

by .
h L P [ R,
L, = —cosh o + T (8)

C. Capacitance ( C,) and conductance ( G,) per unit length: In the equa-
tions for capacitance and conductance per unit length, is the permittivity, tjner
is the thickness of dielectric liner, and g, is the substrate conductivity. Since the
silicon interposer is oating, the depletion capacitance is neglected3y

First, the per-unit-length liner capacitance is evaluated as

2 liner
r+ tIiner
r

Culiner =

9)
In

Next, to evaluate the per-unit-length substrate capacitance ahconductance be-
tween the signal and ground TSVSCSsub is evaluated rst accounting for the combined

contribution of the capacitance and conductance components as

0

Usub
Sul 2

P p

nh@___—~- _+ Y
Z(r + t|iner ) 2(r + tliner )
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wheretan 4 represents the polarization losses of silicon and can be consideretbz
for the TSVs with silicon dioxide liner. Moreover,tan . represents losses as a result
of the conductivity of silicon and can be considered zero for polymembedded vias.
Additionally, for polymer-embedded vias, ther + t;,er component is given by only
the radius (r) of the copper vias.

For the TSVs with silicon dioxide liner,

1
tan ¢ = 5 : (11)
sub Si

Next, the combined capacitance and conductance component the TSVs with

silicon dioxide liner is given by

1
Cu-r = 1 1 1 ; (12)
+
C

+
o C
and the combined capacitance and conductance component forlyponer-embedded

Uliner Usub Uliner

vias is given by

0

C, =C (13)

Usub *

From the calculatedC,, , the TSV capacitance and conductance are extracted as

follows:
C, = Re(Cy,); and (24)
Gy= !Im (Cy): (15)
Validation using EM full-wave simulations: Once the per-unit-lengthRLGC

are calculated, full-wave electromagnetic simulations are perforchaising ANSYS
High-Frequency Structure Simulator (HFSS) to validate the analytally calculated

circuit parameters. The simulation structures are shown in Figure4
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Figure 44. HFSS simulation structures.

From the port-only solutions (yielding 2D extractions), charactestic impedances
(Zo) and propagation constants () of the TSV structures are extracted, as described

by I. Ndip et al. [86], and the per-unit-lengthRLGC are obtained as follows:

Ruextracted = Re( Z 0) ; (16)
Im (Z

Luextracted = #! (17)

Uextracted = Re Z_O ; and (18)
Im —

Cuextracted = |70 (19)

Using the circuit models and extraction, the evaluated per-unit-legth RLGC
values for the TSVs with silicon dioxide liner and polymer-embedded viase shown
in Figure 45; copper vias are 300m tall and 70 m in diameter on a 150 m pitch.
The thickness of the silicon dioxide liner is 1 m. The relative dielectric constants of
silicon, silicon dioxide and SU-8 are 11.68, 3.9 and 3, respectively; silicgesistivity
is 10 -cm and SU-8 loss tangent is 0.04 [56{59].

As shown in Figure 45, the per-unit-length resistance and inductaa for the TSVs
with silicon dioxide liner and polymer-embedded vias match well. Polyme&mbedded

vias attain 96.2% and 72.8% reduction in TSV conductance and capawice at 50
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Figure 45: Evaluated per-unit-length TSVRLGC values using circuit models and
HFSS simulations.
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GHz, respectively, compared to the TSVs with silicon dioxide liner. Theeduction in
the capacitance and conductance of polymer-embedded vias hedptgin a low-loss
electrical performance and hence will be focused upon later in thbapter in the

section on TSV de-embedding.
4.1.2 TSV Time-domain Analysis

In addition to the frequency-domain analysis, time-domain analysis erformed
using eye diagrams to compare the time-domain behavior of polymembedded vias
and the TSVs with silicon dioxide liner. Eye diagrams help assess intensiyol in-
terference, jitter and skew, and thereby understand the penfmance of transmis-
sion links. Eye-diagram construction has been explored in the litetae using S-
parameters [36,102{104] and is implemented in this research. TBeparameters of
polymer-embedded vias and the TSVs with silicon dioxide liner (signalgund TSV)
obtained from HFSS simulations are imported in Keysight's Advanced €3ign Sys-
tem (ADS) using an S2P component for a transient analysis, as show Figure 46.
The setup in Figure 46 corresponds to a time-domain measuremeigesario where
a pattern generator with 50 impedance delivers electrical signalsotone end of a
TSV link and the other end of the TSV link is connected to an oscilloscepwith 50

impedance. A time-domain pseudo-random bit sequence voltage wee (VIPRBS)
with an internal 50 impedance in series is used as input to the S2P cqmonent.
Accounting for the internal 50 impedance in series (correspondo to a pattern
generator output) and the 50 termination impedance (correspading to an oscillo-
scope input), the VtIPRBS generates a 1 Vpeak-to-peak pseudemdom bit sequence
(PRBS) of 21 1 with a rise-and-fall time of 30 ps [105].

Using the setup shown in Figure 46, a transient analysis is performgitlding eye
diagrams for the TSVs with silicon dioxide liner and polymer-embeddedas with

300 m tall and 70 m diameter copper vias on a 150m pitch; the liner thickness
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Figure 46: ADS schematic setup for eye diagrams of TSVs.

is 1 m. As shown in Figure 47, polymer-embedded vias help improve eye oijng

and timing jitter at 5 Gbps and 10 Gbps.

Figure 47: Eye diagrams of TSVs with silicon dioxide liner and polymer-dradded
vias.
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4.2 TSV RF De-embedding and Parasitics Extraction

421 TSV RF Characterization in the Literature and RF Measu rement
Setup in this Research

@) (b)

(c) (d)

(e) (f)

Figure 48: TSV RF measurement structures in the literature for:g) TSVs with gold

coated nickel wires assembled magnetically [106]; (b) coaxial strusts with laser
ablated polymer- lled vias [84]; (c) TSV loss characterization in CMOS @I technol-

ogy [104]; (d) characterization of TSVs in high-resistivity silicon for R interposer

applications [107]; (e) characterization of tungsten- lled dual-TS\hains [102]; and
(f) implementation of TRL de-embedding using TSV bundles [108].
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For RF measurements of TSVs, various structures have been éqed in the litera-
ture including links with two or more TSVs. Two-port TSV measuremenstructures
have mainly been demonstrated in the literature including chains with $Vs and

traces [84,102,104,106{108], as shown in Figure 48.

Figure 49: TSV RF measurement setup.

TSV RF measurements have been demonstrated in this researchngstwo-port
measurement structures. These measurements were perfadng to 30-50 GHz for
the fabricated TSVs and were compared to HFSS simulations. A dedted RF probe
station with a Keysight N5245A PNA-X network analyzer and Cascasl MicroTech
150 m pitch jZj probes was used for the TSV measurements, as shown in Figure 49.

Prior to the measurements of the TSVs, calibration was performagsing the LRRM
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protocol.

4.2.2 Fabrication and RF Measurements of TSVs with Silicon D ioxide
Liner

Figure 50: Structures simulated in HFSS for chains of TSVs with silicagioxide liner.

Figure 51: Fabricated chains of TSVs with silicon dioxide liner.

To validate the RF measurement setup and HFSS simulation structas for TSV

measurements up to 50 GHz, TSVs with silicon dioxide liner were fabriea using
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a process with mesh layer at the base (Figure 11). After the TSV bacation, the
top and base metallizations were fabricated using a metal lift-off pcess yielding RF
measurement structures with di erent numbers of TSV-trace-BV chain structures.
Figure 50 shows the simulated TSV structures and Figure 51 the fatated TSV
structures with one to four TSV-trace-TSV chains. The TSVs casist of 88 m diam-
eter and 300 m tall copper vias on a 250 m pitch with 1 m thick silicon dioxide
liner, and 200 m wide metal pads/traces. Figure 52 demonstrates that the TSV

measurements match well with the HFSS simulations.

Figure 52: RF measurements and simulations of TSVs with silicon dioxidiaer.
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4.2.3 De-embedding and CG Extraction of Polymer-embedded Vias

Extracting the losses of a TSV is important in order to understand e TSV
parasitics and their impact on an electrical link performance. To exdct the losses of

TSVs, various techniques have been explored in the literature inclund) Thru-Re ect-

Line (TRL), single-port, L-2L and open short, as explained in Table.7

Table 7: Comparison of TSV de-embedding techniques in the literateiwr

Techniques Principle Bene't Limitation
Second and Accurate D(I)fb(ig:%r:g
1 TRL [108] thlrd tier TRL de-embedding reference
implementa- demonstrated .
tion up to 60 GHz impedances for
P 3D transitions
Dif cult to
Ops(::)r?nd Simpler obtain accurate
5 Single- structures for fabrication for opens and
port [109] RLGC RLGC shorts at
extraction extraction higher
frequencies
Demonstrated
in the
TSV-trace- . literature up to
TSV links with Simpler TS.V 50 GHz;
3 L-2L [110] . loss extraction o
different trace application at
structures )
lengths higher
frequencies
unknown
Open-short Dif cult to
_ structures with Simpler TSV obtain accurate
4 Open ABCD loss extraction opens and
short [111] matrices SITUCHUres shorts at
extract TSV higher
loss frequencies
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To extract the losses of polymer-embedded vias, two de-embedglimethodologies
are explored in this research, L-2L and open-short, due to theiage of implementa-
tion and validity up to higher frequencies [110,111]. Figure 53 showstschematics of
the fabricated and simulated structures for TSV de-embedding.iure 54 shows the
fabricated polymer-embedded vias with traces (using the fabridah process shown
in Figure 35 followed by the fabrication of the top and base metallizatis). The
fabricated polymer-embedded vias consist of 60n diameter and 285 m tall copper
vias with traces on a 150 m pitch within 1800 m x 1800 m wells. Standalone
polymer-embedded via structures are simulated for the sole puigof benchmarking
their results to those obtained from de-embedding. Similarly, staadbne TSV struc-
tures with silicon dioxide liner are also simulated (with 1 m thick silicon dioxide
liner and similar sized via dimensions in 10 -cm resistivity silicon) for comari-
son with the de-embedded losses, and the extracted capacitameel conductance of
polymer-embedded vias.

For L-2L de-embedding  [110], TSV-trace-TSV structures with 400 m and
800 m long traces between the TSVs (with pads) were fabricated, simiéal and
measured. The measured and simulatestparameters of polymer-embedded vias are
converted to ABCD -parameters in MATLAB and the TSV losses are extracted as
follows:

First,

ChainL = TSV Trace TSV, and (20)

Chain2L = TSV Trace Trace TSV, (22)

whereChainL, Chain2L, TSV and Trace represent matrices oABCD -parameters.
Moreover, ChainL represents the TSV-trace-TSV structure with 400 m long traces
between the TSVs,Chain2L the TSV-trace-TSV structure with 800 m long traces
between the TSVs, TSV the GSG TSVs andTrace the 400 m long GSG traces
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Figure 53: Schematic of measured and simulated TSV structures file-embedding.

between the TSVs.
From Equation 20 and Equation 21,

p
TSV o = ChanL * Chain2lL ChainL * : (22)

For open-short de-embedding [111], the TSV-trace-TSV structure with 400
m long traces (thru or L structure), and open and short structees with the same
distance between the TSVs were fabricated, simulated and measdr
The open-short technique provides the loss of the traces at thade of the thru
structure, which is followed by the extraction of the loss of GSG TS3/usingABCD
matrices. First, the S-parameters of the open, short and thru structures are comted

to Y -parameters to evaluate the following matrices:
Matrix 1y = Thruy Openy; and (23)
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Figure 54: Fabricated polymer-embedded via de-embedding measuent structures.

Matrix 2y = Shorty Openy: (24)
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Next, the evaluatedY -parameter matrices are converted td -parameter matrices
and the Z-parameters of the traces at the base of the thru structure arobtained as
follows:

Trace, = Matrix 1, Matrix 25: (25)

Once theZ-parameters of the trace are obtained, they are converted ®BCD -

parameters to extract the TSV loss from the thru structure asdllows:

Thru=TSV Trace TSV, (26)

Thru Trace= TSV Trace TSV Trace and therefore (27)
p— 1

TSVopen shot = Thru Trace Trace : (28)

As shown in Figure 55, the via losses attained from both de-embedditechniques
are in good agreement up to 30 GHz with minor differences betwedretde-embedded
and the standalone loss due to fabrication variations. The de-ending results from
the measurements yield 0.22 dB insertion loss per polymer-embeddéal at 30 GHz.
Compared to the simulated insertion loss of a standalone TSV with silioodioxide
liner, an 87% reduction in insertion loss can be obtained using the polgmembedded
vias at 30 GHz.

Moreover, since the key contribution to the low-loss behavior of paner-embedded
vias results from the reduced capacitance and conductance cargd to the TSVs
with silicon dioxide liner (Figure 45), capacitance and conductance thfe de-embedded
GSG polymer-embedded vias are extracted using-parameters (obtained from the

measured and simulateds-parameters) from the following equations [99, 101]:

Im (Y11 + Yoo + Yo+ Ya1)

C= i

and (29)
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Figure 55: De-embedded polymer-embedded via (PEV) loss using m@@ments and
simulations; TSVs with silicon dioxide liner included for benchmarking.

G = Re (Yll + Y22 + Y]_2 + Y21) . (30)

The C and G extractions demonstrate a signi cant reduction in the extracted

capacitance and conductance for polymer-embedded vias, asvahan Figure 56.
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Figure 56: Extracted conductance and capacitance of the de-Jeedded polymer-
embedded vias (PEVs) using measurements and simulations; TSVswilicon diox-
ide liner included for benchmarking.
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4.3 TSV Time-domain Characterization

4.3.1 TSV Time-domain Measurement Setup and Loopback Measu re-
ments

@)

(b)

Figure 57: TSV time-domain measurement setup: (a) Schematic arjd) The mea-
surement setup.

As with the TSV RF measurements, two-port measurement struates have been

explored in the literature for time-domain measurements of TSVs g a pattern
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generator and an oscilloscope [112]. For TSV time-domain measureitsea setup in-
cluding an Anritsu MP1761C pulse pattern generator and an Agilent DA-X 86100D
oscilloscope was used with Cascade MicroTech 15@ and 200 m pitch jZj probes,
as shown in Figure 57. The measurements were performed with a 0.7livhited by
the oscilloscope measurement capability) PRBS ot2 1.

Once the setup is assembled (Figure 57), a loop-back measuremenperformed
with the output of the pulse pattern generator given directly to tre oscilloscope in
order to understand the time-domain performance of the setupitivout TSVs and
two probes, as shown in Figure 58. The time-domain measurements5aGbps and
10 Ghps show the presence of ringing due to the fast rise-and-fahe of the pulse

pattern generator.
4.3.2 Time-domain Measurements of the TSVs with Silicon Dio xide Liner

Once the loopback measurements are performed, time-domain s@@ments are
rst performed for the fabricated chains of TSVs with silicon dioxiddiner (Figure 51).
This results in eye diagrams for TSV chains, as shown in Figures 59 ar@D. The
TSV chains emulate the performance of a packaging architecturatiwvstacked silicon
interposers [113], demonstrating performance degradation witlhé increase in the
number of TSVs in a link. To validate the time-domain measurementss-parameter
measurements of the TSV chains (Figure 52) were imported in ADSing the setup
shown in Figure 46 for extracting eye diagrams with 0.7 Vpeak-to-pk swing (similar
to the time-domain analysis section with 1 Vpeak-to-peak swing). Ehextracted eye
diagrams in ADS have trends and eye openings similar to the time-domaneasure-
ments. The measurements show additional loss from cables andlpgse compared to

the extraction yielding smaller eye openings.
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Figure 58: Time-domain loopback characterization (a) schematich measurement
setup, and (c) measurements.

4.3.3 Polymer-embedded Via Time-domain Measurements

To characterize the time-domain behavior of the fabricated polymembedded

vias (the L or Thru structure in Figure 54), similar eye-diagram measements are
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Figure 59: Time-domain measurements and extractions in ADS using-Rneasure-
ments for TSV 1 chain.

performed to the TSVs with silicon dioxide liner, as shown in Figure 61. dfeover,
using the eye-diagram extraction methodology in Keysight's ADS (Fige 46), eye dia-
grams are generated from the RF measurements of the fabricadteolymer-embedded
vias and from the HFSS simulations of the TSVs with 1 m thick silicon dioxide

liner and the same copper via dimensions. The time-domain charaggation demon-

strates an improvement in eye opening and timing jitter using polymeembedded
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Figure 60: Time-domain measurements and extractions in ADS using-Rneasure-
ments for TSV 3 chains.

vias compared to the TSVs with silicon dioxide liner.

88



68

Figure 61: Measured eye diagrams of polymer-embedded vias (Fgg®4) with constructed eye diagrams in ADS using the RF
measurements of polymer-embedded via chains. Loopback measugnt and extracted eye diagrams from the RF simulations
of the TSVs with silicon dioxide liner are also shown for benchmarking.



4.4 TSV D-band Characterization

In addition to the polymer-embedded via de-embedding up to 30 GHxd time-
domain measurements, D-band measurements are demonstratecorder to under-
stand their electrical performance for a large number of emergimgplications in the

D-band.

4.4.1 D-band Measurement Setup

Figure 62: D-band measurement setup for polymer-embedded vias

Applications such as wireless short-range communication, high-ggemultimedia
transfer, medical imaging, and high-speed pico-cell cellular links healieen explored in
the D-band (110-170 GHz) [23]. For the D-band measurements ajlpmer-embedded

vias, a setup including a Keysight E8361C vector network analyzextended with
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an N5260A mm-wave controller and VO6VNA2 mm-wave test heads svaised with
Cascade MicroTech In nity 75 m pitch D-band probes, as shown in Figure 62. Prior
to the TSV measurements, calibration of the probes was perforohesing the LRRM
protocol. The measured results are compared to ANSYS HFSS sinidas, and
benchmarked to simulations of the TSVs with 1 m thick silicon dioxide liner (10

-cm silicon resistivity) and the same dimensions.
4.4.2 Fabrication and D-band Measurements of Polymer-embe dded Vias

For D-band characterization of polymer-embedded vias, longeraites with fan-in
are fabricated to measure using the Cascade MicroTech In nity 75m pitch D-band

probes, as shown in Figure 63.

Figure 63: Fabricated polymer-embedded vias for measurementsthe D band in-
cluding traces with fan-in at top.
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The D-band measurements of a polymer-embedded via link are derstrated in
Figure 64, showing 1.5 dB insertion loss at 170 GHz. Compared to thenslated
insertion loss of a link consisting of the TSVs with silicon dioxide liner, a sigcant

reduction in the insertion loss can be obtained using the polymer-emtbded vias.

Figure 64: D-band measurements and simulations of a polymer-erdded via link;
TSVs with silicon dioxide liner included for benchmarking.
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4.5 Technology Comparison and Chapter Conclusion

Table 8 compares the demonstrated photode ned polymer-embaetl vias with
other competing TSV technologies from the literature [25, 30, 426484, 85]. The
polymer-embedded vias have dimensions similar to the TSVs with silicoroglide liner
for 400 m thick silicon interposers found in the literature. Moreover, the plgmer-
embedded vias attain signi cant reductions in TSV loss compared tde TSVs with
silicon dioxide liner with a relative ease of fabrication due to the photadnition based
silicon interposer technology.

In conclusion, this chapter has demonstrated RF and time-domaimalysis and
measurements of polymer-embedded vias and the TSVs with silicon xd@e liner
for benchmarking. L-2L and open-short techniques were implenied to perform
RF de-embedding of the fabricated polymer-embedded vias. Moveo, the extracted
parasitics of the de-embedded polymer-embedded vias demont&ra reduction in the
capacitance and conductance of the polymer-embedded vias camgal to the TSVs
with silicon dioxide liner. Additionally, time-domain measurements were &mnon-
strated up to 10 Gbps showing an improved eye opening and timing gt using
polymer-embedded vias. Moreover, D-band measurements wemmibnstrated for
polymer-embedded via links showing a lower loss compared to the TSWih silicon

dioxide liner.
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Table 8: Comparison of polymer-embedded vias with other TSV techlogies from the literature.

Polymer- Polymer- SiO; liner - Laser
No. Parameters embedded clad TSVs [25]/ 'I’?\ér\/“sne[LG] ablated Phg)tg)((je[ Izeid ViczlsasiZS]
vias TSVs [30] coax [84]
1 Images
Coppervia 5065 m 80 m 10/50 m 20 m 70 m 100 m 15 m at top
diameter
3 TSV height 270/370 m 390 m 100/400 m 65 m 150 m 300 m 30 m
4 TSV pitch  250/150 m 250 m 150/180 m 50 m surrounded g, 27 m
by non-coax
Loss at high Very low Low High Low Very low Very low Very low
frequency
Ease of . . .
tabrication High High Very high Low Moderate Moderate Moderate
Special . Photode pltlon Simpler Metallization Coax anq . Panel-scale
Photode nition and optical - . non-coax in  Photode nition o
features fabrication  over air liners fabrication

TSVs parallel




CHAPTER V

COMPONENTS FOR MIXED-SIGNAL SILICON
INTERPOSER PLATFORM: APPLICATIONS OF THE
PHOTODEFINED POLYMER-ENHANCED SILICON
INTERPOSER TECHNOLOGY

5.1 Mixed-signal Silicon Interposer Platform

Figure 65: Envisioned mixed-signal silicon interposer platform feaing polymer-
enhanced TSVs, antennas and inductors.

As described in the introduction, silicon interposers with dense neitch metal-
lization and through-silicon vias (TSVs) have been widely explored foigh bandwidth-
density communication and provide a platform for heterogeneou€ land passive in-
tegration [20, 24{31, 34]. However, the TSVs in silicon interposersave high losses
and frequency-dependent impedance variations, and the presenof silicon under-
neath antennas and inductors results in a lower radiation e ciency @d Q-factor,

respectively.
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In this chapter, the photode ned polymer-enhanced silicon intempser technology
leading to the development of polymer-embedded vias in the prior ghtars, is ex-
plored in order to demonstrate: (1) coaxial copper vias within photde ned polymer
wells in a silicon interposer showing a wideband impedance matching anevI@ss;
(2) W-band antennas over metal-coated polymer wells showing a @B-return loss
bandwidth of 13.35 GHz around 100 GHz; and (3) inductors over natcoated shal-
low polymer wells showing a peak Q-factor greater than 50. A mixedsal silicon
interposer platform featuring the proposed polymer-enhance@dthnologies is shown

in Figure 65 and the proposed technology demonstrations are deised as follows.

5.2 Polymer-enhanced Coaxial TSVs
5.2.1 Fabrication of Coaxial TSVs

A coaxial interconnect con guration of polymer-embedded vias isemnonstrated
using the fabrication process shown in Figure 66. The proposed pess is similar to
that for the GSG con guration in the prior chapters (Figure 35). The fabrication of
coaxial vias begins with the etching of wells in a silicon wafer containing @pper
seed layer at the base followed by SU-8 coating, photode nition, vielectroplating
and CMP to remove the additional copper at the top of the vias. Neéxtop metal-
lization is fabricated yielding coaxial vias electrically shorted at the kse. After the
measurement of the short structure, the copper layer at the Ba is removed using

CMP yielding coaxial vias that are electrically open at the base.
5.2.2 One-port Measurements and Impedance Extraction

To perform one-port measurements of coaxial vias and extradteir impedances,
Figure 67 illustrates the fabricated 285 m tall polymer-enhanced coaxial vias within
an 1800 m x 1800 m well in silicon prior to top layer metallization. The copper
via diameter is 65 m and the signal-to-ground via pitches are 150m and 125

m. The coaxial vias with 125 m pitch also show that polymer-enhanced vias (the
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Figure 66: Fabrication process of coaxial vias.

ground vias) with a distance of 30 m (i.e. 95 m pitch) between the vias have been
demonstrated.

High-frequency measurements were performed from 1 GHz to S5MH&for the
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Figure 67: Fabricated coaxial vias for 1-port measurements.

fabricated coaxial vias, as shown in Figure 68. Using the measur8eparameters,
Z-parameters andY -parameters are obtained with 50 as the reference impedance.
Using the Z-parameters of the short structureR and L are extracted, and using the
Y -parameters of the open structureC and G are extracted, as shown in the following

equation [99]:

R = Re(Z11): (31)
L= M (Zu), (32)
G = Re(Yy): and (33)
c='mMy. (34)
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Figure 68: Single-port RF measurements of coaxial TSVs.
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Using the extractedRLGC, impedance is evaluated as follows:

S

7 = (R+jIL ).

(G+iIC)’ )
The extracted impedances from the one-port coaxial via measuarents are shown

in Figure 69, demonstrating a wideband impedance matching to appimately 50
using the 150 m pitch vias and approximately 40 using the 125 m pitch
vias. Moreover, a two-port simulation of the coaxial TSVs in HFSS (glding 0.1 dB
insertion loss per coaxial via at 50 GHz) demonstrates a 55% redct in insertion

loss at 50 GHz compared to a GSG via con guration with the same copp via

dimensions and signal-to-ground via pitch.

Figure 69: Extracted impedance from the coaxial TSV measurentsn

5.2.3 Coupling Measurements

In addition to the one-port measurements, coupling measuremearare also demon-
strated. For the coupling measurements, coaxial and non-coali@n gurations are
fabricated. As shown in Figure 70, 285m tall and 65 m diameter polymer-enhanced
coaxial TSVs are fabricated within 1800 m x 1800 m wells in silicon; the signal-to-
ground via pitches are 150 m and 175 m. To fabricate the horizontal metallization

over the coaxial via structures for coupling measurements, followg the fabrication
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of coaxial copper vias (Figure 66, step 3), the seed layer at thedgais removed us-
ing CMP. Next, a metallization layer is formed over the fabricated viato electrically

short the ground vias and perform signal-to-signal copper via cpling measurements.

Figure 70: Fabricated polymer-enhanced coaxial vias and non-&@a vias (for bench-
marking).

In the measured frequency band of 10 MHz to 50 GHz, the coaxiarcguration
attains an average of 14.5 dB and 13.1 dB reduction in the signal-t@gsal via coupling
compared to the corresponding non-coaxial structures at 150n and 175 m signal-

to-ground via pitches, respectively, as shown in Figure 71.
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Figure 71: Coupling measurements of the fabricated polymer-enieed coaxial and
non-coaxial TSVs.

5.2.4 Coaxial TSVs: Technology Comparison

The photode ned polymer-enhanced coaxial vias are compared the coaxial
TSVs and the TSVs with silicon dioxide liner from the literature, as show in Ta-
ble 9. The literature includes laser-ablated ABF based coaxial TSVsitiw annular
and cylindrical signal conductors, and photode ned coaxial TSVfabricated using a
temporary release layer [42,84,112].

Compared to the TSVs with silicon dioxide liner, an ultra-low loss electrat per-
formance is shown using the polymer-enhanced coaxial vias. Mo scaled coaxial
via dimensions using a simpler photode nition-based fabrication press have been

demonstrated in this research compared to the literature.
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Table 9: Comparison of the demonstrated coaxial vias to other cdal TSV technologies from the literature.

No. Parameters

Photode ned SiO,, liner

Laser ablated

Laser ablated

Photode ned

. annular
coax vias TSVs [25]/ [30] coax [112] coax [84] coax [42]
1 Images
Copper via 65 m 10/50 m 42 m 70 m 100 m
diameter
3 TSV height 285 m 100/400 m 205 m 150 m 300 m
4 TSV pitch 150/125/95 m 150/180 m 450 m Surrounded by 500 m
non-coax
Insertion loss at 0.1 dB at 50 GHz 1.2 dB at 29 5.5 dB at 20 0.044 dB at 10 0.25 dB at 10
hiah frequenc (for one coaxial  GHz (for a chain  GHz (for a chain GHz (for one GHz (for a
gh frequency TSV) with 2 TSVs) with 4 TSVs) coaxial TSV)  TSV-trace link)
6 E"?‘SG.Of High Very high Moderate Moderate Moderate
fabrication
Simoler Laminated ABF Coax and
7 Special features Photode nition npie with laser non-coax in Photode nition
fabrication :
ablation parallel




5.3 Polymer-enhanced W-band Antennas

5.3.1 Antenna Fabrication

Using the photode ned polymer-enhancement technology, W-bdmantennas are
explored in this research to enable their fabrication in parallel to thelemonstrated

polymer-enhanced TSVs.
5.3.1.1 Selection of Antenna Type

Various microfabricated antenna types such as patch, folded digo slot, and
Yagi-Uda have been explored in the literature [19, 20,114, 115]. Eatantennas have
been selected in this research owing to their ease of fabrication agolod radiation

control [116].
5.3.1.2 Selection of Antenna Shape

The rectangular patch has been selected instead of circular, elliglc triangular

or annular shapes in order to achieve higher gain and bandwidth [116].
5.3.1.3 Fabrication Process

As shown in Figure 72, the fabrication of the antennas begins with ¢hetching
of wells in a silicon wafer with a silicon dioxide etch stop layer at the basellowed
by silicon nitride and copper deposition over the etched wells. NextlUS8 lling and
photode nition, copper electroplating, and CMP are performed. &llowing CMP, an-
tennas are fabricated over the polymer- lled wells using a lift-off mcess of titanium,

copper and gold.
5.3.1.4 Fabrication Result

Figure 73 shows the fabricated 1100m x 650 m and 2 m thick patch antennas

over 1530 m x 1030 m and 280 m deep wells.

104



Figure 72: Fabrication process of polymer-enhanced antennas.
5.3.2 Antenna Measurement

High-frequency measurements were performed for the fabriedt antennas from
60 GHz to 110 GHz demonstrating a 13.35 GHz 10-dB return loss bavidth at the
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Figure 73: Fabricated patch antenna over a metal-coated polymerell.

center frequency of 100 GHz, as shown in Figure 74. Moreover, $& simulation
of the fabricated antenna show a gain of 4.4 dBi and 70% radiation @éncy at
100 GHz. A radiation pattern simulation is shown in Figure 74(c) dematrating a
high-gain primary lobe. A further improvement in the gain, radiation &ciency and
radiation pattern could be obtained by improving the antenna and &d designs, and

using a polymer material with a lower loss tangent (BCB, for example)
5.3.3 Antennas: Technology Comparison

The demonstrated polymer-enhanced antenna on interposer iswoared to select
similar off-chip antennas from the literature, as shown in Table 10. He literature
includes antennas over (1) high-resistivity silicon with cavity backing(2) molding
material, (3) suspended SU-8 substrate, and (4) polymer- lled we [19,20,117,118].
The gain of the demonstrated antenna is close to the gains of the dian off-chip

antennas in the literature. Moreover, the demonstrated anteranis easy to fabricate.
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Figure 74: Antenna measurement and simulations: (a) Setup; (b)r@-port measure-
ment and simulation; and (c) Radiation pattern simulation at 100 GHz.
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Table 10: Comparison of the demonstrated antenna to other atfiip antennas from the literature.

No. Parameters Photode ned High-resistivity Molding Suspended Polymer
' polymer well silicon [20] material [117] SU-8 [118] well [19]
1 Images
2 Antenna type CBCPW-fed Microstrip-fed Aperture-coupled Conductor-backed CPW-fed
P patch folded dipole patch slot fed patch cavity-backed slot
Over 120 m 1250 m by 1500
1100 m by 650 thick 890 m by 1020 m over 100 m 1300 m by 300
3 Antenna size m over 280 m high-resistivity m over 300 m thick SU-8 with m over 150 m
deep wells silicon and 275  molding material 200 m air deep wells
m deep cavity underneath
High-resistivity . . Polymer with
Substrate SuU-8 silicon and air Molcyng material Suspended SU-8 of 2.65 in well and
underneath . with , of 4
cavity BCB
5 Gain 4.4 dBi at 100 4-7.9 dBi in the 5.1 dBi in the 5.5-7 dBi in the 6.26 dBi at 135
GHz 57-66 GHz band 57-66 GHz band 57-66 GHz band GHz
6 10 dB 13.35 GHz around 15 GHz around 60 10 GHz around 60 10 GHz around 60 2151$-T§2mGt|2§
bandwidth 100 GHz GHz GHz GHz
band
7 Ease of High Moderate High Moderate Moderate

fabrication




5.4 Polymer-enhanced Inductors

5.4.1 Fabrication of Inductors

Using the photode ned interposer technology, high Q-factor indttors are demon-
strated over polymer wells in thick silicon interposers. The proposeadductors can
be fabricated in parallel to the polymer-enhanced TSVs, easing tlfi@brication of the

envisioned silicon interposer system shown in Figure 65.
5.4.1.1 Depth of Well

The inductors are fabricated over shallow wells (100m deep) in a silicon wafer to
ease fabrication and since a signi cant improvement is not observéa the Q-factor

beyond 100 m well depth.
5.4.1.2 Selection of Inductor Shape

Spiral inductors have been implemented with the photode ned comp vias in
the polymer wells to show the bene ts of the photode ned polymeenhanced silicon

interposer technology using a simpler inductor geometry.
5.4.1.3 Inductors Without Wells

Alongside the inductors over wells, inductors are demonstrated @va thick poly-
mer layer in order to (1) understand the impact from the wells in silicon(2) cali-
brate/validate HFSS simulations for the inductors, and (3) demorigate another high-
Q inductor technology with a simpler fabrication process in parallel tthe polymer-
enhanced TSVs. Similar inductors over a thick SU-8 layer have beehosin by A.

Ghannam et al. [119].
5.4.1.4 Fabrication Process

As shown in Figure 75, the fabrication of inductors begins with the eling of wells

in a silicon wafer followed by silicon nitride and titanium-copper depositm Next,
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SU-8 lling, photode nition, copper electroplating and CMP are perbrmed followed

by the fabrication of the electroplated inductors.

Figure 75: Fabrication process of polymer-enhanced inductors.
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5.4.1.5 Advantage of the Proposed Inductor Technology

An advantage of the proposed inductors is that they could be impleanted as
post-processing technologies for silicon interposers (with metallian and TSVS)
from different vendors. When used as a post-processing tectogy, the inductors
also provide ease of fabrication compared to inductors found in tHiégerature over
non-photode nable dielectrics [120,121] since a mechanical polighiafter Iling the

wells is not required in order to implement the inductors.
5.4.1.6 Fabrication Results

Figure 76 illustrates the fabricated 8-12 m thick inductors with 55-65 m trace
width and 100 m trace pitch. The inductors over an SU-8 layer (80 m thick) are
shown with 1.5, 2.5 and 3.5 turns and the inductors over wells (153@n x 1030 m
and 100 m deep with additional 80 m SU-8 on top) are shown with 1.5 turn. The
80 m thickness results from the spin speed required during SU-8 coaito Il the

100 m deep wells without voids.
5.4.2 One-port Measurements and Q and L Extraction

High-frequency measurements were performed for the fabriedtinductors up to

50 GHz. Inductance and Q-factors are extracted using the follavg formulas [122]:

1
Im v
L = Iiﬂ; and (36)
Im i
Q= — . @7)
Re —
Yll

As shown in Figure 77, the fabricated inductors over a thick polymdayer demon-

strate a peak Q-factor of 37.5 at 7.5 GHZ g, ) and a 0.78 nH inductance afq .,

peak
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Figure 76: Fabricated inductors over: (a) thick SU-8 layer and (bpolymer well.

with a self-resonance frequency (SRF) at 20 GHz for the 1.5 turndoctor. More-
over, the fabricated inductor over polymer well with 1.5 turns demustrates a peak
Q-factor of 55 at 6.75 GHz and a 1.14 nH inductance df,,, With an SRF at 21
GHz.

To enhance the performance of these inductors, increasing thetad thickness or
using high-conductivity metal (such as silver) could improve the Qattor at lower
frequencies. Moreover, using a lower loss polymer material (suck BCB) could
improve the Q-factor at higher frequencies [14]. Additionally, redureg the length of

the feed line could also improve the Q-factor [121].
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Figure 77: Measurements of inductors over: (a) thick SU-8 layemd (b) polymer
well.
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5.4.3 Inductors: Technology Comparison

The demonstrated polymer-enhanced inductors on interposereacompared to
similar selected off-chip inductors from the literature, as shown inable 11. The
literature includes inductors that are (1) over dielectric coated ®nched silicon, (2)
over glass interposers, (3) using vias in the glass interposers, (#der a molding
compound, and (5) over polymer wells [14,34,37,120]. The inducan this research
and the inductor over dielectric coated trenched silicon [14] are imphented using
one-port measurement structures and the remaining inductorfi@vn from the liter-
ature are two-port measurement structures. Moreover, the ductors in this research

are easy to fabricate.

5.5 Chapter Conclusion

In conclusion, this chapter has demonstrated applications of thehptode ned
polymer-enhanced silicon interposer technology (demonstratedtime prior chapters),
including high-performance polymer-enhanced coaxial TSVs, anteas and induc-
tors. The coaxial TSVs were demonstrated with an impedance-dooiled design, and
they shows a signi cant reduction in TSV coupling and loss. Moreovera polymer-
enhanced W-band antenna with high gain and radiation e ciency was emonstrated.
Additionally, using the photode ned silicon interposer technology, igh-Q (>50) in-

ductors were demonstrated.
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Table 11: Comparison of the demonstrated inductor to other offhip inductors from the literature.

Photode ned Via-based .
Trenched . . Molding Polymer
No. Parameters polymer - Glass [34] inductor in .
silicon [14] material [37]  well [120]
well glass [34]
1 Images
Inductor 1.5 turn . 2.5and 3.5 4 tumn In thg post- 1.5 turn
2 type spiral 1 turn spiral turn embedded passivation spiral
P hexagonal helical interconnects
812 m 54 mithick 8 mithick M thick |
Inductor thick traces . . traces with . 30 m wide
) } . traces with traces with . Not available
dimensions with 55-65 . . vias at 80 m traces
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CHAPTER VI

SUMMARY AND FUTURE WORK

Key research contributions are rst summarized followed by potdial future ac-

tivities.

6.1 Summary

Figure 78: Proposed RF/mixed-signal large-scale interposer-eaissystem with the
key components demonstrated in this research for the system.
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Figure 78 shows the key components demonstrated in this resdafor a polymer-

enhanced photode ned silicon interposer. These components aescribed as follows:
6.1.1 Polymer-enhanced TSVs

To attain enhanced electrical performance, novel photode nepglolymer-enhanced
TSVs are fabricated and characterized, including (a) polymer-cladSVs with cop-
per vias surrounded by a thick polymer liner (for TSV stress reduittn in addition
to capacitance and loss reduction) and optical TSVs in parallel for terposer-to-
interposer long-distance communication; (b) low-loss polymer-emtidded vias with
copper vias embedded within polymer wells in silicon; and (c) a coaxialrcguration
of the polymer-embedded vias with a wideband controlled impedancadareduced
coupling.

DC resistance measurements are demonstrated for the polynotad TSVs and
polymer embedded vias. For the polymer-clad TSVs, synchrotronRD measure-
ments are demonstrated showing a 30 % reduction in the rst princg strain com-
pared to the TSVs with silicon dioxide liner. Moreover, for the polymeembedded
vias, RF measurements, de-embedding a@C extraction are demonstrated up to 30
GHz along with TSV-link measurements in the D-band, showing a signiant elec-
trical performance enhancement using the polymer-embedded siaAdditionally, eye
diagrams with improved eye opening and timing jitters for the polymeembedded
vias are demonstrated up to 10 Gbps. Lastly, for the coaxial viasjngle-port mea-
surements are demonstrated to extract their impedance and qading measurements

are demonstrated to show a reduction in coupling using the coaxiadrcguration.
6.1.2 Polymer-enhanced Inductors and Antennas

To build compact mixed-signal systems, high-performance induectoand anten-
nas are demonstrated using the photode ned polymer-enhancesicon interposer

technology. Polymer-enhanced W-band patch antennas are demstrated showing a
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13.35 GHz 10-dB return loss bandwidth at the center frequency @00 GHz. More-
over, polymer-enhanced inductors are demonstrated with a ped&k-factor of 55 at
6.75 GHz and a 1.14 nH inductance dtq ., With a self-resonance frequency at 21

GHz.

6.2 Future Work

The development of the photode ned polymer-enhanced silicon imfgoser tech-
nology with high-performance components such as polymer-clad I'§ optical TSVs,
polymer-embedded vias, coax vias, inductors and antennas ope®rs to many re-
search and development opportunities. These include further ddepment of these
components to improve their electrical performance and thermaenhanical reliability,
and further exploration for system-level development with hetegeneous ICs. This

future work is summarized in Figure 79 and described as follows:

Figure 79: Summary of the proposed future work.
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6.2.1 Scaling Polymer-enhanced Via Diameter and Electropl ating Im-
provements

Industrial demonstrations for silicon interposers include 10m diameter and 100

m tall TSVs [25]. In this research, polymer-enhanced TSVs are shovor thick
(approximately 270 m and greater) silicon interposers with larger via diameters. The
scalability of the TSVs is demonstrated by reducing their diameter ahpitch from 100

m and 250 m to 65 m and 95 m pitch, respectively. Further diameter scaling
could help to increase TSV density. Moreover, the polymer-enhat coaxial via
con guration provides low-loss TSVs with reduced coupling when th€SV densities
increase.

To attain further scaling, h-line (405 nm) exposure could be used. h& h-line
exposure has been shown in the literature to attain very high aspgeatio SU-8 pillars
since the absorbance of the h-line in SU-8 is low compared to the i-lir@6 nm) [41].
Moreover, the use of a material with a refractive index similar to S8-(for example,
glycerol) between a mask and a substrate with SU-8 during exposucould improve
photolithography by signi cantly reducing the impact of SU-8 surfae non-uniformity
[41].

Additionally, the implementation of the mesh-less process (Sectiorb could help
extend the fabrication of polymer-clad TSVs to large-scale wafersMoreover, the
implementation of super Il copper electroplating instead of the mésbased bottom-
up electroplating could also be used to explore various adhesion |a/éretween the

copper and SU-8, thereby making the polymer-enhanced TSV pess more robust.
6.2.2 Further Electrical Characterization and Analysis of TSVs

The RLGC extraction of the polymer-embedded vias in the D-band would help
better understand their loss mechanism and to improve future dges. Moreover,
measurements of polymer-embedded vias for higher data ratesuwebincrease under-

standing of their operation with high-speed transceivers.
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6.2.3 Polymer-enhanced Antennas and Inductors

For the polymer-enhanced antennas and inductors, further eteical design is
needed to improve their performance. Moreover, low-loss polymeaterials such as
BCB could be explored to improve their performance. In addition toikcon platform,
the photode ned polymer-enhanced technology could be explorédr low-cost sub-
strates for applications such as low-cost sensor networks. Lgstadiation pattern
measurements for the polymer-enhanced antennas would assisttér understand

their performance.
6.2.4 Exploration of Suspended SU-8 Substrates

Using the knowledge from the polymer-embedded via technologyspended-SU-8
wells could be attained with the help of deep-UV exposure.

Transmission lines fabricated over silicon have high conductivity-depdent losses.
Polymer wells help attain horizontal metallization with lower loss compad to the
transmission lines (like coplanar waveguides) built over a thin dielectrabove silicon.
Moreover, the polymer wells help attain high-performance inducterand antennas
as described in the previous chapter. However, the losses of samssion lines and
the performance of passives over polymer wells depend on the digledosses of the
polymer material. To address these challenges, suspended dielefplymer wells
are investigated. In the literature, the fabrication of suspendedielectric layers in
silicon substrates is shown using the etching of silicon after depositiof a dielectric
layer [123]. Moreover, suspended SU-8 layers have been shown @nliferature using
either reduced exposure dose for thick layers or using deep-U\pesure [118, 124].
The deep-UV exposure with a wavelength of less than 250 nm hasywéigh surface
absorbance with SU-8, leaving a desired thickness of SU-8 unexbsind yielding
suspended SU-8 layers.

This research shows suspended polymer wells with controlled thickses of the
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Figure 80: Fabricated suspended SU-8 wells.

SU-8 layers using the dose control for deep UV exposure, as shawFigure 80. Sus-
pended SU-8 wells with thickness controlled from 3m to 15 m have been attained
by increasing the exposure dose. Due to the presence of wavelermpmponents be-
low 248 nm for the mask aligner used, a signi cantly higher dosage waseded for a
desired thicknesses compared to those in the literature [124]. Thisutd be addressed

by using high-pass Iters with cut-off below approximately close to 20 nm.
6.2.5 Thermomechanical Reliability Assessment and Enhanc ement

Reliability is a key requirement for the demonstrated technologies tenable their
implementation in the real-life products. To assess the reliability of #se technologies,
thermal cycle testing using JEDEC standards is necessary [125]. fdover, an ex-
ploration of photode nable polymer materials in order to improve themomechanical
reliability is also desired. A few potential photode nable materials fothe proposed

technologies include BCB, TMMR S2000, and photode nable polyimide 26{128].
6.2.6 System Integration

Finally, integration of the demonstrated photode ned polymer-ehanced silicon
interposer technology featuring novel TSVs and passives with RFha digital ICs

could help in the development of systems for various applications ugirmm-wave
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frequencies.

6.3 Research Conclusion

Thus, novel photode ned polymer-enhanced interconnect andapsive technologies
were demonstrated in this research. Their electrical design, cleanm fabrication,
and RF, time-domain and thermomechanical measurements werentanstrated. In
the future, the demonstrated technologies when implemented aystem level could

help enable a large number of mixed-signal applications.
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